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We report an experimental demonstration of the nonclassical stationary light pulse (SLP) in a cold atomic
ensemble. A single collective atomic excitation is created and heralded by detecting a Stokes photon in the
spontaneous Raman scattering process. The heralded single atomic excitation is converted into a single
stationary optical excitation or the single-photon SLP, whose effective group velocity is zero, effectively
forming a trapped single-photon pulse within the cold atomic ensemble. The single-photon SLP is then
released from the atomic ensemble as an anti-Stokes photon after a specified trapping time. The second-order
correlation measurement between the Stokes and anti-Stokes photons reveals the nonclassical nature of the
single-photon SLP. Our work paves the way toward quantum nonlinear optics without a cavity.
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I. INTRODUCTION

Coherent atom-light interactions are of great interest in
many fields of physics. In particular, a strong interaction at
the quantized light level via enhanced atom-light interaction
promises significant advances in photonic quantum tech-
nologies [1–12]. A cavity quantum electrodynamics system
has often been used to achieve the strong atom-photon
interaction, in that a photon localized within the cavity may
interact with an atom or atoms multiple times [8–13]. In this
regard, the stationary light pulse (SLP), in which an optical
pulse is trapped within an atomic ensemble with zero group
velocity, has begun to attract attention lately [14–22].
However, experimental demonstrations of the SLP to date
have been limited to classical light pulses only [19–24].
Here, we report the first experimental demonstration of the
quantum SLP in which a heralded single-photon state is first
trapped within a cold atomic ensemble without a cavity and
then released after a specified trapping time. Ourwork paves
the way toward quantum nonlinear optics without a cavity
and may open up possibilities to explore novel photonic
quantum matters [25–28].
A coherently driven atomic medium often provides an

effect that allows dynamically controlling light propagation
through the medium, such as electromagnetically induced

transparency (EIT) [29–31]. Via EIT, the group velocity of
an optical pulse can be manipulated significantly and,
moreover, an optical pulse can be coherently mapped into
and out of atomic coherence, enabling atomic quantum
memory for photons [32–37]. However, the EIT effect
cannot enhance nonlinear interactions between optical
pulses because, in the limit of zero group velocity, only
atomic coherence persists with no remaining optical exci-
tations. The SLP effect, which may occur in a doubly driven
atomic medium, on the other hand, supports nonzero optical
excitations having zero group velocity, effectively trapping
the optical pulses within the atomicmedium. The SLP effect
thus allows enhanced nonlinear interactions between optical
pulses by increasing the atom-photon interaction time
without a cavity [14]. Moreover, it has been theoretically
proposed that the SLP effect could lead to novel photonic
quantum matters, such as crystals of photons [25] and
polariton condensates [26], as well as enable us to simulate
dynamics of quantum particles [27,28].
Experimentally, the SLP was first reported using warm

atomic vapor [19] and later using cold atoms [20–22].
However, all experimental demonstrations so far have been
limited to classical light pulses only, i.e., the trapped optical
pulses were strong classical coherent states [19–22], even
though all the aforementioned applications of the SLP effect
are based on formation of the SLP of quantum optical states,
such as the single-photon SLP. In this paper, we report the
first experimental demonstration of the quantum SLP in
which a heralded single-photon state is first trapped within a
cold atomic ensemble without a cavity and then released
after a specified trapping time. We demonstrate via the
second-order correlation measurement that the nonclassical
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nature of the heralded single-photon state is well preserved
during the SLP process.

II. EXPERIMENTAL SETUP

We now elaborate our experimental demonstration of the
quantum SLP; see Fig. 1. First, consider the energy level
diagram shown in Fig. 1(a). Two hyperfine ground states are
denoted as jgi and jsi, and two excited states are denoted as
je1i and je2i. Initially, all atoms are prepared in the ground
state jgi. When a weak write pulse (Ωw) with detuningΔ1 is
applied, the spontaneously Raman scattered Stokes photon
Ês is emitted. The detection event of the Stokes photon
heralds the successful preparation of the single collective
atomic excitation or the spin wave Ŝðz; tÞ [38–40].
In order to form the single-photon SLP, two counter-

propagating read lasers Ωþ
r and Ω−

r are applied; see
Fig. 1(b). [Note that Ω�

r denote the Rabi frequencies of
the two read lasers, with Ω�

r ðtÞ indicating the time-
dependent Rabi frequencies.] The two counterpropagating
read lasers drive the spin waves in the opposite directions
with nonzero photonic excitations Ê�

asðz; tÞ, where Êþ
as (Ê

−
as)

is the quantized slow varying electric field operator for the
forward (backward) propagating anti-Stokes photon. As
the quantized electric field operators Ê�

as are coupled with

the spin wave Ŝ, the propagation dynamics for the involved
fields Êþ

as, Ê
−
as, and Ŝ is described as a single quasiparticle or

the dark-state polariton [17,26,32,33]:

Ψ̂sðz; tÞ ¼ cos θðtÞ½cosϕðtÞÊþ
asðz; tÞ þ sinϕðtÞÊ−

asðz; tÞ�
− sin θðtÞŜðz; tÞ: ð1Þ

The two mixing angles θðtÞ and ϕðtÞ play important roles in
the formation of the single-photon SLP. The mixing angle
θðtÞ is defined as tan2 θðtÞ ¼ g2n=Ω2ðtÞ, where g is the
atom-photon coupling constant, n is the atomic density, and
Ω2ðtÞ ¼ Ωþ

r
2ðtÞ þ Ω−

r
2ðtÞ. The mixing angle ϕðtÞ is given

as tan2 ϕðtÞ ¼ Ω−
r
2ðtÞ=Ωþ

r
2ðtÞ. The single quasiparticle

description in Eq. (1) implies that the quantized fields
E�
asðz; tÞ and Ŝðz; tÞ are coherently coupled and propagate

together with group velocity vg ¼ c cos2 θðtÞ cos 2ϕðtÞ,
where c is the light speed in vacuum [17,26]. If the Rabi
frequencies of read lasers are balanced, i.e., Ωþ

r
2ðtÞ ¼

Ω−
r
2ðtÞ, the photonic components E�

asðz; tÞ have zero group
velocity but with nonzero amplitudes, hence forming the
single-photon SLP or a trapped single photon within an
atomic ensemblewithout a cavity. After a specified trapping
time τ, the single-photon SLP may be released from the
atomic cloud by turning off one of the read lasers, e.g.,
Ω−

r ðtÞ → 0, as shown in Fig. 1(c).

(a) (b) (c)

(d)

FIG. 1. Experimental sequence and schematic. (a)–(c) The energy level diagram and the experimental sequence. (a) Initially, all atoms
are prepared in the ground state jgi. When the write pulse Ωw is applied with detuning Δ1, creation of a single collective atomic
excitation is heralded by the detection event of the Stokes photon Ês at detector D1. (b) From the single collective atomic excitation, the
single-photon SLP (denoted by Ê�

as) is formed by applying two counterpropagating read lasersΩ�
r . DetuningΔ2 is necessary to suppress

higher order atomic coherence in cold atoms. (c) After a specified trapping time τ, the single-photon SLP is released from the atomic
ensemble as the anti-Stokes photon Êþ

as by turning off the read lasers Ω−
r and is detected at detectorD2. (d) Experimental schematic. The

optical depth of the Rb MOT is approximately 120. All the optical fields have the same circular polarization in the atomic frame.
Because of the phase-matching condition, the read/write lasers and the Stokes/anti-Stokes modes are tilted by approximately 0.35°. The
bandpass filter F1 (F2) consists of a 780-nm (795-nm) interference filter and a solid etalon filter. The arrival time difference between the
heralding photon at D1 and the released single-photon SLP at D2 is recorded with a time-correlated single-photon counting (TCSPC)
module. PBS stands for polarizing beam splitter; QWP stands for quarter wave plate.
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III. HERALDED GENERATION
OF SINGLE PHOTONS

We first demonstrate generation of a heralded single-
photon statewithout trapping and then showour result on the
single-photon trapping by using the SLP effect described
above. The experimental schematic is shown in Fig. 1(d); see
Appendix B for details of the experimental setup. For
generation of a heralded single-photon state, the write pulse
Ωw with 0.3-mW peak power is applied to the atomic cloud,
followed by the counterpropagating read laser Ωþ

r with
1.2-mW peak power. The write pulse has a Gaussian tem-
poral shape with the full width half maximum (FWHM) of
200 ns and the read laserΩþ

r is applied 0.8 μs after the write
pulse. Both lasers arewell collimated to illuminate thewhole
atomic ensemble (approximately 1.8 mm in diameter). All
the optical fields have the same circular polarization in the
atomic frame. The temporal correlation between the herald-
ing Stokes photon Ês atD1 and the anti-Stokes photon Ê

þ
as at

D2 is measured with a time-correlated single-photon count-
ing (TCSPC) module. Note that the process here is the same
as the correlated photon pair generation used in the Duan-
Lukin-Cirac-Zoller quantum repeater scheme [38–40]. The
experimental data for heralded generation of a single-photon
state are shown in Fig. 2. The TCSPC histogram shows the
second-order temporal correlation between the Stokes and
the anti-Stokes photon. The cross correlation between
Stokes and anti-Stokes photons was measured to be

gð2Þs;asð0Þ¼ 5.43�0.074 with the pair detection probability

pc ¼ 9.6 × 10−3. Note that gð2Þs;asð0Þ > 2 indicates nonclass-
ical correlation between the Stokes and anti-Stokes photons
because the individual photons are thermal in nature.

IV. FORMATION OF THE SINGLE-PHOTON SLP

Let us now describe our experimental demonstration of
the single-photon SLP. As described in Fig. 1(b), to form
the single-photon SLP from the single collective atomic
excitation, two counterpropagating read lasers Ω�

r must be

applied. While the forward read laser Ωþ
r is on-resonant to

jsi → je1i, the backward read laserΩ−
r is slightly detunedby

Δ2 ¼ 2π × 4.0 MHz. This detuning ensures there is no
effective higher order Raman coherence [16,20,41], which
prevents the formation of stationary light. Also, the Rabi
frequencies of the two read lasers need to be sufficientlywell
balanced, i.e., jΩþ

r ðtÞj ≃ jΩ−
r ðtÞj, to ensure formation of the

single-photon SLP. We have carefully balanced Ωþ
r ðtÞ and

Ω−
r ðtÞ in a separate SLP with an external laser pulse; see the

Supplemental Material [42]. Then, after a specified trapping
time τ, we turn off one of the read lasers,Ω−

r ðtÞ → 0, and the
single-photon SLP is released from the atomic medium as
the anti-Stokes photon; see Fig. 1(c). The timing sequence
for the experiment is schematically shown in Fig. 3(a) and
the experimental results are shown in Fig. 3(b) for the

FIG. 2. Heralded generation of a single-photon state. The read
laser Ωþ

r is turned on 0.8 μs after the write pulse. The TCSPC
histogram triggered by the Stokes photon at t1 displays the
waveform of the anti-Stokes single photon. The TCSPC histo-
gram is accumulated for 3000 s.

(a)

(b)

FIG. 3. Formation of the single-photon SLP. (a) The two
counter-propagating read lasers Ωþ

r and Ω−
r are simultaneously

turned on 0.8 μs after the write pulse. After a specified trapping
time τ,Ω−

r is turned off and released is the heralded single-photon
from the atomic cloud as the anti-Stokes photon. The trapping
times are, (i) τ ¼ 0.6 μs, (ii) τ ¼ 1.2 μs, (iii) τ ¼ 1.8 μs. (b) The
TCSPC histogram shows the waveform of the released single-
photon. During the formation of the single-photon SLP, emission
of the anti-Stokes photon is greatly suppressed, albeit showing
some leakage. When the read laserΩ−

r is turned off, the remaining
single-photon SLP is released. Each TCSPC histogram is
accumulated for 3000 s. Inset shows the extended region for
case (i), in which uncorrelated counts are also presented. Since
the write/read pulses are applied at every 5 μs, the coincidence
count peaks appear at every 5 μs in the TCSPC histogram. The
pronounced peak at 2 μs is due to the quantum-correlated photon
pair generated by the corresponding write/read pulse sequence.
The other low-lying periodic peaks represent uncorrelated ran-
dom coincidence counts due to a Stokes photon by a write pulse
and an anti-Stokes photon by subsequent read pulses.
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trapping times τ ¼ 0.6, 1.2, and 1.8 μs. During the single-
photon trapping time τ, we observe a small but non-
negligible leakage. We find that the amount of leakage
for the single-photon SLP experiment is larger when
compared with the classical SLP experiment. Unlike the
classical SLP experiment, the single atomic excitation
heralded upon the detection of the Stokes photon is spread
over the whole atomic medium. Therefore, the stored
excitation at the edges of the medium is more likely to be
leaked during the SLP formation. See the Supplemental
Material [42] for the classical SLP experiment and for the
numerical simulation results for the single-photon SLP.
From the TCSPC histograms, as in Fig. 3(b), we obtain the

second-order correlation gð2Þs;asð0Þ between the Stokes and the
anti-Stokes photons and the relative intensity of the anti-
Stokes photon for different single-photon trapping times. The
measured second-order correlation results are shown in

Fig. 4(a). The second-order correlation gð2Þs;asð0Þ calculated
with the rawdata (without subtracting any noise counts) tends
to decreasewith increasing trapping times, but, once the noise

counts are subtracted, gð2Þs;asð0Þ values are rather stable. The
relative contribution from the noise to the calculated second-
order correlation is evidenced in Fig. 4(b), which shows that

the relative intensity of the anti-Stokes photon is decreasing as
a function of the trapping times. Thus, we attribute the main
mechanism for the decay of the second-order correlation
mostly to the loss associated with the ground-state dephasing
and the phase mismatch.
As mentioned earlier, the bound for nonclassical corre-

lation between the Stokes and the anti-Stokes photons is

gð2Þs;asð0Þ ¼ 2. In addition, the lower bound for the anti-

Stokes photon to show antibunching is given by gð2Þs;asð0Þ ¼
2þ ffiffiffi

2
p

with certain assumptions [42]. The noise-
subtracted experimental data in Fig. 4(a) all violate the
equality for antibunching, signaling that the nonclassical
nature of a single-photon state is maintained during the
single-photon SLP process within the atomic medium.

Note that it is possible to achieve higher gð2Þs;as values by
simply reducing the power of the write pulse, but at the cost
of lowering the pair detection probability pc [43].

V. CONCLUSION

We have reported the first experimental demonstration of
nonclassical SLP in a cold atomic ensemble. A single
collective atomic excitation is created and heralded by
detecting a Stokes photon in the spontaneous Raman
scattering process. The heralded single atomic excitation
is then converted into a single stationary optical excitation
or the single-photon SLP, whose effective group velocity is
zero, effectively forming a trapped single-photon pulse
within the cold atomic ensemble. The single-photon SLP is
then released from the atomic ensemble as an anti-Stokes
photon after a specified trapping time. The second-order
correlation measurement between the Stokes and anti-
Stokes photons reveals the nonclassical nature of the
single-photon SLP. Our work paves the way toward
quantum nonlinear optics without a cavity [14], simulating
the dynamics of quantum particles [27,28], as well as novel
photonic quantum matters, such as crystals of photons [25]
and polariton condensates [26].
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APPENDIX A: PREPARATION
OF THE COLD ATOMIC ENSEMBLE

A cold atomic ensemble of 87 Rb is prepared by a 2D
magneto-optical trap (MOT) in a glass cell ultrahigh
vacuum chamber (approximately 10−9 Torr) [44,45].
After the initial loading of the atoms, the MOT coils are
turned off to reduce the effect due to the stray magnetic
fields. The temporal dark MOT and compression tech-
niques are applied, resulting in a high optical depth (OD)
cold atom cloud about 20 mm in length and 1.8 mm in

(a)

(b)

FIG. 4. Nonclassical nature of the single-photon SLP. (a) The

second-order correlation gð2Þs;asð0Þ between Stokes and anti-Stokes
photons as a function of the single-photon trapping time τ. The raw

gð2Þs;asð0Þ was calculated without subtracting any noise counts.
Unwanted noise counts due to unfiltered strong read lasers were
independently measured and subtracted for the calculation of the

noise-subtracted gð2Þs;asð0Þ. The bound for nonclassical correlation,

calculated from the Cauchy-Schwarz inequality, is gð2Þs;asð0Þ ¼ 2,
and the bound for antibunching of the heralded anti-Stokes photon

is gð2Þs;asð0Þ ¼ 2þ ffiffiffi

2
p

. (b) The relative intensity of the anti-Stokes
photon as a function of τ. The SLP decay rate of γτ ¼ 2π ×
154 kHz was obtained from the exponential decay fit (solid line).
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diameter [45]. All atoms are initially prepared in the ground
state, jgi≡ j5S1=2; F ¼ 1i. The other relevant atomic levels
are jsi≡ j5S1=2; F ¼ 2i, je1i≡ j5P3=2; F0 ¼ 2i, and je2i≡
j5P1=2; F0 ¼ 2i. The OD is measured as high as approx-
imately 120 from the two-level transmission spectrum
between jgi and je2i [45].

APPENDIX B: EXPERIMENTAL DETAILS

Thewrite pulseΩw has the Gaussian temporal shape with
200 ns at FWHM, the peak power of 0.3 mW, and has
detuning Δ1 ¼ 2π × 134.9 MHz. The read lasers have the
rectangular temporal shapes with 1.2-mWpeak power. Both
thewrite and the read lasers arewell collimated to illuminate
thewhole ensemble (approximately 1.8mm in diameter). The
collectiondiameters of theStokes and anti-Stokes photons are
defined by single-mode optical fibers and set to be approx-
imately 250 μm at the medium. The bandwidth of the solid
etalon filters is 470 MHz. The total channel efficiency is
estimated to be approximately 0.17, which includes the
single-mode fiber coupling efficiency of 0.6, the spectral
filter transmittance of 0.65, the multimode fiber (coupled to
the single-photon detector) coupling efficiency of 0.8, and
the detector quantum efficiency of 0.55.
The whole experimental sequence is repeated at the

period of 200 ms. Each experimental sequence consists of
the cold atom preparation window and the main exper-
imental window. The duration of atom preparation is
199.8 ms and the experimental window is set to be as
short as 0.2 ms to minimize the variations of the medium
properties, such as OD and the ground-state dephasing rate
γgs. During the experimental window, the single-photon
detectors (D1 and D2) are gated to the sequence of the
single-photon SLP experiment. The duration of the SLP
experimental sequence is 5 μs, so there are 40 single-
photon SLP trials within each experimental window.
Typically, we operate the experiment at the regime of
the pair detection probability of pc ∼ 10−2.

APPENDIX C: FORMATION OF THE SLP

For stable formation of the SLP, three conditions must be
satisfied: (i) the phase-matching condition, (ii) suppression of
higher order atomic coherence, and (iii) matching of the read
laser Rabi frequencies. First, the phase-matching condition
requires that all the fields involved in the stationary light
formation satisfy energy and momentum conservation con-
ditions [20,22]. The phase-matching condition for the SLP is
given as κ⃗ ¼ k⃗þas − k⃗þr ¼ k⃗−as − k⃗−r , where the initial spin
wave is set as κ⃗ ¼ k⃗w − k⃗s. Here, k⃗w, k⃗s, k⃗

�
as, and k⃗

�
r are the

wave vectors forΩw, Ês, Ê
�
as, andΩ�

r , respectively. To satisfy
the above phase-matching condition, the read lasers and the
anti-Stokes collection modes are tilted by 0.35°. Second, the
SLP is only supported when the forward (backward) read
laser couples only with the forward (backward) anti-Stokes

photon. Since the coupling between the forward (backward)
read laser and the backward (forward) anti-Stokes photon is
mediated by higher order atomic coherence, the higher order
coherence should be suppressed. While the higher order
atomic coherence is not induced in hot atoms due to the
Doppler effect, it is induced in cold atomic medium. The
higher order coherence in cold atoms, however, can be sup-
pressed by providing the detuning Δ2 for the backward read
laser Ω−

r so that the higher order coherence is dephased fast
[16,20,41]. In our experiment, we set Δ2 ¼ 2π × 4.0 MHz,
which ismuch larger than the EITwidth. Finally, the effective
Rabi frequencies of the two read lasers should be matched
because the mixing angles and the group velocity for the
stationary dark state polariton are controlled by the Rabi
frequencies (Ω�

r ) of the corresponding read lasers. In order to
match the Rabi frequencies of the two read lasers, we
performed a separate SLP experiment with a classical laser
input; see the Supplemental Material. We also obtained the
other relevant experimental parameters for the single-photon
SLP experiment, such as OD ∼ 100 and the ground-state
dephasing rate γgs ¼ 2π × 3.0 kHz, by fitting the classical
SLP experiment results with the numerical simulations of the
coupled Maxwell-Bloch equations [20,46].
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[15] F. E. Zimmer, A. André, M. D. Lukin, and M. Fleischhauer,
Coherent Control of Stationary Light Pulses, Opt. Com-
mun. 264, 441 (2006).

[16] S. Moiseev and B. Ham, Quantum Manipulation of Two-
Color Stationary Light: Quantum Wavelength Conversion,
Phys. Rev. A 73, 033812 (2006).

[17] F. Zimmer, J. Otterbach, R. Unanyan, B. Shore, and M.
Fleischhauer,Dark-State Polaritons for Multicomponent and
Stationary Light Fields, Phys. Rev. A 77, 063823 (2008).

[18] T. Peters, S. W. Su, Y. H. Chen, J. S. Wang, S. C. Gou, and
I. A. Yu, Formation of Stationary Light in a Medium of
Nonstationary Stoms, Phys. Rev. A 85, 023838 (2012).

[19] M. Bajcsy, A. Zibrov, and M. D. Lukin, Stationary Pulses of
Light in an Atomic Medium, Nature (London) 426, 638
(2003).

[20] Y.-W. Lin, W. T. Liao, T. Peters, H. C. Chou, J. S. Wang,
H.W. Cho, P. C. Kuan, and I. A. Yu, Stationary Light Pulses
in Cold Atomic Media and without Bragg Gratings, Phys.
Rev. Lett. 102, 213601 (2009).

[21] Y.-H. Chen, M. J. Lee, W. Hung, Y. C. Chen, Y. F. Chen, and
I. A. Yu, Demonstration of the Interaction between Two
Stopped Light Pulses, Phys. Rev. Lett. 108, 173603 (2012).

[22] J. L. Everett, G. T. Campbell, Y.-W. Cho, P. Vernaz-Gris,
D. B. Higginbottom, O. Pinel, N. P. Robins, P. K. Lam, and
B. C. Buchler, Dynamical Observations of Self-Stabilizing
Stationary Light, Nat. Phys. 13, 68 (2017).

[23] F. Blatt, L. S. Simeonov, T. Halfmann, and T. Peters,
Stationary Light Pulses and Narrowband Light Storage
in a Laser-Cooled Ensemble Loaded into a Hollow-Core
Fiber, Phys. Rev. A 94, 043833 (2016).

[24] G. T. Campbell, Y.-W. Cho, J. Su, J. Everett, N. P. Robins,
P. K. Lam, and B. C. Buchler, Direct Imaging of Slow,
Stored and Stationary EIT Polaritons, Quantum Sci. Tech-
nol. 2, 034010 (2017).

[25] D. E. Chang, V. Gritsev, G. Morigi, V. Vuletić, M. D. Lukin,
and E. A. Demler, Crystallization of Strongly Interacting
Photons in a Nonlinear Optical Fibre, Nat. Phys. 4, 884
(2008).

[26] M. Fleischhauer, J. Otterbach, and R. Unanyan, Bose-
Einstein Condensation of Stationary-Light Polaritons,
Phys. Rev. Lett. 101, 163601 (2008).

[27] J. Otterbach, J. Ruseckas, R. G. Unanyan, G. Juzeliūnas,
and M. Fleischhauer, Effective Magnetic Fields for
Stationary Light, Phys. Rev. Lett. 104, 033903 (2010).

[28] D. G. Angelakis, M.-X. Huo, D. E. Chang, L. C. Kwek, and
V. Korepin, Mimicking Interacting Relativistic Theories
with Stationary Pulses of Light, Phys. Rev. Lett. 110,
100502 (2013).

[29] M. Fleischhauer, A. Imamoglu, and J. P. Marangos, Electro-
magnetically Induced Transparency: Optics in Coherent
Media, Rev. Mod. Phys. 77, 633 (2005).

[30] L. V. Hau, S. E. Harris, Z. Dutton, and C. H. Behroozi, Light
Speed Reduction to 17 Metres per Second in an Ultracold
Atomic Gas, Nature (London) 397, 594 (1999).

[31] Y.-W. Cho, K.-K. Park, J.-C. Lee, and Y.-H. Kim, Engineer-
ing Frequency-Time Quantum Correlation of Narrow-Band
Biphotons from Cold Atoms, Phys. Rev. Lett. 113, 063602
(2014).

[32] M. Fleischhauer and M. D. Lukin, Dark-State Polaritons in
Electromagnetically Induced Transparency, Phys. Rev.
Lett. 84, 5094 (2000).

[33] M. Fleischhauer and M. D. Lukin, Quantum Memory for
Photons: Dark-State Polaritons, Phys. Rev. A 65, 022314
(2002).

[34] C. Liu, Z. Dutton, C. H. Behroozi, and L. V. Hau, Obser-
vation of Coherent Optical Information Storage in an
Atomic Medium Using Halted Light Pulses, Nature
(London) 409, 490 (2001).

[35] D. F. Phillips, A. Fleischhauer, A. Mair, R. L. Walsworth,
and M. D. Lukin, Storage of Light in Atomic Vapor, Phys.
Rev. Lett. 86, 783 (2001).

[36] M. Hosseini, S. Rebić, B. M. Sparkes, J. Twamley, B. C.
Buchler, and P. K. Lam, Memory-Enhanced Noiseless
Cross-Phase Modulation, Light Sci. Appl. 1, e40 (2012).

[37] Y.-W. Cho, G. T. Campbell, J. L. Everett, J. Bernu, D. B.
Higginbottom, M. T. Cao, J. Geng, N. P. Robins, P. K. Lam,
and B. C. Buchler, Highly Efficient Optical Quantum
Memory with Long Coherence Time in Cold Atoms, Optica
3, 100 (2016).

[38] L. M. Duan, M. D. Lukin, J. I. Cirac, and P. Zoller, Long-
Distance Quantum Communication with Atomic Ensembles
and Linear Optics, Nature (London) 414, 413 (2001).

[39] A. Kuzmich, W. P. Bowen, A. D. Boozer, A. Boca, C. W.
Chou, L.-M. Duan, and H. J. Kimble, Generation of Non-
classical Photon Pairs for Scalable Quantum Communica-
tion with Atomic Ensembles, Nature (London) 423, 731
(2003).

[40] S. V. Polyakov, C. W. Chou, D. Felinto, and H. J. Kimble,
Temporal Dynamics of Photon Pairs Generated by an
Atomic Ensemble, Phys. Rev. Lett. 93, 263601 (2004).

[41] I. Iakoupov, J. R.Ott,D. E.Chang, andA. S. Sørensen,Disper-
sion Relations for Stationary Light in One-Dimensional
Atomic Ensembles, Phys. Rev. A 94, 053824 (2016).

[42] In order to set the lower bound for antibunching, we assume
that uncorrelated photon noises because of mechanisms
such as channel loss, contributions from write/read lasers,
etc., degrade both cross-correlation and antibunching. See
also the Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevX.8.021016 for detailed
derivation of the bound.

[43] V. Balić, D. A. Braje, P. Kolchin, G. Y. Yin, and S. E. Harris,
Generation of Paired Photons with Controllable Wave-
forms, Phys. Rev. Lett. 94, 183601 (2005).

[44] J.-C. Lee, K.-K. Park, T.-M. Zhao, and Y.-H. Kim, Einstein-
Podolsky-Rosen Entanglement of Narrow-Band Photons
from Cold Atoms, Phys. Rev. Lett. 117, 250501 (2016).

[45] K.-K. Park, Y.-T. Chough, and Y.-H. Kim, Light Storage in
a Cold Atomic Ensemble with a High Optical Depth, J.
Korean Phys. Soc. 70, 1007 (2017).

[46] Y.-T. Chough, On the Retrieval Efficiency of Light Storage
in an EIT Medium, J. Korean Phys. Soc. 69, 488 (2016).

PARK, CHO, CHOUGH, and KIM PHYS. REV. X 8, 021016 (2018)

021016-6

https://doi.org/10.1073/pnas.1524117113
https://doi.org/10.1073/pnas.1524117113
https://doi.org/10.1103/RevModPhys.87.347
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1016/j.optcom.2006.03.075
https://doi.org/10.1016/j.optcom.2006.03.075
https://doi.org/10.1103/PhysRevA.73.033812
https://doi.org/10.1103/PhysRevA.77.063823
https://doi.org/10.1103/PhysRevA.85.023838
https://doi.org/10.1038/nature02176
https://doi.org/10.1038/nature02176
https://doi.org/10.1103/PhysRevLett.102.213601
https://doi.org/10.1103/PhysRevLett.102.213601
https://doi.org/10.1103/PhysRevLett.108.173603
https://doi.org/10.1038/nphys3901
https://doi.org/10.1103/PhysRevA.94.043833
https://doi.org/10.1088/2058-9565/aa7821
https://doi.org/10.1088/2058-9565/aa7821
https://doi.org/10.1038/nphys1074
https://doi.org/10.1038/nphys1074
https://doi.org/10.1103/PhysRevLett.101.163601
https://doi.org/10.1103/PhysRevLett.104.033903
https://doi.org/10.1103/PhysRevLett.110.100502
https://doi.org/10.1103/PhysRevLett.110.100502
https://doi.org/10.1103/RevModPhys.77.633
https://doi.org/10.1038/17561
https://doi.org/10.1103/PhysRevLett.113.063602
https://doi.org/10.1103/PhysRevLett.113.063602
https://doi.org/10.1103/PhysRevLett.84.5094
https://doi.org/10.1103/PhysRevLett.84.5094
https://doi.org/10.1103/PhysRevA.65.022314
https://doi.org/10.1103/PhysRevA.65.022314
https://doi.org/10.1038/35054017
https://doi.org/10.1038/35054017
https://doi.org/10.1103/PhysRevLett.86.783
https://doi.org/10.1103/PhysRevLett.86.783
https://doi.org/10.1038/lsa.2012.40
https://doi.org/10.1364/OPTICA.3.000100
https://doi.org/10.1364/OPTICA.3.000100
https://doi.org/10.1038/35106500
https://doi.org/10.1038/nature01714
https://doi.org/10.1038/nature01714
https://doi.org/10.1103/PhysRevLett.93.263601
https://doi.org/10.1103/PhysRevA.94.053824
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
http://link.aps.org/supplemental/10.1103/PhysRevX.8.021016
https://doi.org/10.1103/PhysRevLett.94.183601
https://doi.org/10.1103/PhysRevLett.117.250501
https://doi.org/10.3938/jkps.70.1007
https://doi.org/10.3938/jkps.70.1007
https://doi.org/10.3938/jkps.69.488

