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We observe narrow band pairs of time-correlated photons of wavelengths 776 and 795 nm from
nondegenerate four-wave mixing in a laser-cooled atomic ensemble of 3’Rb using a cascade decay
scheme. Coupling the photon pairs into single mode fibers, we observe an instantaneous rate of 7700 pairs
per second with silicon avalanche photodetectors, and an optical bandwidth below 30 MHz. Detection
events exhibit a strong correlation in time [g? (7 = 0) =~ 5800] and a high coupling efficiency indicated
by a pair-to-single ratio of 23%. The violation of the Cauchy-Schwarz inequality by a factor of 8.4 X 10°
indicates a strong nonclassical correlation between the generated fields, while a Hanbury Brown—Twiss
experiment in the individual photons reveals their thermal nature. The comparison between the measured
frequency bandwidth and 1/e decay time of g indicates a transform-limited spectrum of the photon
pairs. The narrow bandwidth and brightness of our source makes it ideal for interacting with atomic

ensembles in quantum communication protocols.

DOI:

Time-correlated photon pairs have been an important
resource for a wide range of quantum optics experiments,
ranging from fundamental tests [1-4] to applications in
quantum information [5-7]. Most of these applications,
however, are based on manipulation or detection of pho-
tons only. More complex quantum information tasks
require interfacing of photons to other physical systems,
such as atoms, molecules, or color centers. A typical
example is a quantum network [8], where information is
stored or processed in single ions [9], atoms in a cavity
[10-13], or in an ensemble of atoms [14—17].

Thus far, most of the photon pair sources based on
spontaneous parametric down-conversion in y'?' nonlinear
optical crystals exhibit a relatively wide optical bandwidth
ranging from 0.1 to 2 THz [18,19]. This makes it difficult to
interact with atomlike physical systems, since their optical
transitions usually have a lifetime-limited bandwidth on
the order of several MHz. Therefore, various filtering
techniques have been employed to reduce the bandwidth
of parametric fluorescence light. In addition, the paramet-
ric conversion bandwidth may be redistributed within the
resonance comb of an optical cavity [20-22]. A recent
extreme example uses a ring cavity formed by the non-
linear optical medium itself [23].

An alternative approach to this problem is based on four-
wave mixing (FWM) in an atomic vapor, which resembles
the early approaches for entangled photon pair preparation
via an atomic cascade decay [2]. In comparison with
atomic beam experiments, which had only a very small
number of atoms participating in the excitation and decay
process at any one time, a cloud of atoms provides a
translational symmetry of the nonlinear medium. This

PACS numbers: 42.50.—p, 42.50.Ar, 42.65.Hw

leads to momentum conservation or phase matching for
the conversion process similar to nonlinear optical inter-
action in suitable crystalline materials. Momentum conser-
vation in turn allows for a simple collection of the
converted light into optical fibers, which leads to a rela-
tively high heralding efficiency of one photon. Correlated
photon pairs generated by FWM via cascade decay in a hot
85Rb atomic ensemble have been observed [24,25], with an
optical linewidth of 350 and 450 MHz, respectively.

In this Letter, we report on spontaneous parametric
conversion via FWM in a cold cloud of atoms provided
by a magneto-optical trap (MOT), similar to previous work
by Chaneliere et al. [26]. By doing so, the Doppler broad-
ening due to atomic motion is greatly reduced, leading to a
bandwidth of the collected fluorescence of the cascade
decay that is comparable to the natural atomic linewidth.

We characterize the temporal properties of the generated
photon pairs via a cross-correlation measurement and the
photon statistics of the signal and idler photons from a
Hanbury Brown—Twiss experiment. We also determine the
spectral properties of the generated idler photons directly
with a scanning Fabry-Perot cavity.

The experimental setup is shown in Fig. 1(a). An en-
semble of 3’Rb atoms is trapped and cooled with a MOT
formed by laser beams red detuned by 24 MHz from the
5812, F =2 — 5P3), F = 3 transition, with a diameter
of = 15 mm and an optical power of 45 mW per beam. An
additional laser tuned to the 58, /,, F = 1 — 5P3;, F = 2
transition optically pumps the atoms back into the 5§ /5,
F = 2 level. With an axial quadrupole field gradient of
0.3 Tm~!, we obtain an atomic cloud with a measured
optical density (OD,,) of = 32, as determined here and in

1 © 2013 American Physical Society 1
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FIG. 1 (color online). (a) Schematic of the experimental setup,
with P1-P3, polarization filters; F1, F2, interference filters; E,
solid etalon; D1-D4, avalanche photodetectors. A 795 nm seed
beam is used to determine the phase-matched direction of
coherent 762 nm emission. (b) Cascade level configuration in
87Rb. (c) Timing sequence for one experimental cycle.

the following by a fit of the spectral transmission profile of
a focused probe beam (waist 125 wm) around the 58,
F =12 —5P;3), F = 3 transition [27].

To generate the correlated photon pairs, the MOT is
turned off and the atoms are excited to the 5Dz, F =3
level [see Fig. 1(b)] by two orthogonally linearly polarized
pump beams (780 and 776 nm) intersecting at an angle of
0.5° in the cold atomic cloud. The 780 nm pump beam is
red detuned by 40 MHz from the intermediate level 5P3 5,
F = 3, since its population would result in a decay back to
the initial state.

Experimental periods of 1 ms for photon pair generation
are interleaved with periods of 12 ms with the MOT turned
on to replenish and cool the atomic cloud. This duty cycle
was experimentally found to lead to the largest optical
density [see Fig. 1(c)].

Photon pairs from a cascade decay of atoms in the
excited 5D3/,, F = 3 level via 5P/, F = 2 back into
5812, F =2 emerge into well-defined directions deter-
mined by momentum conservation of the four participant
modes. Signal and idler photons generated by parametric
conversion are separated from residual pump light by
interference filters F1, F2 with a bandwidth of 3 nm
FWHM and a peak transmission of 96%. Uncorrelated
photons are further removed from signal and idler modes
by a polarizing beam splitter and polarizer P3, where
polarizations of pump and target modes are chosen to

maximize the product of the Clebsch-Gordan coefficients,
and thereby the effective nonlinearity [28]. A temperature-
tuned solid fused-silica etalon E (linewidth 375 MHz
FWHM, peak transmission 86%) in the idler arm is used
to remove uncorrelated photons from a decay to the 55 /5,
F =1 level. Parametric fluorescence is then coupled into
single mode fibers with aspheric lenses. The effective
waists of the collection modes at the location of the cold
cloud were determined to be 0.4 and 0.5 mm for signal and
idler by backpropagating light through the fibers and cou-
plers. In an initial alignment step, a seed light at 795 nm is
injected into the idler mode and coupled into a single mode
fiber with an efficiency of 80%. The corresponding signal
mode is coupled into the other single mode fiber with an
efficiency of 70%.

The photons are detected with silicon avalanche photo-
detectors D1-D4 (estimated quantum efficiencies of
~ 40%, dark count rates 40-150 s™1), and their detection
time recorded with a time-stamp unit. The combined tim-
ing uncertainty of the detectors and time-stamping unit is
about 0.6 ns.

The histogram of coincidence events G (7) as a func-
tion of time delay 7 between the detection of signal and
idler photons sampled into time bins of width A7 = 1 nsis
shown in Fig. 2(a). The normalized cross correlation is
defined as

(2)( ) = G.(Szl)(T) (1)
st rirsATT

where r; = 2600 s™! and rg = 3100 s~! are the idler and
signal photons count rates and 7 is the integral time when
the pump beams are on, i.e., 1/13 of the total measurement
time [Fig. 1(b)]. The peak at g(Sz,) (0) of 5800 = 76 indicates
a strong temporal correlation. We observe g(SZI)(T) =
1.20 = 0.07 at a time delay of 125 ns to 1 us, with a low

decrease to ggzl)(f) = 1 at 7 = 100 ws. The measured 1/e
decay time for heralded idler photons from the fit is 6.7 =
0.2 ns, which is lower than the single atom spontaneous
decay time of 27 ns from 5P, ,, F = 2 level. This is due to
the superradiance effect in an optically thick atomic en-
semble [29,30].

A total photon pair detection rate rp of this source can be
derived from the measured G®(7) by integrating over a
coincidence time window 7., rp =43, G2)(7). For
7. = 30 ns [vertical lines in Fig. 2(a)], almost all pairs
are captured. Under optimal experimental conditions with
pump powers of 5 mW for 776 nm, 100 W for 780 nm,
and a detuning A = 40 MHz from the intermediate level,
we obtain rp = 400 s~! during the parametric conversion
interval. Under these conditions, we find a signal heralding
efficiency ng = rp/rg¢ = 14.9%, and an idler heralding
efficiency 1; = rp/r; = 23%. By increasing the 776 nm
pump power to 14 mW and for a detuning A = 20 MHz
from the intermediate level, the (instantaneous) pair rate
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FIG. 2 (color online). (a) Histogram of coincidence events
G@)(7) for a total integration time of T =47 s as a function
of time delay 7 between the detection of idler and signal photons
sampled into A7 = 1 ns wide time bins, and its normalized
version 8(321) according to Eq. (1). The solid line is a fit to the
model g(sz,)(f) = B + Aexp(—1/7y), where B = 1.20 = 0.07 is
the mean g(SZI)(T) for 7 from 125 ns to 1 ws, resulting in A =
5800 =76 and 79 = 6.7 = 0.2 ns. (b) Time-resolved coinci-
dence histogram GZ(7) and its normalized version in a
Hanbury Brown—Twiss experiment on signal photons (detectors
D1, D2) for T = 76.3 s. The solid line shows a fit to the
model g(szs)(f) = C X[l + Dexp(—=|7|/79)], resulting in C =
1.08 0.1, D=093*x0.06, and 79=17.8* 1.4ns.
(c) Same as (b) for idler photons detected on D3 and D4 for
T = 247.3 s, leading to fit parameters C = 1.04 = 0.08, D =
0.96 = 0.08, and 7y = 9.9 = 1.2 ns. For all plots, the atomic
cloud has an optical density OD,, = 32.

increases to rp = 7700 s~ !, with g2’ = 54 + 7. This cor-
responds to an average detected pair rate of 592 s~ ! includ-
ing the time during which the pump beams are off. All
efficiencies and photon count rates reported are uncor-
rected for losses due to nonunit detector efficiency, filtering
efficiency, and fiber coupling efficiency. Correcting for the
detector efficiency on both signal and idler modes, we infer
average and instantaneous rates of usable photon pairs
coupled into the single mode fibers of about 3700 and
48000 s~!, respectively.

While it is well known that light in each of the modes in
parametric fluorescence should exhibit thermal photon
statistics [31], the coherence time of most photon pair
sources is too short to be directly observable in an experi-
ment. Because of the long coherence time of the source
presented here, we are able to carry out a direct Hanbury
Brown—Twiss experiment. The photon counting statistics
of signal photons distributed by a fiber beam splitter onto

detectors D1 and D2 [Fig. 1(a)] are shown in Fig. 2(b). The
normalized g(SZS)(T = 0) = 2.06 = 0.06 is compatible with
g?(0) = 2 of an ideal single mode thermal state within the
statistical uncertainty [32]. From a similar experiment
performed on the idler photons, we also observe thermal
statistics [¢'?(0) = 2.03 * 0.08]. Without the solid etalon,
the idler photons coupled into the single mode fiber are of

two different frequencies; thus, gﬁ) (0) < 2is expected and
indeed observed (1.69 = 0.02).

The Cauchy-Schwarz inequality bounds the intensity
correlation g between two independent classical fields
[33,34]:

[¢2 ()P
=_9°B " <=1, 2)
2'2(0)g2(0)

This inequality between the signal and idler fields in our
experiment is violated by a factor R = (8.4 = 0.2) X 10°
at 7 = 0, which shows that our source exhibits statistics
unexplainable by classical electromagnetic field theory.
Our violation factor strongly exceeds the values reported
from similar experiments by Du et al. [35] (R = 11600)
and Willis et al. [24] (R = 495). We attribute this to lower
background counts as compared to what has been observed
with gas cells.

An indirect assessment of the bandwidth of the photons
can be obtained from the measured g@(7), since it is
related to the Fourier transform of the spectral distribution.
Assuming a transform-limited spectrum, we would
infer a bandwidth of Av = 1/(277y) = 23.8 =+ 0.7 MHz
(FWHM) for the heralded idler photons [Fig. 2(a)].

A direct optical bandwidth measurement of idler pho-
tons was carried out with a scanning Fabry-Perot cavity
(linewidth 2.8 MHz FWHM, measured by a ring-down
experiment [36]), tuned *50 MHz across the 5P,
F =2—158,,, F =2 transition. To minimize frequency
drift the cavity is temperature stabilized to within 10 mK
and kept in vacuum (6 X 107 mbar). The central trans-
mission frequency is periodically recalibrated via a refer-
ence laser locked to the aforementioned atomic transition
at 795 nm. The results of this measurement (for OD,, = 32
of the atomic cloud) are shown in Fig. 3. A fit of the
obtained spectrum to a Lorentzian line shape widened by
the cavity transfer function leads to a bandwidth of
24.7 = 1.4 MHz (FWHM) for the idler photons, if they
are heralded by a signal photon [see Fig. 3(a)]. This is
comparable to the bandwidth inferred from the correlation
function, indicating that the photons are indeed transform
limited.

However, the observed spectrum of all light in the idler
mode (i.e., the unheralded ensemble) shows a narrower
bandwidth of 18.3 = 1.3 MHz (FWHM). This may be
explained by incoherent two step decay (noncollective)
contributions to light emitted via the collectively enhanced
decay collected in phase-matched directions. The optical
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FIG. 3 (color online). (a) Spectral profile of idler photons,
heralded by the detection of signal photons with an atomic cloud
OD,, = 32. The frequency uncertainty is due to the uncertainty
in voltage driving the cavity piezo. The line shows a fit to a
model of Lorentzian-shaped photon spectrum, convoluted with
the cavity transmission spectrum. The fit gives a bandwidth of
24.7 = 1.4 MHz (FWHM). (b) Same as (a), but without herald-
ing. The resulting bandwidth from the fit is 18.3 = 1.3 MHz
(FWHM). (c) Inferred idler spectrum from a two step (non-
superradiant) decay with 12.4 = 1.4 MHz (FWHM) bandwidth
from a fit.

bandwidth of light from the collective decay contribution
should increase with the atom number N due to an
enhanced cascade decay rate, while the bandwidth of light
from the two step contribution should remain the same.

The observed bandwidth I' of idler photons (heralded
and unheralded) for different atomic densities is shown in
Fig. 4, and increases as expected with the OD,,, for both
the heralded and the unheralded photon spectrum.

According to Refs. [37,38], the variation of the emitted
bandwidth T" due to collectively enhanced decay can be
modeled with the relation I' = I'y(1 + uN), with the
natural linewidth I'y = 27 X 5.8 MHz of the 5P,
F=2—758,,, F =2 transition [39], the atom number
N, and a geometry factor p. We also find a linear increase
of I with OD,, compatible with this model, since uN is
proportional to our measured OD,,; the solid line in Fig. 4
shows a fit with the proportionality factor between uN
and OD,,.

Assuming that the incoherent contribution does not
significantly contribute to detected pairs at small numerical
apertures for collection, we can infer its spectrum by
subtracting the heralded idler spectrum from the unher-
alded idler spectrum after correction for losses in filters

Refs. [37,38]. Open circles indicate the bandwidth (FWHM) of
unheralded idler light.

(11%), optical elements (7%), inefficient photodetectors
(60%), polarization filters (12%), and fiber coupling
(30%). The resulting spectrum for OD,, = 32 is shown in
Fig. 3(c), with a width of 12.4 = 1.4 MHz FWHM. This
exceeds the natural linewidth expected for the incoherent
two step decay, probably due to self-absorption in the
atomic cloud.

In summary, the photon pair source presented in this
Letter exhibits a high heralding efficiency, is spectrally
bright, and shows a narrow optical bandwidth for signal
and idler photons. This narrow Fourier-limited bandwidth
and the wavelength match with transitions in ’Rb, a
common workhorse for quantum memories, make our
source a prime candidate for heralded interaction with
single atom systems and quantum memories based on
atomic ensembles. The high normalized cross-correlation

ggzl) value clearly indicates the nonclassical nature of the
photon pairs and a low background rate. We also demon-
strate the thermal statistics of the signal and idler photons
from a direct autocorrelation measurement. Beyond corre-
lated photon pair preparation, this scheme can also provide
polarization entangled photons by an appropriate choice of
pump polarization [24,26], which can be used to imple-
ment entanglement swapping and other quantum commu-
nication protocols with single atoms [40,41], ions [42], or
atomic ensembles. Furthermore, the long coherence time
of our idler photon heralded by the “click” detection of the
signal photon by an avalanche photodetector enables elec-
tric field quadrature measurements of the idler photon by
homodyne detection using currently available fast photo-
detectors [43,44].

We acknowledge the support of this work by the
National Research Foundation and Ministry of Education
in Singapore.
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