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Electromagnetically induced transparency in a thin vapor film
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We examine the effect of electromagnetically induced transparency in a thin cell filled with a vapor of
three-levelL atoms. We show that the absorption spectrum of the probe field and the fluorescence signal from
the upper atomic level contain two sub-Doppler dips that have considerably different widths. The narrow dip
corresponds to the effect of electromagnetically induced transparency, whereas the broader one results from the
optical pumping of the external atomic states. Under the condition of exact resonance of the coupling field with
the corresponding atomic transition, these two dips are superimposed on the frequency scale, while in the case
of nonzero detuning of the coupling field, the two dips are shifted with respect to each other, which makes it
possible to observe a competition between the two effects. In the frequency region where the absorption is low,
large optical nonlinearities conditioned merely by the slow atoms having an effective 1 mK temperature are
also found.

PACS number~s!: 42.50.Gy, 32.80.2t, 42.62.Fi
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I. INTRODUCTION

The effect of electromagnetically induced transparen
~EIT! @1# has attracted much interest as a basic mechan
for a number of novel optical phenomena such as las
without population inversion@2,3#, pulse matching@4#, en-
hanced index of refraction@5#, or resonantly enhanced non
linear processes@6#. The essence of EIT is a phenomenon
coherent population trapping~CPT! @7# in which the appli-
cation of two laser fields to a three-level atomic system c
ates a specific coherent superposition of the atomic stat
the so-called ‘‘dark state’’— which is stable again
absorption of both fields. Experimentally, the steady-st
EIT has been widely studied in usual vapor cells, where
thermal atomic motion, as a rule, tends to average the c
tribution of various atoms having different velocities a
corresponding time of flight and collisional broadening
the atomic coherences, effectively smearing out the
structure of the absorption and dispersion profiles. Me
while, the combination of the EIT and the newly develop
technology of cooling and trapping atoms does not con
such a disadvantage, which made it possible to achieve
cently an extreme reduction of light group velocity up
1027c @8#. However, another recent report@9# has demon-
strated that, under the condition of copropagating laser fie
and with a proper choice of experimental parameters,
same order of magnitude for the light group velocity
achievable even in a usual vapor cell.

This paper is devoted to the study of the EIT effect in
vapor of three-levelL atoms confined in an ultrathin ce
with a thickness of only a fewmm. In this cell, for low
enough atomic density, the time of uninterrupted interact
of atoms with electromagnetic fields eventually coincid
with the velocity-dependent wall-to-wall transit time of th
atoms. On the other hand, the CPT time is of the orde
G(Vc

21Vp
2)21, where G is the half-width of the resonan

with the probe field atomic transition, andVc andVp are the
Rabi frequencies of the coupling and probe fields, resp
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tively @10,11#. Thus in a low power experiment with the ligh
intensity of the order of 0.1–1 mW/cm2, only the slowest
atoms would have enough time to settle down into the d
state and, hence, the major contribution to the probe tra
parency peak and refractive index variation would co
from these atoms. At the same time, the fast atoms ab
the probe field only linearly during their wall-to-wall time o
flight. This leads to the fact that in a thin film the prob
absorption never vanishes, in contrast to the usual ther
vapor cell, where a Doppler-free EIT window has, in pri
ciple, vanishing absorption at the line center@1#.

Our motivation for the present work is also related to t
possible narrowing of the linewidth of the probe transp
ency peak down to the natural limit. ForL atoms, the rel-
evant parameter is the damping rate of the coherence
tween the ground states that is responsible for the trapp
effect @7#. Many experimental parameters determine the
served linewidth of the transparency peak, e.g., amplit
and frequency fluctuations of the laser fields, atomic co
sional broadening, influence of external fields, and time-
flight broadening. The latter, being a phenomenological c
stant, is usually introduced into the theoretical calculatio
on CPT as a parameter to fit the experimental data@11,12#. In
the case of a thin vapor cell, however, it is possible to ta
into account the finite interaction time exactly without intr
ducing any unknown parameter. This procedure is descri
in the following section and it requires that the coheren
between the atomic ground states does not survive~even par-
tially! during atom-wall collisions. This is the main assum
tion we have made in this work. Another interesting aspec
the possibility of observing a competition between the C
and the optical pumping~OP!. In practice it is very difficult
to find a closedL system since, as a rule, there always ex
some ground-state sublevels that are not excited by the
plied fields and, in the mean time, the atomic populat
decays to these ‘‘external’’ states. Actually, the CPT is
ways accompanied by the OP. Indirect evidence of the in
ence of OP on the formation and properties of the dark s
©2000 The American Physical Society20-1
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has been recently obtained in the experiments with a ther
sodium beam@13# by measuring the time-averaged fluore
cence signal. The fact that the OP alone originates a s
Doppler structure in the transmission spectrum of an o
atomic system was theoretically predicted in@14,15# and ex-
perimentally observed in an ultrathin cell with a single lig
beam in@16#. In the present paper we show that in a th
vapor film the absorption spectrum of the normal incident
the cell probe field and the fluorescence signal from the
per atomic level contain two sub-Doppler dips that cor
spond to the effects of OP and EIT. By choosing differe
detunings of the coupling field from the respective atom
transition resonance, it is possible to separate the contr
tion of the two effects.

The paper is organized as follows. In the next section
derive equations for the time evolution of the atomic dens
matrix and for the field transmitted through the cell. On t
basis of the mathematical formalism obtained there,
present in Sec. III the results of numerical calculations p
formed for a realistic experimental setup. Our conclusio
are summarized in Sec. IV. Finally, in the Appendix we o
tain analytic results on EIT for a special case of exact re
nances of both fields with the corresponding atomic tran
tions.

II. FORMULATION

We consider a stationary interaction of two copropagat
electromagnetic fields with a vapor of three-levelL atoms
confined in an ultrathin cell of thicknessL. The density of
atomsN is assumed to be low enough so that the time of f
flight of the atoms having a mean thermal velocity^v&
largely exceeds the timet5L/^v& of the atomic flight be-
tween two walls of the cell. Throughout the present work
is also assumed that the atoms experience inelastic collis
with the cell walls during which they lose optical excitatio
and all memory about the previous state. Having made th
two assumption, we can avoid using in our treatment a p
nomenological constant responsible for the collisional rel
ations of atomic excitation and coherences and take th
effects into account exactly by solving the temporal eq
tions governing the evolution of the atomic density mat
with proper boundary conditions for each atom separately
described below.

A. Model atomic system

The atomic system is depicted in Fig. 1, where the unp
turbed atomic levelsu1&, u2&, and u3& have energies
\v1 , \v2, and\v3, respectively. The atom interacts wit
two electric fieldsEc,p having the frequenciesvc,p and
working on the transitionsu1&→u3& and u2&→u3&, respec-
tively. These fields are detuned from the atomic resonan
by the detunings

Dc5v312vc , Dp5Dc2dR5v322vp , ~1!

wherev ik is the energy difference between the levelsi andk,
and
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dR5v211vp2vc ~2!

is the two-photon Raman detuning on the transitionu1&
→u2&. In the dipole approximation, the total interaction pi
ture Hamiltonian corresponding to this system can be writ
as

H int5\dRu2&^2u1\Dcu3&^3u

2\~Vcu3&^1u1Vpu3&^2u1H.c.!. ~3!

Here the Rabi frequencies of the corresponding fields
defined asVc5m13Ec/2\ andVp5m23Ep/2\, wherem ik is
the dipole matrix element of the transitioni→k which can be
expressed through the radiative decay rategk→ i as

um iku25
3\c3

4vki
3

gk→ i .

The time evolution of the system’s density matrixr obeys
the master equation

d

dt
r52

i

\
@H int ,r#1Lr. ~4!

In our model, the longitudinal and transverse relaxations
the atomic Bloch vectors are determined only by the proc
of spontaneous emission from the upper levelu3& to the
lower levelsu1& and u2& and outside of the three-level sys
tem. According to the assumptions made in the beginning
this section, the time of free flight of an atom having t
velocity v along the cell axisz is solely determined by the
time interval between two subsequent collisions with the c
walls, due to which the atom loses optical excitation and th
departs from the surface having equal populations of
lower levels u1& and u2&. As such, the phenomenologica
relaxation matrixLr has a form

Lr5S g1r33 0 2Gr13

0 g2r33 2Gr23

2Gr31 2Gr32 22Gr33

D , ~5!

where 2G5g01g11g2 is the total spontaneous decay ra
of the level u3&, which is composed of the decays to th
levelsu1& andu2& with the ratesg1 andg2, respectively, and
the decay outside with the rateg0.

FIG. 1. Schematic representation of the atomic system.
0-2
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ELECTROMAGNETICALLY INDUCED TRANSPARENCY IN . . . PHYSICAL REVIEW A61 053820
B. Probe absorption and phase shift

The spatial evolution of the probe fieldEp(z) along thez
axis is determined by Maxwell’s equation

d

dz
Ep5 i

2pvp

c
Pp , ~6!

where Pp is the field induced polarization, real and imag
nary parts of which are responsible for the dispersive
absorptive properties of the medium, respectively. For s
plicity, we assume that the initial phases of both fields,Ep
and Ec , are the same. For the probe fieldEp5uEpuexp(if)
written as a product of real amplitudeuEpu and phasef
terms, Eq.~6! takes the form

duEpu
dz

52
2pvp

c
ImS Pp

Ep
D uEpu52

1

2
auEpu, ~7a!

df

dz
5

2pvp

c
ReS Pp

Ep
D5b, ~7b!

where we have introduced the local absorptiona and disper-
sion b coefficients of the medium on the frequencyvp :

a5
4pvp

c
ImS Pp

Ep
D , ~8a!

b5
2pvp

c
ReS Pp

Ep
D . ~8b!

The medium polarizationPp on this frequency is given by

Pp52Nm23@r32
1 1r32

2 #, ~9!

where the nondiagonal matrix elementsr32
1 [r32(z5vt) and

r32
2 [r32(z5L2vt) relate to the atoms flying with the ve

locity v(.0) in the positive and negative directions of th
cell axis, respectively. Obviously, these two groups of ato
experience opposite Doppler shifts of the detunings of b
fields from the atomic resonances:

Dc,p
6 5Dc,p6vc,p

v
c

.

Note, however, that for closely disposed lower levelsu1& and
u2& ~e.g., hyperfine components of the same atomic sta!,
the Raman detuningdR is practically the same for all atom
and is not affected by their thermal motion.

From Eq.~7a! for the intensityI p(z)}uEpu2 of the probe
at z5L we obtain

I p~L !5I p~0!expS 2E
0

L

a~z!dzD .I p~0!S 12E
0

L

a~z!dzD .

~10!

In the last part of this equation we have replaced the ex
nent with its first-order Taylor expansion assuming, th
that the absorption is weak. As we show in the next sect
this simplification is well justified for a typical optical ex
05382
d
-

s
h

o-
,

n,

periment with a thin cell@16#. Hence, for the relative absorp
tion A and the phase shift of the probe at the exit from t
cell, we obtain

A[
I p~0!2I p~L !

I p~0!
5E

0

L

a~z!dz, ~11a!

f5E
0

L

b~z!dz. ~11b!

Next we need to take into account the atomic thermal mot
which we assume to obey the Maxwellian distributio
W(v)5(uAp)21exp(2v2/u2) with u being the most prob-
able velocity. Thus for the averaged over the atomic veloc
distribution absorption̂ A& and phase shift̂f& we obtain
finally the following equations:

^A&5E
0

`

W~v !dvE
0

L

a~z!dz,

^f&5E
0

`

W~v !dvE
0

L

b~z!dz,

which in explicit form are given by

^A&5A0E
0

`

exp~2v2/u2!vdv

3E
0

L/v
ImFr32

1 ~ t,Dc,p
1 !

Ep
1

r32
2 ~ t,Dc,p

2 !

Ep
Gdt, ~12a!

^f&5
A0

2 E
0

`

exp~2v2/u2!vdv

3E
0

L/v
ReFr32

1 ~ t,Dc,p
1 !

Ep
1

r32
2 ~ t,Dc,p

2 !

Ep
Gdt, ~12b!

where the coefficient

A05
8NApvpm23

uc
.

In Eqs.~12! the integration over the spatial coordinatez has
been replaced by the integration over the time 0<t<t (t
5L/v) of free interaction of atoms with both fields:*0

Ldz
→v*0

L/vdt.
Another quantity that we use in Sec. III and that is pr

portional to the fluorescence signal from the excited atom
the upper level populationr33. Following the same reason
ing as in the derivation of Eqs.~12!, for the space integrated
and velocity averaged population^r33& of the upper state of
the atoms in the cell we obtain
0-3
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^r33&5
1

ApuL
E

0

`

exp~2v2/u2!vdv

3E
0

L/v
@r33

1 ~ t,Dc,p
1 !1r33

2 ~ t,Dc,p
2 !#dt, ~13!

wherer33
1 [r33(z5vt) andr33

2 [r33(z5L2vt).
To get an idea about contributions to the absorption by

atoms with various velocities, we define also a veloci
dependent partial absorption

Apart~v !5
A0

^A&E0

v
exp~2v82 /u2!v8dv8

3E
0

L/v8
ImFr32

1 ~ t,Dc,p
1 !

Ep
1

r32
2 ~ t,Dc,p

2 !

Ep
Gdt,

~14!

which is normalized by the total absorption^A&.
Equations.~12!, ~13!, and~14! are the central equations o

this paper. In these equations, for each group of atoms
ing the velocityv, the density-matrix elements are found b
~numerical! integration of the master equation~4! with the
initial conditions r11(0)5r22(0)5 1

2 ,r33(0)5r ik(0)50 (i
Þk).

The delay timeTdel of the Ep field after passing through
the cell, relative to the timeTvac of passing through the
vacuum, is given by@8#

Tdel~vp!5
d^f&
dvp

. ~15!

In the frequency region whereTdel(vp) is approximately
constant and much larger thanTvac, for the group velocity
Vgroup of the probe we have

Vgroup5
L

Tdel1Tvac
.LS d^f&

dvp
D 21

. ~16!

Thus in the frequency region where the derivati
(d^f&/dvp) takes a large positive value, the reduction of t
group velocity of the probe field is significant.

III. NUMERICAL RESULTS AND DISCUSSION

Here we present the results of numerical calculatio
based on the equations derived in the preceding section
give the discussion of relevant physics.

In our simulations for the model atomic system we ha
chosen parameters corresponding to theD1 line of 23Na. The
most probable velocity of the atomsu5460 m/s at room
temperatureT520°C, for which, with vp,c.2p 5.083
31014 rad/s, the inhomogeneous Doppler broadening wi
is equal to 955 MHz. The total decay rate of the upper le
u3&, corresponding to the state 3P1/2 (F52) of Na, is 2G
56.2773107 s21. The lower atomic levelsu1& andu2& cor-
respond to the hyperfine componentsF51 andF52 of the
ground state 3S1/2, respectively. The separation of these le
05382
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elsv21/2p51772 MHz is almost twice as large as the Do
pler width. The separation of the two hyperfine componen
F51 andF52, of the upper state 3P1/2 is, however, one
order of magnitude smaller and, hence, the inhomogene
broadening well overlaps these two states. In our model,
do not take into account the second upper level having
mind that, in principle, one can incorporate into the pres
treatment the hyperfine splitting of the excited atomic sta
At the end of this section we make, however, some pred
tions on the behavior of the nonidealized system which
based on a simple physical reasoning. The decay 2G is com-
posed of g152.5743107 s21, g251.3813107 s21, and
g052.3233107 s21. The latter represents the populatio
leak from the levelu3& towards those magnetic substates
the atom that do not form aL system in the presence of th
two applied fields—the process that is responsible for
OP. For the cell lengthL510 mm the density of atomsN is
taken to be rather low (N5531012 cm23) in order not to
violate the assumption made in the preceding section.

In Fig. 2 we plot the probe absorption calculated from E
~12a! as a function of the Raman detuningdR for the case
Dc50 and Vc5Vp50.3G (I p5531023W/cm2). For the
same set of parameters we plot in Fig. 3 the upper le
population ^r33& which is proportional to the fluorescenc
signal from that level. One can see a sub-Doppler absorp
~and fluorescence! dip consisting of two superimpose
Lorentzians, the first of which—the broader one—represe
the absorption reduction due to the OP of the external lev
of the L atom with the rateg0, while the second much nar
rower dip is due to the EIT effect. A comprehensive intr
duction of EIT in terms of the system’s noncoupled~dark!
and coupled states is given in the Appendix. For compari
we plot on the same graphs the pure contribution of the
in the absence of the coupling fieldVc50. In an ultrathin
cell the absorption reduction of the probe in the vicinity
the atomic line center results from the fact that only t

FIG. 2. Probe absorption̂A& @see Eq.~12a!# as a function of the
Raman detuningdR ~normalized byG) for the caseDc50 and
Vc5Vp50.3G. Inset: a zoom of the same graph in the vicinity
dR50; the dashed line is the pure OP curve whenVc50. Other
parameters are given in the text~Sec. III!.
0-4



O

b
o

s,
tu

a
rin
g
ob
y
h
th
s

co

t

se
in
-

-
a
h
i

th

ic
s

er-
we
in
nish
fast
o-

the

Eq.

s

-

hen

rs

ELECTROMAGNETICALLY INDUCED TRANSPARENCY IN . . . PHYSICAL REVIEW A61 053820
slowest atoms have enough time to undergo a complete
@14–16#. For moderate laser field intensities, the efficiencyh
of OP per unit time is proportional to the ratio of the Ra
frequency of the field to its detuning from the atomic res
nance:

h.
Vp

2

Dp
621G2

g0 , ~17!

where the detuningDp
6 includes also the Doppler shift. Thu

while scanning the probe laser, those atoms that have de
ings uDp

6u.G interact with the field weakly and give only
linear contribution to the absorption and fluorescence du
their wall-to-wall time of flight. Some of the atoms havin
the corresponding Doppler shift compensate for the pr
detuning (Dp

6.0), but due to the nonvanishing velocit
component along thez axis, they also do not have enoug
time for a complete OP. Only the slowest atoms, when
laser is tuned into resonance with the atomic transition,
multaneously have vanishing detuning and enough time
undergo a complete OP. On the other hand, when the
pling field Ec is on, the OP of the lower levelu1& becomes
reversible, which causes the increase of the probe absorp
and the fluorescence signal~see Figs. 2 and 3!, since the
latter is proportional toVc

2 as follows from Eq.~A2c! of the
Appendix. At the same time, we observe a superimpo
narrow EIT dip. Similarly to the OP effect, for the CPT
the lower levelsu1& and u2& to settle down, enough interac
tion time @of the order ofG(Vc

21Vp
2)21# is needed. There

fore, only the slowest atoms are trapped in the dark state
do not contribute to the absorption. The narrow width of t
EIT dip in comparison with the OP dip can be understood
we recall the fact that the EIT effect takes place only in
frequency region where the Raman resonance conditiondR
50 is satisfied with an accuracyudRu,g12 @7#, whereg12 is

FIG. 3. Fluorescence signal^r33& from the upper levelu3& @see
Eq. ~13!# as a function of the Raman detuningdR for the same set of
parameters as in Fig. 2. Inset: a zoom of the same graph; the da
line is the pure OP curve whenVc50.
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the rate of relaxation of the coherence between the levelsu1&
andu2&. In our model this relaxation results from the atom
collisions with the cell walls. Since only the slowest atom
are responsible for the EIT effect, the ground levels’ coh
ence relaxation time for these atoms is very large and
observe an extremely narrow EIT dip. Note further that
Figs. 2 and 3 the absorption and fluorescence do not va
even at the line center since, as mentioned above, the
atoms absorb the probe field linearly during their wall-t
wall time of flight.

In Figs. 4 and 5 we plot the probe absorption and
fluorescence signal for the caseVp50.03G (I p55
31025W/cm2), i.e., the Rabi frequency of the probe fieldEp
is reduced 10 times. We see that, in accordance with
~17!, for this magnitude ofVp the effect of OP is reduced

hed

FIG. 4. Probe absorption̂A& as a function of the Raman detun
ing dR for the caseDc50, Vc50.3G, and Vp50.03G. Inset: a
zoom of the same graph; the dashed line is the pure OP curve w
Vc50.

FIG. 5. Fluorescence signal^r33& from the upper levelu3& as a
function of the Raman detuningdR for the same set of paramete
as in Fig. 4. Inset: a zoom of the same graph.
0-5
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significantly both in its width and depth. Note the increase
the absorption and fluorescence in the frequency regions
jacent to the EIT dip. This is due to the resonance of
probe field with the components of the Stark splitting of t
upper levelu3&. In these figures, only the atoms with th
thermal velocitiesv<0.002u ~corresponding to a mK tem
perature! are trapped in the dark state and contribute to
EIT effect. To illustrate this fact, we show in the next figu
the partial absorption of the probe atdR50 as a function of
the velocity of atomsv calculated from Eq.~14!. One can
see that only relatively slow atoms, which have enough ti
to settle down into the dark state, do not participate in
absorption process. For a stronger probe field, less inte
tion time is needed for the atoms to be trapped. Theref
the atoms with higher velocities become nonabsorbing, a
apparent from comparison of the two curves in Fig. 6.

Consider now the case of the finite detuningDcÞ0 of the
coupling field~Fig. 7!. Here the absorption reduction of th
probe fieldEp due to the effects of OP and EIT takes place
the different frequency regions, which leads to the separa
of the two Lorentzians. This is because for the EIT effect
Raman resonant conditiondR50 is needed, while the effec
of OP is most efficient in the vicinity of the resonance of t
probe field with the atomic transition frequency.

We turn our attention now to the discussion of unus
dispersive properties of our system. The basic equation
this study is Eq.~12b!, by means of which the delay tim
~15! and the corresponding group velocity of the probe~16!
can be calculated. In Figs. 8 and 9 we present the phase
of the probe at the exit from the cell as a function of t
detuningdR . One can see in Fig. 8 that, similarly to th
absorption spectra of Figs. 2 and 4, there are two supe
posed dispersion curves, the first of which corresponds to
OP effect and the other~the steeper! one to the EIT. As
discussed above, for the parameters corresponding to
8~b!, the EIT effect results only from the slowest atomsv

FIG. 6. Partial absorption of the probeApart @see Eq.~14!# at
dR50 as a function of the velocity of atomsv ~normalized byu)
for Dc50, Vc50.3G; Vp50.3G ~solid curve! and Vp50.03G
~dashed curve!.
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<0.002u), while faster atoms, due to the linear absorptio
constitute a rather smooth background. Therefore, the a
aging over the velocity distribution does not induce a sign
cant spread of the dispersion curve. This leads to a fast va
tion of the dispersion in the vicinity ofdR50 and,
consequently, to a strong reduction of the group velocity
light. Thus in Fig. 8~b! for the delay time of theEp field at

FIG. 8. Phase shift̂f& of the fieldEp at z5L @see Eq.~12b!# as
a function of the Raman detuningdR for the caseDc50, Vc

50.3G; Vp50.3G ~a! andVp50.03G ~b!. The dashed lines are th
pure OP curves whenVc50. Inset is a zoom of graph~b!.

FIG. 7. Probe absorption̂A& as a function of the Raman detun
ing dR for the caseVc5Vp50.3G; Dc53G ~a! andDc510G ~b!.
0-6
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the exit from the cell we have

Tdel5
d^f&
dvp

udR5051.831029 s,

which gives the group velocity as small asVgroup.1.8
31025c.

We have discussed so far a rather idealized model wh
the hyperfine splitting of the excited atomic state 3P1/2 was
neglected. To proceed from the obtained results, we can f
see the appearance in a real experiment of the second O
on the absorption and fluorescence signal curves. Eac
these dips would correspond to the probe field resona
with the atomic transition from the lower levelu2& to the
respective hyperfine sublevel of the excited state. The lo
tion of a single EIT dip, however, is independent of t
presence of the second excited level and is always atdR
50 on the Raman detuning scale.

IV. CONCLUSIONS

In conclusion, we have developed a formalism for rend
ing the ~near! resonant interaction of two electromagne
fields with an inhomogeneously broadened system consis
of three-levelL atoms confined in an ultrathin cell of thick
ness 10mm or less. The peculiar features of this model st
from the fact that the free interaction time of atoms with tw
laser fields is solely determined by the wall-to-wall time
atomic flight. Unusual absorptive and dispersive proper
of this system have been found. Thus, we have shown
the absorption spectrum of the probe field and the fluo
cence signal from the upper atomic level contain two s
Doppler dips. One of them is originated from the OP due
the leak of atomic population from the upper levelu3& while

FIG. 9. Phase shift̂f& of the fieldEp at z5L as a function of
the Raman detuningdR for the caseVc5Vp50.3G; Dc53G ~a!
andDc510G ~b!.
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re

e-
dip
of
ce

a-

r-

ng

s
at
s-
-

o

the other much narrower dip corresponds to the EIT eff
established in the medium due to the CPT of the atoms in
lower levelsu1& and u2&. When the coupling field is tuned
into the exact resonance with the atomic transitionu1&
→u3&, the locations of the two dips on the frequency sc
coincide, whereas in the case of nonzero detuning of
coupling field, the two dips are shifted from each other
the amount of this detuning. This is because the EIT effec
very sensitive to the Raman resonance conditiondR50,
while the effect of OP is most efficient in the vicinity of th
resonance of the probe field with the atomic transition f
quency.

Another interesting finding that has emerged from t
study is a discovery of the unusual dispersive properties
this system in the frequency region where the absorptio
low. The large optical nonlinearities are conditioned by tho
atoms that have a very small velocity component along
probe field propagation axis, therefore the averaging over
velocity distribution does not spread much the dispers
curve in the vicinity ofdR50. In other words, the presen
scheme enables one to effectively separate the contribu
of the ‘‘cold’’ superslow atoms. This gives an easy and r
bust recipe for obtaining a rather strong reduction of
speed of light with no need of using the expensive cold at
technology.
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APPENDIX

To discuss more quantitatively how the EIT is establish
under the conditions of the present scheme, we present
an analytic result for the special caseDp5Dc50. Since we
consider the probe and coupling field intensities to be be
the saturation intensities of the corresponding atomic tra
tions, i.e.Vp,c,G, in the time regiont.G21 we can adia-
batically eliminate the upper atomic levelu3& and express the
density-matrix elementsr33,r31, andr32 through the popu-
lations r11 and r22 of the lower levels and their coherenc
r21. This will allow us to solve analytically the master equ
tion ~4! for the given initial conditions att50: r11(0)
5R1 ,r22(0)5R2512R1, andr21(0)50. It is convenient,
however, to describe the evolution of the system in the ba
of coupleduC& and noncoupleduN& states, defined as@7#

uC&5
Vc

V
u1&1

Vp

V
u2&, ~A1a!

uN&5
Vp

V
u1&2

Vc

V
u2&, ~A1b!

whereV5AVp
21Vc

2. As can be checked using the Ham
tonian~3!, the noncoupled state is indeed decoupled from
0-7
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atomic stateu3& and the coupled stateuC&. The density-
matrix elements in the two bases are expressed through
other as

rCC5~Vc
2r111Vp

2r2212VcVpRer21!/V
2, ~A2a!

rNN5~Vp
2r111Vc

2r2222VcVpRer21!/V
2, ~A2b!

r33.V2rCC /G2. ~A2c!

The solution for the populations of the coupled and no
coupled states is given by

rCC5RCexp~2gt !, ~A3a!

rNN5RN1S 12
V2g0

G2g
D RC@12exp~2gt !#, ~A3b!

where

RC5rCC~0!5~Vc
2R11Vp

2R2!/V2,

RN5rNN~0!5~Vp
2R11Vc

2R2!/V2

are their initial values, and

g5
Vp

2g11Vc
2g2

G2
1

V2g0

G2
~A4!

is the decay rate of the coupled stateuC&, which is composed
of the decay to the noncoupled stateuN& ~first term! and the
decay to the external states~second term! that is responsible
for the OP. It is worth mentioning at this stage that in t
casedRÞ0 the stateuN& is not decoupled from the stateuC&
s.

tt
in,

-

b

.
tt.

05382
ch
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and the upper atomic levelu3&. Combining Eqs.~A2c! and
~A3a! one can see that the fluorescence signal, being pro
tional to the population of the upper levelu3&, is most re-
duced in the line center where both terms of Eq.~A4! play an
equally important role, while outside of the EIT windo
only the second term causes the reduction. Obviously
reduction originates only from the relatively slow atomsv
,Lg that have enough free interaction time. With regard
Eq. ~A3b!, some atoms having arbitrary velocities might in
tially be trapped in the noncoupled state, which is rep
sented by the first term of this equation. Further increase
the populationrNN is, however, solely determined by slo
atoms whose contribution is given by the second term of
~A3b!.

The equation for the probe absorption has a form

a}H R22
V2~G2g2!

G~gG2V2!
RCF12expS 2

gG2V2

G
t D G J

3expS 2
V2

G
t D1O~e2Gt!. ~A5!

In particular, in the caseg15g2 andR15R25 1
2 we obtain

that the probe absorption decreases according to the s
exponential low a} exp(2gt). Another result following
from Eq. ~A5! is that for the set of parameters for which th
condition

Vc
2R1@Vp

2R2

is satisfied, the absorption of the probe field is replaced by
amplification as a result of the Raman scattering of the c
pling field.
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