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The temporal purity of single photons is crucial to the indistinguishability of independent photon sources
for the fundamental study of the quantum nature of light and the development of photonic technologies.
Currently, the technique for single photons heralded from time-frequency entangled biphotons created in
nonlinear crystals does not guarantee the temporal-quantum purity, except using spectral filtering.
Nevertheless, an entirely different situation is anticipated for narrow-band biphotons with a coherence
time far longer than the time resolution of a single-photon detector. Here we demonstrate temporally
pure single photons with a coherence time of 100 ns, directly heralded from the time-frequency entangled
biphotons generated by spontaneous four-wave mixing in cold atomic ensembles, without any
supplemented filters or cavities. A near-perfect purity and indistinguishability are both verified through
Hong-Ou-Mandel quantum interference using single photons from two independent cold atomic
ensembles. The time-frequency entanglement provides a route to manipulate the pure temporal state of

the single-photon source.
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The purity of the quantum state of a single photon is a
prerequisite of its indistinguishability with single photons
from other independent sources, and the latter is an
essential basis for the realization of a scalable quantum
network with distant and independent nodes [1-5].
Furthermore, the temporal purity of a single photon is
crucial to the development of photonic technologies for
quantum information science [6,7]. The traditional method
to produce indistinguishable single photons is heralding
time-frequency entangled biphotons generated from spon-
taneous parametric down-conversion (SPDC) in a nonlinear
crystal which is pumped by ultrashort pulses [4,5,8]. In
recent decades many new physical systems have been
developed [9-13] to obtain pure single photons without
time-frequency entanglement built in.

In the community of quantum communication, SPDC in
7'?) nonlinear media is still the preferable way to produce
entangled biphotons because of its simplicity in the
operation and the potential for on-chip integration and
scaling up [14-16]. However, the intrinsic feasible phase
matching condition of SPDC crystal allows an extremely
broad range of temporal modes. Therefore, the typical
temporal coherence time of the photon source is of femto-
second scale. Compared to the time response of most
commercial single-photon detectors, which is about 1 ns,
this temporal coherence time is so short that the trigger
photon of the heralded single photon is measured with a
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large time uncertainty. This time uncertainty damages the
temporal quantum purity of the single-photon source. To
circumvent the time uncertainty problem due to the slow-
ness of the detectors, a common practice is to use external
spectral filtering including passive filtering with narrow-
band filters [4,5,17] and active filtering with an optical
cavity [18]. In this case, the temporal state of the single
photons relies on the spectral property of the external
passive filter or optical cavity, which is monolithic and
unavailable to be manipulated. On the other hand, to avoid
filtering and produce a bright single-photon source, the
spectral correlation can be removed through engineering
the SPDC source [19-23]. The factorable joint amplitude
for the signal and idler photons is necessary to guarantee a
pure single-photon state. Therefore, for SPDC source, the
temporal-quantum state purity of the heralded single
photons, and the time-frequency entanglement of the
corresponding photon pairs cannot be simultaneously
satisfied. However, the time-frequency entanglement of
biphotons is a great advantage in manipulating the single-
photon state via nonlocal spectral modulation [24-26]. If
one wants the temporal purity and the time-frequency
entanglement both maintained in the photon source, one
needs a long temporal coherence so that the biphoton
coherence time is much longer than the trigger response
time [27]. Subsequently, how to experimentally attain a
perfect temporal purity of single photons directly from the
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time-frequency entangled sources of biphotons without any
external filtering remains an open question.

Generating narrow-band paired photons from y©) in
atomic ensembles is a technique that has developed quickly
in recent years, and the paired photons are entangled in the
time-frequency domain [28]. With a cold atomic ensemble
as the nonlinear medium, the dephasing rate of y© is
comparable to the atomic natural linewidth [29-34]. In
particular, the biphotons generated from spontaneous four-
wave mixing (SFWM) in cold atomic ensembles have a
coherence time exceeding 1 us [35,36] with the electro-
magnetically induced transparency (EIT) effect [37]. The
EIT slow light effect reduces the group velocity of the
signal photons and, hence, extends the coherence time to
100 ns or more. Different from the external spectral
filtering in the SPDC scheme, the EIT effect governs not
only the transmission of the photons but mainly the phase
matching condition of the FWM process. The phase
matching condition, therefore, is dependent on the atomic
ensemble and the coupling field and can be manipulated
temporally much more easily [38-42]. In this Letter, we
show that the heralded single photon with a coherence time
of 100 ns directly heralded from time-frequency entangled
biphotons generated from cold atom clouds is in a
temporally pure quantum state. The purity and indistin-
guishability are both verified through the observation of a
HOM interference [43] between independent single pho-
tons from separate cold atom clouds with visibility up to
80% including the multiphoton events. It is the first
experimental work to demonstrate that a single photon
heralded from time-frequency entangled biphotons is in a
pure temporal-quantum state. The time-frequency entan-
glement of the paired photons provides a route to reshape
the single photons but without damaging its temporal purity
via nonlocal spectral modulation.

A temporally pure single-photon state is a coherent
superposition of a single photon in a different frequency:

1()) = / 19p(Q)e¥at @+ Q)0). (1)

where @ is the center frequency, and the spectral function
»(Q) satisfies the normalization relation [ |¢p(Q)[>dQ = 1.
Equation (1) describes a single-photon wave packet of
temporal profile a(f) = (1/27) [ dQgp(Q)e™/=T) which
is centered around ¢t = 7. Typically, the single photons are
produced by nonclassical spectral correlated photon pairs
(signal and idler photons) on which an annihilation
operator of the idler field is applied to obtain the signal
field as the heralded single photons. If the arrival time of the
idler cannot be resolved exactly by detectors, an equivalent
uncertainty A7 should be considered and, therefore, cast
the single photon into a nonpure state which should be
described by purity [27]
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in which the purity of the quantum state y = Tr{p?(AT)}.
For the SPDC source without spectral filtering, the sinc
function in Eq. (2) is always 0. This is because AT
determined by the time resolution of the detectors is much
longer than the coherence time of the SPDC photons.
Nevertheless, an entirely different situation is anticipated
for narrow-band biphotons with a coherence time far longer
than the time resolution of the single-photon detector.
Hundreds of nanoseconds of temporal coherence give a
narrow linewidth of < 10 MHz, and the time uncertainty
caused by detection (~1 ns) is small enough to make the
sinc function in Eq. (2) close to unity. Therefore, the purity
y approaches unity, and the time-frequency entanglement
do not damage the purity through the heralding. The
physics can be explained as follows: If the coherence time
of the spectral correlated paired photons is long enough so
that different temporal modes of the photon pairs can be
resolved by the detectors, the temporal state of the signal
photon is a superposition of different temporal eigenstates.
In this way, the time-frequency entanglement does no harm
to the temporal purity of the single photon but rather
provides a way to shape its temporal states.

To verify the single-photon purity, we experimentally
demonstrate the HOM interference from two independent
single photons produced from the SFWM process in
separate cold atom clouds. The cold atom clouds for the
generation of heralded single photons are prepared by two-
dimensional (2D) ®Rb magneto-optical traps (MOT1 and
MOT?2 in Fig. 1), with a temperature of about 100 K
[36,44]. In both MOTs, with the presence of a counter-
propagating pump (pump, 780 nm) and coupling (coupling,
795 nm) beams which are aligned at 3° from the longi-
tudinal axis, the Stokes (wy, as the idler) and anti-Stokes
(w,y, as the signal) photon pairs [32] are emitted from the
atom clouds in opposite directions. The biphotons are
generated from SFWM in the double-A four-level atomic
system, with the same energy level diagram as Ref. [36].
The atoms are prepared in the ground state [1) = 55 ,,
F =2, pumped by a continuous pump laser which is blue
detuned from the transition |1)<>[4) = 5P;,,, F =3 by
A, = 146 MHz. Since the coupling laser is on resonance
with the transition [2) =5S8,,,, F =3<(3)=5P)),,
F =3, the anti-Stokes photons undergo a resonant EIT
effect. We run the experiment periodically with a MOT time
of 4.5 ms, followed by a biphoton generation window of
0.5 ms at each period cycle. Different from the pulsed
pumping scheme, the pump and coupling beams are
continuous waves, and, thus, the synchronization excitation
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Experimental setup. MOT1 and MOT?2 are two separate and independently running magneto-optical traps. For each MOT, we

apply counterpropagating pump and coupling beams, and through backscattering, we collect Stokes (S) and anti-Stokes (AS) with
single-mode fibers. Through polarization-maintained SMF L1 and L2, the photons are directed to the Hong-Ou-Mandel (HOM)

interferometer table.

of two atom clouds is not necessary. For each MOT, the
Stokes and anti-Stokes photons generated from the atom
clouds are collected through a pair of polarizers followed by
polarization-maintained SMFs, and the anti-Stokes photons
are directed to a beam splitter configuration as shown in
Fig. 1. The half-wave plates (HWPs) at two input ends are
designed to rotate the independent single-photon beams to
be horizontally and vertically polarized, respectively. When
the axis of the HWPs located between two polarization beam
splitters (PBSs) is oriented 45° with respect to the horizontal
and vertical axes, the second PBS serves as a 50:50 beam
splitter where the two independent single-photon beams
mix. Otherwise, if the axis of the HWP is aligned with the
horizontal or vertical axes, the two beams simply separate at
the second PBS and no interference occurs.

With the detection of a Stokes photon, the anti-Stokes
field becomes a single- photon state with a temporal wave
function amplitude of () (1) = [dQgp;n)(Q)e™* for
MOT1 (or MOT2), with 7 as the relatlve delay of the
anti-Stokes photons. The arrival-time difference between
two independent Stokes photons is denoted by Atz. With
perfectly matched polarization modes and spatial modes,
the fourfold coincidence count rate is given by [45]

H H
P® = (T? + R*)H,H,[1 — VI'(A1)] + 4T?R*3?) 7172
(3)
w1th H1 fdr|h1 2(7)?, V=2TR/(T*+R?), and
r(Aa fdr|h* ( + At)|?/HH,. Obviously, for

the 50 50 BS, V = 100%. In addition, we keep the noise
term to include the excess counts created by a nonideal
single-photon state in which §?) is the effective normalized
second-order autocorrelation function. The nonzero §® is
caused by the multiphoton events, and it gives rise to the
imperfect HOM dip.

To maximize the visibility of the HOM dip, we carefully
match the temporal mode of the independent single photons
emitted from two separate MOTs. The single-photon
temporal wave function is affected by the effective intensity
of the pump and coupling beams, the spatial profile of the
pump beam, and the optical depth of the atom cloud. The
pump and coupling beams are collimated with a diameter of
1.6 mm. The pump and coupling beam power is around
80 uW and 2 mW, respectively; the optical depth is about
20 for both MOTs. All of these parameters are fine-tuned to
match the single-photon wave functions produced from
the two MOTSs. Figure 2(a) shows h(z) and h,(z) from
MOT1 and MOT?2, respectively. The similarity defined
as [[\/hi (1) x \/hy(7)|de/[ [ \/hi(2)de][[ \/Dy(7)d1] s
obtained as 97% =+ 2%. For both MOTs, the coherence time
of the biphoton source, which is defined as the relative time
where the coincidence counts decay as 1/e? of the peak
value in Fig. 2, is about 100 ns. When measuring the
second-order autocorrelation function g(z), We use a meas-
urement window from z=0 to z=150ns with an
effective measurement time of 3 min. Our measurements
give g2 =0.193 £0.004 and ¢ = 0.196 + 0.004 for
MOT1 and MOT2. In Fig. 2(b), the black squares display
the fourfold coincidence count rate as a function of Az, with
7, and 7, integrated over a temporal window of 150 ns.
With the time step of Af set as 10 ns, the result shows an
80% visibility of a HOM dip at Ar = 0. Equation (3) gives
us the theoretical results as plotted by the blue solid curve
in Fig. 2(b), with 7z;, 7, integrated. For simplicity, we

consider gg N gg >, and, therefore, 3@ = 0.2 in Eq. (3).

Therefore, after taking into account the noise term aroused
from the nonzero 3, the theory predicts about 90%
visibility. The discrepancy between the theory and the
experimental results is caused by the mismatch of the
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FIG. 2. Observation of HOM interference of single photons from independent MOTs with OD = 20. (a) Coincidence measurement of
S1,AS1 and S2,AS2 indicating the probability amplitudes of the single-photon wave function of MOT1 (black circles) and MOT?2 (red
triangles). (b) Fourfold photon coincidence count rate in 2 h of effective measurement time, with 10 ns as a time step. The dark squares
with error bars plot the experimental data for the symmetric photon paths (L1 = L2), and the blue solid line shows the theoretical curves
according to Eq. (3), with &, (¢) and h, () fitting the coincidence results of (a). (¢) Fourfold photon coincidence count rate in 2 h of the
effective measurement time with 5 ns as a time step. The red squares and blue triangles mark the experimental data with L1 = L2 and
L1 = L2 + 3 m (with 3-m-fiber inserted). They are guided by the red and blue dashed lines, respectively.

polarization, spatial, and temporal modes of the indepen-
dent sources.

The arrival time difference between the two independent
pairs of photons At is equivalent to the path delay between
the two arms of the HOM interferometer. To confirm this,
we insert a 3-m polarization maintaining fiber into the
output path of the anti-Stokes beam of MOT?2 [L2 # L1 in
Fig. 1(c)]. As expected, the asymmetric path arrangement
simply causes an approximate 10 ns shift of the HOM dip at
the fourfold coincidence measurement without a severe
change of visibility, as shown by the blue triangles in
Fig. 2(c).

According to Eq. (2), the purity of the heralded single-
photon state is determined by the time uncertainty A7, the
minimum time step of Ar. For high purity, the time
uncertainty AT should be compared with the coherence
time, which is inversely proportional to the single-photon
bandwidth (BW), and the product BWAT determines the
purity. The visibility of the HOM interference gives the
lower bound of the single-photon purity [20]. From A, (z),
hy(7), we can obtain the bandwidth of the heralded single
photons [BW = 10 MHz for Fig. 2(a)]. Therefore, in
Fig. 3, we plot the average purity as a function of
BWAT. In this figure, we correct the visibility after taking
into account the multipair contribution due to §*) # 0. The
experimental result is denoted as black squares. For
comparison, we show the theoretical curves simulated
from Eq. (2), with ¢(Q) calculated from the actual
SFWM process with the actual parameters [47]. As
expected, the experimental values for the purity locate
around the theoretical curves describing a mixed single-
photon state, which indicates a reduction with a growing
value of BWAT. From the theory and our experimental
results, when BWAT < 0.1, the single-photon state can be
considered as pure. The heralded single photons generated
from cold atomic ensembles is in a pure temporal-quantum

state without filters or damaging the time-frequency
entanglement.

In conclusion, we observe the HOM interference from
two independent single-photon sources with visibility as
high as 80%. When the time response of the detectors is fast
enough to resolve the biphoton coherence time, the
temporal purity of the heralded single photons produced
from the time-frequency entangled biphotons approaches
unity. With the entanglement, purity, and indistinguish-
ability all kept, the narrow-band single-photon source
generated from cold atomic ensembles is useful in quantum
information processing and quantum networks. For exam-
ple, through maintaining the entanglement in the time-
frequency domain, the heralded single-photon source from
cold atomic ensembles can be manipulated through non-
local spectral modulation. Also, with single-photon purity
and indistinguishability, entanglement can be encoded into
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FIG. 3. Purity of a single photon as a function of BWAT. BW is
the bandwidth of the emitted paired photon, and AT is the
detector response time. The black squares with error bar denote
the experimental data, and the red solid line denotes the numerical
result of Eq. (2).
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noninteracting particles which share no common past
through entanglement swapping between completely
autonomous media.
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