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ABSTRACT

We present a preliminary experimental study of slow and stored light in Rb vapor cells under the conditions of
electromagnetically induced transparency (EIT). We study the efficiency of light storage as a function of pulse
duration, storage time, retrieval field intensity, etc. We demonstrate that atomic diffusion in-and-out of the laser
beam plays an important role not well described by previous analysis.
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1. INTRODUCTION

Photons are the preferred carriers of information in both classical and quantum communications. Modern
optical communication networks rely on strong light pulses to carry information. Quantum networks, in which
information is encoded in quantum states of individual photons, would allow absolutely secure communication.
An important challenge in such quantum communication is to transmit individual photons over long distances
while preserving their individual quantum states. Inevitable losses in optical fibers severely limit the distance
between nodes in such a communication channel.

Optical losses in classical communication are corrected for by using optical amplifiers along the transmission
line, which restore the amplitude of classical light pulses. This approach, however, is impossible for quantum
information transmission. Instead of amplifiers, one needs to distribute quantum repeaters – optical components
which “purify” photon states along a transmission line.1, 2 Realization of such repeaters requires the development
of a quantum memory that is capable of storing, releasing and manipulating quantum states at the level of
individual light quanta.

Such a quantum memory may be realized using the coherent transfer of quantum states of photons to
quantum states of atoms.3 Long-lived atomic states are ideal for storing quantum information. There are several
approaches to the realization of photon-atom coherent state transfer. The most theoretically straightforward
mechanism is to couple each photon to a single individual atom by coherent absorption and emission.4 Despite
technical difficulties, tremendous progress has been made in this field.5–7 An alternative approach is to map a
photon state into the collective quantum state of an ensemble of many indistinguishable atoms. For example, it is
possible to achieve continuous variable quantum state mapping into atomic samples using dispersive light-matter
interaction via quantum teleportation.8–11

Another promising mechanism for photon state transfer is based on the phenomenon of ultra-slow group
velocity propagation of light pulses under the conditions of electromagnetically induced transparency (EIT).12, 13

In this case a strong classical field controls the propagation of weak probe photons through a resonant atomic
medium, and creates a strong coupling between probe photons and the collective excitation of atomic spins. By
adiabatically reducing the group velocity to zero (by reducing the control field amplitude) the photonic excitation
is coherently transferred into the spin excitation. This process is completely reversible, i.e., the original photons
can be recreated by turning the control field back on. This process has been predicted14–16 and experimentally
demonstrated for both classical17–19 and quantum20–23 regimes of pulse propagation. The light storage technique,
described above, is capable of transferring quantum states of light to atomic ensembles and back perfectly only
under the condition of no dissipative optical losses and no decay of atomic spin states. In realistic systems,
however, the fidelity of the storage is reduced due to various decoherence mechanisms.

The techniques of slow- and stored-light have important applications even for classical optical communication
for optical delay lines. For example, light storage is conceptually well-suited for the implementation of all-optical
pulse delays, allowing control over the release time of each pulse. To make this technique practical, we must store
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Figure 1. (a) Idealized interaction scheme for the control field Ωc and probe field Ωc with three-level atoms in Λ
configuration. (b) Transmission and dispersion lineshapes for EIT in a three-level system.

light pulses with high bandwidth for times exceeding the pulse duration and then recreate them with minimal
pulse shape distortion.

In order to evaluate stored light techniques for practical applications, it is important to investigate various
decoherence mechanisms, and develop techniques to minimize their impact. Ultimately, we want to find a set of
experimental conditions that allow the storage and retrieval of classical and quantum optical pulses with high
fidelity. Here, we report a preliminary study of the fidelity of light storage in Rb vapor cells filled with neon
buffer gas, and characterize the important role played by Rb diffusion in-and-out of the laser beam.

This paper is organized as follows. Section 2 provides a brief summary of the theoretical calculations of
pulse propagation under EIT conditions in a three-level Λ system. We describe the details of the experimental
apparatus in Section 3. The results of our experiments for slow- and stored-light in a Rb vapor cell with Ne
buffer gas is in Section 4. We conclude with Section 5.

2. THEORY FOR SLOW AND STORED LIGHT IN Rb ATOMS

A large number of publications describe the interaction of a probe field with three-level atoms under EIT
conditions (see, e.g., Refs. (12, 24) and references therein). Here we briefly summarize the main results for slow-
and stored-light which are relevant for our experiments.

Figure 1 shows an idealized three-level atom. We assume that the population of the excited state |a〉 decays
equally into two ground states |b〉 and |c〉 with the rate γ. We initially assume no decoherence between the two
ground states, i.e., γbc = 0. In this case the propagation of a weak probe field of Rabi frequency Ωp, resonant
with one of the allowed optical transitions (for example |b〉 → |a〉), is completely controlled by the strong field
Ωc (applied to the transition |c〉 → |a〉). In particular, one can achieve 100% transmission of a probe field if
it is in two-photon Raman resonance with the control field due to quantum interference in an effect known as
electromagnetically induced transparency.13, 25 The bandwidth of this transparency window is proportional to
the intensity of the control field ∝ |Ωc|2/γ.

The presence of the control field also modifies the refractive index of the atomic medium. Transparency is
accompanied by a steep positive dispersion dn(νp)/dνp, where νp is the frequency of the probe field. This results
in ultra-slow group velocities for the probe pulse. If the bandwidth of the pulse lies within the EIT window, then
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the pulse will be delayed while propagating through the atomic medium of length L by the group delay τ12, 13:

τ = L/vgr =
3
8π

Nλ2L
γ

|Ωc|2 . (1)

Here N is the number density of atoms, λ is the probe field wavelength, and γ is the decay rate of the excited
state. The intensity of the control field dictates the propagation velocity of the probe pulse: the weaker the field,
the longer the group delay. Therefore, by changing the intensity of the control field one is able to control the
dynamics of the probe pulse. In particular, reducing the control field intensity to zero reduces the group velocity
to zero, storing the pulse in the atomic medium.

It is convenient to describe such slow light propagation in terms of “dark-state polaritons”,14, 16, 24 which
treat the propagation of the probe pulse through the EIT medium as a combination of photonic and atomic spin
coherence components. This theory provides a simple description of stored light as a dark-state polariton with
all excitation in the atomic component. In atoms with negligible ground-state decoherence such a pulse can be
stored for an arbitrarily long time and then released by switching the control field back on. Quantum states of
pulses so retrieved are identical to those of the input.

In any real atomic system the ground states undergo decoherence, characterized by the rate γbc. Non-zero γbc

has several effects on stored light. First it leads to residual absorption, under otherwise ideal EIT conditions,12, 26

given by:

|Ωp(L)|2 = |Ωp(0)|2 exp
(
− 3

8π
Nλ2L

γγbc

|Ωc(0)|2
)

. (2)

Thus some fraction of the probe pulse is absorbed incoherently, and any corresponding information is lost.

Ground-state decoherence also limits the two-photon EIT linewidth in the limit of low control field intensity.
In the three-level system of Fig. 1 the EIT resonance is a symmetric Lorentzian function of the two-photon
detuning with a width γEIT

12, 13:

γEIT = γbc +
|Ωc|2

γ
. (3)

During the storage period, information is also lost due to ground-state decoherence at the rate γbc, leading to
limitations on the available storage time and efficiency of the pulse in the medium.

In the experiments reported here, the leading cause of ground-state decoherence is the loss of atoms from
the interaction region. Atoms in our vapor cells are at temperatures slightly above room temperature and have
thermal velocities of vT ≈ 3× 104 cm/s. To increase the time that atoms spend interacting with the laser fields,
a buffer gas is introduced (usually a noble gas or N2), which restricts the motion of atoms without much effect
on their level structure. The most important consequences of the buffer gas are a frequency shift and broadening
of both the optical27 and ground-state microwave28 transitions. For our experimental conditions (5 Torr of Ne
buffer gas) we can neglect any dephasing of the ground-state coherence due to collisions with buffer gas atoms.
Then one can expect for the ground-state coherence decay rate γbc in a buffer gas cell to be inversely proportional
to the diffusion time τd of an atom through the laser beam. We can find this time under the approximation
of small laser beam diameter (a � A, where a and A are the diameters of the laser beam and the atomic cell
correspondingly)29, 30:

1
τd

= 2.4052 D

a2

1
1 + 6.8λ/a

(4)

where D is the diffusion coefficient, λ = 3D/vT is the mean free path, and vT is the average thermal velocity of
the Rb atoms.

In our measurements with a buffer gas consisting of 5 Torr of Ne, the diffusion constant D = 76 cm2/s, and
λ = 0.06 mm. Using Eq. (4) we estimate that the diffusion time of a Rb atom through a laser beam of diameter
a ≈ 0.8 mm is τd ≈ 7 µs, which corresponds to a ground-state linewidth of γbc/π ≈ 45 kHz.

This approach, however, oversimplifies the process of atomic diffusion. The distribution of coherence in the
full volume of the vapor cell must be accounted for to realistically describe observed EIT lineshapes and the
dynamics of probe pulse propagation.
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Figure 2. Schematic and photograph of the experimental setup. See text for definitions.

3. APPARATUS

The schematic of the experimental setup is shown in Fig. 2. We used a commercial external cavity diode laser31

tuned in the vicinity of the 52S1/2 → 52P1/2 (D1) line of 87Rb. Total available laser power was about 13 mW.
We split the laser beam using a polarizing beam splitter (PBS), creating a reference beam which did not go
through the rest of the optical system. We modulated the phase of the main laser field at 6.835 GHz using an
electro-optical modulator (EOM)32 to produce a probe field. Since the RF modulation index was quite small
(ε ≤ 0.03) only ≈ 2% of total light power was transferred to each first order sideband and the amplitude of
higher sidebands was negligibly small. All three optical fields then passed through an acousto-optical modulator
(AOM), shifting the frequencies of all fields by +80 MHz. Gaussian-shaped probe pulses of various durations
and amplitudes were created by amplitude modulation of the RF-frequency synthesizer driving the EOM, while
the total power of the control and probe fields was controlled by changing the amplitude of the AOM, allowing
for fast switching times. During light storage measurements, power to the EOM was clamped to zero after the
writing period, ensuring that no input probe field was present during the retrieval period.

Before entering the vapor cell the laser beam was weakly focused to a 0.8 mm diameter spot and circularly
polarized using a quarter-wave plate (λ/4). The cell containing isotopically enriched 87Rb and 5 Torr of Ne
buffer gas was mounted inside a three-layer magnetic shield, which allowed for compensation of stray magnetic
fields to less than 30 µG over the interaction region. We controlled the temperature of the cell using a blown-air
oven; for the measurements described below the temperature was maintained at 65◦C. We tuned the laser such
that the main carrier frequency field was resonant with F = 2 → F ′ = 2 transition of 87Rb; in this case the
+1 sideband was resonant with F = 1 → F ′ = 2 transition. In this work we neglected any influence of the
far-detuned −1 sideband.

After traversing the cell, the laser beam was combined with the reference beam on a 50/50 beam-splitter
and sent to a fast photodetector.33 Since the frequency of the reference field is shifted 80 MHz down from the
control field, we can detect the +1 sideband by measuring the amplitude of the beat note at 6.915 GHz using a
spectrum analyzer in zero-span mode (resolution bandwidth 300 kHz).

4. EXPERIMENTAL RESULTS

We can divide the storage process into three steps: (i) propagation of the pulse as slow light; (ii) storage of the
probe pulse as a spin coherence wave; and (iii) retrieval of the probe pulse. We will discuss the optimization
of the parameters for each step. Since the range of experimental parameters is very broad, we will concentrate
of just a few: control and probe field powers and probe pulse duration. In future work we will explore the
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Figure 3. (a) Delay of the probe pulse propagating through the Rb cell under slow light conditions as a function of
the control field power Pc; the dashed line is the best fit of the experimental points given by Eq. (1). (b) Transmitted
amplitude of the probe pulse versus control field power; the dashed line is the best fit of the experimental points given by
Eq. (2). The probe pulse has a Gaussian form with a FWHM ≈ 1 ms.

dependence of buffer gas pressure and composition, laser beam diameter, one-photon detuning of the probe and
control fields, etc. on the stored light efficiency. We also must note some relevant studies of slow group velocity
propagation in Rb vapor in the presence of buffer gases as a function of atomic density and buffer gas pressure,
which provide some insights on the optimal parameters for the light storage process.34

4.1. Optimization of the control field power

In the first stage of light storage, the probe pulse is compressed into the atomic medium of length given by the
vapor cell. To store the full pulse in the atomic medium, it must be delayed for at least one temporal width of
the original pulse. Experimental conditions must be found which allow the probe pulse to be delayed by its full
length or the leading edge of the pulse will exit the cell while the control field is still on.

Reduction of the group velocity by reducing the control field power or increasing the atomic density (see
Eq. (1)), is accompanied by increasing optical losses due to both reduced EIT quality (Eq. (2)) and bandwidth
(Eq. (3)). Figure 3a shows the probe pulse delay scaling as the inverse of the control field intensity. Corresponding
to the increased delay is a reduction in transmitted pulse power (Fig. 3b). These results are in good agreement
with Eqs. (1) and (2). Propagation of the pulse is unaffected by the probe field intensity (for intensities weak
compared to the control field) as would be expected from the theory described above. Control field power must
therefore be adjusted to balance pulse delay and transmission for optimized light storage.

Figure 4 shows the light storage process for various storage times and two different values of the writing
control field power. For a low control field power (50 µW), we capture the whole pulse inside the cell (Fig. 4b).
At a stronger control field power (150 µW), the group velocity is higher and a significant fraction of the input
probe pulse escapes from the atomic medium before the light is turned off (Fig. 4a). Slightly smaller retrieved
pulse amplitudes are observed at weaker write control fields, however, due to larger incoherent losses during both
the write and retrieval stages (see Fig. 5).

We therefore define the efficiency of light storage as the ratio of the area of the retrieved pulse to the area of
the input pulse. This definition of storage efficiency does not distinguish between losses associated with: (a) the
attenuation of the probe pulse due to residual absorption; (b) losses during the storage period; and (c) escape of
the input pulse during the write process if the group velocity is not low enough. The efficiency of the retrieved
pulses is plotted as a function of the storage time in Fig. 5. For both the strong and weak control fields during
the write process, the efficiency decays exponentially with time, most likely due to the decay of atomic spin
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Figure 6. Retrieved pulse at several retrieve control field intensities. The storage time is 300 µs and the intensity of the
control field during the writing stage is 50 µW. Inset : the retrieved probe pulse area normalized to the input pulse area
as a function of the retrieve control field.

coherence. The decay time in both cases is approximately 500 µs and retrieved pulses are observed for storage
times up to 2 ms. Note that these times are much longer than the diffusion-limited ground-state coherence
lifetime given by Eq. (4), as we will discuss in the next subsection.

The shape of the original output pulse is only preserved if the control field parameters during the retrieval
stage are identical to those of the writing stage.14, 16 Larger intensities during the retrieval process lead to higher
probe field group velocities and thus compressed output pulses (Fig. 6). Similar behavior is observed in the few-
photon pulse regime as well.22 Despite the compression, the area of the output pulse is preserved provided that
the EIT bandwidth is large compared to the intrinsic linewidth, which is the case in all but the smallest of our
retrieval control fields (inset of Fig. 6). In principle, short, strongly compressed pulses are less susceptible to
losses during the retrieval process from atomic decoherence as well as smaller analysis uncertainties associated
with background correction. Therefore, the control field power is kept at 600 µW for the measurements reported
here.

4.2. Optimization of the probe field pulse duration

Large fractional delays may also be obtained by shortening the input pulse. The absolute time delay should
remain unchanged as the pulse is shortened (Eq. (1)), provided that the bandwidth of the pulse is smaller than
the EIT width given by Eq. (3). For shorter pulses both the group velocity and optical losses increase because
the probe pulse contains frequency components outside the EIT transparency window which do not propagate
under slow light conditions.

The minimum EIT bandwidth will be set by the ground-state decoherence rate (Eq. (3)). Atomic diffusion
is the dominant mechanism for ground-state decoherence. The time for atoms to diffuse out of the laser beam
given by Eq. (4) is approximately 7 µs for our buffer gas and beam diameter. Therefore, pulses longer than 10
µs might be expected to propagate with constant group velocity, as the pulse length is increased. We observe
(Fig. 7), however, that pulse delays only saturate for pulse lengths with durations of several milliseconds: one
hundred times longer than these simple considerations would suggest. Additionally, for pulses shorter than one
millisecond, we observe distortion of the pulse shape, suggesting that even though the bandwidth of the pulse is
much smaller than the EIT bandwidth, both absorption and dispersion depend strongly on two-photon detuning.

Similar effects are also be observed in static measurements of probe field transmission as a function of two-
photon detuning (Fig. 8). The lineshape is not a Lorentzian as expected in the three-level Λ system model. While
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Figure 8. Probe transmission as a function of two photon detuning (i.e., EOM drive frequency). Inset : Central region
of the resonance. (Pc ≈ 150 µW.) The amplitude of the peak is normalized to the maximum transmission under EIT
conditions. Some asymmetry of the resonances is due to drift of the laser from the atomic resonance.

the overall width appears to be consistent with that expected from diffusion of the atoms out of the laser beam,
the central structure is significantly narrower. Calculations taking into account the inhomogeneous (Gaussian)
transverse distribution of the laser beam35, 36 also fail to reproduce the observed EIT lineshape and its sharp
central region.

The model described in Sec. 2, however, assumes that a Rb atom which enters the interaction region spends
a mean time τd there and then leaves, never returning to the interaction region with any coherence. In a
more detailed model of atomic diffusion in the vapor cell, an atom has nonzero probability of returning to the
interaction region before its coherence is destroyed as a result of a collision with the vapor cell wall or multiple
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Figure 9. Slow light (a) fractional delay and (b) transmission as a function of input pulse length. (Pc ≈ 50 µW.)

collisions with buffer gas atoms or molecules. For such atoms, the ground-state coherence lifetime may be much
longer and power broadening will be reduced since the atoms spend most of their time outside of the laser beam.
Thus, it is reasonable to conclude that such atoms produce the narrow spectral feature observed in the EIT
resonance. Note that this sharp peak in the transmission resonance corresponds to a steep nonlinear variation
in the refractive index in the small frequency range near the center of the resonance.

The narrow transmission component leads to the several millisecond storage times (see Figs. 4 and 5) while
the steep, near-resonance component of the index of refraction leads to long absolute delay times (Fig. 7b). For
high efficiency light storage, we need large fractional delays. Figure 9 shows the dependence of the fractional
delay (the ratio of the time delay to the 1/e full temporal width of the pulse) and the fractional transmission.
We find that the fractional pulse time delay falls more slowly than would be expected from simple theory (Eq. 1,
3 and 4) due to diffusion in-and-out of the beam. Considering optical losses as well, the optimal value of the
probe pulse is approximately 1 ms. Finally, the stored light efficiency as a function of the pulse duration reaches
its maximum for 1− 2 ms pulses (Fig. 10) and then slowly decreases as is expected from the slow light fractional
delay results.

5. CONCLUSION

We have studied the optimization of slow- and stored-light propagation in a warm Rb vapor cell in the presence of
a Ne buffer gas. The adjustment of the control field power during both the writing and retrieving stages of stored
light are in a good agreement with existing models.14, 16, 22 An optimal value of the control field must be found
to achieve a large compression of the pulse inside the atomic medium without large optical losses associated with
imperfect EIT. Additionally, the presence of a buffer gas changes the spectral lineshape of the EIT resonance,
making atomic susceptibility very sensitive to detuning from two-photon resonance and pulse delays dependent
on pulse duration for long pulses. We attribute this to the diffusion of coherently-prepared atoms in-and-out
of the laser beam and thereby increasing the average coherence lifetime by more than an order of magnitude.
This also restricts the duration of pulses which can be stored without distortion. Future improvements in light
storage efficiency will be sought through continued studies, such as the dependence of fidelity upon buffer gas
pressure, beam diameter and density-length product of Rb in the vapor cell.
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