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We report the generation of nonclassical narrowband photon pairs via the spontaneous four-
wave mixing process in a cold Rubidium (87Rb) cloud prepared in a magneto-optical trap. The
generated photon pairs exhibit strong violation of the Cauchy-Schwarz inequality by a factor of
625 + 45, confirming nonclassical correlation between the photons. The biphoton wave packets,
measured for several different experimental conditions, are in good agreement with the theoretical

results.
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I. INTRODUCTION

The entangled photon source is an essential resource
not only for research on the foundations of quantum
physics, but also for quantum information science. Since
the late 1980’s, spontaneous parametric down-conversion
(SPDC) in a non-centrosymmetric crystal with x(?) non-
linearity has been the main source of entangled photon
pairs [1]. While SPDC still remains the best way to pro-
duce entangled photon pairs experimentally and is being
used predominantly in photonic quantum information re-
search, the intrinsic broadband (~ THz) nature (hence,
very short coherence time on the order ~ ps) of SPDC
photons limits certain important applications. For in-
stance, the biphoton waveform of conventional SPDC
photon pairs cannot be directly resolved because even
the state-of-the-art photon counting systems have timing
resolutions on the order of several hundreds of ps [2—4].
This then limits the direct time-domain biphoton wave-
form manipulation for quantum information processing
[5-7]. Also, the broadband nature of SPDC is not well
suited for strong atom-photon interaction, thereby caus-
ing difficulties in quantum information transfer between
flying qubits and atomic qubits [8, 9], which is essen-
tial for long-distance quantum communication [10, 11],
atomic-ensemble-based quantum memories [12-14], efc.

In recent years, there has been great interest in gener-
ating narrowband entangled photon pairs. One straight-
forward way to generate narrowband biphotons is to
place the SPDC medium in an optical cavity. At pump
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powers far below the optical parametric oscillator (OPO)
threshold, the spontaneous nature of biphoton genera-
tion is maintained while the emission bandwidth of the
biphoton is greatly reduced [15,16]. Significant improve-
ment of the biphoton generation rate has been observed
and biphotons with bandwidths of several MHz can
be routinely accomplished by using the cavity-enhanced
SPDC process [17-21]. However, the biphoton waveform
(typically Lorentzian), which is primarily determined by
the cavity, is not readily controllable, and the periodic
nature of cavity emission can cause further complica-
tions.

Nonclassical photon pairs have also been generated in
an atomic ensemble by using the so-called “write-read”
pulse technique [22-25]. Although the photon pairs
generated via the “write-read” pulse technique exhibit
strong nonclassical correlation, there is no energy-time
entanglement between the photons because the succes-
sive spontaneous Raman scattering processes are time-
separated processes [25].

Recently, generation of paired photons has been
observed by using the spontaneous four-wave mixing
(SFWM) process in a cold atomic ensemble where
the x® nonlinear interaction is enhanced greatly by
electromagnetically-induced transparency (EIT) [7,26—
30]. Note that the biphoton generation in a cold atomic
ensemble is similar in its mechanism to that in an optical
fiber as both utilize the SFWM process. However, the
cold-atom SFWM process offers very narrowband bipho-
tons, as well as many control parameters for biphoton
waveform engineering [31-33].

In this paper, we report an experimental study on
narrowband nonclassical photon pairs generated via the
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Fig. 1. (Color online) Sketch of the experimental setup.
The pump (wp) and the coupling (w.) laser beams, via the
SFWM process in the cold 8"Rb atom cloud, create a Stokes
(ws) photon and an anti-Stokes (waqs) photon. The inset
shows the 3"Rb energy level diagram for SFWM, where |1) =
5S12(F = 1)), [2) = [5512(F = 2)), |3) = |5P1/2(Fl =2)),
and |4) = [5P;/o(F’ = 2)). SPCM is the single photon count-
ing module, L is the lens, QWP is the quarter-wave plate,
OL is the objective lens, and F is the solid etalon filter.

SFWM process in a cold 8"Rb atomic ensemble pre-
pared in a magneto-optical trap (MOT). We show exper-
imentally that the generated photon pairs exhibit non-
classical quantum correlation by observing strong viola-
tion of the Cauchy-Schwarz inequality of the correlation
functions by a factor of 625+ 45. We also show that the
measured biphoton wave packets are in good agreement
with the theoretical results.

This paper is organized as follows: In Sec. II, we briefly
describe the theory behind the biphoton state of SEWM
in a double A-type EIT system. Section III is devoted
to the associated experiments. In particular, we describe
the process for preparing the cold atomic ensemble and
the experimental sequence in Sec. III. 1. The main re-
sults, the demonstration of nonclassical biphoton genera-
tion, are described in Sec. III. 2. Finally, we summarize
our observations and conclude in Sec. I'V.

II. THEORY

Let us start by describing the SFWM process in an
atomic ensemble prepared by using the experimental
schematic illustrated in Fig. 1. When pump (w,) and
coupling (w,) fields are applied to a cold 8'Rb cloud with
length L, Stokes (ws) and anti-Stokes (wqs) photon pairs
are generated via the SFWM process. For simplicity, we
consider a simple four-level double A-type energy level
structure, as shown in the inset of Fig. 1. Initially, all
atoms are populated in the ground state |1). A strong
coupling field (w.) resonant with the |2) < |3) transition
not only enhances the third-order nonlinear interaction
but also creates the EIT window for the anti-Stokes pho-
ton (wgs). In order to maintain a low parametric gain,

we set the pump laser (wp,) power to be relatively weaker
than that of the coupling laser and to be red-detuned by
A from the [1) < |4) transition.

In the interaction picture, the effective Hamiltonian
for the SFWM process is given by [34]

. EOA L/2

- dz XOESP ESD BB + he,

4 J_ 1)
where A is the single-mode cross-sectional area, () is
the third-order nonlinear susceptibility, and h.c. denotes
the hermitian conjugate. The coupling laser field EEH
and the pump laser field EI(,H are treated classically and
are given as

EI(J+)(Z,1J) _ Ep ei(lc][,z—w,)t)7

E{D(z,t) = Bee'lThesmeed),
where E, and E, are the field amplitudes. The Stokes

field Eg_) and the anti-Stokes field Eé;) are treated
quantum mechanically and are given as

E)(z,t) = /dwsé‘s il (wy) et hszmwst)

E(g;)(z,t) = /dwas Eaus dls(was)efi(fk”z*“‘”t),
where @l and af, respectively, are the photon creation
operators for the Stokes and the anti-Stokes photons.

The field amplitude is defined as & = oy (5 =

weeg A

s,as), where ¢ and ¢ are the speed of light and the
vacuum permittivity, respectively.

Using the first-order perturbation theory, the biphoton
state of SFWM is calculated to be [34]

AkL)

|¥) = C/dwas X(3)(was7—was) sinc (2

xal(wp + we = Was )ik (was)|0)-

All slowly-varying terms and constants are grouped into
C and Ak =k, — k. — ks + kqs is the phase mismatch
term.

Similarly to the SPDC case [35,36], the biphoton am-
plitude for the SEFWM photon pair can be defined as

Utasts) = (0|Gas(tas)as(ts)| ),

where t,s and t,, respectively, refer to the detection
times for anti-Stokes and Stokes photons. The bipho-
ton waveform shape can be visualized with Glauber’s
second-order correlation function, G (7 = t,, — t;) =
| U (tas,ts)|?, and is calculated to be [34]

\Il(tasats) = %/dwas X(S)(Wasafwas) (I)(was)
><e*iwas'refi(wCerp)ts7 (1)

where the longitudinal phase-matching function ®(wqs)
is given as

D (wys) = sinc(AkL/2) ¢/kasthe)L/2,



Generation of Nonclassical Narrowband Photon Pairs from a Cold Rubidium Cloud - Young-Wook CHO et al. -945-

Time (ms)
0 1 2 3 4 5 6 7 8 9 10
1 1 1 1 1 1 1 1 1
t cail 1 an
MOT coil 1’I—"‘ off
s Tms
Repumping ! L;ﬂ |
Cooling : { /l"—"l__ﬁ“_
Experimental window
ra T
Cooling 1 |
SPCM Gate [ 1
Coupling [ ]
Pump/Probe 1
T T T T T T
4.00 4.05 4.10 4.15 420 5.00  5.05 510 515 5.20
Time (ms) Time (ms)

Fig. 2. (Color online) Timing sequence for the SFWM
biphoton generation using the cold atom cloud. The cooling
and the repumping lasers prepare a cold 5"Rb cloud and are
turned off during the experimental window. The repumping
laser is turned off 1 ms before turning off the cooling laser so
that the cold atom cloud is prepared at the F' = 1 ground
state. The quadrupole MOT magnetic field is switched off
tcoil before turning off the cooling laser. During the experi-
mental window of 105 us, the coupling and the pump beams
are turned on, and the SPCM’s are gated to turn on to detect
the Stokes and anti-Stokes biphotons. The whole experimen-
tal procedure is repeated at a repetition rate of 0.1 kHz. See
the text for details.

From Eq. (1), clearly, the biphoton waveform shape is
determined by the third-order nonlinear susceptibility
X (wqs) and the phase-matching function ®(w,s).

Mathematically, the convolution of F[x®(w.s)] and
F[®P(wqs)] determines the biphoton waveform shape,
where F...] denotes the Fourier transform. The nonlin-
ear optical susceptibility x(*)(w) for the four-level double
A-type EIT system with the ground state approximation,
i.e., most of the atoms are in the ground state |1), has
been well studied and is given as [34]

N fu13 i3z pioa a1/ (e0h®)
(A + im14)[[Q6]2 = 4(w + i713) (@ + i712)]

X (w) =

where 1135 is the electric dipole matrix element, ;; is the
dephasing rate, N is the number density of the atoms,
A = wp — wyy is the pump detuning, and 2, is the Rabi
frequency due to the coupling laser.

The phase-matching function ®(w,s) can be approxi-
mated by using the well-known relation

k(w) = k%1 + x(w) ~ k° [1 + ;X(w)] ,

where k° is the vacuum wave number and x(w) is the
linear optical susceptibility of the medium. The phase-
matching function ®(wgs) is then given as

. k0. L KO L
(I)(Was) =~ smce |: ai Xas(was):| €xXp <Z ai Xas(wae:)) ,

where we have used the approximation yxs ~ 0 for the
weak pump limit at low parametric gain, [Q,|* < A%, as
implied in the equation for ys(w) below. Note that the
irrelevant phase term el (KIHRLIL/2 hag been omitted in
the above equation. The linear optical susceptibilities for
the Stokes and the anti-Stokes photons for the four-level
double A-type EIT system are given as [34]

N|poa|*(w —iv13)/(eoh) 1,
[Qcl? — 4w — imi3)(w — i712) A% + 714
AN |p13|*(w + i712) / (€0h)
Q> = 4(w + im13) (W +i712)

xs(w) =

Xas(w) =

where (2, is the Rabi frequency due to the pump laser.
Given the linear and the nonlinear optical susceptibili-
ties, we can then evaluate the biphoton waveform shape
by numerically integrating Eq. (1). A more detailed de-
scription of the theory of SFWM in a cold atom cloud
can be found in Refs. [27,34,37].

III. EXPERIMENT

1. Preparation of a Cold **Rb Ensemble

The cold 3 Rb atomic ensemble is prepared by laser
cooling the thermal vapor and trapping it in a 3D MOT.
The cooling laser is spatially filtered by using a single-
mode optical fiber and divided into three pairs of retro-
reflecting beams with diameters of 1 inch. The fre-
quency of the cooling laser is red-detuned at 20 MHz
below the |55 /2(F = 2)) — [5P3/5(F' = 3)) transition.
The repumping laser is tuned to the |55 5(F = 1)) —
|5P5/5(F" = 2)) resonance and pumps atoms in the
|55 /2(F = 1)) ground state back into the |55 /o (F' = 2))
ground state. Both the cooling and the repumping lasers
are frequency-stabilized by using saturation absorption
spectroscopy. The quadrupole MOT’s magnetic field is
generated by using a pair of anti-Helmholtz coils, and the
generated magnetic-field gradient is 10 G/cm. Also, in
order to cancel any stray magnetic fields from the earth
and the background electronics, we used three pairs of
Helmholtz coils.

Figure 2 shows the timing sequence of the experiment.
Both the cooling and the repumping lasers are turned
off during the 105-us experimental window. By switch-
ing off the repumping laser 1 ms before the start of the
experimental window, the cold 3”Rb atomic ensemble is
prepared in the |55 5(F" = 1)) ground state. The whole
sequence is then repeated at a repetition period of 10 ms;
i.e., the cold atom cloud is recaptured every 10 ms with
an experimental window of 105 us.

We first characterized the cold atomic ensemble by
measuring the absorption and the EIT spectra with a
100-us probe pulse during the experimental window. The
frequency of the probe laser was swept over 80 MHz
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Fig. 3. (Color online) Experimental transmission spectra.
(a) Two-level absorption spectra for two different OD values.
Solid lines are theoretical curves due to Eq. (2) with Q. = 0.
(b) A-type three-level EIT spectra for two different 12 values.
Solid lines are theoretical curves due to Eq. (2) with fitting
parameter sets {D = 13, v12 = 27 x 0.28 MHz, 13 = 27 x 3
MHz, Q. = 27 x 11.13 MHz} for blue open rectangles and
{D = 12, y12 = 27 x 1.5 MHz, 713 = 27 x 3 MHz, Q. =
27 x 12.84 MHz} for the red open circles.

near the [5S15(F = 1)) — [5P;o(F" = 2)) transi-
tion within the 100-us probe’s pulse width. For mea-
suring the EIT spectra, a coupling laser locked to the
1551 /2(F = 2)) — [5P5(F" = 2)) transition was also
applied during the experimental window. See the inset
in Fig. 1 for the relevant energy level diagram. Both
the probe and the coupling lasers have the same circu-
lar polarization to create the parallel EIT channel. To
minimize the effect of the laser’s linewidth on the EIT
spectra, the coupling and the probe lasers were derived
from the same laser, effectively phase-locking both lasers
[38].

The experimental data for the two-level absorption
measurement and the A-type three-level EIT spectrum
measurement are shown in Fig. 3. The optical depth
(OD) of the cold atom cloud was derived from the ex-
perimental data by using the three-level theoretical EIT
transmission spectrum [39]

o [ 1m 4D 13 (6 + iv12)
T(0) = exp ( I [|Qc|2 — 4(5+i713)(5+i712)}> » @)

where ¢ is the frequency detuning of the applied probe
laser, v12 is the ground-state dephasing rate, and the
optical depth is defined as D = Noi3L, with 013 =
c|p13|?/eohy13wis being the atomic cross-section at the
|5S1/2(F = 1)) — [5Po(F" = 2)) transition. The
above relation reduces to the two-level absorption spec-
trum when the coupling beam is turned off, i.e., Q. = 0.
The maximum OD of our 3D MOT was measured to be
D = 16 and could be varied by changing the electric cur-
rent applied to the Rb dispenser and the power of the
repumping laser.

In the presence of the MOT quadrupole magnetic field
(MOT coil turned on), we were able to achieve a ground-
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Fig. 4. (Color online) Optical depth (OD) and ground-
state dephasing rate 12 as a function of the MOT coil turn-off
delay Teoil. The experiment is repeated at a 10-ms repetition
period.

state dephasing rate y12 down to 2m x 0.5 MHz by
cancelling the stray magnetic fields with three pairs of
Helmholtz coils. To further reduce 12, we switched off
the MOT coil by using a fast metal-oxide-semiconductor
field-effect transistor (MOSFET) switching circuit [40].
As shown in Fig. 4, by increasing the MOT coil’s turn-
off delay, v12 could be reduced down to 2w x 0.15
MHz. However, when the MOT coil is turned off too
long, atoms start to diffuse out from the trapping region
and this causes the OD to decrease. Obviously, there
is a certain trade-off between a high OD and a low 729,
and this affects the biphoton waveform shape. In this
paper, we have also studied their effects on the biphoton
waveform shape as we shall show in Sec. ITI. 2.

2. Nonclassical Narrowband Photon Pair Gen-
eration in the 3D MOT via SFWM

We now discuss the generation of narrowband bipho-
tons from the cold atomic ensemble by using the scheme
depicted in Fig. 1. The frequency of the coupling laser
(we) is locked to the 5S4 /5| F' = 2) — 5Py 5| F' = 2) tran-
sition, and the coupling laser has a 1/e? diameter of 2.65
mm. The optical power of the coupling laser is approxi-
mately 20 mW, which corresponds to the Rabi frequency
Q. ~ 21 x 58 MHz. The pump laser (w,) is frequency
locked to 2 x 63 MHz below (i.e., red-detuned) the
1551 /2(F = 1)) — |5P3)5(F" = 2)) transition and is fo-
cused to a 1/e? diameter of 216 ym by using a lens with a
500-mm focal length to increase the collection efficiency
of the Stokes and the anti-Stokes photons into single-
mode fibers [41]. The optical power of the pump laser
is kept less than 75 W, with a corresponding Rabi fre-
quency of £, =~ 2r x 30 MHz. The polarizations of the
coupling and the pump lasers are ot and o~ respec-
tively.

When the cold 8"Rb atomic ensemble is illuminated
by the counter-propagating coupling and pump beams,
Stokes (ws) and anti-Stokes (wqs) photons are generated
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Fig. 5. (Color online) Biphoton waveform shape at OD
D = 6.3 for different coupling laser Rabi frequencies: (a) Q. =
27 x 40 MHz, (b) Q. = 27 x 24 MHz, and (¢) Q. = 27 x 8.7
MHz. The ground-state dephasing rate is y12 = 27 x 0.57
MHz. The measured biphoton shapes are in good agreement
with the theory. TCSPC counts are measured for 600 s.

in opposite directions via the SEFWM process. In order to
spatially filter Stokes and anti-Stokes photons from the
strong pump and coupling laser beams, we collect the
Stokes and the anti-Stokes photons at an angle of 3° from
the pump and the coupling beams. The SFWM photon
pairs are collected into single-mode fibers with objective
lenses (Newport M-10X; 16.5-mm focal length, 7.5-mm
clear aperture, and 0.25 numerical aperture). To ensure
that correlated photon pairs are collected, we carefully
align the fiber couplers for Stokes and anti-Stokes modes
such that a laser beam emitted from one is coupled into
the other with a coupling efficiency better than 70%.
To further isolate the Stokes and the anti-Stokes pho-
tons from the strong pump and the coupling lasers, we
use a pair of temperature-tuned solid etalons (470-MHz
full-width-at-half-maximum transmission bandwidth; 21
GHz free spectral range). The peak transmission of the
etalon itself was measured to be 70%. The SFWM pho-
tons are then coupled into multi-mode fibers and de-
tected by using single-photon counting modules (Perkin
Elmer SPCM-AQRH-13FC). The overall transmission of
the etalon filter system (including the coupling efficiency
into the multi-mode fiber, the fiber connection losses,
and the etalon transmission) was measured to be 40%.
As shown in the experimental timing sequence in

1000
a |
800 (c)a e Experiment—
600 *u. ==== Theory
400 '*,
11
200 1
4
800 (b) | : :
D) e Experiment
600 A mmme TESER e

TCSPC counts

L Expériment.......
——— Theory

0 50 100 150 200
T(ns)

Fig. 6. (Color online) Biphoton waveform shape at OD
D = 13.8 for different coupling laser Rabi frequencies: (a)
Q. = 27 x 43.6 MHz, (b) Q. = 2w x 28.8 MHz, (c) Q. = 27 X
8.7 MHz. The ground-state dephasing rate is y12 = 27 x 0.65
MHz. The measured biphoton shapes are in good agreement
with the theory. TCSPC counts are measured for 600 s.

Fig. 2, Stokes and anti-Stokes photons are detected only
during the 98-us SPCM gating window within the 105-
us experimental window. The measurement is then re-
peated at a 10-ms repetition period for which the whole
experiment is repeated. The biphoton waveform shape
is observed with a timing module (SensL; HRM-TDC)
operated in the time-correlated single-photon counting
(TCSPC) mode. The timing resolution of the TCSPC
was set at 1.3 ns. Because the biphoton coherence time
of the SFWM biphoton is much greater than the TCSPC
timing resolution, the TCSPC histogram measured as a
function of 7 = t,s — t,s directly reflects the shape of the
biphoton waveform.

Figures 5 and 6 show the measured biphoton waveform
shapes. With fixed OD at D = 6.3 and 13.8 (see Fig. 5
and Fig. 6, respectively), we varied the coupling Rabi fre-
quency .. As expected, the Stokes photons are always
detected earlier (i.e., born earlier) than the anti-Stokes
photons. The experimental data are in excellent agree-
ment with the theoretical results obtained by numerically
integrating Eq. (1) with the parameters corresponding to
each experiment. The theoretical results are vertically
scaled to account for the measurement time and shifted
upward to handle accidental coincidence counts.

As inferred from Eq. (1), the biphoton waveform is
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determined by both x*)(ws) and ®(was). We may de-
fine three important characteristic times that affect the
biphoton waveform. The first characteristic time is the
maximum group delay for the anti-Stokes photon and is
given as

. 273D
I 702 + dy13712

Note that the dispersion property determines ®(w,s) so
that the bandwidth of the phase-matching function is
AD(wys) x 1/74. The second and third characteristic
times are the effective dephasing time 7. and the effective
coupling Rabi time 7,. They are relevant to x(*)(wgs)
and are defined as [7]

Te = 1/(713 + M2),
Tr = 27T/\/|Qc|2 - (713 —712)2%.

The biphoton waveform is determined by competition
between 74, 7., and 7.

From the given experimental conditions, we estimate
an effective dephasing time of about 7. = 45 ns in our
experiment. The estimated group delays 7, are (a) 3.77
ns, (b) 10.4 ns, and (c¢) 73.4 ns for Fig. 5 and (a) 6.89
ns, (b) 15.7 ns, and (c) 157 ns for Fig. 6. The effective
coupling Rabi times 7, are (a) 25 ns, (b) 42 ns, and (c)
120 ns for Fig. 5 and (a) 23 ns, (b) 35 ns, and (¢) 119 ns
for Fig. 6.

When 7, is smaller than 7. or 7,, ®(was) has larger
bandwidth than x*)(w,s). In this case, we can treat
®(w,.s) as a constant; thus, the biphoton waveform is
mainly determined by x()(wss). In this regime, the
biphoton correlation function shows a damped oscil-
latory behavior, where the oscillation period is deter-
mined by 7, [7]. Clearly, the biphoton shape is con-
trolled by the value of €., which determines both 7,
and 7,.. The damped oscillatory behaviors for the condi-
tion 74 < {7, or 7.} are clearly demonstrated in Fig. 5,
Fig. 6(a), and Fig. 6(b), where the oscillation periods
coincide with 7,.. Note that, for the case of 7. < 7,
see Fig. 5(c), the oscillation is washed out due to the
short dephasing time. It is also clear from Fig. 5(a) and
Fig. 6(a) that the damped oscillatory behavior is more
clearly visible with a lower OD as a higher OD decreases
the dephasing time 7.. Therefore, even in the damped
Rabi oscillation regime in which x®) mainly determines
the biphoton waveform, 7, plays some role in determin-
ing the biphoton waveform.

Let us now consider the case in which the maximum
group delay for the anti-Stokes photon is larger than the
effective coupling Rabi time, 7, > 7,.. In this regime, the
phase-matching function ®(w,s) plays the dominant role
in determining the biphoton waveform, and the oscilla-
tion behavior completely disappears. Thus, the coher-
ence time of the biphoton is mainly determined by 7, [7]
and, as shown in Fig. 6(c), the biphoton coherence times
almost coincide with 7.
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Fig. 7. (Color online) Biphoton waveform shape at OD
D = 13.2 for different ground-state dephasing rates: (a) yi2 =
2m x 1.98 MHz, (b) v12 = 27 x 1.13 MHz, and (¢) 12 =
21 x 0.33 MHz. The coupling laser Rabi frequency is 2. =
27w x 11.9 MHz. The measured biphoton shapes are in good
agreement with the theory. TCSPC counts are measured for
1200 s.

We have also observed the dependence of the bipho-
ton waveform shape on the ground-state dephasing rate
712 (see Fig. 7). The OD was set at D = 13.2, and the
coupling laser Rabi frequency was set at Q. = 27 x 11.9
MHz. The ground-state dephasing rate ;2 was adjusted
by changing the electric current through the three pairs
of compensating Helmholtz coils or by switching off the
MOT coil. For instance, y12 = 27 x 0.33 MHz was
obtained by setting the MOT’s coil turn-off delay at
Teoil = 2 ms. As shown in Fig. 7, as 719 is decreased, the
biphoton coherence time becomes bigger. This clearly
indicates that v15 can be used to control the biphoton
waveform shape.

Finally, to verify that the SFWM photon pairs have
nonclassical quantum correlation, we tested the Cauchy-
Schwarz inequality for the second-order correlation mea-
surements. It is well-known that, for classical light such
as thermal light and laser light, the Cauchy-Schwarz in-
equality

2
[gg?gs (T)j|
982(0) g2 as(0)

is satisfied [22, 23]. Here, gﬁis(r) is the normalized
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Table 1. Maximum ggl&(r) values and corresponding R

values. The Cauchy-Schwarz inequality is clearly violated.

Figure 5 Figure 6 Figure 7
9(r)  10+1 50 & 2 6+1 ()
R 2547 625445 941
90.(r) 15+1 3441 13£1  (b)
R 56+9 289423 4244
9P2.(r) 9+l 6+1 16+1 (o)
R 20 + 4 942 6445

. . 2 2
second-order cross-correlation function, and g§2 ( L(Ls),as)

is the normalized second-order auto-correlation function
for the Stokes (anti-Stokes) photon. The normalized
second-order cross-correlation function gg?gs(T) can be
obtained by normalizing the TCSPC data to the acci-
dental noise level, gg?gs(oo). For instance, we obtained
the maximum cross-correlation gfgs(ﬂ = 50 &+ 2 at
7 = 10 ns for Fig. 6(a). Thus, the corresponding Cauch-
Schwarz inequality factor R = 625 4 45 £ 1 is obtained
using the fact that the auto-correlation functions for
the spontaneously-emitted Stokes and anti-Stokes pho-
tons exhibit the thermal light photon statistics (i.e.,
(2) 2) o 2).

Js,s = Jas,as

All experimental results in Figs. 5-7 violate the
Cauchy-Schwarz inequality, as summarized in Table. I,
and this clearly shows that the photon pairs exhibit
strong non-classical correlation. The degree of violation
(hence, the degree of nonclassical correlation) is deter-
mined by the SFWM photon pair flux, which is propor-
tional to the pump power, and by the accidental coinci-
dence count rate, which is proportional to the square of
the pump power. Thus, it should be possible to further
increase R by reducing the pump power at the expense
of reduced photon pair flux.

IV. SUMMARY

We have presented a detailed study on generation
of the narrowband nonclassical photon pairs in a cold
atomic ensemble via the SFWM process. First, we have
discussed the theory of the SFWM process in an atomic
ensemble for nonclassical photon pair generation. Next,
we have described our experimental results for photon
pair generation in a cold atom ensemble prepared in a
3D MOT. The biphoton waveform shape observed in the
experiment agreed well with the theoretical results. We
have also shown that the SEWM photon pairs have non-
classical quantum correlation by demonstrating that the
Cauchy-Schwarz inequality is violated. The strong vi-
olation of the Cauchy-Schwarz inequality implies that
the SFWM photon pair is, indeed, energy-time entan-
gled although it should be noted that a direct test of

entanglement requires, for instance, Bell violation, an
entanglement witness measurement, or a partial trans-
position. We are presently working toward a direct ex-
perimental demonstration of energy-time entanglement
between the SEFWM photon pair. The MOT-based nar-
rowband entangled photon source is expected to play im-
portant roles in photonic quantum information research,
in particular, for atom-photon quantum interface, quan-
tum memories, heralded single-photon generation, quan-
tum non-demolition measurements, etc.
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