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Observation of arbitrary group velocities of light from superluminal to subluminal
on a single atomic transition line

Kyoungdae Kim, Han Seb Moon,* Chunghee Lee, Soo Kyoung Kim, and Jung Bog Kim†

Department of Physics Education, Korea National University of Education, Chung-buk, 363-791, Korea
~Received 27 September 2002; published 11 July 2003!

We were able to arbitrarily control the speed of a light pulse from subluminal to superluminal velocity by
changing only the power of the laser for coupling coherently the single transition between 62S1/2F54 and
6 2P3/2F855 in theD2 line of a Cs atomic vapor system. With weak coupling power, a Gaussian light pulse
was propagated superluminally with a negative group velocityvg52c/14 400, which is caused by a highly
anomalous dispersion related to an electromagnetically induced absorption. By increasing the coupling power
at the same laser frequency, the pulses were propagated with a vacuum speed at the middle power and a
subluminal group velocityvg5c/3000 at high power, which is caused by a normal dispersion related to an
electromagnetically induced transparency. It was also found that group velocities depend largely on polariza-
tion combinations.
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There are many interesting reports on the pulse propa
tions such as superluminal, subluminal, or even halting lig
@1–3#. Since a light pulse has been stored in a solid sam
@4#, methods for slowing or stopping a light pulse have be
investigated for many potential uses, not only as a tool
studying a very peculiar state of matter but also for devel
ing quantum computers, high-speed optical switches, op
delay lines, and communication systems. As for superlum
light, many scientists agree that no information can be s
faster than the light speedc in vacuum as explained by Chia
@5#. It means that a signal velocity defined by Sommerf
and Brillouin @6# cannot exceedc, but a group velocity can
exceedc. From this point of view, a group velocity faste
thanc does not violate Einstein’s principle of special relati
ity. Despite skeptic discussions about real applications
using speed controlled lights@7,8#, it must be useful to have
a system whose group velocity can be controlled freely
the single atomic transition line@9#.

There have been a few attempts to realize both supe
minal and subluminal lights in a single system. Talukd
et al.have shown femtosecond laser pulses propagating f
superluminal to subluminal velocities in an absorbing dye
changing dye concentrations@10#. Shimizu et al. were also
able to control a light pulse speed, with only a few co
atoms in a high-finesse microcavity by detuning the la
frequency from a cavity resonant frequency locked to
atomic transition@11#. Speed controls in atomic systems ha
been done by changing mostly the laser frequency. Rece
Agarwal proposed the idea of obtaining light propagat
from superluminal to subluminal velocity by simply chan
ing the laser power in a little complicated atomic syste
@12#, which adds another laser controlling atomic cohere
between ground states in a conventional three-level elec
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magnetically induced transparency~EIT! scheme. In this
communication, we report on a simple two-level atomic s
tem, which can be changed from superluminal to sublumi
group velocities of a Gaussian light pulse on a single ato
transition.

For controlling a group velocity, mostly alkaline atom
vapors have been prepared coherently as a propagating
dium. Since EIT@13# and electromagnetically induced ab
sorption ~EIA! @14# effects in coherently degenerate tw
level systems can produce a significant variation in
absorption with a subnatural linewidth, atoms become a v
highly dispersive medium where various propagations can
realized. In order to realize all kinds of propagating velo
ties, we have to control atomic coherence for EIT and E
between magnetic sublevels belonging to the same groun
excited level.

Figure 1 shows the schematic diagram of the experime
setup. The cw coupling laser generated from a tunable
tributed Bragg reflector diode laser with an external cavity
sent into the 5-cm-long Cs vapor cell, which has no buf
gases@15# at the room temperature. A Gaussian probe pu
is generated by rotating slightly the polarization angle of
linearly polarized coupling laser by a Pockels cell, which
controlled by a high-voltage converter amplifying the ele

-
00,

FIG. 1. Experimental setup for fast and slow pulse propagati
by EIA and EIT. Pulses are detected by APD and FPD, respectiv
Quarter-wave plates~QWP! are used for circular polarization ex
periments. The frequency of the tunable diode laser~ECDL! is
monitored by the saturated absorption spectrometer~SAS!.
©2003 The American Physical Society10-1
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trical signal of the Gaussian shape generated by an arbi
function generator. Because the rotated polarization com
nent perpendicular to the polarization of the coupling fie
becomes the probe field, the temporal shape of the pr
pulse is decided by the time-dependent voltage applied to
Pockels cell. After two laser fields have passed through
cesium vapor cell, only the probe pulse is separated b
polarizing beam splitter from the coupling laser beam. It
detected by an avalanche photodiode. The digital osc
scope triggered by the arbitrary function generator displ
the probe pulse transmitting through the coherent mediu

The m-metal sheet protecting the earth magnetic fi
wraps the cell. A very weak magnetic field generated
Helmholtz coils can be applied to identify polarizations
laser fields to interacting atoms. The probe pulse generate
the far-off resonant frequency becomes the reference puls
be compared with the resonant probe pulses. It is suppos
be the pulse traveling the same distance in vacuum as
length of the cell. The pulse split at the front of the cell
used for checking whether all triggers are executed alw
on the same time or not.

FIG. 2. ~Color! ~a!–~c! Various propagations with the referenc
pulses and~d!–~f! the corresponding absorption spectra. All puls
are the average of 512 pulses. The black solid line indicates
reference pulse transmitted at the far-off resonant frequency~a!
shows a pulse propagating superluminally through the EIA med
with the weak coupling power of 110mW. For normalization, the
superluminal pulse was multiplied by 69.1.~b! shows a pulse with
near vacuum speed with the coupling power of 0.5 mW with m
tiplication factor of 2.6 and~c! shows a subluminal pulse with th
strong coupling power of 1.5 mW with multiplication factor of 1.
where the laser beam diameter is 5 mm. The polarizations of
coupling field and the probe pulse are linearly perpendicular to e
other ~LPL!.
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We adopt the transition 62S1/2F54 to 62P3/2F855 in
the cesiumD2 line, which is a closed and degenerate tw
level system. By changing only the coupling power at t
same laser frequency, we are able to control arbitrarily pu
speeds from superluminal, through the vacuum speed
subluminal velocities as shown in Figs. 2~a!–2~c!. The
heights of the advanced pulses are significantly reduced a
passing through the medium. The intensity of the transmit
pulse has been normalized to the height of the refere
pulse to compare the reference pulse and advanced pu
Shapes of all pulses are in good agreement with the in
pulse without any significant distortions, even though sup
luminal pulses have some more noises because of absorp
Figures 2~d!–2~f! show the absorption spectra@16# corre-
sponding to each group velocity, which were obtained by t
independent laser sources. This absorption data would
plain how various group velocities are transmitted.

The maximum pulse advancement in Fig. 2~a! compared
to the reference is about 2400 ns, instead of the 0.1 ns
propagating the 5-cm-long cell with light speed in vacuu
The group velocity of the Gaussian probe pulse, which
defined by vg5dv/dk5c/@n(v)1vdn(v)/dv#, can be
calculated to be the negative group velocityvg
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FIG. 3. ~Color! ~a! shows the polarization dependence of t
superluminal signals with the coupling power of 110mW. The red
dotted line with the LPL combination indicates time advanceme
2400 ns corresponding to the group velocity,2c/14 400. The blue
dotted line with the CCP combination indicates time advancem
500 ns.~b! shows the polarization dependence of the sublumi
signals with the coupling power of 110mW. The red dotted line
with the CCP combination indicates time delay, 1200 ns cor
sponding to the group velocityc/7200. The blue dotted line with
the LPL combination indicates time delay, 500 ns.
0-2
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52c/14 400, which is the fastest optical pulse, to our know
edge. The negative velocity means that the peak of the p
emerges from the medium before its peak enters into
medium.

The superluminal propagation is based on the anoma
dispersion related to EIA as shown in Fig. 2~d!. It is well
known that EIA occurs because atomic coherences betw
excited states are spontaneously transferred to atomic co
ences between ground states. These atomic coherence
tween ground magnetic sublevels also cause a Hanle e
@17#. This EIA material is highly negative dispersive becau
the linewidth of the absorption spectrum is much narrow
than the natural linewidth of 6 MHz. By using one laser@18#
we were able to observe the EIA spectrum of the linewi
up to about 280 kHz. The present group velocity is com
rable to the expected value,vg52c/23 000 in Rb atoms
@19#. Also, our observation differs from previous studies th
used linear@20#, nonlinear gain lines@21#, and tunneling bar-
riers experiencing severe reshaping@22#.

At the middle coupling power, as shown in Fig. 2~b!, the
pulse is propagated with aboutc. The EIA spectral band-
width in Fig. 2~e! becomes much broader and starts to sh
a tiny EIT dip. This means thatdn(v)/dv is small, and the
medium acts like a normal linear dispersive material. We
see a slight pulse broadening because of dispersion.

Figure 2~c! shows the subluminal propagation. The ma
mum subluminal delay of 500 ns is relatively small com
pared to the superluminal advancement of 2.4ms, which will
be discussed later. The subluminal propagation could be
pected from the absorption spectra as shown in Fig.~f!
because the EIA material with the weak-coupling power
converted into the EIT material with the strong-coupling
tensity.

We have found a large dependence of the group velo
on the polarization combinations as shown in Fig. 3. In or
to make the laser beams circularly polarized, two quar
wave plates are installed on both sides of the cell. The
quarter-wave plate makes two linearly perpendicular po
ized fields to be circularly polarized, which are count
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rotating. The second wave plate gets transmitted beams
into linearly polarized fields to be separated by the polariz
beam splitter.

Figure 3~a! shows the superluminal signals with a line
polarized~LPL! and circular polarized~CCP! combination,
respectively. Superluminal velocity with the LPL is muc
faster than the CCP. In order to investigate the polarizat
effects on the subluminal propagation, we tried another tr
sition line between 62S1/2F53 and 62P3/2F852. The
maximum pulse delay by the CCP was obtained by ab
1200 ns, which corresponds to the group velocity ofvg

5c/7200 as shown in Fig. 3~b!. This time, we can see tha
EIT by the CCP is more efficient than the LPL as is point
out in Refs.@23,24#.

We were able to understand our experimental obse
tions by applying density-matrix equations@15,16# consider-
ing spontaneous transfer of atomic coherence between
cited magnetic sublevels to the simple system. This mo
system consists of two degenerate levels ofF51 for the
ground level andF52 for the excited level as shown in Fig
4. Even though our model system is different from the r
system, we believe that we can see all the physics from
oretical results. From Figs. 4~b! and 4~c!, we are able to
observe the conversion from EIA to EIT material by increa
ing only the coupling Rabi frequency. In order to get t
theoretical absorption curves, we have to consider respo
of all velocity components in the Doppler broadened vap
cell for fixed frequency of the coupling laser. This conve
sion occurs because of various effects such as Rabi spli
by the strong coupling, Doppler-free setup for effective tw
photon process, and ac Stark shift for the frequency detun
in moving atomic frame.

We can clearly see the EIA spectrum depending on
polarization combinations by comparing Figs. 4~b! and 4~d!.
The EIA spectrum by the LPL has a much narrower lin
width and larger signal than the CCP because the degen
system coupled by the CCP is decomposed into two indep
dent subsystems by the selection rules, which are b
r
tic
on

-
L

u-
-

FIG. 4. ~a! The theoretical model system fo
density-matrix equations. The prime for magne
sublevels indicates the excited level. Selecti
rules areDmF50 for the linear polarization and
DmF561 for the circular polarization, respec
tively. ~b! The absorption spectrum in the LP
case of weak coupling;VC53 MHz. ~c! The ab-
sorption spectrum in the LPL case of strong co
pling; VC550 MHz. ~d! The absorption spec
trum in the CCP case of weak coupling;VC

53 MHz.
0-3
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218↔0↔18 and 228↔21↔08↔11↔128. Since
these two subsystems are connected only by the spontan
transition, the atomic coherence between ground suble
has to be quite different from the LPL case. In the case of
LPL, all sublevels among the ground and excited levels
coupled coherently, and they give both the narrow linewi
and the large absorption signal.

As for the subluminal propagation shown in Fig. 3~b!,
however, the CCP is more efficient than the LPL. This
why, even though interacting magnetic sublevels are also
vided into two subsystems connected by the spontane
transition, each subsystem contains a CPT~coherent popula-
tion trapping! state@25#. Because the atom is transferred
the CPT state by a spontaneous process, EIT is more effic
in the CCP than the LPL. In order to get theoretical pu
propagations for each case, we need to include other hy
fine structures also in the theoretical model.
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In conclusion, we are able to get various speeds for
light pulse propagation by controlling only the couplin
power on the single atomic transition line. The advantage
feature of our demonstration is that it does not require
two independent experimental setups to realize either su
luminal or subluminal propagations and that the switch
between them can be achieved easily, which should prom
good applicability in such areas as high-speed optical mo
lation @26#, quantum switching@27,28#, and quantum com-
puters with quantum memory@29#. It may be possible to
develop a system in which we can accelerate or decele
the optical pulse by using the spatially or temporally varyi
powers for the coupling laser, whose propagating direct
should be sent perpendicular to the probe pulse.

The authors acknowledge the support from the Korea
search Foundation~Grant No. KRF 2001-015-DP0107!.
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