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We experimentally investigate optical storage with electromagnetically induced transparency in a dense cold
85Rb atomic ensemble. By varying the optical depth (OD) from 0 to 140, we observe that the optimal storage effi-
ciency has a saturation value of 50% as OD > 50. Our result is consistent with that obtained from hot vapor cell
experiments. © 2011 Optical Society of America
OCIS codes: 210.4680, 020.1670.

Optical storage is a key step toward the realization of
long-distance all-optical communication networks [1].
Such a process requires coherently mapping photonic
states into and out of an optically controlled memory on
demand. In both classical and quantum communication
networks, the storage efficiency, defined as the ratio of
retrieved pulse energy to that of the input, plays an im-
portant role in practical applications. In the past decade,
much effort has been made in developing atomic quan-
tum memories based on light–atom interactions, such
as electromagnetically induced transparency (EIT [2,3],
including the off-resonance Raman scheme) and photon
echoes [4–6]. So far, a high storage efficiency of more
than 80% has been achieved only by the photon-echo
method [7]. However, experimental demonstrations of
photon-echo-based memory have all been limited to clas-
sical light pulses, and its access to quantum state storage
remains a challenge. Meanwhile, this method requires ad-
ditional control of reversible inhomogeneous broadening
or an atomic frequency gradient, which is difficult to
achieve optically.
In this Letter, we focus our work on the EIT-based op-

tical memory that has been proved to be compatible with
quantum state operations of single-photon wave packets
[8–10] and squeezed states [11,12]. Since the first demon-
strations in 2001 [13,14], EIT storage has been studied
in both hot atomic vapor cells [15–17] and cold atoms
[18–21]. However, the reported experimental demonstra-
tion always has a very low storage efficiency that pre-
vents it from practical applications. To increase the
storage efficiency, a high optical depth (OD) is com-
monly believed to be necessary. Theory predicts that the
storage efficiency increases as we increase atomic OD
and it approaches to unity at OD > 100 [22]. However,
the experimental study in hot atomic vapor cells shows
that the storage efficiency is limited by 45%, which is in-
consistent with the theoretical prediction [15,16]. Further
systematic studies suggest that a four-wave mixing
(FWM) nonlinear process may contribute to the loss of
the storage efficiency [17]. On the other hand, there is
no systematic experimental study with cold atoms due
to the difficulty in obtaining high OD. In this work, we
report our experimental investigation of optical storage
with EIT in a dense cold atomic ensemble whose OD can
be varied from 0 up to 140. Similar to that in a hot atomic
vapor cell, we find that the optimal storage efficiency has

a saturation value of 50% at high OD. Our result, repre-
senting the best EIT storage efficiency reported in cold
atoms, to the best of our knowledge, provides a reference
to understand the loss of EIT memory for future
improvement.

The EIT three-level Λ configuration and experiment
setup are shown inFig. 1.Weworkwith a two-dimensional
85Rb magneto-optical trap (MOT) with a longitudinal
length L ¼ 1:7 cm and a temperature of 100 μK. A weak
probe beam,ωp, on resonancewith the transition j1i↔j3i,
is modulated by an fiber-based amplitude electro-optical
modulator (EOM, 10GHz, EOspace), and passes through
the cold atoms along the longitudinal axis. A stronger cou-
pling laser beam, ωc, on resonance with the j2i↔j3i tran-
sition, is collinearly aligned with a small angle of 3° with
respect to the probe beam. Both the probe and coupling
lasers have the same circular polarization (σþ) for opti-
mizing the EIT effect with degenerate Zeeman substates.
The probe beam is focused on the center of the atomic
cloud with a 1=e2 diameter of 245 μm. The coupling beam
has a 1=e2 diameter of 1:46mm, and its intensity is con-
trolled by a 181MHz acoustic-optical modulator (Brim-
rose). To further suppress the scattering light from the
coupling beam, we couple the probe beam into a single-
mode fiber (SMF) before it is detected by a photomulti-
plier tube (PMT, Hamamatsu, H6780-20, with 0:78 ns rise
time). TheEOM is driven by a fast waveform function gen-
erator (Tektronix, AFG3252, with 3ns rise time). The ex-
periment runs periodically. In each cycle, after the MOT
trapping time of 4:5ms, the atoms are prepared at the

Fig. 1. (Color online) Schematics of the experiment setup. The
85Rb energy levels are chosen as j1i ¼ j5S1=2; F ¼ 2i,
j2i ¼ j5S1=2; F ¼ 3i, and j3i ¼ j5P1=2; F ¼ 3i.
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ground state j1i. During the 0:5msmeasurement window,
all the MOT trapping and repump lasers are switched off
but the magnetic field remains on all the time. This two-
dimensional MOT configuration allows us to vary the OD
in a large parameter range from 0 up to 140. The OD value
is determined by using a least-squares fit from the probe
absorption spectrum (without EIT) with a frequency de-
tuning range from −40 to 40MHz.
We first measure the EIT spectrum by scanning the

probe frequency in a steady-state condition. At OD ¼ 140
and coupling laser power of 2:4mW, the measured probe
transmission spectrum is shown in Fig. 2(a). We obtain
the coupling laser Rabi frequency Ωc ¼ 5:6γ13 by best fit-
ting the EIT spectrum (the red solid curve), which agrees
well with the calculated value from the measured laser
power and beam diameter. Here γ13 ¼ 2π × 3MHz is the
electric dipole relaxation rate between j1i and j3i, ob-
tained from the probe absorption natural (angular fre-
quency) linewidth Γ ¼ 2π × 6MHz (without presence of
the coupling laser) using the relation γ13 ¼ Γ=2. We esti-
mate the ground-state dephasing rate between j1i and j2i
as γ12 ¼ 0:01γ13, which fits best to the EIT measurement.
The coupling laser creates a narrow transparency win-
dow with a width of 3MHz. Under the same condition,
we measure the group delay by sending a long Gaussian
probe pulse with 1 μs full width at half-maximum
(FWHM). As illustrated in Fig. 2(b), we observe a pulse
peak delay of 360 ns and the transmitted pulse energy is
about 73% of that of input.
We now start to perform optical storage. The dynami-

cal EIT mechanism is described as the following. When a
probe pulse enters the medium, it slows down and is
compressed spatially. After the probe pulse is com-
pressed inside the medium, we switch off the coupling
laser and convert the probe optical field into a long-lived
atomic spin wave [3]—this is called the writing process.
After a controllable time delay in the reading process, we
switch on the coupling beam (reversibly) and convert the
atomic spin wave back to the probe pulse. It has been
both theoretically and experimentally shown that the
amplitude–phase information of the probe pulse is
coherently preserved [19,22]. The storage efficiency is

obtained as η ¼ R jEoutðtÞj2dt=ð
R jEinðtÞj2dtÞ, where EinðtÞ

and EoutðtÞ are the input and output probe fields. Because
of the finite atomic coherence time 1=ð2γ12Þ, the storage
efficiency drops as the storage time increases. Here we
define the storage time as the duration when the coupling
laser is switched off completely. In a practical ap-
plication, the merit value is the product of the storage
efficiency and the storage time. In the following experi-
ment and discussion, we optimize the EIT storage effi-
ciency at a two pulse-length (i.e., 2 bit) storage time.

We vary OD from 0 up to 140. At each OD, we optimize
the storage efficiency at a 2 -bit storage time following the
optimization process described in [15]. The coupling laser
is switched off and on with a fall and rise time of 50 ns.
With a given coupling laser power, the probe pulse shape
is optimized for achieving maximum storage efficiency.
Figure 3(a) illustrates an optimized storage process at
OD ¼ 60 and Ωc ¼ 11:5γ13. The nearly Gaussian-shaped
input probe pulse has a FWHM length of 50 ns. With the
coupling laser run in a cw mode, the peak of the probe
pulse is delayed by 35 ns. In the storage experiment,
the coupling laser is switched off completely at time t ¼
0 ns and switched on back at t ¼ 100 ns. The retrieved
probe pulse with a storage efficiency of 51% is shown
as the blue open circle points whose peak is delayed by
200 ns compared to the input pulse. The retrieved pulse
at t < 0 is the leakage field that has not been converted
into an atomic spin wave. Figure 3(b) shows the optimal
storage efficiency ηm as a function of OD with the same
coupling Rabi frequency, and the red solid curve is fitted
with an exponential growth function. It is clear that ηm is
limited by 50%after theODreachesmore than 50.Because
of the nonzero dephasing rate γ12, the storage efficiency is
also a function of coupling laser intensity. We confirm this
by reducing the coupling power by a factor of 1=2; the

Fig. 2. (Color online) (a) Probe laser EIT transmission profile.
(b) Slow light effect of a Gaussian pulse propagation.

Fig. 3. (Color online) (a) EIT optical storage measurement at
OD ¼ 60. The black solid curve is the input probe pulse. The
green dotted curve is the delayed probe pulse as the coupling
laser is in cwmode. The retrieval pulse (blue open circles) has a
storage efficiency of 51%. (b) Optimal storage efficiency as a
function of OD. In both (a) and (b), the coupling Rabi frequency
is Ωc ¼ 11:5γ13.

December 1, 2011 / Vol. 36, No. 23 / OPTICS LETTERS 4531



saturation storage efficiency drops to 41%. On the other
hand, as we increase the coupling power by a factor of
2, we see no increase of the storage efficiency. Therefore,
50% represents the best storage efficiency we can achieve
in this system.
In conclusion, we have studied EIT-based optical sto-

rage in cold atomic ensembles with OD ranging from 0 to
140. We found that the optimal storage efficiency reaches
the saturation value of 50% as OD > 50. This result is con-
sistent with the previous studies in hot rubidium vapor
cells, which suggests that the FWM nonlinear process de-
grades the EIT storage coherence and efficiency [15–17].
In such a FWM process, the on-resonance coupling laser,
while rendering the EIT effect for the probe laser, also
acts as an off-resonance pump field in the transition
j1i → j3i. In our configuration, it is detuned by 3GHz
due to the hyperfine splitting between the two ground
levels. The generated Stokes field following this pump
process, together with the coupling and probe fields,
closes the FWM loop. As shown by the Novikova group
[17], such a FWM process significantly reduces the EIT
storage efficiency at a high OD. Our recent experiment
using this process to produce hyperentangled paired
photons demonstrated that this FWM process always
naturally occurs in the EIT system [23].
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