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We experimentally demonstrate two-photon interference of a time-energy entangled photon pair
generated via collective two-photon coherence in Doppler-broadened cascade-type 8’Rb atoms. The two
photons originally proposed by J. D. Franson are realized as a photon pair due to collective effects, which
are generated from the cascade atomic system with a relatively long lifetime of the initial state and a
considerably shorter lifetime of the intermediate state. The achievement of two-photon interference with
photon-pair sources generated from inhomogeneous atomic ensembles constitutes an important result for
time-energy entanglement based on an atom-photon interaction.

DOI: 10.1103/PhysRevLett.121.263601

Quantum entanglement first attracted attention as the
heart of the Einstein-Podolsky-Rosen paradox and one of
the most counterintuitive phenomena in the view of
classical physics [1]. The generation of entangled photons
has since become a key technology in the areas of quantum
communication, quantum simulation, quantum computing,
and quantum metrology [2-8]. In quantum optics, the
physical properties of photons, such as polarization [9],
position momentum [10], orbital angular momentum [11],
and time frequency [12,13], have been used for realizing
quantum entanglement.

Recently, quantum optics experiments based on atomic
ensembles [14] or artificial atoms such as quantum dots
[15], impurity centers [16], and nanophotonics chips [17]
have been applied to topics of special interest in quantum
optics based on photon pairs produced via spontaneous
parametric down-conversion in nonlinear crystals [18-21].
In particular, the photon pairs emitted from atomic ensem-
bles have attracted considerable interest with respect to the
field of quantum-information science and technology
because of their very narrow spectral bandwidth, which
is essential for the realization of atom-photon interfaces
for quantum memory [22-24]. In the cases of cold [25-30]
and Doppler-broadened [31-36] atomic ensembles, corre-
lated photon pairs with narrow spectral width have been
generated via spontaneous four-wave mixing (SFWM).
The coherence time of the photons generated via SFWM is
longer than the time resolution of a single-photon detector
(SPD). Therefore, this time-energy entanglement source
has the advantage of providing continuous and temporally
pure photons without the need for supplemental filters
[37,38].

As is well known, the Hong-Ou-Mandel (HOM) [18]
and Franson interferences [20,21] are regarded as important
evidence of the nonclassical nature of photon sources.
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Since a two-photon interference experiment with time-
energy entangled photons was proposed by Franson [12],
the fourth-order interferences beyond the one-photon
coherence length have attracted considerable attention as
important and interesting quantum phenomena in quantum
optics [20,21]. Surprisingly, Franson interference has not
been experimentally demonstrated by use of two-photon
pairs emitted from a cascade-type atomic system with
continuous wave (cw) pumping, as originally proposed by
Franson [12].

Here, we experimentally demonstrate two-photon inter-
ference between a time-energy entangled photon pair
generated from Doppler-broadened cascade-type 8Rb
atoms using an unbalanced Michelson interferometer. In
our system, the cw-mode time-energy entangled photon-
pair sources are generated via the SFWM process and the
collective two-photon coherence effect of a Doppler-
broadened cascade-type atomic ensemble. The coherence
time of the two-photon state from the Doppler-broadened
atomic ensemble is more than 100 times longer than that
of the single-photon state. We investigate two-photon
interference (TPI) by means of highly time-resolved
coincidence detection and determine the two-photon coher-
ence length of a photon pair from the Doppler-broadened
atomic ensemble.

The two photons for the large-path-difference interfer-
ometry originally proposed by Franson are emitted from
a cascade atomic system, as shown in Fig. 1(a) [12].
However, it is difficult to experimentally demonstrate
single-photon-interference-free TPI with photon pairs emit-
ted from a cascade atomic system. The reasons are as
follows: It is difficult to find a real atomic system with a
relatively long lifetime (z;) of the initial state and a
considerably shorter lifetime (z,) of the intermediate state,
as shown in Fig. 1(a). Here, 7; and 7, are related to the
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FIG. 1. Experimental configuration. (a) Cascaded three-level
atomic system originally proposed by Franson, with a relatively
long lifetime (z;) of the initial state (¥;), and a considerably
shorter lifetime (z,) of the intermediate state (¥,). (b) Generation
of correlated signal and idler photons in the cascade-type atomic
system with pump (£2,) and coupling (€2¢) lasers. (c) Geometry
of the two contributing fields for photon-pair generation in the
atomic vapor cell of 8’Rb; the correlated signal and idler photons
are emitted via the SFWM process in the phase-matched
direction.

coherence times of the two-photon and one-photon states,
respectively. In the figure, w; and @, denote the angular
frequencies of the two photons. To completely avoid
single-photon interference in a TPI, it is necessary that
the path-length difference of unbalanced interferometry is
considerably longer than the coherence length of the
one-photon state. In the case of the cascade-type 55/, —
5P3), — 5Ds ), transition of ’Rb atoms shown in Fig. 1(b),
although 7, (240 ns) of the 5Ds/, state is longer than 7,
(26 ns) of the 5P, state, these parameter values are not
sufficient to satisfy the condition of 7, « AT < 7; for
single-photon-interference-free TPI, where AT denotes
the transit time difference between the long and short
paths. If the coherence length of the two-photon state is not
significantly longer than that of the single-photon state, it is
not easy to obtain high-visibility TPI fringes required to
violate Bell’s inequalities of 70.7%.

However, superradiance in a Doppler-broadened cas-
cade-type atomic ensemble [39,40] can be changed from
inhomogeneously broadened atoms to a homogeneous
medium with a relatively fast decay time because of the
collective two-photon coherence of the Doppler-broadened
atomic ensemble with the two-photon resonant interaction
of the coherent pump (§2,) and coupling (£2.) fields, as
shown in Fig. 1(b). Under the two-photon resonant con-
dition with a far detuning frequency () from one-photon

transitions, the 55, , and 5Ds, states are superposed, and
subsequently, the spontaneously emitted signal and idler
photons are strongly correlated due to two-photon coher-
ence between the 5§, and 5Ds,, states. Using the
counterpropagating geometry of the contributing two fields
in the 58, — 5P3/, — 5Ds ), transition of ®’Rb, as shown
in Fig. 1(c), the photon pairs, generated in the phase-
matched direction from the Doppler-distributed moving
atoms, are coherently superposed due to the collective
two-photon coherence effect (see the Supplemental
Material [41]).

We measured the temporal statistical property of the
collective photons in the Doppler-broadened atomic ensem-
ble of the warm 3’Rb vapor cell. The normalized second-
order autocorrelation functions ¢'?(z) for the scattered
photons of the 5§/, —5P3), transition were compared
between the uncorrelated fluorescence due to spontaneous
decay and the photons due to the collective effect, as shown
in Fig. 2(a) [45]. The blue curve in Fig. 2(a) denotes the
¢¥(7) curve of the uncorrelated fluorescence from the
5P, state to the 55 ), state. The width of the g?(z) curve
was measured as approximately 26 ns, which corresponds
to the lifetime of the intermediate state (5P3, state) of an
individual 3’Rb atom. On the other hand, the red curve in
Fig. 2(a) indicates the temporal statistical spectrum of the
idler photons of the photon pair. The spontaneous emission
time of the photon was estimated to be approximately
1.9 ns, which is significantly shorter than the excited-state
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FIG. 2. Temporal statistical properties of photons. (a) Normal-
ized second-order autocorrelation functions ¢ (z) of the un-
correlated fluorescence (blue curve) and photons (red curve) due
to the collective effect of the Doppler-broadened atomic ensem-
ble. (b) Cross-correlation function of G(Szl)(r) between signal and
idler photons.
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lifetime of the 8’Rb atom (see the Supplemental Material
[41]). The emission-time shortening of the photon pair
can be understood as the coherent superposition of the
two-photon amplitudes from different velocity classes in
the Doppler-broadened atomic ensemble. However, the
decay rate of the upper level is not changed in our work
because the two-photon coherence between the 55/, and
5Ds), states is Doppler-free (see the Supplemental
Material [41]).

Figure 2(b) shows the cross-correlation function of
GSZI (7) between the signal and idler photons obtained
via measuring the coincident detection histogram as a
function of 7 (see the Supplemental Material [41]). From
the maximum value of G(SZI) (z) =210, as shown in
Fig. 2(b), a strong time correlation between the paired
photons can be inferred because the idler-photon emission
is collectively enhanced in the phase-matched direction
upon heralding detection of the signal photon. Considering
the value of 1.75 of ¢(?(0) of the photons from the result in
Fig. 2(a), we were able to confirm that the Cauchy-Schwarz
inequality is violated by a factor of 10 000. The width of the
temporal shape of the G(Sz,) (7) curve was estimated to be
approximately 1.9 ns, which corresponds to the collective
decay time. This width of G(Sz,) (7) indicates that the lifetime
of the intermediate state is reduced by a factor of 10 relative
to the natural lifetime of the 5P;), state. Therefore, 7,
(240 ns) of the 5Ds/, state is considerably longer than 7,
(1.9 ns) of the intermediate state, and these values satisfy
the condition (7, < 7;) for observation of TPI because of
the collective effect in a Doppler-broadened atomic ensem-
ble. In the far-detuned SFWM process, the lifetime of the
5Ds, state is not changed because the cascade-type atomic
system is adiabatically prepared to the upper singly excited
state [46].

Figure 3 shows the experimental setup for the time-
resolved TPI of the time-energy entangled photon pairs
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FIG. 3. Experimental setup for two-photon interference using
an unbalanced polarization-based Michelson interferometer. TPI
using an unbalanced polarization-based Michelson interferometer
with large path difference. FC, single-mode fiber coupler; Q,
quarter-wave plate; H, half-wave plate; PBS, polarizing beam
splitter; SPD, single-photon detector.

from the atomic ensemble. In our system, single-photon-
interference-free TPI is achieved with the use of an
unbalanced polarization-based Michelson interferometer
with a large path difference. As shown in the polariza-
tion-based Michelson interferometer in Fig. 3, the signal
and idler photons with orthogonal linear polarization were
completely overlapped into a single spatial mode at the
polarizing beam splitter 1 (PBS1). As mentioned with
regard to Fig. 1, our time-energy entangled photon pairs are
nondegenerate signal and idler photons with different
wavelengths of 776 and 780 nm (w; and w, denote the
angular frequencies of the signal and idler photons,
respectively), generated from the Doppler-broadened cas-
cade-type atomic ensemble with cw pumping. The counting
rates of the signal and idler photons were each measured
to be 200 kHz, and the coincidence counting rate of the
photon pair was obtained to be approximately 10 kHz
with the coincidence window of 6.7 ns, with I-mW pump
power and 10-mW coupling power (see the Supplemental
Material [41]).

To equally divide the signal and idler photons into the
short and long paths, respectively, the orthogonal linear
polarizations (|w, H) and |w,,V)) of the two photons
were adjusted to oy, H) + |@;, V) and |@,, V) — |@,, H)
by use of a half-wave plate (H1). The short path was set
to a 5-cm-long free space, and the long path consisted of
a 5-cm-long free space and an optical fiber (with four
different lengths L of 1.5, 6.5, 16.5, and 31.5 m). The
short arm of the Michelson interferometer was composed
of a highly reflective mirror M1 with a translator and the
long arm contained the fiber mirror M2. In our system,
the maximum optical path-length difference (OPLD)
between the two arms of the Michelson interferometer
was 94.5 m considering the refractive index (RI) of the
optical fiber to be approximately 1.5. The path-length
difference Ax of the short arm can be set to change in
steps of 0.1 um via the translator. Two quarter-wave
plates (Q1 and (Q2) were also positioned in the two
interferometer arms to rotate the polarization direction,
and subsequently, the signal and idler photons passing
through the two arms were combined at PBS2. Unlike
Franson’s original interferometer, in our experimental
scheme, both photons go through an identical interfer-
ometer. Although these two photons were coexistent
with equal probability within the interferometer arms,
the two photons did not interact with each other.
To detect the signal and idler photons with two single-
photon detectors (SPDs), the two photons from the
PBS2-output port were passed through the half-wave
plate (H2) with its axis oriented at 22.5° and separated
into two SPDs by PBS3. Therefore, in our experiment,
TPI could be observed by the time-energy entangled
photon pair from the Doppler-broadened cascade-type
atomic ensemble.
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When the signal and idler photons passing through the two arms were combined at PBS2 within the interferometer, the

two-photon state is expressed in the form

1

o, H(AT)) plwy, H(AT)) 7 — @150 |y, V) glws, V) g

"= (+ei¢‘ 1. V) gl H(AT)); — e |wy, H(AT)) 7 |w,. V>R>’ W

where the subscripts 7" and R represent the transmission and
reflection of photons at PBS2, respectively. The phase
factors ¢p; and ¢, are related to Ax.

The TPI fringe between the time-energy entangled photon
pair from the Doppler-broadened cascade-type atomic
ensemble is shown in Fig. 4, wherein an optical fiber with
a length of approximately 1.5 m was used for the long path,
corresponding to a 4.5-m OPLD between the short and long
arms considering the fiber RI of ~1.5. When Ax of the short
arm was changed by a step of 0.1 ym, we directly obtained
the TPI fringe by measuring the coincidence counting of the
signal and idler photons with a 6.7-ns temporal window.
The TPI visibility is estimated to be 97(2)%.

However, the coherence length of the single photon was
estimated to be ~0.5 m from the spontaneous emission
time of 1.9 ns of the collective photons represented by the
red curve in Fig. 2(a). From the observed HOM interference
fringe, we confirmed the coherence length of the single
photon [47]. Because the path-length difference between
both arms is 9 times longer than the coherence length of the
single photon, the one-photon interference fringes of the
signal and idler photons were not observed. Therefore,
the coincidence counting probability as a function of Ax
can be expressed in the form
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FIG. 4. Two-photon interference fringe of unbalanced Michel-
son interferometry. (a) TPI fringe between two time-energy
entangled cw-mode photons from the Doppler-broadened cas-
cade-type atomic ensemble. Distribution of photon-pair arrival
time difference obtained with TCSPC for (b) constructive TPI and
(¢) destructive TPI.

1 1 A2 A
P(ax) = 3 [1 + Vexp (—56—);) cos((a)1 + wz)%)],

where V represents the visibility of the TPI fringe, ¢ the
speed of light in vacuum, and ¢ a parameter related to the
two-photon coherence length of a photon pair.

In our system, we used a long-coherent cw photon-pair
source from a warm atomic ensemble [38]. Therefore, we
could observe the time-resolved TPI, as shown in Figs. 4(b)
and 4(c). In the cases of constructive and destructive TPI in
Fig. 4(a), Figs. 4(b) (constructive TPI) and 4(c) (destructive
TPI) show the distribution of signal and idler arrival time
differences in coincidence measurements in a 120-s effec-
tive measurement time with a 32-ps time bin with the use of
a time-correlated single-photon counter (TCSPC) in the
start-stop mode with 4-ps time resolution.

In Figs. 4(b) and 4(c), the yellow box represents the
6.7-ns temporal window used for measuring the coinci-
dence counting of signal and idler photons. The side peaks
in Fig. 4(b) are possibly observed due to the long-short
(LS) path mismatch of the unbalanced Michelson interfer-
ometer. The time delay between the L and S paths was
measured to be 15.8(2) ns, corresponding to the 4.74(6)-m
OPLD between the arms of the interferometer. The time
delay between the L and S paths is in good agreement with
that estimated from the OPLD between the arms of the
interferometer. In the constructive TPI case in Fig. 4(b),
the relative weights of the peaks correspond to the ratios of
the mean probabilities of the processes corresponding to the
short-long (SL), short-short (SS) plus long-long (LL), and
long-short (LS) paths, respectively (see the Supplemental
Material [41]). On the other hand, in the destructive TPI
case in Fig. 4(c), the probabilities of the processes
corresponding to SS and LL exhibit destructive interfer-
ence, while the processes corresponding to SL and LS
exhibit no interference.

Here, we investigated the TPI fringes as a function of
varying long path lengths to determine the two-photon
coherence length of a photon pair from the Doppler-
broadened atomic ensemble, as shown in Fig. 5(a). From
the results of the four TPI fringes, we obtained the visibility
curve for TPI fringes as a function of the OPLD between
the short and long arms. The solid line in Fig. 5(a)
represents the Gaussian fit of the data points with a
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FIG. 5. Two-photon interference fringes visibility and two-
photon absorption spectrum. (a) TPI fringe visibility as a function
of the OPLD between the short and long arms. (b) Transmittance
spectra of the pump field as functions of frequency detuning of
the 551/, — 5P/, — 5Ds ), transition of Rb atoms.

FWHM value of 106(4) m, which corresponds to a two-
photon spectral bandwidth of approximately 2.83(2) MHz.

In conclusion, we experimentally demonstrated highly
time-resolved two-photon interference between a time-
energy entangled photon pair generated via collective
two-photon coherence in Doppler-broadened cascade-type
87Rb atoms. We observed fourth-order interference with
visibility as high as 97% with the time-energy entangled
cw-mode photon pairs from the atomic ensemble for the
first time. In our system, the two-photon coherence length
of the photon pair from the Doppler-broadened atomic
ensemble was measured to be 106 m, which corresponds to
the observed two-photon absorption spectral width of
2.8 MHz. We believe that the time-energy entangled photon
pair obtained via the collective two-photon coherence effect
in a Doppler-broadened cascade-type atomic ensemble can
be applied to various quantum optics applications such as
quantum communication and optical quantum-information
processing.
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