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This Letter describes the generation of biphotons with a temporal length that can be varied over the
range of 50–900 ns, with an estimated subnatural linewidth as small as 0.75 MHz. We make use of
electromagnetically induced transparency and slow light in a two-dimensional magneto-optical trap with
an optical depth as high as 62. We report a sharp leading edge spike that is a Sommerfeld-Brillouin
precursor, as observed at the biphoton level.
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Following the early papers of the Lukin and Kimble
groups [1,2], it became apparent that it should be possible
to use double-� systems for the generation of biphoton
wave packets with temporal lengths that are controllable
by varying the optical group velocity. Early results ob-
tained at Stanford using a spherical magneto-optical trap
(MOT) with an optical depth (OD) of about 10 [3,4]
demonstrated wave packets with correlation times of about
50 ns and linewidths of about 9 MHz. In this Letter, we
report the use of a two-dimensional (2D) MOT operating at
an optical depth of 62 to attain major improvements in the
performance of this type of biphoton source. These include
generation of biphotons as long as 900 ns with linewidths
as narrow as 0.75 MHz, a factor of 30 improvement in the
effective dephasing rate of the nonallowed transition, a
demonstrated efficiency of Stokes to anti-Stokes conver-
sion of 74%, and operation in the regime where the tem-
poral length of the biphoton varies inversely with the
optical group velocity, thereby demonstrating that the
physics suggested by Refs. [3,5] really works. This Letter
also reports a sharp leading edge spike on the front edge of
the generated biphoton. This spike is a Sommerfeld-
Brillouin precursor [6] and is observed here by photon
correlation.

We begin by motivating the need for a source of long and
narrow-band biphotons: First, to efficiently absorb the
biphotons and to store entanglement at distant locations,
it is essential that the biphoton linewidth is less than the
atomic linewidth [7]. Other applications benefit from the
temporal length. For example, quantum teleportation re-
quires that relative path lengths be stabilized to within the
temporal length of the interacting photons, and long bi-
photons circumvent the need for stringent path length
control [8].

There are other techniques that are now successfully
used to lengthen generated biphotons. By using spontane-
ous parametric down-conversion (SPDC) in nonlinear
crystals and cavities, paired photons with a linewidth of
about 10 MHz and correlation times of about 50 ns are
obtained [9]. An alternative approach has been demon-
strated by Vuletic and colleagues, who generate degenerate
biphotons with a temporal length of 100 ns [10]. Du et al.,

by using four-wave mixing in a two-level system, have also
demonstrated similar correlation times [11].

A schematic for biphoton generation is shown in Fig. 1.
In the presence of counterpropagating, circularly polar-
ized, cw pump (!p) and coupling (!c) lasers, phase-
matched, paired Stokes (!s) and anti-Stokes (!as) photons
are spontaneously generated and propagate in opposite
directions. The essentials of the biphoton generation pro-
cess are described by the coupled equations [3] for the
frequency domain operators ays ��!� and aas�!�:
 

@ays
@z
� gRa

y
s � �saas � Fs

�
@aas

@z
� �aas � �asa

y
s � Fas:

(1)

��!� describes the loss and dispersion of the electromag-
netically induced transparency (EIT) profile, gR�!� is the
(complex) Raman gain, �s�!� and �as�!� are parametric
coupling constants, and Fs and Fas are the Langevin op-
erators. Expressions for each of these quantities are given
in Refs. [3,5]. We make the assumption that the entire
atomic population remains in the ground state; this as-
sumption allows the different physical effects to be sepa-
rated as in Eq. (1). More complete analyses have been
given by Kolchin [5] and Ooi [12].

There are three characteristic times that determine the
shape of the biphoton wave function [3,5]. The first is the

FIG. 1 (color online). Biphoton generation in a double-�
system. (a) Experimental configuration. (b) 85Rb energy level
diagram. F1 and F2 are narrow-band optical frequency filters.
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Rabi time �r � 2�=�c, where �c is the coupling Rabi
frequency. The second is the relative group delay between
the anti-Stokes and Stokes photons �g � L=Vg, where L is
the length of the medium and Vg is the anti-Stokes group
velocity. This group delay time �g � �2�13=�2

c�N�L,
where N�L is the optical depth and �13 is the dephasing
rate of level j3i. The third characteristic time is the mini-
mum pulse width required to pass through the EIT medium
�min � 8 ln�2��13

�����������
N�L
p

=�2
c [13]. When �g < �r, the so-

lution is oscillatory. When �g >max��r; �min�, we obtain
the reasonably rectangular waveforms that are experimen-
tally observed here. These near-rectangular waveforms
may be understood from either the time or the frequency
domain viewpoint [14]: In the time domain, the paired
photons are always emitted from the same, but unknown,
point in the medium. Therefore, the correlation function is
rectangular with a temporal width of �g. In the frequency
domain, one obtains the same result by noting that the
phase mismatch factor x � �kL=2 in the argument of
sin�x�=x is !�g=2. This factor determines the linewidth
of 0:88=�g. (For SPDC in nonlinear crystals, the
rectangular-shaped biphoton wave packet has been well
known, but due to its subpicosecond correlation time, has
not been directly measured [15].)

The experimental configuration is shown in Fig. 1(a).
We use a 2D 85Rb MOT with a cylindrical atomic cloud of
length 1.7 cm and an aspect ratio of 25. As compared to the
spherical trap that was used by Balić et al. [3], this con-
figuration optimizes the optical depth and at the same time
eliminates the longitudinal magnetic field gradient, thereby
greatly reducing the inhomogeneous Zeeman broadening
of the m states of the 5S1=2 level. With a transverse mag-
netic field gradient of about 10 Gauss=cm, we measure a
dephasing rate of �12 � 0:02�13. Of importance, the MOT
magnetic field remains on throughout the experiment.

The trapping laser has a power of 160 mW and a beam
diameter of 2 cm and is red detuned by 20 MHz from the
j5S1=2; F � 3i ! j5P3=2; F � 4i transition. A repumping
laser is locked to the j5S1=2; F � 2i ! j5P3=2; F � 2i tran-
sition and has a power of 80 mW. The experiment is run
periodically with a MOT trapping time of 4.5 ms and a
paired photon generation window of 0.5 ms. Towards the
end of the trapping cycle and before the pump and coupling
lasers are turned on, the atomic population is pumped to the
ground level j1i � j5S1=2; F � 2i by turning off the re-
pumping laser 0.3 ms before turning off the trapping laser.
The pump laser at 780 nm is circularly polarized (��), has
a 1=e2 diameter of 1.46 mm, and is blue detuned from the
j1i ! j4i transition by 146 MHz, i.e., �p � 48:67�13. The
coupling laser at 795 nm is circularly polarized (��), has a
1=e2 beam diameter of 1.63 mm, and is on resonance with
the j2i ! j3i transition. The counterpropagating pump and
coupling beams are collinear and set at a 2� angle from the
longitudinal axis of the MOT. The Stokes (��) and anti-

Stokes (��) photons are coupled into opposing single
mode fibers after passage through �=4 wave plates and
polarization beam splitters (PBSs). The Stokes and anti-
Stokes fiber coupling efficiency is 70%, and the 1=e2 waist
diameter of their foci is 220 �m.

As shown in Fig. 1(a), further filtering includes 780 and
795 nm interference filters and Fabry-Perot etalons with
bandwidths of 500 MHz in both the Stokes and anti-Stokes
channels (F1 and F2). The transmission efficiency of the
filters and etalons together is 45% in the Stokes channel
and 40% in the anti-Stokes channel. Each single photon-
counting module (SPCM) has a quantum efficiency of
about 50%.

An objective of this work is to verify the relation be-
tween the optical group delay and the length of the bipho-
ton waveform. The group delay is controlled by varying the
optical depth and the coupling laser power. The optical
depth could be varied over a range of about 5 up to 62. The
measured group delay agreed well with the calculated
value and could be varied from 50 to 900 ns.

Figure 2 shows the experimental and theoretical results
at an optical depth of 7. Here the pump and coupling Rabi
frequencies are �p � 1:16�13 and �c � 4:20�13, respec-
tively. Optical transmission as a function of the anti-Stokes
frequency is shown in Fig. 2(a). The (red) circles show the
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FIG. 2 (color online). Biphoton generation at OD � 7, �c �
4:20�13, �p � 1:16�13, and �p � 48:67�13. (a) Anti-Stokes
EIT transmission profile. (b) Stokes–anti-Stokes coincidence
counts per 1 ns bin in 800 s as a function of delay.
(c) Propagation delay of the anti-Stokes pulse: The reference
curve (black) centered at t � 0 is measured with the MOT turned
off, and the delayed pulse (red) is measured with the MOT on.
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experimental data, and the solid (blue) curve is the theo-
retical curve best fit for a dephasing rate �12 � 0:02�13,
OD � 7, and a vertical scaling factor. The measured
Stokes–anti-Stokes coincidence counts (red +) are
shown in Fig. 2(b), with a 1=e correlation time of 53 ns.
The theoretical curve (solid, blue) is computed from
�T�tG�2����, where G�2���� � hays �t�a

y
as�t� ��aas�t�

��as�t�i is the Glauber correlation function, �t is the
time bin width, T is the total experimental time, and � is
a vertical scale factor. The inset Fig. 2(c) shows a slow light
measurement of an optical pulse at the anti-Stokes fre-
quency with a group delay about �g � 50 ns. In this
case, �g ’ �r ’ �min � 44 ns, and the correlation function
does not have a rectangular shape.

As we increase the optical depth and attain the regime
where �g > �min > �r, we obtain a more rectangular bi-
photon waveform. Figure 3 shows the experimental results
at OD � 53 with other parameters the same as in Fig. 2.
The 1=e correlation time of 303 ns in Fig. 3(b) is very close
to the group delay �g � 321 ns given by the slow light
measurement in Fig. 3(c). The two other characteristic
times are �r � 79 ns and �min � 121 ns. Figure 4
shows EIT, group delay, and the correlation obtained by
reducing �c to 2:35�13 while maintaining the other pa-
rameters as in Fig. 3. At the expense of reduced trans-
mission, the pulse delay and biphoton length are increased
to about 900 ns.

Figure 5(a) plots measured correlation time as a function
of measured group delay. The solid line is a linear least
squares fit. We mention that the plots in Fig. 4 of Balić

et al. [3] are in a damped Rabi oscillation regime and not in
the linear group delay regime where �g > �r.

The linewidth of the generated biphotons is obtained by
using the solution of Eq. (1) to fit the measured correlation
profiles and then using this same solution to plot the
biphoton emission profile in the frequency domain. The
theoretical curves of Figs. 2(b), 3(b), and 4(b) are com-
puted with all parameters obtained from the EIT measure-
ments and vertically scaled to fit the experimental data.
The calculated biphoton linewidths are 9.66, 2.36, and
0.75 MHz, respectively. These linewidths are comparable
to the measured EIT bandwidths and in the latter two cases
are less than the 6 MHz natural linewidth of Rb. This
linewidth narrowing is consistent with the phase-matching
bandwidth (0:88=�g). An alternate approach to estimate the
linewidth is to assume transform-limited biphotons and to

take the Fourier transform of
�����������������������
g�2���� � 1

q
, where g�2���� is
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FIG. 3 (color online). Biphoton generation at OD � 53, �c �
4:20�13, �p � 1:16�13, and �p � 48:67�13.
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FIG. 4 (color online). Biphoton generation at OD � 53, �c �
2:35�13, �p � 1:16�13, and �p � 48:67�13.
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FIG. 5 (color online). (a) Measured correlation time vs mea-
sured anti-Stokes group delay. (b) Paired counts in a 1 ns bin in
800 s as a function of the optical depth.
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the normalized correlation function [10]. By doing so, we
obtain linewidths of 7.23, 1.95, and 0.71 MHz,
respectively.

We turn next to the sharp peak at the leading edge of the
correlation function of Figs. 3 and 4. Following Dan
Gauthier’s suggestion, this peak is the result of simulta-
neously generated Stokes and anti-Stokes photons that
travel at nearly the speed of light in vacuum and arrive
near-simultaneously at the photodetectors. In agreement
with previous work on Sommerfeld-Brillouin precursors,
we find that the duration of this peak corresponds to the
inverse of the total opacity bandwidth and therefore varies
approximately inversely with the square root of the optical
depth. Though precursors are now understood in the optical
region [16] and have even been observed long ago with
correlated gamma-ray photons [17], this work reports the
first observation of precursors as measured by single pho-
ton correlation.

To obtain the generation rate of our biphoton source, we
take into account the filter and etalon transmissions, the
fiber to fiber coupling efficiency, the detector quantum
efficiencies, and the duty cycle. For the conditions of
Figs. 2–4, we obtain generation rates of 1275, 12 569,
and 8730 pairs=s, respectively. Higher generation rates
can be achieved by increasing the pump laser power.
With �p � 6:88�13, the paired photon generation rates
are 4:0	 104 and 9:0	 104 pairs=s at OD � 17 and 30,
respectively. Figure 5(b) shows that the number of paired
counts varies linearly with the optical depth. Though the
generation rate per spectral bandwidth varies as the square
of the optical depth, the bandwidth reduces linearly with
depth, thereby leading to the linear dependence.
Experimentally, under optimum conditions, we observe
74% of the Stokes photons to be paired. We also observe
that all of the correlation data violate the Cauchy-Schwarz
inequality �g�2�s;as����2=�g

�2�
s;s�0�g

�2�
as;as�0�� 
 1. The largest

violation is a factor of 11 600.
The 2D MOT as described in this work is likely to allow

immediate improvements in single photon read-write tech-
niques [18,19], in EIT-based quantum memory [7,20], and
in nonlinear optics with cold atoms [21,22]. Each of these
areas requires the same ingredients as demonstrated here:
i.e., low dephasing rate, subnatural linewidth, and high

optical depth. For example, the efficiency of a nonlinear
process continues to improve as the photon linewidth is
reduced below the natural linewidth and is ultimately
limited by the dephasing rate of the nonallowed transition.

A promising application for long biphotons is their use
for the conditional generation of temporally shaped single
photons: Here one of the emitted photons would be used as
a trigger to fire an electro-optic light modulator that would
shape the phase or amplitude of the other photon.
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