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Steep optical-wave group-velocity reduction and ‘‘storage’’ of light without on-resonance
electromagnetically induced transparency
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We report on experimental investigation of optical-pulse group-velocity reduction and probe-pulse ‘‘regen-
eration’’ using a Raman scheme. This scheme, which does not rely on the commonly used on-one-photon-
resonance electromagnetically induced transparency~EIT! process, has many advantages over the conventional
method that critically relies on the transparency window created by an EIT process. We demonstrate significant
reduction of the group velocity, less probe-field loss, reduced probe-pulse distortion, and high probe-pulse
regeneration efficiency.
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Electromagnetically induced transparency~EIT! is a pro-
cess where a destructive interference between electrom
netically created resonances cancels the absorption o
electromagnetic wave that traverses the medium. The c
monly used EIT scheme@1# involves a three-level atomic
system interacting with two laser fields that are both tun
onto one-photon resonances@2#. This scheme has been e
tensively used in almost every recent study on the gro
velocity reduction, atomic spin-wave excitation, and prob
pulse regeneration in a resonant medium@3–5#. Strictly
speaking, this ideal on-one-photon-resonance EIT is ap
cable only to a three-level model. In reality, however, t
situation is more complicated because no ideal three-le
system exists. The effects of nearby hyperfine states o
contribute significantly to wave propagation, thereby grea
altering the response of the system to the optical wave.
deed, it has been shown@6# that in the case of the sodiumD2
line, the probe-field loss due to nearby hyperfine states g
erally dwarfs that of the pure three-level system and cau
nearly an 80% reduction of probe-field intensity. Even w
the atomic species that have larger hyperfine splittings~e.g.,
rubidium!, the loss and the pulse broadening are still no
negligible. Moreover, the stringent requirement of havi
both the probe and coupling lasers tuned onto resonanc
mains. This latter requirement is the major obstacle that p
vents the EIT scheme from being applied to the solids
room temperature, where the broad energy-band struct
render ‘‘tuning to the resonance line center’’ rather meani
less. To search for a better scheme, we note that
resonance EIT is not a prerequisite for achieving signific
group-velocity reduction. Indeed, dramatic modification
the dispersion properties of the medium can be achie
without the on-resonance condition that is required under
conventional EIT operation@7,8#.

In this paper we report experimental results on signific
group-velocity reduction and probe-pulse regeneration w
out using the conventional EIT scheme. We describe a
man scheme that has many advantages over the conven
one-photon on-resonance EIT scheme. The inclusion o
non-negligible one-photon detuning opens many possib
ties, such as not only a reduction of the probe-field loss,
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even probe-field gain. We will show that by using a conve
tional vapor cell with properly chosen parameters, t
scheme can greatly reduce probe-field attenuation, ach
high-efficiency probe-pulse regeneration, and result
smaller probe-pulse broadening. To the best of our kno
edge, none of these features have been reported in the li
ture.

Our experiment is carried out in a vapor cell that is fille
with pure 87Rb atoms, whose partial energy-level diagram
depicted in the top panel of Fig. 1. The experiment is p
formed using theD1 line of the 52S1/2, F52→52P1/2, F
52 transition, with two ground statesu0&5uF52, mF52&,
u1&5uF52, mF50&, and one excited stateu2&5uF852,
mF51&. The experimental setup is shown in lower panel
Fig. 1. The temperature of the cell, which is 10 cm long a
heated with a nonmagnetic wire, is typically in the range
50–70 °C and is temperature stabilized for uniform atom
density. The estimated full width of the Doppler broaden
u0&→u2& transition at this temperature is about 560 MHz.
order to ensure long lifetimes of the atomic Zeeman coh

FIG. 1. Upper panel: three-level EIT scheme~right!, and three-
level Raman scheme~left!. Energy-level designations for Rama
scheme:u0&5uF52, mF522&, u2&5uF852, mF521&, and u1&
5uF52, mF50&. Lower panel: Experimental setup.
©2002 The American Physical Society01-1
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ence, we use a triple-layer magnetic shield. The Rb ce
also filled with 5 torr of He4 buffer gas so that the Rb atom
stay in the path of the laser beams for several hundred
microseconds due to elastic collisions with He atoms. B
the coupling (s2) and probe (s1) lasers, derived from a
single extended-cavity diode laser, have a diameter of 2
in the vapor cell. We first turn the control laser onto res
nance to optically pump the atoms to stateu0&. After optical
pumping is performed, we switch the control laser to a p
determined one-photon detuning. At the same time
slightly rotate the polarization of the input light to create
weaks1 probe light pulse~durationt57.3ms) using a fast
Pockels cell made from an 80-mm-long LiNbO3 crystal. We
chose the power of the control and probe lasers to g
single-photon Rabi frequencies ofV215Vc(s

2)52p
315 MHz andV205Vp(s1)52p31.3 MHz, respectively.
These choices of power and pulse duration ensure that du
the presence of the probe pulse there is negligible popula
transfer; a necessary condition for a simplified perturba
treatment of the system that was used to guide our choic
experimental parameters. Under these conditions, we h
Dact.1 (Dac5uV21u2/d20 is the ac Stark shift due to th
control laser!, andud20u@uV21u. Ideally, one would prefer to
have the laser detuned several Doppler line widths w
maintaining a large ac Stark shift. However, due to the li
ited output power of our control laser, we are unable to
tune very far from stateu2&, while still producing a sizable ac
Stark shift. Therefore, the above-described choice of par
eters represents a reasonable compromise in view of ou
perimental constraints.

Before presenting our data, let us briefly state some of
main features that are expected in the Raman scheme
set of conditions that ensure the validity of an adiabatic tre
ment@7,8#. WhenDact@1, we expect the propagation velo
ity of the probe pulse to be independent of detuning,
linearly proportional to the power of the control laser.
addition, we expect a significant reduction of probe-fie
loss. Figure 2 is a plot of probe-pulse intensity at the exit
the cell as a function of time. To better illustrate the adva
tages of the Raman scheme, we present measuremen
both the Raman scheme and the conventional EIT sch
under the same operational parameters. Three feature
immediately apparent. First, a significant reduction of
group velocity is achieved, and the data show that the sl
down effect of the proposed Raman scheme is almost
same as that of the conventional EIT scheme. The sec
feature exhibited in Fig. 2 is the dramatic reduction of t
probe-field loss compared to the conventional scheme. In
case of the EIT scheme, the probe field has suffered nea
99% loss in intensity, whereas in the Raman case, this lo
only about 58%, yielding a signal nearly forty times mo
intense than the conventional EIT case. We have exam
the detuning range from 500 MHz to 1.2 GHz. At a detuni
of 1.2 GHz, we found that the Raman scheme prese
nearly 99% of the intensity of the original probe pulse, b
the group velocity is about a factor of 10 faster than t
obtained with the EIT scheme. This is perhaps the most
portant advantage of the Raman scheme over the con
tional EIT scheme since the large Raman detuning rea
03180
is

of
h

m
-

-
e

e

ng
on
e
of
ve

e
-
-

-
x-

e
r a
t-

t

f
-
of
e

are
e
-
e

nd

he
a
is

ed

es
t
t
-
n-

ly

allows it to be applied in solid-state materials, a territory th
prohibits a meaningful application of the conventional E
scheme because of the broad energy-band structure@9–11#.
The third feature apparent in Fig. 2 is the smaller probe-pu
broadening. In the Raman scheme, this broadening is a
10%; whereas in the EIT scheme, it is about 40%. T
smaller pulse time width broadening of Raman scheme
due to the large Doppler spectral width of the upper st
@12#. It can be shown theoretically, and has been obser
experimentally@3–5#, that in the conventional EIT schem
the probe pulse is always broadened during propagation e
in a pure three-level system. This occurs because when
ac Stark shift induced by the control-laser Rabi frequency
not substantially larger than the upper-state lifetime, as in
case of all slow light related experiments, the atomic disp
sion function at the probe frequency cannot be treated
linear-response theory. The consequence is that nonli
contributions to the dispersion function lead to pulse bro
ening regardless of whether the medium is hot or cold. In
Raman case, however, the dynamics are changed by the
that the one-photon detuning also plays a role in determin
the size of the nonlinear contribution, resulting in less pu
broadening, as shown in Fig. 2. Experimentally, we a
found that in the detuning range studied~0.5–1.2 GHz!, the
group velocity is insensitive to the detuning. Near the end
the range, i.e., near 1.2 GHz detuning, we observed an
crease in the group velocity. In addition, we have obser
that the group velocity scales linearly with the power of t
control laser. These observations are in good agreement
theoretical predictions for the control-laser power used in
experiment.

The group velocity achievable with a Raman scheme i
typical three-level system is about the same as the
scheme, and becomes slightly faster~typically within a factor

FIG. 2. A plot of the probe pulse as a function of time for a
on-resonance EIT scheme, and for a Raman scheme and w
detuning ofd205774 MHz. The EIT data have been magnified by
factor of 83, and the probe profile for the Raman scheme was m
nified by 2.4. The estimated group velocity is aboutc/104. The
closeness of the peak positions indicates that under the driving
ditions used the group velocity is insensitive to the detuning, as
theory predicts.
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FIG. 3. Left panel: ‘‘storage of light’’ using a Raman and an on-resonance EIT scheme. Parameters are similar to that of Fig. 2
the broadened pulse and significantly lower and noisier ‘‘probe pulse’’ regenerated under the EIT scheme. Right panel: Success
pulse regeneration using a series of control-laser pulses. The clean probe pulses clearly show that the Raman method is superio
method under the present conditions.
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of 4! as the detuning increases. This slight difference, ho
ever, is a reasonable price to pay for achieving significan
lower loss, less pulse broadening, and interesting pu
propagation dynamics introduced by the sizable one-pho
detuning. These advantages are expected to hold for
vapors, hot vapors, and even solid medium.

To further demonstrate the significant advantages of
Raman scheme, we investigated the ‘‘storage’’ of probe p
tons. In Fig. 3, we show the ‘‘storage’’ and ‘‘recovery’’ of
probe pulse obtained using the Raman scheme and com
it with the conventional EIT scheme under the same con
tions. The first striking feature of Fig. 3~left panel! is again
the significantly lower loss in Raman scheme. In fact, un
the same experimental conditions, signals from the
resonance EIT scheme are very weak and noisy. In cont
notice the clean pulse shape obtained using the Ra
method. On the right panel, we show a series of probe-p
‘‘recoveries’’ with several control-laser pulses turned on
different delay times. The cleanly regenerated probe puls
a clear evidence that the Raman scheme is superior to
EIT scheme. Under the same conditions, the EIT met
produces a series of pulses~not shown! that are barely above
the noise level.

We emphasize that an on-resonance EIT scheme is
necessary for achieving group-velocity reduction. The role
the EIT process is mainly to reduce one-photon absorptio
de
t

T
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that the probe pulse can travel with low loss in an otherw
opaque medium, allowing one to measure the signific
group-velocity reduction at low control-laser power. In th
Raman scheme this is achieved with a nonvanishing o
photon detuning at the expense of higher control-laser pow
The advantages of the Raman scheme are very obvious w
it is applied to solid medium for group-velocity reductio
This is because the broad energy-band structure encoun
in solids at room temperature makes the on-one-pho
resonance condition required by the conventional E
scheme very difficult to satisfy. Any part of the energy ba
that is not strongly overlapped by the coupling laser will n
be driven transparent, and hence will collectively contribu
to the process as a loss mechanism. However, in the cas
the Raman scheme, the one-photon detuning can be ch
to be much larger than the energy bandwidth, thereby p
serving the probe-pulse intensity while achieving a com
rable reduction in group velocity and yielding a much high
probe-pulse recovery efficiency. This could make our te
nique very useful in novel optical device designs that m
have potential applications to telecommunications.

M.K. and D.A. acknowledge support from the program
Research and Development of Quantum Communica
Technology by the Ministry of Public Management, Hom
Affairs, and Posts and Telecommunications of Japan.
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has employed a very large one-photon detuning and a s
sample with a very different coupling scheme~the coupling
laser does not couple two empty states as in a conventi
EIT scheme, and there is a nonvanishing two-photon de
ing!. Such a different coupling scheme has very different d
namics, especially at small two-photon detunings where
experiment was carried out, see Ref.@8# above. In fact, the
slowdown effect and low loss are ambiguous because ac
Raman gain exists in such an excitation scheme. In addit
the presence of the anti-Stokes field makes the system e
tively a complicated mixture of two-photon pumping and pa
tially incoherent four-wave mixing with no clean atomic c
herence in the two-photon terminal state. Finally, but m
importantly, the experiment does not rely on any solid prop
ties even though a solid sample was used. The energy le
are of a molecular nature because of the near-liquid-He t
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perature. In essence, it invokes only single-particle proper
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torted probe pulse and the probe pulse broke up when a s
one-photon detuning is used. Further, since the sample
cooled down to liquid-He temperature, only atomic ionic pro
erties rather than any solid properties are invoked.

@11# We emphasize that in our work the probe and coupling la
detunings are changed together, so that the two-photon r
nance is strictly enforced and only the one-photon detun
was varied.

@12# From Eq. ~7c! of Ref. @7# above, it is seen that the Im@D2#,
which enters the pulse duration of the probe field during
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