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Knob for changing light propagation from subluminal to superluminal
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We show how the application of a coupling field connecting the two lower metastable statés ©fstem
can produce a variety of effects on the propagation of a weak electromagnetic pulse. In principle the light
propagation can be changed from subluminal to superluminal. The negative group index results from regions
of anomalous dispersion and gain in susceptibility.
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A series of experiments have demonstrated both sublumfeld in the case of°%b. Moreover, it could be a dc field if
nal [1-5] and superluminal6—8] propagation of light in a one is considering transparency with Zeeman suble\ls
dispersive medium. The key to these successful demonstraet 2(;:2&12. Ec/ﬁ and 20 be the Rabi frequencies of

tions lies in one’s ability to control optical properties of & the control fieldE, and the LL coupling field, respectively.
medium with a laser field. Harrist al. [9] SuggeSted how The Staté1> decays to the Stat¢g> and|2> at the rates &1
electromagnetically induced transparer&T) [10] can be  and 2y,. For simplicity we ignore all collisional effects al-
used to obtain group velocitieg, [11] much smaller than the though these could easily be included. What is relevant for
velocity of light in vacuum. Early experimen{d,2] pro-  further consideration is the group velociy, for the pulse
duced values of the group index;=c/vy in the range applied to the transitiol)«|3). v, is related to the sus-
10°—1C°. Hauet al.[3] could reduce the group velocity to 17 ceptibility x15(w,) for the transitionfl)H|3>:

m/s in a Bose condensate. This was followed by an experi-

ment in Rb vapor demonstrating reduction of the group ve- vg= ,
locity to 90 m/s[4] and to 8 m/§5]. These experiments were 1+ 27 x5 w1) + 2T w1dx 13 01) dwy

based on the fact that EIT not only makes absorption zero %here ' (wy) is the real part ofy,s(w,). We assume that
the line center but also leads to a dispersion profi@,12] X13l @1 P 1391

with a sharp derivative near the line center of the absorptior\{_ve ”are working under conqn!qns such thaF[j»m3(w1)]
w1)~0. The susceptibility y,3(w;) will depend

line. In a different development Wareg al. [6] demonstrated ;tr)gn3 ly on the intensities and the frequencies of the control
superluminal propagation following the work of Chiao and gy q

co-workers[[13—16; see alsq17]]. Wang et al. used the laser and the LL coupling field. We concentrate on the group

. X . velocity although the actual pulse profiles could easily be
stimulated Raman effect with the pumping beam replaced by | 23] Thi ibili - :
a bichromatic field. This produces two regions of Rama Simu ated[23]. This susceptibilityx(w,) i obtained by

o S _ ) Msolving the density matrix equations for thesystem of Fig.
gain with a region in between which has the right anomalousi(a), i.e., by calculating the density matrix elemen; to

dispersion but with a negligible gairi8,19. In this paper firsi order in the applied optical field on the transition
we propose a scheme where by changing a knob—an addi1).,|3) but to all orders in the control field and the LL

tional coupling field—one can switch the propagation ofcoupling field. By making a unitary transformation from the
light from subluminal to superluminal. We useAasystem  density matrixp to o via

driven by a coherent control field, which has been exten- . . .
sively discussed in connection with subluminal propagation P12= 0122~ “%,  p1a=015e” (27 pr=crpge™ @3,
[1-5]. We apply, inaddition, a field[referred to as the lower )
level (LL) coupling field on the lower levels of thé\ sys- e have the relevant density matrix equations

tem and demonstrate how the application of the lower level . _ _

coupling field can produce regions in the optical response  01,=iGoy+ige 4oy —iG* o—ig*e®4loy,
with an appropriate dispersion profile. The dispersion can

changerom normal to anomaloudepending on the intensity —2(y1ty2)ou,

of the LL coupling field[20—23. In addition, under suitable
conditions the amplification of the light remains negligibly
small. : iA gt

C

(€

0'22:iG*0'12+iQO'32_iGO'21_iQ*0'23+ 2‘}/20'11,

We consider the scheme shown in Figa)l We consider T12= ~[ 71 72t 127 18] 002+ 1G o2 ige Mo
propagation of a light pulse whose central frequeagyis —iGo—iQ* o3, 3
close to the frequency of the atomic transitidn« |3). We _
apply a control field on the optical transitioh)«|2). The o13= = [ Y1+ v2+ 13— i1 (Ay+Ag)]o13+iG oy
transition|2)«|3) is generally an electric dipole forbidden At o iagt :
transition. The statef2) and|3) are metastable states. We tige Togige oy —iQdoy,
apply a field of frequency; on the transitiof2)«|3). The 025= — (T p3—i1A3)0pgtiG* 13+ Qogg—ige Paloy,
nature of this field will depend on the level structure. It could .
be a microwave field, say, in the case of Na, or an infrared —iQoy,
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FIG. 1. (a) Schematic diagram of three-leval system.(b) Real and imaginary parts of the susceptibifilBgs. (6); x4 v/N|d13?] at a
probe frequencyw, in the presence of control and LL coupling fielfls=5y. (c) variation of group index with the Rabi frequency of the
LL coupling field. The pulse is taken to have a central frequency on resonance with the trajisitiol8). The solid curve ofd) shows
light pulse propagating at speedhrough 6 cm of vacuum. The dotted curve shows same light pulse propagation through a medium of
length 6 cm with a time delay-4.39 us in the presence of a LL coupling field with Rabi frequefiLy: 5y. The pulse widtH" is 120 kHz.
The common parameters of the above three graph$®b vapor are chosen as denskty=2x 102 atoms/cc,G=10y, A,=A3=0,
I',=T13=T,=0, y=37x 1 rad/s.

where thel"’s give the collisional dephasings, and the detun-The 13 element ofr™ will yield the susceptibility at the
ingsAq,A,,A3,A, and the coupling constagtare defined frequencyw; as can be seen by combining E¢®). and (5):

by

_ N|dl3|2 +
A= w1~ w13, A= w0y~ w15, A3=w3— w3, Xid @)= hy 713 ©
Aim A A A _ diz Ep 4) whereN is the density of atoms. In the above equations we
4=HR1782733, 0 f have, for simplicity, sety;=y,=+y. The group velocity can

be obtained by substituting E() in Eq.(1). In the presence
The susceptibilityy,53 can be obtained by considering the of the LL coupling field it is difficult to obtain simple ex-
steady state solution of E¢3) to first order in the field on pressions fory,s algebraically. However, EqY3) can be
the transition|1)«— |3). For this purpose we write solved numerically. Doppler broadening can be accounted
for by usingw;— w;—kv, w,— w,—kv, and by averaging
5) over the Maxwellian distribution for velocities. The velocity
dependence oby5 is insignificant and hence dropped. The

g g .
0_:0.0+;eflA4tU++7elA4t0f+._._
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300.0 T T — without Doppler averaging the medium is seen. The difference in the peak positions is in
Y —_ m‘g;;::fmwmg agreement with a nggative value of the group index. We also
o note that the pulse is narrowed compared to the input pulse.
This narrowing is related to the second derivative of the sus-
ceptibility. Our calculations for the parameters of Figd)1
give narrowing by 20%, which indeed is in agreement with
the numerical plot in this figure. In Fig. 2 we show the re-
sults for the group index with and without Doppler averag-
ing. It is known from the work of Kaslet al. [4] that Dop-
pler broadening is insignificant in the behavior of the pulse
propagation through A system in the presence of a control
laser. However, the situation changes with the application of
the LL coupling field at thé2)«|3) transition(with wave-
_ length~1.3 um) particularly in the region where the group
0.0 1000 2050 3000 2000 index is .neg'atwe. In Fig. 2 we also show th_e results for
oy propagation in a much heaviéP®b vapor . This was the
system used earlier by Kasagiti al. [1] to demonstrate sub-
FIG. 2. Group index variation with the Rabi frequency of the LL luminal propagation. The application of the LL coupling field
coupling field. The curvesa) and (b) are for propagation in ru- can lead to superluminal propagation. The results in this case
bidium vapor with densitjN=2x 10"* atoms/cc. Other parameters gare not sensitive to Doppler broadening because the Doppler
are chosen a&=200y, A;=A;=A3=0, I'p;=I"15=T'2=0, ¥ width parameters(=25y) is much smaller than the Rabi
_=377>< 10° rad/s. For the curvéb) the Doppler wid_th_paramete? frequencyG(=297y) of the pump. We note that the produc-
is chosen as 1.3810° rad/s. Curve(c) shows variation of group o of superluminal propagation depends very much on the
indexng with the Rabi frequency of the LL coupling field ®Pb  Lature of the atomic transitions in the system under study
vapor with  density N:}Xloj atoms/cc, G=297y, A1=A2  gnd the choice of a large number of parameters such as the
=85=0, I';=T15=12=0, y=4.75<10" rad/s. powers of the control and coupling fields. From our numeri-
parameter5=(kBwalMcz)l’Z is a measure of the Doppler cal results it is clear that we nged a Iargg .coupling between
width in the Maxwellian distributiop(x) = exp(—x3/25?), |2) and |3). For a magnetic dipole transition between the
x=ku. We show a number of numerical results in Figs. 1 ancStatesi2) and|3) the requirement of power of the LL cou-
2. We notice from Fig. (c) how the group index, defined pling f|el_d is Iarge and, in pr|r_10|ple, this can be met by using
via vy=c/n, changes from large positive values to largePUISed fields with a pulse widtk ps. However, if|2) and

negative values and back to positive values as the intensity?) '€ chosen to be Zeeman levels, then the available dc
of the LL coupling field is increased. Thus the LL coupling Magnetic field can be utilized to change propagation from
field is like a knob which can be used to change light propaSuPluminal to superluminal. Note that for Rb a Rabi fre-
gation from subluminal to superluminal. We also present th&lUency of 10§ implies a magnetic field of the order of 99.3
behavior of the corresponding susceptibility for parameter$- Another possibility would be to consider an effective in-
corresponding to superluminal propagation in Figp)lwe teraction between2) and|3) via a Raman transition using
see that ath,=0 the real part ofyys exhibits anomalous two other laser fields. The choice of the system is quite open
dispersion whereas the imaginary parta is fairly flat and and_ we have ess_entially shown the possibility “in .principle”
negative and is exactly zero At =0. The anomalous dis- _of light prqpagatlon from subluminal to superluminal. Thus
persion along with the negative flat region in the imaginary!" conclusion we have demonstrated how thesystem can
part of y,3 are especially attractive for superluminal produce a variety of results if we apply an additional LL
propagation [24]. In Fig. 1d) we show the behavior coupling field. In particular, we have demonstrated how the
of a pulse &(t—L/c)=(&/2m)exd—(t—LI¥7], & o) application of LL coupling can produce regions of anoma-

= (Eo/ T2 ex] — (w—wg)?T?], T7=2, at the output of a lous dispersion with gain and how this results in superlumi-

medium under the condition that the group index is negativer.]aI propagation of a weak pulse of light.

Figure 1d) shows that there is no distortion of the pulse. For One of us(G.S.A) thanks Ennio Arimondo and Steve
comparison we also show the pulse at the output in the alHarris for interesting suggestions and S.M. acknowledges
sence of the medium. The advancement of the pulse due WSF support via Grant No. PHY-9970490.
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