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Superluminal optical pulse propagation in nonlinear coherent media
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We investigate a light-pulse propagation with negative group velocity in a nonlinear coherent medium. We
show that the necessary conditions for nonlinear superluminal effects to be observable are realized in a
three-levelA system interacting with a linearly polarized laser field in the presence of a static magnetic field.
The initially prepared Zeeman coherence cancels the resonant absorption of the medium almost completely, but
preserves its dispersion anomalous and very high. In this medium the light pulse propagates superluminally in
the sense that the peak of the transmitted pulse exits the medium before the peak of the incident pulse enters.
At the same time the pulse group velocity is intensity dependent, which leads to the self-steepening of the pulse
trailing edge due to the fact that the more intense parts of the pulse travel slower. This is in contrast with the
shock wave generation in a nonlinear medium with normal dispersion. The predicted effect can be easily
observed in the well-known schemes employed in the studies of nonlinear magneto-optical rotation. The upper
bound of sample length is found from the criterion that the pulse self-steepening and group-advance time are
observable without pulse distortion caused by the group-velocity dispersion.
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[. INTRODUCTION the second one propagates backward in the medium and is
canceled by the incoming pulse at the entrance of the cell
The propagation of light pulses through the media with a(see Sec. I). Eventually, the superluminal propagation can
normal dispersion is adequately described by the group vebe represented as a reshaping of the pulse, most of which is
locity, which in this case turns out to be, in fact, the velocity absorbed, leaving only a small pulse in the leading edge,
of signal transfer. However, the group velocity loses its rolewhich moves superluminally and saves the shape and width
of signal velocity in the region of anomalous dispersion,of the initial pulse. This picture breaks down, if the envelope
where it not only exceeds the vacuum speed of light, but abf incident wave packet has singularities, for example, step-
certain frequencies becomes negative; whereas, even whéype modulations, which always move with the light velocity
the group velocity is superluminal, no real signal can bec. All these results demonstrate that for smooth pulses with
transferred faster than the vacuum velocity of light Nev-  continuous derivatives the group velocity is physically mean-
ertheless, contrary to the common asserf@3] that super-  ingful even when it is negative. But it cannot be interpreted
luminal group velocity is not a useful concept, Garrett andas a velocity of real signal, which could propagate no faster
McCumber[4] have shown that in the case of superluminalthan light[5]. These predictions have been confirmed experi-
propagation of sufficiently smooth pulses, such as Gaussiamentally using various schemes, including the anomalous
wave packets, the motion of the pulse peak is correctly dedispersion near an absorption lif@,7], nonlinear gain 8],
scribed by the classical expression of group velocity. Theactive plasma mediurf8], and the tunneling of one-photon
effect of superluminality is that the emerging pulse has eswave packet through a barrigt0]. Another mechanism giv-
sentially the same shape and width as that of the incidering rise to superluminal group velocities is a tachyonic-type
wave packet, but its peak exits the cell before the incidentlispersion in metastable optical systems. There is a close
pulse even enters. This process can be understood in termsafalogy between superluminal propagation of optical pulses
superposition and interference of traveling plane waves thadind tachyon dynamics. The particles with negative mass, ta-
have a distribution of frequencies and add up to form achyons, have been introduced in particle physics for con-
narrow-band light pulse. In a dispersive medium, the speedtruction of renormalizable theory of strong interactions. Al-
of each plane wave is determined by the refractive index athough they have not been observed experimentally in a free
that frequency. Around the resonance in the region of anomastate, the tachyonic excitations arise very often in unstable
lous dispersion, the refractive index varies so steeply anghysical systems undergoing phase transifitl]. Recently
different plane waves interfere in a way that the point ofthe behavior of laser fields as tachyonic excitations has been
maximal constructive interference is localized at the exit faceshown theoretically in inverted two-level media2,13 and
of the sample. The plane waves appear in the medium muabptical phase conjugatofd4]. An experiment in which the
earlier and, hence, the exit pulse is formed long before thguperluminal propagation of medium collective modes can
peak of the incident pulse enters the medium. When thée treated as tachyonic excitation has been propidsgd
group velocity is negative, the exit pulse splits into two  An interesting model for a transparent anomalous disper-
pulses; one of which moves forward in the vacuum, whilesive medium and a light-pulse propagation with negative
group velocity has been proposed by Chiao and co-workers
[15,16. The model is based on the destructive interference
*Email address: yumal@ipr.sci.am between the two close-lying gain transitions. In this scheme
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Wang and co-workers have recently observed a pulse-

3
advance shift of 62 ns in cesium vagddr7].
The results of the papefd4—8,10—18 are based on linear
response of the medium where the negative group velocity
always exists within the absorption lingl and outside gain Q, 0o, Q, 0.
Yo 2
Ap

lines [15—18. Similar results have been obtained, when a
weak probe beam propagates with an effective index of re-

fraction induced by a nonlinear interaction of the medium {
with a strong pump field. Under these conditions both the Ay
probe light ultraslow propagatidi9-21] at the electromag- 1
netically induced transparend¥IT) [22] and the negative |

“group-delay” propagation associated with electromagneti-
cally induced opacity{23,24 have been recently observed
experimentally. However, from the point of view of the de-

pgndt;nce of medium Optlgal [I)mplemes 03 pr%be flelf(fj Ir{.[en 1) and|2), respectively. The Zeeman shift of ground-state sublev-
sity, these systems may be clearly considered as efiective IsA; ,=FA is induced by the longitudinal magnetic fiell Ra-

linear .opt'ical medig with an extraordinary Iargg dispersion. diative decay fronj3) to|1) and|2) goes at ratey and the outside
Intriguing questions arise whether the nonlinear superluyi, the rateyo.

minality occurs in a medium, the refractive index of which is

modified by the propagating light pulse itself. How this ef- time in the present paper. We analyze the superluminal
fect is pronounced and what is the form of the superluminapropagation of a smooth light pulse in a coherdnsystem
pulse emerging from such a nonlinear medium? It seemedith the level configuration depicted iffFig. 1). The initial

that the answer to these questions could be easily obtained preparation of Zeeman coherence is necessary to avoid the
a two-level atom, which is a basic model for the study ofpulse distortion due to the energy loss needed to initiate the
superluminal propagation in linear medid—8,10,12-18  EIT. The Zeeman coherence suppresses the absorption of the
Note that this system has been also employed for the invesnedium, while it creates a highly anomalous and intensity-
tigation of nonlinear slow optical pulse propagation in mediadependent dispersion in the vicinity of the resonance line
with normal dispersiofi25,26. However, a two-state system center. This results in a negative nonlinear group velocity at
is unfit for observation of nonlinear superluminal effects. Thethe values of light intensity, which are many times smaller
problem is to observe the pulse superluminal propagation ithan the saturation intensity of the corresponding atomic
a medium with an intensity-dependent refractive index, butransition. In our scheme the superluminal effects are re-
without accompanying nonlinear processes, which lead teealed in the two ways. First, similar to linear media, the
pulse reshaping as well. Since, on the one hand, a two-leveleak of the outgoing pulse exits the cell before the peak of
atom displays anomalous dispersion within the absorptiothe incident pulse with a narrow spectral width enters the
line and, on the other hand, the nonlinearity in the dispersiomedium. Second, the pulse velocity is nonlinear in light in-
is achieved at the intensities that are much larger than thgnsity: the more intense parts of the pulse travel slower. As
saturation intensitysee the Appendjx then the nonlinear a result, the self-steepening of the trailing edge of the pulse
effects such as self-focusingpr defocusing, self-phase takes place in contrast to the shock-wave formation in media
modulation, etc., cannot be neglected for two-level atomswith normal dispersiofi25,26. In fact, the steepening effect
Meanwhile, the systems that are almost transparent and &t the most striking manifestation of anomalous dispersion, if
the same time show large nonlinear dispersion are welbne takes into account that usually the residual absorption
known. They have been extensively employed as basic modauses a misconstruction of the pulse advance. It is worth
els in theoretical studies of resonant nonlinear magnetoaoting that in a hypothetical case, when the dependence of
optical effects caused by a laser-induced coherésee the pulse group velocity on light intensity is ignored, the result-
recent review by Budkeet al. [27]). The simplest system ing propagation of the pulse can be again represented as a
displaying these properties is a three-level atom with  pulse-reshaping phenomenon without any violation of cau-
ground-state Zeeman sublevels, which interacts with theaality, similar to the case of nonattenuated propagation in the
right (RCP and left(LCP) circularly polarized components linear media with a gain doubl¢15-17. In our model also

of the optical light pulse in the presence of weak magnetichere is no attenuation of the pulse after its propagation
field applied along the direction of light-pulse propagationthrough the mediun{see Fig. 7. However, in contrast to
(Fig. 1). Due to the nearly maximal Zeeman coherence, largehese models, in our case the medium is almost transparent
nonlinear susceptibilities are created at the resonance fren the resonant transition.

guency, analogous to those observed in EIT experiménts The paper is organized as follows. In the following sec-
relationship between EIT and nonlinear magneto-optics setton we derive basic equations for the atomic density matrix
Ref. [21]). This leads to very narrow magnetic resonancesand transmitted light. The results of numerical calculations
[28] or enhances significantly the nonlinear Faraday signafor pulse propagation with nonlinear group velocity, which
[29]. However, the dynamics of resonant light propagation inare obtained using the analytic solution for the density ma-
coherent nonlinear media has not been studied yet. To theix, are given in Sec. IIl. Our conclusions are summarized in
best of our knowledge, this analysis is carried out for the firsiSec. IV. Finally, in the Appendix we calculate the nonlinear

FIG. 1. OpenA configuration for studying the nonlinear super-
luminal light propagationo .. are components of a linearly polar-
ized laser field with Rabi frequend® coupling the level3) with
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on both transitiong1)—|3) and|2)—|3) is the same and
anomalous. This means that the RCP and LCP components
of linearly polarized laser field travel with the same negative
group velocity. As the latter depends on the light intensity,
the pulse advance, being the minimum at the pulse ez
below), is different for different parts of the pulse compared
to the same pulse traveling the same distance in a vacuum.
As a result, the trailing edge of the pulse should show self-
steepening that can be tested in an interferometric experi-
ment similar to that performed by Wang and co-workers
[27].

0.08 |

0.00 |-

-0.08

4 0 4 A. Basic equations

(-, )T The atomic system depicted in Fig. 1 interacts with the

FIG. 2. Real ') and imaginary X”) parts of the susceptibility fields of RCP and LCP componerfs , of linearly polarized

of a two-level atom as a function of the atom-field detaining 2S€r light with the frequency and wave numbek propa-
= w—wy in units of I'. gating along the axis. In the presence of a static longitudi-

nal magnetic fieldB, these components, which are working

group velocity of a light pulse propagating in the Doppler O the transitiong1)—|3) and[2)—|3), respectively, are
broadened medium for the cases of two-level atom and thre&letuned from the atomic resonances by
level A system.

w
Al,zzw_wal,ziA_EU:81,21A, (1)
Il. NONLINEAR NEGATIVE GROUP VELOCITY IN A
MEDIUM WITH ZEEMAN COHERENCE wherew;, is the frequency difference between levietmdk,

It is well known that in linear media the anomalous dis-2"d A =9ugB/% is the Zeeman shift, which is induced by
persion always occurs within an absorption ljagand leads ~the magnetic field for the ground-state sublevélsand|2)
to negative group velocity for the peak motion of sufficiently having magnetic quantum numbers1. Here g is the
smooth pulse$4]. However, as can be seen from Fig. 2 for ground-state gyromagnetic factor apg is Bohr's magne-
the case of a two-level atom, in usual materials the lighton- In Eq.(1) we have included the Doppler shifto(c)v
pulses experience very large absorption in the vicinity offor atoms moving with frequency,=v. _
sharp atomic resonance that prevents a doubtless observation The interaction of fields, , with a single atom is de-
of high anomalous dispersidi30]. On the other hand, the Scribed by the Hamiltonian
light-induced Zeeman coherence in a three-ledelatom
changes essentially this absorption-dispersion relationship, Hint=#A1011+7A305— (21031 Qp03+ H.C).
making the medium almost transparent, while keeping its 2
dispersion still very larg€Fig. 3). Moreover, as is apparent

from Fig. 3, there is a frequency range, where the dispersion_Hereai; =[i)(j| are atomic operators. The Rabi frequen-
cies of field polarization components are defined(hs,

=uE; /%, where the dipole moments of the transitions
|1)—|3) and|2)—|3) are taken equaliis= mo3= u.

The time evolution of the system’s density mafpiobeys
the master equation

d i
&P=—g[Hint,P]+Ap, 3

where the matrix\ p accounts for all atomic relaxations. In
further, we neglect the collisional broadening of optical tran-
sitions compared to the spontaneous decay rate, but we take
it into account for the ground-state coherence. This approxi-
S S S S — mation is valid for the gas pressure below6m 2 at room
| temperature that is assumed hereafter. Thus, in our model the
longitudinal and transverse optical relaxations of atomic
FIG. 3. Imaginary K") and real &) parts of susceptibilites at Bloch vectors are determined by the process of spontaneous
o, ando_ transitions in a\ atom as a function of = w— w,, for  €mission from the upper levs) to the lower level$l) and
0,=0.3, A=0.01', y,=10*I'. Doppler broadening is ne- |2) with equal ratesy,=y,= 7y, and outside the three-level
glected. A system with the ratg,. The Zeeman coherence decay rate
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v is determined by the collisional and atomic time-of-flight where group velocities; (i=1,2) for the two polarization
broadening. Thus, the phenomenological relaxation matrixomponents are introduced in the form

Ap has the form .

vi=c =12, (12)

IXi
1+27wRe—
Jw

YP33 ~ YcP12 —T'pis
Ap=| —%YeP21 VP33 —I'p2s )

0

This expression coincides with the classical formula of
—Ipar —Tpzz —(v0+27)pas group velocityv o, =cRe n+ wdn/dw]*, if one takes into
account that the complex index of refraction of the medium
n=1+2my and Rg<1. The second term in the right-hand
side (rhs) of Eq. (11) is responsible for the pulse distortion
due to the group-velocity dispersion. In the following section
we will show that this term is negligibly small for the length
of the atomic samplé, which is restricted by the require-
Jd 19 w
<_+__> EyAz,t)=2m —P,Az1), (5)  ment of smoothness of the pulse.
dz cdt] ~ c - Since in this paper we restrict our attention to the super-
o o luminal pulse propagation, we need only the equation for
where P, (z,t) are the field induced polarizations, the real intensitiesl (z,t) = c/2|E;(z,t)|2. From Eq.(11) we have
and imaginary parts of which are responsible for the disper-
sive and absorptive properties of medium at the transitions d
|1)—|3) and|2)—|3), respectively. The polarizations are (E
calculated from the Fourier transform

where 4" = y,+ 2y is the total spontaneous decay rate of the
level |3).

The evolution of the slowly varying field amplitudés ,
along thez axis is determined by Maxwell's equations

1 (9) _
+v_iﬁ li(z,) = —a;li(z,1), (13

where the nonlinear absorption coefficients at the fre-

b (2.1)= fgo dve™P(v,2), =12, 6) quencyw are defined as
h AT = —am 23 (14)
_ a;=——Im ;= —Im——.
where v=w— w is the deviation from the field carrier fre- ' c A Q,

quencyw, andP;(v,z) are expressed by the corresponding

_ -1 _ 2 -1 ;
susceptibilities Here {,=(oN) ~ ando=4mwu(hcl’)”* is the resonant

absorption cross section.

_ — N2 , The advance timél .4 of the field E;(z,t) propagating
Xi(1,2)=Npps; I8, @ through a medium of length compared to the pulse passing
as the same distance in a vacuum is given by
1 1 IXi
Pi(v,2)= xi(1,2Ei(»,2), ® Tad:(-——>L~—zw3Rel . s
C v cC Jdw 0

with N being the atomic number density.

We consider the case of smooth incident pulses with ahus, at the frequencies where the derivatiyédw takes a
duration much larger than all relaxation times of the medium/arge negative value, the pulse advance is significant.
Then, the limited bandwidth of field Fourier amplitudes

E(v,2z) allows us to approximatg;(»,z) by the first few B. Solutions
terms of the Taylor series: We solve Eq(13) assuming that the incident laser beam is
a Gaussian pulse
ax 1%y 5
x(r2)=x(w,2)+ -2 v 27 7 te (9 I(z,t)=1;n(t—2/c)=lgexd — (t—2/c)?/?], z=<O,
v=0 v=0 (16)

The substitution of Eq(9) into Eg. (6) yields with a pulse widthr>T "1,

During the propagation of the pulse through the medium
axi| 9E; 1 °xi| I%E the group-velocity dispersion and self-steepening change the

Pi(z,0)=xi(w,2)Ei(z, D) +i— pulse width that violates the approximation of truncated Tay-
lor expansion Eq(10). Our aim is to observe the pulse non-
T (10) linear steepening under superluminal propagation without
pulse spreading. The source of the latter is the derivative
Then, from Eq.(4) we have #?xl dw?, which enters in the second term in the rhs of Eq.
(11). Since this term is also proportional to the second time
E, derivative of the fieldg?E/at?, the contribution from the
—, group-velocity dispersion dramatically increases at the dis-
0 at? tances, where a steep front is formed due to the dependence
(11 of group velocity on light intensity. In order to avoid this

0 o

<9+1<9E Do @ 1 &y
v; gt (20 = e 2 9?2

7z Xi(w,2)E;

063806-4



SUPERLUMINAL OPTICAL PULSE PROPAGATION IN . .. PHYSICAL REVIEW A&7, 063806 (2003

complication, as well as to use rightly the steady-state soluKramers-Kronig relations are no longer valid. The numerical
tion of Egs.(2), we restrict the upper bound of the sample solution of Eq.(3) in steady-state regime is shown in Fig. 3.
length by a value for which the pulse broadening caused bur results given by Eqg19)—(22) are in excellent agree-
the self-steepening does not exceed the medium absorptionent with these calculations.

line width I, i.e., the condition Further, we need to take into account the Doppler broad-
ening by averaging the matrix elements over the atomic
dl(z1) <TI(z1), 0=z<L 17 velocity distribution. Using the results of calculations per-
ot | S T formed in the Appendix, we finally obtain the group velocity

o _ ) vgr and the absorption coefficieatof two polarization com-
should hold everywhere inside the medium for any point omyonents of the field in the form

the pulse envelope. Then, by conditicit¥), the spreading of

the wave packet caused by the group-velocity dispersion can c cl'8p 1
be neglected up to the distances restricted by the value Vgr=—, Ng=1— T (23
Ng 2¢0A5 (b+1)
o, 82)( o
L<L,=|27 T - (18 1 F25p 1
¢ Jw max a (24)

4l A2 b(b+1) '
Equation(18) follows from the smallness of the second term
in the rhs of Eq.(11). Here we have replaced the derivative whereb is given by Eq.(A9). As follows from Eq.(23), the
#*xl dw? by its maximal value taking into account thatis ~ group velocity indexng reaches its maximum at the peak
an implicit function of z through its dependence on pulse value of light intensity. As a result, more intense parts of the
intensity. pulse move slower that leads to the steepening of the trailing

We suppose that the incident pulse does not lose energgdge of the pulse. Also, notice that in the absence of external
for preparation of transparency and its reshaping in the memagnetic field, whemA =0, the susceptibilitiesy; vanish
dium is caused solely by the nonlinear dispersion. In Sec. liproportional toy, due to complete population trapping and,
we show how this situation can be realized. With conditionhence, the pulse moves with the light vacuum velocity
(17) this assumption allows us to use the steady-state solu- The results of numerical integration of E@.3) for pulse
tion for atomic density matrix elements. This solution is ob-propagation using Eqg23) and (24) are presented in the
tained from Eq.(2) in the form following section.

Now, having the solution for susceptibilities Eq#6)—

P3i (A8), we can find the upper bound of the cell length from

| — 2 i =
Iin ql'A%op/D, =12, (19 conditions(17) and (18). The maximal valugd?x/dw?| max
=Nu?6pl4h AET occurs atQ?=AT. Substituting it into
Eq. (18), we have
Regilz—A(qu+Qz)5p/D, (200 E%18
1
32wA3
P32 Li=——— (29
Req- = —A(geA—0?)3p/D, (21) SNA“T'ySp
2
where u? is expressed by the radiative decay raje
) 5 A 0%y, =3273u?/3n\3, \ is the wavelength of atomic transition.
D=qgA“(e“+I9)+Q% q=1+ oTAZ’ (22) Condition (18) can be rewritten in the form
where 0%=|Q,]?=|Q,| It is derived under the assump- AT<E, (26)
tions of A, y.<I" andI'>=Q3>T'y., where(, is the Rabi r

frequency corresponding to the peak value of pulse intensity.

The population difference between the ground-state Zeemaf{"¢"®

sublevels and the upper std8) is 5p, which is sp=3 for

equal decay rategy=7y and a weak magnetic field. In the Ar=27wl
linear limit (Q%2<AT) these expressions coincide with that

for the two-level atom presented graphically in Fig. 2. In the

inverse case ofl?> AT, the medium becomes almost trans- is the amount of spreading experienced by a pulse, when
parent near the resonance 0, while its dispersion remains traveling through a medium with length Thus, condition
highly anomalougFig. 3). This result differs from the well- (26) ensures the truly observable steepening of the backward
known fact established for linear media that the optical dis-edge of light pulse without its distortion.

persion of transparent medium is always norif&l]. The In order to find the upper bound for the cell length from
latter directly follows from Kramers-Kronig relations, which Eq. (17) we consider the situation where the absorption is
assume linearity and causality in the response of the meabsent. In this case the reduced equatit® has a simple
dium. In our case this response is nonlinear and the classicalave solution in the form

(92)(

dw?

L
c

(27)
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[(z,t)=lin(t=2/vy), (28)

wherel;,(z,t) is given in Eq.(16). Since at the trailing edge
di/dt<0, from Eqs.(27) and(17) we find tg 3.0 {10 o
= g
20o7A% (b+1)° g :
—L,- oTAp ( ) 29 : 3
I'ép b 2 T, /T, (x16%) S
P 2

Note that Eq(29) offers the most stringent restriction at 2 "°f 05

the peak intensity wherb is close to unity.
The last criterion is thaA 7 should be small as compared
with the group-advance time, 4, A7<<T,4. Using Eqs(15)

and(27) and solutions Eq924)—(26), we obtain 00 = = = o5 — 0.0

n

al (x10%)

0

ro2sp 2b+1
<1.
AAZ b*(b+1)

30
20 FIG. 4. Absorptiona (in units of€51) and group advance time

Ta: (in units ofL/c) as a function of light intensity. The parameters

One can easily show that this condition fails only for suf-are given in the text.
ficiently small values of)~ /AT, so that there is no reason
to consider this complication here. group-advance time calculated from E¢&4) and (15) as a

It must be also noted that for the group advance to bdunction of the pulse intensity for the set of parameters given
observable, it is sufficient that,q is large with respect to the above. It is apparent that the pulse peak is advanced with
resolution time of interferometric detection, being at therespect to the same pulse traveling in the vacuum approxi-
same time much smaller than the pulse widi, as it was mately 50 times, which fol.=6 cm corresponds td ,q

in the recent experimet.7]. =10 ns. The advance time increases towards to the pulse
wings, and it is about 70 ns for the intenslity 0.1 ,. Since
IIl. NUMERICAL RESULTS AND DISCUSSION the absorption is strongly reduced around the pulse peak,

where the EIT conditions

Here we give results of numerical calculations based on
the equations derived in the preceding section and discuss Q2> AAp,y(Ap+T) (31)
the relevant physics.

In our simulations for the model of the atomic system we
have chosen parameters corresponding tothebsorption
line of 8Rb. It is worth noting that an opeh system(four-
level system in Fig. lhas been employed in RdR29] for
investigation of nonlinear magneto-optical effects in ru-
bidium. It has been shown that this simplified model, with
well-chosen parameters, represents the qualitative physic
guite well[29]. In our case the total decay rate of the upper
level|3) is chosen =27x5x10° s 1, the wavelength of
optical transitions\ =800 nm, and the inhomogeneous Dop-
pler broadening widthAp=50". For the atomic number
density N=2x10"2cm 3 we have €,=1.25x10 * cm.

The external magnetic field is tak&w= 30 mG, which cor-
responds toA=0.002" for the ground-state level of ru-
bidium. The peak value of Rabi frequency of the field is
chosen to obey the conditioR3=3AAp, i.e., Q,=0.6
(Io~5 mWr/cn?), which is below the saturating value for a
two-level atomQ,=2I". The Zeeman coherence relaxation
rate vy, is attributed to the collisionalin the presence of
buffer gag and time-of-flight broadening and is taken
<10 *T". Then, for initial pulse duratiom=3 us and popu-
lation differenceA p=0.25 the upper bounds of the sample
length are estimated from Eq$25 and (29) as L;=4

% 10" cm andL,=400 cm, respectively. This means thatin  FiG. 5. Space-time image of Gaussian pulse motion with initial
the cell with a Iength of a few centimeters the Superluminalpu|se durationr= 1r-1t Times are given in units df‘_l and dis-
effects, primarily the pulse self-steepening, can be easily obrances incI'*%. The medium extends from= 10 to 16. The peak
served with negligible pulse distortion. of the pulse is az= —7 att=0. The group velocity and absorption

In Fig. 4 we plot the absorption of the pulse and thecoefficient are calculated for the parameters given in the text.

are established, the group-advance time should be easily ob-
served with nanosecond resolution time.
As an illustration, in Fig. 5 we give a space-time plot of

Intensity (arb. units)
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gl 5 I . t=17.5 It t=10.3 I'? t=16 I
3 Vacuum Medium Vacuum 3 3 3
2 2 2 2
1 1 1 A 1
0 0 0 0
6 10 16 22 6 10 16 22 6 10 16 22 6 10 16 22
z (cI'h) z (cIh) z (c) z (el
t=16.5 [+ +=18.5 I by T t=18 I'?
3 3 3 3
2 2 2 2
1 1 1 1 /\
0 0 A 0 0
6 10 16 22 6 10 16 22 6 10 16 22 6 10 16 22
z (cI?) z (cT) z (cT1) z (cI?)

FIG. 6. Diagrams of Gaussian pulse propagation corresponding FIG. 7. Same configurations as for Fig. 6, but in the hypothetical
to sequential instants in Fig. 5. case of nonlinear absorption without intensity dependence of group
velocity.
the solution to Eq(13) for the initial Gaussian pulse with

el N L )
dyratlonf— 1. The group ve!‘ocny IS n.ega'?ve n the me of a Gaussian pulse. If the pulse propagation were not super-
dium. This effect appears as a “back-in-time” motion of the . ; . !

luminal, then in this case the final pulse would have the

gﬁ:jsilf-[r?: £Z:m§t$;|c€i5}g§%gag>k front of the pulse to theoriginal Gaussian shape, since the leading edge of the pulse

In order to reconstruct the superluminal propagation inis the same for the full and half—Gauss.ian pulses. As is seen

details, we present in Fig. 6 the pulse motion in the form of ™0™ Fig. 8, the half-Gaussian pulse is reproduced. More-
time-sequence graphs. At first, before the incident pulse erVel. the comparison of Figs. 6 and 8 shows that the front
ters the medium, a weak pulse is created at the output. Thehalf of the Gaussian pulse is absorbed stronger than the back
this peak increases in time and eventually splits into forwargfront. This means that we have a superluminal propagation
and backward-moving pulses with very sharp trailing edges2nd not a simple pulse reshaping. _
The first of them continues to move in a vacuum with veloc- !N the discussion above, we have considered the steady-
ity ¢, and after a long time it represents the final pulse. Thestate_ solution for the atomic densny matrix assuming th_at the
second pulse exhibits, however, an unusual behavior. It inedium has been prepared in coherent superposition of
creases while traveling through the absorbing medium. Nevdround levels before the pulse enters the medium. This can
ertheless, there is no inconsistency with the energy conseR€ realized, e.g., when a much stronger linearly polarized
vation law. First, the velocity of energy transport defined asc:ontr.o_l field |rrad|gtes the med|um at first. It acts at the same
ve=S/W, whereS andW are the energy flux and field en- tr;al;snmns andbldrlvclas t:f atOr:‘ﬂS mrt]o a cohergnt sqperposmog
ergy densities averaged over a period, is always less ¢han®' £€eman sublevels. After the coherent medium IS prepare

530 Secon ne Increment of e medum anergy n e coneo €01 sty rmed o, and e Sl feld,
presence of light field is proportional t (wn)/dw]|E|? P gnt,

[31] and is negative for anomalous-dispersive media C)bviyvithin a time interval that is much smaller than the Zeeman
: oherence decay time~(y. '). A similar method has been

ously this energy cannot be stored in the medium and it i§

transformed into the backward-moving wave. However, thisusfefj in the light-storage tec_hnlq[m3]. Let us estimate the
inimum laser energy that is necessary to establish the me-

takes place until the peak of the incident pulse enters the. As has b h in Rafl th
medium. After that, the real absorption of the light pulse lum transparency. As has been shown in FRé4], the re-
uirement for the initiation of EIT is that the number of

results in a cancellation of backward wave at the entrance df .

the cell. photons in the Igser pulse must exceed the number of atoms
In Eq. (13) the nonlinear absorption and intensity- in a laser path, i.e.,

dependent group velocity are responsible for the reshaping of

pulse. In order to demonstrate the influence of the two

mechanisms separately we solved ELB) in a hypothetical I—TBNL (32

case of nonlinear absorption, assuming that at the same time ho ’

the group velocity is independent on light intensity. Setting

b=0 in Eq. (23), we calculated the propagation of the

Gaussian pulse with the same set of parameters. The resuliderel is the intensity of laser fieldr its pulse width. For

depicted in Fig. 7 show that in this case the final pulse isN~10?cm ™3, L~6 cm, 7~3 us, andfw~1.5 eV this

built up much earlier than in the case of nonlinear groupcondition is fulfilled, if | >0.2 W/cn?, showing that in our

velocity and it preserves the shape and width of the incidentase ofl ~5 mWi/cnt the EIT cannot be produced by the

pulse. A weak absorption is observed also. signal pulse itself and the preliminary preparation of the co-
We have calculated also the propagation of the front halherent medium is necessary.
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T T— dium. The cases of two-level atom and three-statgystem

.5 T .
3p Vacwun B Vacuum 3 are considered. In order to obtain the simple analytical ex-
3 3 pressions, when averaging the group velocities over the
atomic thermal motion, we approximate the usual Gaussian

! ! \ distribution of atomic velocity with the Lorentzian function
0 = 0 — W(v)=AD/77[A2D+(ku)2], where .mD is full width half

z (cI) 7 (cT) maximum of the Doppler broadening.

- . In the case of a two-level atom the imaginary and real
,| e T ,| T parts of the susceptibility of medium are given by
2 2 Imy=Nu?T/#(I'?+e2+2072), (A1)
1 1
. N . N | Rey=— Nu2e/fi(T2+£2+202), (A2)

6 10 16 22 6 10 16 22
2 der ™) Z (el wheres=w— w,—kv, and( is the Rabi frequency of the

field, which couples the upper and lower levels of the atom.
Straightforward calculation of the velocity-averaged suscep-
tibilities in the first order ofA w= w— w,; gives

FIG. 8. Same as for Fig. 6, but in the case of front-half pulse
propagation only.

IV. SUMMARY

Nu?l’
In this paper we have analyzed the superluminal propaga- (Imy)= 7bg(bg+Ap) (A3)
tion of a light pulse in a nonlinear medium and showed that oo b
necessary conditions for these effects to be observable are N 2
realized in a three-level system interacting with a linearly (Rey)=— —MAw, (A4)
polarized laser beam in the presence of a static magnetic fi(bo+Ap)?

field. It is highly important that the nonlinearity of the refrac-
tive index of the medium arises in a low power regime, wherwherebo= (I'?+20?) "2 For the group velocity of the light
all other nonlinear processes are negligible. We have showpulse from Eq.(A4) we find
that the propagation of a light pulse in a transparent-
anomalous dispersion medium leads to the formation of an
extremely sharp trailing edge and to the lengthening of the
leading edge of the pulse. Such a behavior is inverse to the
case of nonlinear propagation of the pulse in a medium withsimilarly, for the case of the three-leval atom, from Egs.
normal dispersion where a shock wave is generated. Thel9)—(22) we have
predicted effect is the most striking manifestation of super-
luminality and it can be easily observed in the well-known Nu?l  &p
schemes that have been used for studying the nonlinea¢imy;)= 5

. . hA2 b(b+1)
magneto-optical rotation. D

dRex)\ "t ch(byt+Ap)?

1+ 27w 5

. (A5)

UVgr=C
o Nwu

2b+1
1-— 2
4A5b%(b+1)

The discussion of many questions remained behind the (AB)
scope of this paper. In particular, we have not given due 5 5
attention to the proof of the fact that the predicted effect does (Reyy) = — Nu® p | Q N Aw
not violate the causality. Here we note only that the proof is X1 ﬁAZD b+1{gbA b+1
carried out in the same manner as in previous studies of
superluminal propagatioft]. Further, for real atomic sys- 0?2 2b+1
tems the complete energy state description of the multilevel - 7 SA0P |, (A7)
structure should be included. This question requires a careful 2qAAp b(b+1)
examination and it is in current study, the results of which B 2 5
will be presented in a future publication. (Rexz)=(Rex1(Q°—=—0%  g—0)), (A8)
where
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APPENDIX comparison of EqgA5) and(23) shows that, for the case of

a two-level atom, the dependence wf; on light intensity
Here we calculate the nonlinear group velocity of a lightappears afl=Ap>1", whereas in a three-leval system it
pulse propagating through a Doppler broadened atomic meés achieved at much smaller values@t (AAp) Y2
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