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Observation of arbitrary group velocities of light from superluminal to subluminal
on a single atomic transition line
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(Received 27 September 2002; published 11 July 003

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 betwi&pF6=4 and
6 2P,,F' =5 in theD, line of a Cs atomic vapor system. With weak coupling power, a Gaussian light pulse
was propagated superluminally with a negative group velagjty —c/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 velocity 4=c/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 propaganagnetically induced transparend¢iIT) scheme. In this
tions such as superluminal, subluminal, or even halting light€ommunication, we report on a simple two-level atomic sys-
[1-3]. Since a light pulse has been stored in a solid sampléem, which can be changed from superluminal to subluminal
[4], methods for slowing or stopping a light pulse have beergroup velocities of a Gaussian light pulse on a single atomic
investigated for many potential uses, not only as a tool foitransition.
studying a very peculiar state of matter but also for develop- For controlling a group velocity, mostly alkaline atomic
ing quantum computers, high-speed optical switches, optica{@Pors have been prepared coherently as a propagating me-
delay lines, and communication systems. As for superluminafium. Since EIT[13] and electromagnetically induced ab-
light, many scientists agree that no information can be serf®"Ption (EIA) [14] effects in coherently degenerate two-
faster than the light speexin vacuum as explained by Chiao level systems can produce a S|_gn|f|cant variation in the
[5]. It means that a signal velocity defined by Sommerfeldabsorpt'.On W't.h a subnatural IlneW|dj[h, atoms bec_ome avery
and Brillouin [6] cannot exceed, but a group velocity can highly dispersive medium where various propagations can be

exceede. From this point of view. a aroun velocity faster realized. In order to realize all kinds of propagating veloci-
' niS pomn o group Y . ties, we have to control atomic coherence for EIT and EIA
thanc does not violate Einstein’s principle of special relativ-

) . o . o between magnetic sublevels belonging to the same ground or
ity. Despite skeptic discussions about real applications b)éxcited level.
using speed controlled lightg,8], it must be useful to have  rjg e 1 shows the schematic diagram of the experimental
a system whose group velocity can be controlled freely onyeiyp. The cw coupling laser generated from a tunable dis-
the single atomic transition ling9]. tributed Bragg reflector diode laser with an external cavity is
There have been a few attempts to realize both superlusent into the 5-cm-long Cs vapor cell, which has no buffer
minal and subluminal lights in a single system. Talukdergaseq15] at the room temperature. A Gaussian probe pulse
et al. have shown femtosecond laser pulses propagating frog generated by rotating slightly the polarization angle of the
superluminal to subluminal velocities in an absorbing dye bylinearly polarized coupling laser by a Pockels cell, which is
changing dye concentratio$0]. Shimizuet al. were also  controlled by a high-voltage converter amplifying the elec-
able to control a light pulse speed, with only a few cold

from superluminal to subluminal velocity by simply chang-

ing the laser power in a little complicated atomic system = ?FPD

[12], which adds another laser controlling atomic coherence

between ground states in a conventional three-level electro- Computer [ 1 fon Generator owtase

Triggering

atoms in a high-finesse microcavity by detuning the laser Pockels o solenia

frequency from a cavity resonant frequency locked to the -

atomic transitiorf11]. Speed controls in atomic systems have Font N | ——

been done by changing mostly the laser frequency. Recently, awp T QWP

Agarwal proposed the idea of obtaining light propagation &2, Al APD
SAS

FIG. 1. Experimental setup for fast and slow pulse propagations
*Also at Center for Information and Telecommunication Stan-py EIA and EIT. Pulses are detected by APD and FPD, respectively.
dards, Research Institute of Standard and Science, Dagjon, 305-6uarter-wave plate§QWP) are used for circular polarization ex-
Korea. periments. The frequency of the tunable diode la&EDL) is
TEmail address: jbkim@cc.knue.ac.kr monitored by the saturated absorption spectrom@&@as).
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FIG. 2. (Colon (a)—(c) Various propagations with the reference
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FIG. 3. (Color) (a) shows the polarization dependence of the
uperluminal signals with the coupling power of 148V. The red
otted line with the LPL combination indicates time advancement,
rT@400 ns corresponding to the group velocityc/14 400. The blue
dotted line with the CCP combination indicates time advancement,
500 ns.(b) shows the polarization dependence of the subluminal
signals with the coupling power of 110W. The red dotted line
with the CCP combination indicates time delay, 1200 ns corre-
sponding to the group velocitg/7200. The blue dotted line with
gwe LPL combination indicates time delay, 500 ns.

pulses andd)—(f) the corresponding absorption spectra. All pulses
are the average of 512 pulses. The black solid line indicates th%
reference pulse transmitted at the far-off resonant freque(agy.
shows a pulse propagating superluminally through the EIA mediu
with the weak coupling power of 118W. For normalization, the
superluminal pulse was multiplied by 69(b) shows a pulse with
near vacuum speed with the coupling power of 0.5 mW with mul-
tiplication factor of 2.6 andc) shows a subluminal pulse with the
strong coupling power of 1.5 mW with multiplication factor of 1.1,
where the laser beam diameter is 5 mm. The polarizations of th
coupling field and the probe pulse are linearly perpendicular to each
other (LPL). We adopt the transition 85,,F =4 to 62P3,F'=5 in
the cesiumD, line, which is a closed and degenerate two-
trical signal of the Gaussian shape generated by an arbitrafgvel system. By changing only the coupling power at the
function generator. Because the rotated polarization compasame laser frequency, we are able to control arbitrarily pulse
nent perpendicular to the polarization of the coupling fieldspeeds from superluminal, through the vacuum speed, to
becomes the probe field, the temporal shape of the probsubluminal velocities as shown in Figs(a2-2(c). The
pulse is decided by the time-dependent voltage applied to thieeights of the advanced pulses are significantly reduced after
Pockels cell. After two laser fields have passed through th@assing through the medium. The intensity of the transmitted
cesium vapor cell, only the probe pulse is separated by pulse has been normalized to the height of the reference
polarizing beam splitter from the coupling laser beam. It ispulse to compare the reference pulse and advanced pulses.
detected by an avalanche photodiode. The digital oscilloShapes of all pulses are in good agreement with the input
scope triggered by the arbitrary function generator displaypulse without any significant distortions, even though super-
the probe pulse transmitting through the coherent medium.luminal pulses have some more noises because of absorption.
The u-metal sheet protecting the earth magnetic fieldFigures 2d)—2(f) show the absorption spectfd6| corre-
wraps the cell. A very weak magnetic field generated bysponding to each group velocity, which were obtained by two
Helmholtz coils can be applied to identify polarizations of independent laser sources. This absorption data would ex-
laser fields to interacting atoms. The probe pulse generated ptain how various group velocities are transmitted.
the far-off resonant frequency becomes the reference pulse to The maximum pulse advancement in Figa)2compared
be compared with the resonant probe pulses. It is supposed to the reference is about 2400 ns, instead of the 0.1 ns time
be the pulse traveling the same distance in vacuum as th@opagating the 5-cm-long cell with light speed in vacuum.
length of the cell. The pulse split at the front of the cell is The group velocity of the Gaussian probe pulse, which is
used for checking whether all triggers are executed alwaydefined by vy=dw/dk=c/[n(»)+wdn(w)/de], can be
on the same time or not. calculated to be the negative group velocityg
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=—c/14 400, which is the fastest optical pulse, to our knowl-rotating. The second wave plate gets transmitted beams back
edge. The negative velocity means that the peak of the puldato linearly polarized fields to be separated by the polarizing
emerges from the medium before its peak enters into thbeam splitter.
medium. Figure 3a) shows the superluminal signals with a linear
The superluminal propagation is based on the anomaloysolarized(LPL) and circular polarized CCP combination,
dispersion related to EIA as shown in Figdp It is well  respectively. Superluminal velocity with the LPL is much
known that EIA occurs because atomic coherences betweqBster than the CCP. In order to investigate the polarization
excited states are spontaneously transferred to atomic cohgffrects on the subluminal propagation, we tried another tran-
ences between ground states. These atomic coherences gﬁron line between 6S,,F=3 and 62Py.F'=2. The
E\iv%er'}f?roé;f matlgneltip ngrlﬂevels altso (?use a Habnle eﬁeﬁ’iaximum pulse delay by the CCP was obtained by about
. This material is hi negative dispersive because : .
the linewidth of the absorpgtio% sp%ctrum ispmuch narrower1200 ns, which corresponds to the group velocity vf

. . : =¢/7200 as shown in Fig.(B). This time, we can see that
than the natural linewidth of 6 MHz. By using one la§&8] . L . :
we were able to observe the EIA spectrum of the IinewidthEIT by the CCP is more efficient than the LPL as is pointed

up to about 280 kHz. The present group velocity is compa®Ut in Refs.[23,24).
P P groun y P We were able to understand our experimental observa-

rable to the expected valuey=—c/23000 in Rb atoms . . . ) )
[19]. Also, our observation differs from previous studies that{ionS by applying density-matrix equatiofts5, 16 consider-

used lineaf20], nonlinear gain line§21], and tunneling bar- NG Spontaneous transfer of atom_ic coherence betyveen ex-
riers experiencing severe reshap[ig]. cited magnetic sublevels to the simple system. This model

At the middle coupling power, as shown in Fighp the ~ system consists of two degenerate levelsFef1 for the
pulse is propagated with about The EIA spectral band- ground level and==2 for the excited level as shown in Fig.
width in Fig. 2e) becomes much broader and starts to show4. Even though our model system is different from the real
a tiny EIT dip. This means thatn(w)/dw is small, and the system, we believe that we can see all the physics from the-
medium acts like a normal linear dispersive material. We caroretical results. From Figs.(d) and 4c), we are able to
see a slight pulse broadening because of dispersion. observe the conversion from EIA to EIT material by increas-

Figure Zc) shows the subluminal propagation. The maxi-ing only the coupling Rabi frequency. In order to get the
mum subluminal delay of 500 ns is relatively small com-theoretical absorption curves, we have to consider responses
pared to the superluminal advancement of 29} which will  of all velocity components in the Doppler broadened vapor
be discussed later. The subluminal propagation could be exell for fixed frequency of the coupling laser. This conver-
pected from the absorption spectra as shown in F{§. 2 sion occurs because of various effects such as Rabi splitting
because the EIA material with the weak-coupling power isby the strong coupling, Doppler-free setup for effective two
converted into the EIT material with the strong-coupling in- photon process, and ac Stark shift for the frequency detuning
tensity. in moving atomic frame.

We have found a large dependence of the group velocity We can clearly see the EIA spectrum depending on the
on the polarization combinations as shown in Fig. 3. In ordeipolarization combinations by comparing Figgbjand 4d).
to make the laser beams circularly polarized, two quarterThe EIA spectrum by the LPL has a much narrower line-
wave plates are installed on both sides of the cell. The firswidth and larger signal than the CCP because the degenerate
guarter-wave plate makes two linearly perpendicular polarsystem coupled by the CCP is decomposed into two indepen-
ized fields to be circularly polarized, which are counter-dent subsystems by the selection rules, which are both

(b)

o
@
=}

FIG. 4. (a) The theoretical model system for
density-matrix equations. The prime for magnetic
0.25¢ 1 sublevels indicates the excited level. Selection
. . . rules areAmg=0 for the linear polarization and
-30 0 30 Amg=*1 for the circular polarization, respec-
) tively. (b) The absorption spectrum in the LPL
case of weak couplind) =3 MHz. (c) The ab-
sorption spectrum in the LPL case of strong cou-
pling; Q=50 MHz. (d) The absorption spec-

trum in the CCP case of weak couplin§)c
_/_\‘/_\_ =3 MHz.
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-1"-0<1" and —-2'--1-0"—<+1<+2'. Since In conclusion, we are able to get various speeds for the
these two subsystems are connected only by the spontanedight pulse propagation by controlling only the coupling
transition, the atomic coherence between ground sublevelsower on the single atomic transition line. The advantageous
has to be quite different from the LPL case. In the case of thgeature of our demonstration is that it does not require the
LPL, all sublevels among the ground and excited levels arwo independent experimental setups to realize either super-
coupled coherently, and they give both the narrow linewidthyyminal or subluminal propagations and that the switching
and the large absorption signal. o between them can be achieved easily, which should promise
As for the subluminal propagation shown in FigbB  go0d applicability in such areas as high-speed optical modu-
however, the CCP is more efficient than the LPL. This is|gtjon [26], quantum switchind27,28, and quantum com-
V\{hy, even though interacting magnetic sublevels are also dbuters with quantum memorf29]. It may be possible to
vided into two subsystems connected by the spontaneofayelop a system in which we can accelerate or decelerate
transition, each subsystem contains a G&dherent popula-  he gptical pulse by using the spatially or temporally varying
tion trapping state[25]. Because the atom is transferred to powers for the coupling laser, whose propagating direction
the CPT state by a spontaneous process, EIT is more efficieghould be sent perpendicular to the probe pulse.
in the CCP than the LPL. In order to get theoretical pulse
propagations for each case, we need to include other hyper- The authors acknowledge the support from the Korea Re-
fine structures also in the theoretical model. search FoundatiofGrant No. KRF 2001-015-DP01Q7
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