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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 transparégldy) 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 transparen®&(T) is a pro-  even probe-field gain. We will show that by using a conven-
cess where a destructive interference between electromagienal vapor cell with properly chosen parameters, this
netically created resonances cancels the absorption of ajtheme can greatly reduce probe-field attenuation, achieve
electromagnetic wave that traverses the medium. The Conhigh-efficiency probe-pulse regeneration, and result in
monly used EIT schemgl] involves a three-level atomic smaller probe-pulse broadening. To the best of our knowl-
system interacting with two laser fields that are both tuneddge, none of these features have been reported in the litera-
onto one-photon resonancgs|. This scheme has been ex- tyre.
tensively used in almost every recent study on the group- Our experiment is carried out in a vapor cell that is filled
velocity reduction, atomic spin-wave excitation, and probe-with pure87Rb atoms, whose partial energy-level diagram is
pulse regeneration in a resonant medifig+5]. Strictly  depicted in the top panel of Fig. 1. The experiment is per-
speaking, this ideal on-one-photon-resonance EIT is appliformed using theD; line of the §S,,,, F=2—5%P,),, F
cable only to a three-level model. In reality, however, the=2 transition, with two ground statéé)=|F=2, m=2),
situation is more complicated because no ideal three-leveh)=|F=2, m-=0), and one excited statf2)=|F'=2,
system exists. The effects of nearby hyperfine states oftem_= 1). The experimental setup is shown in lower panel of
contribute significantly to wave propagation, thereby greatlyrig. 1. The temperature of the cell, which is 10 cm long and
altering the response of the system to the optical wave. Inheated with a nonmagnetic wire, is typically in the range of
deed, it has been sho] that in the case of the sodiudy,  50-70°C and is temperature stabilized for uniform atomic
line, the probe-field loss due to nearby hyperfine states genrtensity. The estimated full width of the Doppler broadened
erally dwarfs that of the pure three-level system and cause®)—.|2) transition at this temperature is about 560 MHz. In

nearly an 80% reduction of probe-field intensity. Even withorder to ensure long lifetimes of the atomic Zeeman coher-
the atomic species that have larger hyperfine splittiegg.,

rubidium), the loss and the pulse broadening are still non-
negligible. Moreover, the stringent requirement of having
both the probe and coupling lasers tuned onto resonance re
mains. This latter requirement is the major obstacle that pre-
vents the EIT scheme from being applied to the solids at
room temperature, where the broad energy-band structure
render “tuning to the resonance line center” rather meaning-
less. To search for a better scheme, we note that on
resonance EIT is not a prerequisite for achieving significant 10>
group-velocity reduction. Indeed, dramatic modification of
the dispersion properties of the medium can be achievec
without the on-resonance condition that is required under the
conventional EIT operatiofi7,8]. I il
In this paper we report experimental results on significantlj [ = H_ £y % b}
group-velocity reduction and probe-pulse regeneration with- Z25T | PBS P"CCkﬁls
out using the conventional EIT scheme. We describe a Ra- ¢
man scheme that has many advantages over the conventional F|G. 1. Upper panel: three-level EIT schefmight), and three-
one-photon on-resonance EIT scheme. The inclusion of Rvel Raman scheméeft). Energy-level designations for Raman
non-negligible one-photon detuning opens many possibilischeme]0)=|F=2, mg=—-2), |2)=|F'=2, mg=—1), and|1)
ties, such as not only a reduction of the probe-field loss, but|F=2, m=0). Lower panel: Experimental setup.
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ence, we use a triple-layer magnetic shield. The Rb cell is
also filled with 5 torr of Hé& buffer gas so that the Rb atoms Reference pulse T=70°C
stay in the path of the laser beams for several hundreds of 1.00
microseconds due to elastic collisions with He atoms. Both
the coupling ¢~) and probe ¢*) lasers, derived from a
single extended-cavity diode laser, have a diameter of 2 mm
in the vapor cell. We first turn the control laser onto reso-
nance to optically pump the atoms to stile After optical
pumping is performed, we switch the control laser to a pre-
determined one-photon detuning. At the same time we
slightly rotate the polarization of the input light to create a 025}
weako* probe light pulsedurationt=7.3 us) using a fast
Pockels cell made from an 80-mm-long LiNp©rystal. We 7THMHzZ(x2.4)
chose the power of the control and probe lasers to give 0.00 - .
single-photon Rabi frequencies 0f),1=Q. (o7 )=2m -10 -5 L S 10

X 15 MHz andQ,o=Q (0 ") =27 X 1.3 MHz, respectively. Time ()

These choices of power and pulse duration ensure that during g 5 A plot of the probe pulse as a function of time for an

the presence of the probe p_u_lse there iS_ ”eg'_igib'e pOpL'Ia_tiOB‘n-resonance EIT scheme, and for a Raman scheme and with a
transfer; a necessary condition for a S|mpl|f_|ed perturbgtlvedetuning ofé,4= 774 MHz. The EIT data have been magnified by a
treatment of the system that was used to guide our choice Gctor of 83, and the probe profile for the Raman scheme was mag-
experimental parameters. Under these conditions, we havfied by 2.4. The estimated group velocity is abait0*. The
Agem>1 (Age=|Q1|? 850 is the ac Stark shift due to the closeness of the peak positions indicates that under the driving con-
control lasey, and| 8,0/ >|Q,4|. Ideally, one would prefer to ditions used the group velocity is insensitive to the detuning, as the
have the laser detuned several Doppler line widths whileheory predicts.
maintaining a large ac Stark shift. However, due to the lim-
ited output power of our control laser, we are unable to deallows it to be applied in solid-state materials, a territory that
tune very far from staté?), while still producing a sizable ac prohibits a meaningful application of the conventional EIT
Stark shift. Therefore, the above-described choice of paranmscheme because of the broad energy-band struf@urel].
eters represents a reasonable compromise in view of our eXhe third feature apparent in Fig. 2 is the smaller probe-pulse
perimental constraints. broadening. In the Raman scheme, this broadening is about
Before presenting our data, let us briefly state some of th&0%; whereas in the EIT scheme, it is about 40%. The
main features that are expected in the Raman scheme forsaaller pulse time width broadening of Raman scheme is
set of conditions that ensure the validity of an adiabatic treatdue to the large Doppler spectral width of the upper state
ment[7,8]. WhenA .1, we expect the propagation veloc- [12]. It can be shown theoretically, and has been observed
ity of the probe pulse to be independent of detuning, buexperimentally[3—-5], that in the conventional EIT scheme
linearly proportional to the power of the control laser. Inthe probe pulse is always broadened during propagation even
addition, we expect a significant reduction of probe-fieldin a pure three-level system. This occurs because when the
loss. Figure 2 is a plot of probe-pulse intensity at the exit ofac Stark shift induced by the control-laser Rabi frequency is
the cell as a function of time. To better illustrate the advan-ot substantially larger than the upper-state lifetime, as in the
tages of the Raman scheme, we present measurements aaise of all slow light related experiments, the atomic disper-
both the Raman scheme and the conventional EIT schenmon function at the probe frequency cannot be treated in a
under the same operational parameters. Three features digear-response theory. The consequence is that nonlinear
immediately apparent. First, a significant reduction of thecontributions to the dispersion function lead to pulse broad-
group velocity is achieved, and the data show that the slowening regardless of whether the medium is hot or cold. In the
down effect of the proposed Raman scheme is almost thRaman case, however, the dynamics are changed by the fact
same as that of the conventional EIT scheme. The secoritiat the one-photon detuning also plays a role in determining
feature exhibited in Fig. 2 is the dramatic reduction of thethe size of the nonlinear contribution, resulting in less pulse
probe-field loss compared to the conventional scheme. In thieroadening, as shown in Fig. 2. Experimentally, we also
case of the EIT scheme, the probe field has suffered nearlyfaund that in the detuning range studigd5—-1.2 GHz, the
99% loss in intensity, whereas in the Raman case, this loss group velocity is insensitive to the detuning. Near the end of
only about 58%, yielding a signal nearly forty times morethe range, i.e., near 1.2 GHz detuning, we observed an in-
intense than the conventional EIT case. We have examinecrease in the group velocity. In addition, we have observed
the detuning range from 500 MHz to 1.2 GHz. At a detuningthat the group velocity scales linearly with the power of the
of 1.2 GHz, we found that the Raman scheme preservesontrol laser. These observations are in good agreement with
nearly 99% of the intensity of the original probe pulse, buttheoretical predictions for the control-laser power used in our
the group velocity is about a factor of 10 faster than thatexperiment.
obtained with the EIT scheme. This is perhaps the most im- The group velocity achievable with a Raman scheme in a
portant advantage of the Raman scheme over the convetypical three-level system is about the same as the EIT
tional EIT scheme since the large Raman detuning readilgcheme, and becomes slightly fadtgpically within a factor
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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. Notice
the broadened pulse and significantly lower and noisier “probe pulse” regenerated under the EIT scheme. Right panel: Successive probe-
pulse regeneration using a series of control-laser pulses. The clean probe pulses clearly show that the Raman method is superior to the EIT
method under the present conditions.

of 4) as the detuning increases. This slight difference, howthat the probe pulse can travel with low loss in an otherwise
ever, is a reasonable price to pay for achieving significantlyopaque medium, allowing one to measure the significant
lower loss, less pulse broadening, and interesting pulsegroup-velocity reduction at low control-laser power. In the
propagation dynamics introduced by the sizable one-photoRaman scheme this is achieved with a nonvanishing one-
detuning. These advantages are expected to hold for colshoton detuning at the expense of higher control-laser power.
vapors, hot vapors, and even solid medium. The advantages of the Raman scheme are very obvious when
To further demonstrate _the significant advantages of thg g applied to solid medium for group-velocity reduction.
Raman scheme, we investigated the “storage” of probe phopjs js hecause the broad energy-band structure encountered
tons. In Fig. 3, we show the “storage” and “recovery” of a i solids at room temperature makes the on-one-photon-
probe pulse obtained using the Raman scheme and compai&;onance condition required by the conventional EIT
it with the conventional EIT scheme under the same condigcheme very difficult to satisfy. Any part of the energy band
tions. The first striking feature of Fig. @eft pane) is again  hat is not strongly overlapped by the coupling laser will not
the significantly lower loss in Raman scheme. In fact, undehe griven transparent, and hence will collectively contribute
the same experimental conditions, signals from the 0Ny, the process as a loss mechanism. However, in the case of
resonance EIT scheme are very weak and noisy. In contrashe Raman scheme, the one-photon detuning can be chosen
notice the clean pulse shape obtained using the Ramag pe muych larger than the energy bandwidth, thereby pre-
method. On the right panel, we show a series of probe-pulSgeying the probe-pulse intensity while achieving a compa-
“r_ecoverles” Wlt_h several control-laser pulses turned on atraple reduction in group velocity and yielding a much higher
different delay times. The cleanly regenerated probe pulse ISrobe-pulse recovery efficiency. This could make our tech-

a clear evidence that the Raman scheme is superior 0 thgque very useful in novel optical device designs that may
EIT scheme. Under the same conditions, the EIT methog, ;e potential applications to telecommunications.

produces a series of puls@®t shown that are barely above
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sample with a very different coupling scherttde coupling
laser does not couple two empty states as in a conventional
EIT scheme, and there is a nonvanishing two-photon detun-
ing). Such a different coupling scheme has very different dy-
namics, especially at small two-photon detunings where the
experiment was carried out, see RE8] above. In fact, the
slowdown effect and low loss are ambiguous because active

study used a very small one-photon detuning in addition to
various two-photon detunings. The result for zero two-photon
detuning shows more than 90% loss with a significantly dis-
torted probe pulse and the probe pulse broke up when a small
one-photon detuning is used. Further, since the sample is
cooled down to liquid-He temperature, only atomic ionic prop-
erties rather than any solid properties are invoked.

Raman gain exists in such an excitation scheme. In addition[11] We emphasize that in our work the probe and coupling laser

the presence of the anti-Stokes field makes the system effec-
tively a complicated mixture of two-photon pumping and par-
tially incoherent four-wave mixing with no clean atomic co-

detunings are changed together, so that the two-photon reso-
nance is strictly enforced and only the one-photon detuning
was varied.

herence in the two-photon terminal state. Finally, but most{12] From Eq.(7c) of Ref. [7] above, it is seen that the [D,],

importantly, the experiment does not rely on any solid proper-
ties even though a solid sample was used. The energy levels
are of a molecular nature because of the near-liquid-He tem-
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which enters the pulse duration of the probe field during the
propagation, is proportional to the spectral width of the upper
state.



