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The nonclassical photon pair, generated via a parametric process, is naturally endowed with a specific
form of frequency-time quantum correlations. Here, we report complete control of frequency-time quantum
correlations of narrow-band biphotons generated via spontaneous four-wave mixing in a cold atomic
ensemble. We have experimentally confirmed the generation of frequency-anticorrelated, frequencycorrelated, and frequency-uncorrelated narrow-band biphoton states, as well as verifying the strong
nonclassicality of the correlations. Our work opens up new possibilities for engineering narrow-band
entangled photons for various quantum optical and quantum information applications.
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Photonic quantum states with nonclassical correlations
play essential roles in quantum optics and quantum
information. Engineering the nature of quantum correlations is, thus, an important problem, and considerable
efforts have been paid to quantum state engineering in
various photonic degrees of freedom, such as, polarization
[1], photon number [2], orbital angular momentum [3], etc.
Nonclassical biphotons generated via a parametric process,
e.g., spontaneous parametric down-conversion and spontaneous four-wave mixing, are naturally endowed with
specific forms of frequency-time quantum correlations.
As illustrated in Fig. 1, the biphoton frequency-time
correlation can be categorized as frequency anticorrelated,
frequency uncorrelated, and frequency correlated. Because
of the Fourier duality, the quantum correlation in the
frequency domain can be reexpressed in the time domain
but with the sign reversed: negative correlation in the
frequency domain corresponds to the positive correlation in
the time domain. The ability to manipulate the frequencytime correlation of the biphoton state is not only important
in the fundamental study of continuous-variable quantum
correlations, but also essential for a variety of quantumbased technologies, including quantum-enhanced clock
synchronization [4,5], heralded generation of high-purity
single-photon states [6–9], study of two-photon absorption
processes [10], etc.
To date, research on engineering the biphoton frequencytime correlation has been mainly focused on spontaneous
parametric down-conversion (SPDC) processes. While
continuous-wave (cw) pumped SPDC in a bulk nonlinear crystal only generates frequency-anticorrelated
biphoton states, it had been proposed that different biphoton correlations may be achieved by utilizing broadband
pumping, dispersive properties of the nonlinear medium,
and different phase matching conditions [11–13]. Recent
experiments have demonstrated frequency-uncorrelated and
frequency-correlated biphoton states, respectively, with a
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bulk [6,7,11] and a periodically poled nonlinear crystal
[8,14,15]. Spontaneous four-wave mixing (SFWM) in a
photonic crystal fiber has also been proposed as a source of
engineered biphoton states [16,17].
One of the important factors in engineering the frequency-time quantum correlation is the tunability, in that
one should be able to move from one type of quantum
correlations to another without significantly altering the
experimental setup. Such tunable manipulation of frequency-time quantum correlation has been demonstrated
with broadband SPDC biphotons by manipulating the
spatial profile [18] and the angular dispersion [19] of the
pumping laser. Since the medium properties are rather fixed
with SPDC, flexible control is generally not possible. Also,
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FIG. 1 (color online). Different types of biphoton frequencytime quantum correlations. The joint spectral intensity plots for
(a) frequency-anticorrelated, (b) frequency-uncorrelated, and
(c) frequency-correlated biphoton states. Because of the Fourier
duality, the correlations are reversed in sign in the time domain.
For instance, biphotons with frequency anticorrelation in (a)
correspond to positive correlation in the joint temporal intensity
plot in (d).

063602-1

© 2014 American Physical Society

PRL 113, 063602 (2014)

week ending
8 AUGUST 2014

PHYSICAL REVIEW LETTERS

such techniques are not applicable to narrow-band
entangled photon sources.
In this Letter, we report complete control of frequencytime quantum correlations of narrow-band biphotons,
which are generated via the SFWM process based on
electromagnetically induced transparency (EIT) in a cold
atomic ensemble [20–23]. In our approach, the quantum
correlation is tailored by directly manipulating the dispersive property of the cold atomic ensemble (i.e., the EIT
medium), hence, controlling the group velocities of the
photons involved in the SFWM process. This allows us to
generate frequency-anticorrelated, frequency-uncorrelated,
and frequency-correlated biphoton states in one experimental setup. Furthermore, Our engineering method with
narrow-band SFWM photons will promote various longdistance quantum information applications for their compatibility with atomic quantum memories [24–27].
The experimental scheme is depicted in Fig. 2(a). A
cold atomic cloud of 87Rb was prepared in a magnetooptical trap (MOT). During the 10 ms experiment cycle,
9 ms was used for preparing the cold atom cloud and 1 ms
was used for the SFWM biphoton generation [28]. The
SFWM process in the atomic ensemble generates a pair
of quantum correlated Stokes (ωs ) and anti-Stokes (ωas )
photons in the presence of the circularly polarized pump
(ωp ) and coupling (ωc ) fields. The Stokes (anti-Stokes)
biphotons are collected at 3° from the pump (coupling)
beams. The single-photon detection events at the detectors
D1 and D2 (Perkin Elmer SPCM-AQRH-13FC) were
recorded by using a time-tagging module (SensL HRMTDC). The joint temporal intensity (JTI) was obtained by
integrating the joint detection events for the duration of the
pump pulse which was synchronized to the time-tagging
module. The JTI due to accidental coincidence events was
obtained by measuring pair detection events of Stokes and
anti-Stokes photons coming from different pump pulses.
The atomic four-level double Λ system used for the SFWM
process is described in Figs. 2(b) and 2(c). Here, j1i≡
j5S1=2 ðF ¼ 1Þi, j2i≡j5S1=2 ðF¼2Þi, j3i≡j5P1=2 ðF0 ¼2Þi,
j4i≡j5P3=2 ðF0 ¼2Þi, and, initially, all atoms are prepared
in j1i. The frequency-anticorrelated and frequencyuncorrelated biphotons are generated with the nondegenerate SFWM scheme shown in Fig. 2(b). The pulsed pump
laser is σ − polarized and the σ þ polarized cw coupling laser
with the diameter of 2.65 mm, resonant with the j2i → j3i
transition, opens the EIT transparency window for antiStokes photons. For the generation of frequency-correlated
photon pairs, we adopt the degenerate SFWM scheme
shown in Fig. 2(c). Here, both pump and coupling lasers
are σ þ polarized so that Stokes and anti-Stokes photons are
identical in polarization as well. Therefore, both Stokes and
anti-Stokes photons experience the same EIT slow light
effect, controlled by the Rabi frequency of the coupling field.
Unlike SPDC biphotons in which spectral bandwidths
are sufficiently large for direct joint spectral intensity
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FIG. 2 (color online). Schematic of the experimental setup.
(a) An ultracold Rb 87 cloud is prepared in a MOT. The pump
(ωp ) and the coupling (ωc ) lasers create a pair of Stokes (ωs ) and
anti-Stokes (ωas ) photons via the SFWM process. Each photon
is collected into a single mode optical fiber with an objective
lens (OL) after polarization filtering with a quarter-wave plate
(QWP) and a polarization beam splitter (PBS). To block the
strong pump and coupling fields, a solid etalon (F1 and F2) with
the full width and half maximum (FWHM) bandwidth of
470 MHz is placed in front of each detector (D1 and D2).
(b) SFWM scheme for frequency-anticorrelated and frequencyuncorrelated biphotons. The weak pump is red detuned Δ1 ¼
2π × 63 MHz below the j1i → j4i transition (peak power:
75 μW). (c) SFWM scheme for frequency-correlated biphotons
The strong pump is largely blue detuned Δ2 ¼ 2π × 6.834 GHz
above the j1i → j3i so that the Stokes and anti-Stokes photons
are frequency degenerate (peak power: 90 mW).

measurement [13], SFWM biphotons from cold atoms
are narrow band, so frequency-resolved joint measurement
is not practical. Instead, we carry out the JTI measurement
for the narrow-band biphotons, as depicted in Figs. 1(d),
1(e), and 1(f). First, let us discuss the nondegenerate
scheme in Fig. 2(b). The probability amplitude As;as ðt1 ; t2 Þ
that the Stokes photon is detected at D1 and the antiStokes photon is detected at D2 is called the joint temporal
amplitude (JTA) and it contains all the information about
the temporal correlation in the biphoton state. JTI is
simply the absolute square of JTA. In the nondegenerate
SFWM scheme in Fig. 2(b), only the anti-Stokes photon
experiences the EIT slow light effect and the JTA is
calculated to be
As;as ðt1 ; t2 Þ ¼ C0 Ep ðt1 ÞΠðt2 − t1 ; 0; τg Þ;

ð1Þ

where all constants are grouped in C0 , Ep ðtÞ is the pump
pulse temporal profile, ΠðtÞ is the rectangular function,
and τg ≃ 2γ 13 OD=ðjΩc j2 þ 4γ 12 γ 13 Þ is the group delay.
Here, γ ij is the dephasing rate of the jji → jii transition,
Ωc is the Rabi frequency of coupling laser, and OD is the
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FIG. 3 (color online). Experimental results (a)–(d). Color bars represent coincidence counts. (a) JTI for time-correlated or
frequency-anticorrelated biphoton state. Experimental parameters are σ p ¼ 40 ns and τg ¼ 15 ns (OD ¼ 15, γ 13 ¼ 2π × 3 MHz,
γ 12 ¼ 2π × 0.65 MHz, and Ωc ¼ 2π × 36 MHz). (b) JTI for time-uncorrelated or frequency-uncorrelated biphoton state. Experimental
parameters are σ p ¼ 20 ns and τg ¼ 168 ns (Ωc ¼ 2π × 10.4 MHz). (c) JTI for time-anticorrelated or frequency-correlated biphoton
state. Experimental parameters are σ p ¼ 50 ns and τg ¼ 178 ns (OD ¼ 75, γ 12 ¼ 2π × 0.22 MHz, and Ωc ¼ 2π × 20 MHz). (d) JTI
for time-anticorrelated or frequency-correlated biphoton state. Here, τg ¼ 270 ns (Ωc ¼ 2π × 16.2 MHz). Arrows in (c) and (d)
indicate biphoton optical precursors having positive time correlation. Numerical simulation of JTI (e)–(f). Color bars represent relative
intensities. Experimental parameters given in (a)–(d) are used for the simulation (e)–(h), respectively. The JTA of SFWM biphotons is
determined by χ ð3Þ of the medium, the phase matching condition, and pump pulse profile. The numerical simulation also faithfully
reproduces the biphoton optical precursor indicated by the arrows in (g) and in (h): see Supplemental Material [29] for the details of the
numerical simulation.

optical depth of the cold atom cloud at the j1i → j3i
transition. [To derive Eq. (1), we have taken the first order
Taylor approximation for wave vectors and assumed that
the JTA is mainly determined to the phase matching
function.] The JTA exhibits positive correlation if
Πðt2 − t1 ; 0; τg Þ is the dominant factor, and this can be
achieved by making the temporal width of the pump σ p
much bigger than the group delay τg.
The experimental result for the time-correlated biphoton
state is shown in Fig. 3(a). The measured JTI clearly
exhibits time correlation, meaning that the biphoton state
is frequency anticorrelated [see Figs. 1(a) and 1(d)]. To
generate the time-uncorrelated (or frequency-uncorrelated)
biphoton state, we increase the value of τg and decrease σ p
because the degree of temporal correlation between the
photons is reduced if the arrival time of the Stokes photon is
limited by the width of the pump pulse. In experiment, we
set the pump pulse width to σ p ¼ 20 ns and increase τg to
168 ns by reducing the Rabi frequency of the coupling laser
Ωc . The measured JTI for time-uncorrelated biphoton state
is shown in Fig. 3(b), [see Figs. 1(b) and 1(e)].
We now consider the degenerate SFWM scheme in
Fig. 2(c) for generating the time-anticorrelated (or frequency-correlated) biphoton state. Since the Stokes and

anti-Stokes photons are identical, the group velocities in the
EIT medium are the same, and the JTA is given as
!
"
1
0
As;as ðt1 ; t2 Þ ¼ C Ep ðt1 þ t2 − τg Þ Πðt2 − t1 ; −τg ; τg Þ:
2
ð2Þ

Here, Ep ½ðt1 þ t2 − τg Þ=2& exhibits negative correlation in
time. If σ p ≪ τg , this term makes the dominant contribution to the JTA, and the overall shape of the JTI will become
time anticorrelated, hence, generating the frequencycorrelated biphoton state. Note that, in fact, the JTA in
the degenerate SFWM scheme is given as a superposition
of As;as ðt1 ; t2 Þ and Aas;s ðt1 ; t2 Þ. In the high OD regime,
however, the amplitudes As;as ðt1 ; t2 Þ and Aas;s ðt1 ; t2 Þ
become nearly identical, so the nature of the frequency-time correlation can be studied with Eq. (2).
In experiment, to ensure that the Stokes and anti-Stokes
photons are identical in polarization so as to experience the
same polarization dispersion, the pump and coupling lasers
are both σ þ polarized and we detect σ þ polarized Stokes
and anti-Stokes photons. Additionally, in order to match
the spectrum of Stokes photons within the EIT bandwidth,
the spectral bandwidth of the pump pulse ∼σ −1
p should fit

063602-3

week ending

PHYSICAL REVIEW LETTERS
8 AUGUST 2014
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experimental JTIs are in good agreement with the numerical
within the EIT bandwidth ΔωEIT ¼ OD=τg [30]. This
simulated JTIs.
means that, for a given τg , the shorter the pump pulse, the
In summary, we have experimentally demonstrated,
higher the required OD. The experimental results for the
time-anticorrelated (or frequency-correlated) biphoton state
for the first time, complete control of frequency-time
are shown in Figs. 3(c) and 3(d). The measured JTIs exhibit
correlations of narrow-band biphotons generated via the
clear signatures of time anticorrelation [Fig. 1(f)], correspontaneous four-wave mixing process in a cold atomic
sponding to the frequency correlated state [Fig. 1(c)]. We
ensemble. The quantum correlations between the Stokes
note that higher time anticorrelation can be achieved with
and anti-Stokes photons are tailored by directly manipuhigher OD.
lating the dispersive properties of the electromagnetically
It is interesting to observe that, in Figs. 3(c) and 3(d),
induced transparency medium. We have experimentally conthere are time-correlated JTI peaks near the origin
firmed the generation of frequency-anticorrelated (or timeðt1 ; t2 Þ ¼ ð0; 0Þ, as indicated by the arrows. These are
correlated), frequency-correlated (or time-anticorrelated), and
due to optical precursors of Stokes and anti-Stokes
frequency-uncorrelated (or time-uncorrelated) narrow-band
photons, propagating at nearly the vacuum speed of light
biphoton states, as well as verifying strong nonclassicality
[31]. While the observation of the optical precursors for
of the correlations. Our work opens up new possibilities
a single-photon [32] and for a biphoton [33] have been
for engineering narrow-band entangled photons for various
previously reported, in Figs. 3(c) and 3(d), we report the
quantum optical and quantum information applications.
first time-resolved measurement of the biphoton optical
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