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Nonlocal two-photon interference of energy-time entangled photon pairs
generated in Doppler-broadened ladder-type 87 Rb atoms
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We experimentally demonstrate nonlocal two-photon interference of energy-time entangled photon pairs
via spontaneous four-wave mixing (SFWM) process in Doppler-broadened ladder-type 87 Rb atoms. The
Doppler-broadened ladder-type atomic system offers collective two-photon coherence which results in strong
temporal correlation between the entangled photons. The spacelike separated photon pairs clearly show nonlocal
two-photon interference with high visibility of 97.1 ± 2.5%, which violates the Bell-CHSH (Clauser-HorneShimony-Holt) inequality by 10.5 standard deviations, in which the travel time of a single-photon towards the
interferometer is much longer than the coincidence window. Our work will provide an atom-based entangled
photon source which is applicable for long distance atom-memory-based quantum communication.
DOI: 10.1103/PhysRevA.100.053817
I. INTRODUCTION

It is now well established that entangled quantum systems, contradictory to the local hidden variable theories, may
provide nonlocal correlation between remote measurement
outcomes [1]. To date, experimental research on nonlocal
quantum correlation has usually been carried out by utilizing
entangled photons from the spontaneous parametric downconversion (SPDC) process in a nonlinear crystal. The SPDC
photons, however, have a rather broad spectral bandwidth,
resulting in a typical coherence time on the order of a few
hundreds of femtoseconds [2,3]. Since typical atomic quantum memory can store and retrieve photons with a coherence
time in the timescale of μs [4–8], the SPDC photons in general
do not efficiently interact with the atomic quantum memory
system. To this end, the cavity-assisted SPDC process has
been engineered to provide narrow-band photon pairs [9,10].
One the other hand, spontaneous four-wave mixing
(SFWM) in an atomic system offers a natural narrow-band
source of entangled photon pairs, and the SFWM photons
may efficiently interact with the atomic quantum memory
system [11–14]. A cold atom system has been used as a source
of the SFWM photons. The cold atom system, however, is
rather complicated, and the photon pair generation rate in the
cold atom system is much lower than the SPDC process in
a nonlinear crystal. To overcome the limits of the cold atom
system, photon pair generation in a hot atom system has been
researched [15,16]. The hot atom system is rather simple,
and the photon pair generation rate is higher than in the cold
atom system. Especially, cascade emission from the hot atom
system with ladder-type energy level shows a high photon pair
generation rate compatible with the SPDC process [17].
The SFWM photons are naturally energy-time entangled.
A Franson interferometer has been used to test energytime entanglement of the entangled photons [18–25]. In the
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Franson interferometer, any single-photon interference is totally eliminated because the path-length difference between
the long path and short path is much longer than the coherence
length of the input photons [26,27]. Therefore, interference
observed in the coincidence rate is genuine two-photon interference. Time-bin encoded quantum key distribution experiments also have been explored by using a Franson interferometer [28–31]. Since two-photon interference originates from
nonlocal temporal correlation between the entangled photons,
spacelike separated photon pairs can exhibit two-photon interference in which the single-photon travel time towards the
interferometer is considerably longer than the coincidence
window [32]. Here, we report nonlocal two-photon interference of the energy-time entangled photon pairs via the SFWM
process in Doppler-broadened ladder-type 87 Rb atoms.
II. ENERGY-TIME ENTANGLED PHOTON
PAIR GENERATION

The experimental setup for the SFWM process is shown in
Fig. 1(a). The Rb cell is heated to 70 ◦ C and shielded by the
three layers of μ metal to shield the earth’s magnetic field. The
horizontally polarized pump beam and the vertically polarized
coupling beam counterpropagate inside the Rb cell. The signal
and idler photons are generated via the SFWM process. We
set the phase matching angle as 1.43◦ . The SFWM photon
pairs and the laser beams are spatially separated, but the laser
beams are scattered from the Rb cell so that they contribute to
noise. To filter out the noise by means of polarization optics,
we used polarizing beam splitters (PBSs) and Glan-Thompson
polarizers.
Figure 1(b) presents the schematic ladder-type energy
level of the 87 Rb atom used for generating the energy-time
entangled photon pairs. The pump laser is blue-detuned by
1 GHz from the |5S1/2 , F = 2 → |5P3/2 , F  = 3 transition.
The detuning for the pump laser is for suppressing spontaneous emission from the intermediate state |5P3/2 , F  =
3. The coupling laser is red-detuned by 1 GHz from the
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FIG. 2. Normalized cross-correlation function for the signal and
idler photons. Total integration time of coincidence events histogram
is 30 s. The red curve is a theoretical result of the normalized crosscorrelation function for the photon pairs generated in the Dopplerbroadened atoms, which is calculated by using Eq. (1).
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FIG. 1. (a) Schematic of spontaneous four-wave mixing in the
experiment. Horizontally polarized pump field and vertically polarized coupling field counterpropagate inside the Rb cell. Generated signal and idler photons are filtered by means of PBSs
and polarizers (P) and coupled into a single-mode fiber. (P: GlanThompson polarizer; M: Mirror.) (b) The ladder-type energy level
of 87 Rb. The energy-time entangled photon pairs, the signal and
idler photons, are generated by cascade emission in the 87 Rb
vapor. (δ = 1 GHz, |g = |5S1/2 , F = 2, |m = |5P3/2 , F  = 3,
|e = |5D5/2 , F  = 4). (c) Schematic of nonlocal two-photon interference experiment. Each single photon is filtered by the interference
filter (IF) and the solid fused-silica etalon filter (E). The SFWM
photon pair source and the interferometer are separated by a 180 m
fiber, so two-photon interference is a nonlocal event. The pathlength difference between the long and short paths in each unbalanced Michelson-Morley interferometer is 1.5 m. (SMF: Singlemode fiber; IF: Interference filter; E: Solid fused-silica etalon filter;
BS: Beam splitter; PZT: Piezo transducer; SPCM: Single-photoncounting module; TCSPC: Time-correlated single-photon counting
module.)

|5P3/2 , F  = 3 → |5D5/2 , F  = 4 transition. This configuration makes the collective two-photon coherence effect of the
Doppler-broadened ladder-type atomic ensemble.
The spectral filters were used for filtering the residual
pump and coupling beam as shown in Fig. 1(c). Each interference filter’s full width at half maximum (FWHM) bandwidth
is 1 nm. The interference filters for idler photons (IF1) and
signal photons (IF2) have transmission peaks of 92% and
95%, respectively. The etalon filters have 1 GHz FWHM
bandwidth. The etalon filters for idler photons (E1) and signal
photons (E2) have transmission peaks of 93% and 91%,
respectively.
The direction of the coupling and pump noise scattered
from the Rb cell can be changed by tilting the Rb cell, so
we can maximize the signal-to-noise ratio (SNR) of the single
counts of the single photons. The SNR of the signal photons
is 96 000 Hz/7000 Hz ∼
= 13.7 and that of the idler photons

is 45 600 Hz/3400 Hz ∼
= 13.4. The coincidence counts of the
signal and idler photons is 2300 Hz with the coincidence
window of 6.8 ns.
The normalized cross-correlation function g(2)
SI (τ ) for the
signal and idler photons is shown in Fig. 2. The output signal
from the signal (idler) photon detection event is used as the
start (stop) for the time-correlated single-photon counting
module. The coincidence event between the signal and idler
photons is obtained by the histogram for a given time delay
between the start and stop signals. The cross-correlation func(2)
(τ ) for photon pairs generated in Doppler-broadened
tion GSI
atoms is defined as

2


(2)
(τ ) =  v (τ ) f (v)dv  ,
(1)
GSI
where v (τ ) is the wave function of a photon pair generated
in Doppler-broadened ladder-type 87 Rb atoms via the SFWM
process and f (v) is the Maxwell-Boltzmann velocity distribution function in one dimension [16,17]. To show genuine tem(2)
poral correlation between the signal and idler photons, GSI
(τ )
(2)
is normalized to gSI (τ ). The normalized cross-correlation
function g(2)
SI (τ ) is shown as the red curve in Fig. 2, and it is
well matched with the time-correlated single-photon counting
measurements. The maximum value of g(2)
SI (τ ) is 203, which
shows strong temporal correlation between the signal and
idler photons.
When two-photon resonance condition is satisfied, strong
temporal correlation is generated between the entangled photons. The two-photon resonance condition for the Dopplerbroadened Rb ensemble is defined as
δ p + k p v + δc + kc v = 0,

(2)

where δ p (δc ) is the detuning of the pump (coupling) laser,
k p (kc ) is the wave vector of the pump (coupling) laser,
and v represents the velocity of a Rb atom. The pump
laser and the coupling laser, which have similar wavelength,
counterpropagating the Doppler-broadened Rb ensemble have
almost same Doppler-frequency shift, but the signs of the
Doppler-frequency shifting are opposite (i.e., k p v + kc v ∼
= 0).
Therefore, the two-photon resonance condition is satisfied
through broad velocity groups.
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FIG. 3. Normalized autocorrelation functions for the signal and
idler photons. The red solid curve is a Gaussian fitting to the
experiment data. (a) The coherence time of the signal photons is
estimated to be 1.8 ns. (b) The coherence time of the idler photons is
estimated to be 2.1 ns.

III. NONLOCAL TWO-PHOTON INTERFERENCE

We measured the coherence time of each single photon
to determine the path-length difference between the short
path and the long path of the unbalanced Michelson-Morley
interferometer (UMMI). We performed the Hanbury Brown–
Twiss experiment by splitting the signal (idler) photons to
two SPCMs by using the fiber beam splitter. Normalized
autocorrelation functions for the signal and idler photons are
shown in Fig. 3. The coherence times of the signal and idler
photons are estimated to be 1.8 and 2.1 ns, respectively. To
eliminate the first-order interference, we set the path-length
difference between the long path and the short path of the
UMMI to be 1.5 m, which is much longer than the coherence
length of each single photon.
The experimental setup for nonlocal two-photon interference is shown in Fig. 1(c). The signal (idler) photons are
divided into the two paths: The long path L1 (L2 ) and the
short path S1 (S2 ), by the beam splitter (BS) in the UMMI.
For the entangled photons traveling the long paths (L1 , L2 )
or the short paths (S1 , S2 ), the probability amplitudes for the
entangled photons in the long and short paths are coherent. Then, interference between the probability amplitudes
of both events occurs so that two-photon interference can
be generated [33–35]. In contrast, if the entangled photons
traverse the (L1 , S2 ) or (S1 , L2 ) path, interference between the
probability amplitudes of both events cannot happen because
of the path-length difference. Therefore, we post-select the
coincidence events where two-photon interference occurs by
the coincidence window of 5 ns.

FIG. 4. Nonlocal two-photon interference; refer to Fig. 1(c).
(a) The PZT2 is scanned with a constant speed, while the PZT1
is not. (b) The PZT1 and PZT2 are scanned in the same direction
with the same speed as (a). Each data point is accumulated for 1 s.
The red solid curve is a sinusoidal fitting for the experiment data.
To accurately show the genuine second-order interference
effect, the
√
coincidence count rate Nc is normalized, i.e., Nc / (Ns Ni ), where Ns
and Ni are the single count rates for the signal and idler photons,
respectively.

The entangled photon pair source and the interferometer
are separated by a 180 m fiber; the travel time from the
entangled photon pair source to the interferometer is 900 ns,
which is much longer than the coincidence window, so both
photons are separated at two spacelike locations. Therefore,
two-photon interference is the nonlocal measurement outcome.
The coincidence rate exhibits a sinusoidal variation as a
function of the path-length difference 1 (2 ) controlled by
the PZT. The coincidence rate of the two photons is then
given by
ω
1
ωI 
S
1 + ν cos
1 + 2 , (3)
Pc.c. (1 , 2 ) ∝
2
c
c
where ωS (ωI ) is the frequency of the signal (idler) photons
and ν is visibility. Only PZT2 is scanned in Fig. 4(a), but
both PZTs are scanned in the same direction with the same
speed as the previous one in Fig. 4(b). Therefore, in Fig. 4(a),
the period of two-photon interference Ta is inversely proportional to ωI . Similarly, in Fig. 4(b), the period of two-photon
interference Tb is inversely proportional to summation of
each single-photon’s frequency ωS + ωI . In the experiment,
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Ta /Tb was 1.96 ± 0.04, which is similar to the ratio
(ωS + ωI )/ωI = 2.01.
The visibility of two-photon interference in Fig. 4(a) is
97.1 ± 2.5%, and that of two-photon interference in Fig. 4(b)
is 90.5 ± 4.0%. The minimum visibility of violation of
the Bell-CHSH (Clauser-Horne-Shimony-Holt) inequality is
70.7% [36], so the Bell-CHSH inequality is violated by 10.5
and 4.9 standard deviations, as shown in Figs. 4(a) and 4(b),
respectively.
IV. CONCLUSION

tangled photon pairs which have a strong temporal correlation feature can be generated. The travel time of the single
photons from the entangled photon pair source to the interferometer is much longer than the coincidence window,
so two-photon interference satisfies the nonlocal condition.
The visibility of two-photon interference is estimated to be
97.1 ± 2.5%, so the Bell-CHSH inequality is violated by
10.5 standard deviations. We believe that the energy-time
entangled photon pairs generated by the cascade emission in
warm 87 Rb vapor via the SFWM process can be a source for
long distance atom-memory-based quantum communication
[37,38].

In conclusion, we have generated narrow-bandwidth
energy-time entangled photon pairs via the SFWM process
in warm 87 Rb vapor and experimentally shown nonlocal
two-photon interference by using a Franson interferometer.
For similar wavelengths of the pump and coupling beams
counterpropagating the Doppler-broadened Rb ensemble, en-
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