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Polarization-Entangled Photons from a Warm Atomic Ensemble
Using a Sagnac Interferometer

Jiho Park, Heonoh Kim, and Han Seb Moon"
Department of Physics, Pusan National University, Geumjeong-Gu, Busan 46241, Korea

® (Received 17 December 2018; published 9 April 2019)

We report a polarization-entangled photon-pair source obtained via spontaneous four-wave mixing

(SFWM) in a Doppler-broadened atomic ensemble of 8’Rb atoms using a Sagnac interferometer. Collective
two-photon coherence occurs in the Doppler-broadened ladder-type atomic system with bidirectional
counterpropagating two-photon resonant pump and coupling fields; hence, polarization-entangled photon
pairs are collectively radiated in the phase-matched direction. Without phase stabilization of the
interferometry for polarization entanglement, we robustly produce all four Bell states via a polarization
Sagnac configuration. The brightness, stability, and temporal purity advantages provided by our
polarization-entangled SFWM photon-pair source have very important applications in the context of a

practical scalable quantum network.
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Atom-photon interactions play prominent roles in long-
distance quantum networks [1,2], e.g., in applications
involving flying photonic qubits [3-5], quantum memory
[6,7], and quantum repeaters [8]. To achieve strong atom-
photon interaction, a photon-pair source generated from
atoms is more efficient than a source generated via the
spontaneous parametric down-conversion (SPDC) process
in a nonlinear crystal [9—11], because the photon wave-
length and bandwidth should satisfy the requirements of
the interacted atoms. Therefore, to overcome the relative
inefficiency of SPDC sources, below-threshold cavity-
enhanced SPDC has been demonstrated by several groups
[12,13]. However, the optical frequency of an SPDC source
should be tuned to occur in the region of resonant atomic
transition, and the sensitive apparatus for the cavity-
enhanced SPDC requires careful operation.

Photon-pair sources generated from atomic ensembles
have been reported for both cold and warm atoms [14-27].
Some photon sources based on atomic ensembles have
been employed to realize quantum entanglement [19-21].
In particular, photon polarization entanglement is efficient
for realization, control, and measurement of quantum states
in many physical quantities of light. A polarization-
entangled photon source including Mach-Zehnder interfer-
ometry has been experimentally demonstrated in a cold
atomic ensemble [20]. Notably, the photon-pair source
obtained in a laser-cooled atomic ensemble has the advan-
tage of subnatural-linewidth photons. However, the appa-
ratus required to create cold atoms is complex and sensitive
to the environment. Moreover, stable generation of polari-
zation-entangled photons with Mach-Zehnder interferom-
etry in a cold atomic ensemble requires not only high-level
expertise, but also a complex experimental setup.

0031-9007/19/122(14)/143601(6)

143601-1

In contrast, a warm atomic ensemble is formed inside a
small vapor cell; therefore, the apparatus is small, simple,
robust, and inexpensive [22-27]. Recently, subnatural-
linewidth photon pairs with time-frequency entanglement
were achieved in a paraffin-coated atomic vapor cell [26].
In addition, bright photon-pair generation has been exper-
imentally demonstrated using spontaneous four-wave mix-
ing (SFWM) and the collective two-photon coherence
effects in a ladder-type Doppler-broadened atomic ensem-
ble [27]. Furthermore, two-photon interference experi-
ments have been performed using a photon-pair source
with warm Rb atoms [28]. However, despite the advantages
of a photon-pair source involving an atomic vapor cell,
polarization-entangled photons from a warm atomic
ensemble have not yet been reported, to the best of our
knowledge.

In this Letter, we report what we believe to be the first
generation of polarization-entangled photons based on a
Sagnac interferometer in warm 8’Rb atoms. In the proposed
system, despite the SFWM process, bright continuous-wave
polarization-entangled photon pairs are generated by col-
lective two-photon coherence in the Doppler-broadened
ladder-type atomic system. In addition, owing to the simple
apparatus (which incorporates a small atomic vapor cell),
our scheme has the advantages of long-term stability and
high-efficiency polarization entanglement generation. The
proposed scheme exploits bidirectional noncollinear SFWM
based on a polarization Sagnac interferometer containing a
polarizing beam splitter (PBS) for output combination;
therefore, the scheme has no postselection and is phase
stable. In this study, we discuss realization of four polari-
zation-entangled Bell states and violation of Bell’s inequal-
ity. Our polarization-entangled SFWM photon-pair source
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from a warm atomic vapor cell is expected to play an
important role in future practical scalable quantum
networks.

In the proposed system, polarization-entangled photon
pairs are generated via the SFWM process in a Doppler-
broadened ladder-type atomic system, as shown in
Fig. 1(a). Two-photon resonance in the 5§/, —5Ds,

transition of 8’Rb atoms occurs via counterpropagating
pump and coupling fields, satisfying the Doppler-free two-
photon resonant condition. The warm atomic ensemble has
a Maxwell-Boltzmann velocity distribution and can be
coherently two-photon excited. Signal and idler photons
are emitted via the SFWM process from the two-photon
coherent atomic ensemble. Owing to the collective two-
photon coherence in the Doppler-broadened ladder-type
atomic ensemble, the probability amplitudes of the signal
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FIG. 1. Experimental configuration for generation of Sagnac
polarization-entangled photon pairs from atomic ensemble.
(a) Cascade emission of signal and idler photons via spontaneous
four-wave mixing in three-level ladder-type atomic system.
(b) Schematic of experimental setup for generation of polariza-
tion-entangled photon pairs from SFWM with a bidirectional
counterpropagating pump and coupling fields in atomic vapor
cell. (c) Schematics of photon pair generation in (top) SFWM1
and (bottom) 2 configurations.

and idler photons can be coherently superposed throughout
the atomic spatial and velocity distributions. The signal and
idler photons are brightly generated in the phase-matched
direction [27-29]. To minimize the noncorrelated photons,
the frequencies of both fields are far detuned by 1 GHz
from the resonance (for pump and coupling detuning
frequencies of +6 and —9, respectively), beyond Doppler
broadening.

Figure 1(b) shows the experimental setup employed in
this study for generation of polarization-entangled photon
pairs from SFWM with bidirectional counterpropagating
pump and coupling fields in an atomic vapor cell. Note that
the proposed apparatus using the atomic vapor cell can be
practically simplified, similar to an SPDC photon-pair
source. In addition, use of polarization-entangled photon
sources based on Sagnac interferometry is well known as a
robust polarization entanglement method, because of the
phase insensitivity between the two separate pathways in
the interferometer [30,31].

The warm atomic ensemble used in our experiment was
simple and small, comprising a 12.5-mm-long vapor cell
containing the 3’Rb isotope, with a heating band and a
thermistor for temperature control of the vapor cell. The
vapor cell was housed in a three-layer y#-metal chamber to
reduce the external magnetic field. The pump and coupling
fields were orthogonally linearly polarized, and completely
overlapped into a single spatial mode at polarizing beam
splitter 1 (PBS1). The pump and coupling laser powers
were 0.2 and 1.0 mW, respectively, with 1.2-mm diameters.
To achieve the bidirectional counterpropagating pump and
coupling fields required for the Sagnac interferometer, a
+45° linearly polarized pump field and a —45° linearly
polarized coupling field from a half-wave plate (HWP),
with axes oriented at 22.5°, were passed through PBS2
[Fig. 1(b)] and propagated along the two interferometer
pathways (clockwise and counter-clockwise). The signal
and idler photons were emitted from the atomic vapor cell
in phase-matched directions at an angle of 1.3° relative
to the input laser directions (see Supplemental Material,
Note 1 for further details [32]). The generated signal and
idler photons were spatially separated from the pump and
coupling lasers at PBS2. The orthogonally polarized signal
and idler photons were completely overlapped into a single
spatial mode at PBS2, and collected in two fiber collimators
(FCs) (see Supplemental Material, Note 2 for further
details [32]).

The signal and idler photons from the PBS2 output port
were spatially separated and spectrally filtered by two
interference filters [(IFs); 776-nm and 780-nm wavelength,
respectively, with 3-nm bandwidth]. In addition, we used
etalon filters (EFs) to remove the scattered laser component
and uncorrelated fluorescence. The EFs had a 950-MHz
full width at half maximum (FWHM) linewidth of
950 MHz, 20-GHz free spectral range, and 90% peak
transmission. To implement four polarization-entangled
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Bell states and achieve violation of Bell’s inequality, we
employed a quarter-wave plate (QWP), HWP, and polar-
izer (P) to act as the polarization control and analyzer.
The polarization-entangled signal and idler photons
were independently detected by two single-photon
detectors (SPDs).

To illustrate the polarization entanglement of our non-
collinear SFWM photon pairs achieved using the polari-
zation Sagnac interferometer, we here consider two paths,
SFWMI and 2, indicated by the shaded boxes of Fig. 1(c).
The biphoton state of the SFWMI1 case corresponding to
photon-pair generation can be expressed as

|‘P>SFWM1 = |V>.9,CC|H>LC’ (1)

where |V) and |H) denote the vertically polarized (V-pol)
signal (s) and horizontally polarized (H-pol) idler (i)
photons, respectively, and C and CC denote the CW and
CCW directional modes in the interferometer, respectively.
Symmetrically, the biphoton state of the SFWM?2 case can
be expressed as

|T>SFWM2 = |H>s,c|V>i,cc- (2)

In the proposed system, the two noncollinear photon
pairs of Eqgs. (1) and (2) are completely overlapped at
PBS2. The output state is given by

1
YY) =—(H),|V);, +|V),|H);). 3
|>ﬁ(|>|>|>|>) (3)
The pump and coupling fields for the two SFWM
processes  are  symmetrically  counterpropagated.

Although the multiple counterpropagating fields interact
with the same atomic ensemble, independent operation
of two SFWM channels is possible (see Supplemental
Material, Note 3 for further details [32]). Therefore, our
Sagnac SFWM source is robust and phase stable without
interferometric stability for polarization entanglement gen-
eration. Importantly, the long-term stability of a large
Sagnac interferometer involving a warm atomic ensemble
can be similar to that of Sagnac SPDC photon pairs based
on nonlinear crystals.

To implement the polarization-entangled state of Eq. (3)
using the proposed system, it is important to identify both
the SFWM1 and 2 processes. In the experiment performed
in this study, to investigate the properties of the photon
pairs in the SFWMI and 2 cases, it was possible to select
one of those cases by adjusting the axis angle of the HWP
positioned before PBS2 [Fig. 1(b)]. The heralding effi-
ciency (1) was estimated to be n = r,/r;, where r,, and r;
are the photon-pair coincident count rate and the idler
photon count rate, respectively. For the experiment param-
eters of the 0.2-mW pump and 1.0-mW coupling lasers,
the photon-pair coincident count rate was measured to be

12.0(1) kHz and # was estimated to be 9(1)% with a 3.5-ns
coincidence window. Note that other corrections such as
filtering, coupling, and detection efficiency adjustments
were neglected. Therefore, although the photon-pair gen-
eration achieved using our proposed system is due to
spontaneous emission from an excited state of the atomic
ensemble, the coincidence count rate of our photon-pair
source is comparable to that of a typical SPDC photon-pair
source [30].

The signal and idler photons in the 58/, — 5Pz, —
5Ds), transition were generated in the phase-matched
direction from the Doppler-distributed moving atoms,
because the wavelength difference between the two lasers
was very small (776-nm and 780-nm wavelengths, respec-
tively). In addition, strong time correlation between the
paired photons could be inferred, because the idler-photon
emission was collectively enhanced in the phase-matched
direction upon heralding detection of the signal photon.
However, a decay channel occurred from the 5Ds/, state
through the 6P3/, and 65, states, which had an approxi-
mate transition rate of 15.6%. The uncorrelated photons
were nondirectional and were not easily coupled to a
single-mode optical fiber.

Figure 2 shows the normalized cross-correlation function
g(szl)(r) between the signal and idler photons in both cases,
where 7 is the time delay from the signal to idler photons
(see Supplemental Material, Note 4 for further details [32]).

In the figure, the g<521> (7) spectral shapes of both cases are

almost identical. Tt was found that g3 (z) had a full width
at half maximum of approximately 1.9 ns, corresponding
to the inverse of the Doppler-broadening linewidth of
540 MHz. The maximum value of g(szl)(r) was measured
to be 360 and the Cauchy-Schwarz inequality was esti-
mated to be a factor of 40 000, which clearly indicates the
quantum nature of the paired photons. The large value of
the Cauchy-Schwarz inequality indicates that the SFWM
photon-pair flux was enhanced and the uncorrelated single-
emission fluorescence from the Doppler-broadened atomic
medium was suppressed [27]. We demonstrated strong
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FIG. 2. Temporal statistical properties of photons. Normalized
cross-correlation function, 9(52,)(1), between signal and idler
photons; (a) |P)spwy and (b) |¥)spwavo for SFWMI and

SFWM2 configurations, respectively.
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FIG. 3. Interference fringes for four Bell states. Interference
fringes as functions of angles of two polarizers (P1 and P2)
for signal and idler photons, respectively, for four Bell states
of (a)—(d) |[PT), |¥7), |®7), and |®~), respectively.

correlation between the paired photons by measuring

gg) (7) between the signal and idler photons. Note that

the main cause of the brightness of our SFWM source and
the strong time correlation between the paired photons
is the superradiant effect, which is due to the collective
two-photon coherence in the Doppler-broadened atomic
ensemble [29].

We next report demonstration of four polarization-
entangled Bell states and violation of Bell’s inequality.
In the devised setup, any Bell state can be selected by
adjusting the QWP and HWP positioned before the two
FCs [Fig. 1(b)]. In this study, to confirm realization of
polarization-entangled Bell states, we analyzed the four
Bell states of (W), |¥7), |@), |®7)), using the two
polarizers (P1 and P2) for the signal and idler photons,
respectively. For each case, the angle of P1 was fixed at
four different values, i.e., 0°, 45°, 90°, and 135° and the
coincidence counts were measured as a function of the
angle of P2. As shown in Fig. 3, the interference fringe
visibility was estimated to range from 89.4(2)% to
94.9(2)% for all four Bell states (see Supplemental
Material, Note 5 for further details [32]). The main cause
of the visibility difference among the four Bell states was
the background due to accidental coincidence, which was
caused by multiple signal and idler photon events. By
subtracting the accidental coincidence counts from the raw
data, the high visibility was estimated to be from 99.2(2)%
to 100.0(2)%. These high visibilities imply that the output
states corresponded to the ideal polarization-entangled
states. From the results of Fig. 3, we calculated the S
parameter in the Clauser-Horne-Shimony-Holt (CHSH)
form of Bell’s inequality [36,37]. Hence, the S values
of the four Bell states (|¥*), |¥7), |®@T), |®)) were

® Net e Raw
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FIG. 4. Interference fringe visibility. Interference fringe vis-

ibility for |¥~) state of Fig. 3(b) versus coincidence counts, for

P1/P2 = +45°/ + 45° (or +45°/ — 45°) (blue circles: raw vis-
ibilities, red circles: net visibility).

calculated to be 2.64(3), 2.60(4), 2.59(3), and 2.59(4),
respectively (see Supplemental Material, Note 6 for further
details [32]). Notably, the estimated S values correspond to
violation of the classical limit of 2 by more than 20 standard
deviations. Thus, we successfully demonstrated violation
of the Bell-CHSH inequality with our polarization-
entangled SFWM photon-pair source.

In the proposed system, the photon-pair coincident count
rate can be changed by varying the pump and coupling
powers as well as the atomic density of the atomic vapor
cell. In the experiment performed in this study, the
accidental coincidence counts increased simultaneously
with the increasing photon-pair coincident count rates;
thus, we investigated the effect of the accidental coinci-
dence counts on the polarization-entangled states. Figure 4
shows the interference fringe visibility for the |¥~) state of
Fig. 3(b) as a function of the coincidence counts, for P1 set
at 45°. The raw visibilities (blue circles) exhibited an
approximately linear (blue line) decrease with increased
coincidence count. After subtraction of the accidental
coincidence counts from the raw data, the net visibility
(red circles) remained at almost 100% for coincidence
counts from 5 to 55 kHz.

In addition, we performed quantum state tomography of
the polarization-entangled state using combinations of
QWPs, HWPs, and Ps positioned in front of the FCs optics
(s =1 and 2), in the paths of the signal and idler photons
[Fig. 1(b)]. Figure 5 shows the real and imaginary parts of
the reconstructed two-photon polarization density matrix p
of the four Bell states. The coincidence counting rates
obtained from 16 measurement bases were used to recon-
struct the density matrices for the four polarization-
entangled states [36,37]. The fidelities of Fig. 5 to the
ideal Bell states were estimated to be 0.933(4), 0.935(4),
0.933(4), and 0.936(4), based on raw data accumulated
within 20 s. Therefore, we confirmed polarization entan-
glement of the photon pair obtained from the warm atomic
ensemble using the Sagnac interferometer.

143601-4



PHYSICAL REVIEW LETTERS 122, 143601 (2019)

Re[p,.] Im[p ]
05 05 <z
\<>O L9 \OOOQ L5
R & = | OOOQ
70_5\\: e < w 70_5\! Q? w
i M e ™
HY HV HV HV
VH o VH o
Re[p,] Im[p, ]

(b)

0.5 / 05 < /
(1% 22 e o
(d) 0 & < QQ o\\ OQO < Q

@ W . ® < w
HV \\\ Hv HY HV
VR /e VH T

FIG. 5. Quantum state tomography results for polarization-
entangled state. Real and imaginary parts of reconstructed density
matrix for four Bell states of (a)-(d) [¥*), |[¥~), |®7), and |®7),
respectively.

In conclusion, we demonstrated generation of
polarization-entangled SFWM photon pairs using a
Sagnac interferometer in a warm vapor cell of 8’Rb atoms
for the first time. Compared with previous demonstrations
of polarization-entangled photons from an atomic ensemble
[19-21], our developed polarization-entangled photon-pair
source obtained via the SFWM process is bright, simple,
robust, and phase stable. These characteristics result from
the superradiant effect, the 12.5-mm-long small vapor
cell, and the Sagnac interferometry. Furthermore, the
results of a Bell-CHSH inequality violation test and
quantum state tomography are identical to those of an
ideal polarization-entangled photon-pair source. Therefore,
considering the coherence length, brightness, simplicity,

stability, and entanglement of the polarization-entangled
photon pairs, our polarization-entangled Sagnac SFWM
photon-pair source using a warm atomic vapor cell can
be applied as a practical quantum source for quantum
optics. We believe that our results will contribute to the
realization of long-distance quantum communication, for
which quantum-entanglement swapping between com-
pletely autonomous sources is essential.
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Foundation of Korea (NRF) (Grant
No. 2018R1A2A1A19019181).
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