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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-levelA 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 numbes): 42.50.Gy, 32.80-t, 42.62.Fi

I. INTRODUCTION tively [10,11]. Thus in a low power experiment with the light
intensity of the order of 0.1-1 mW/dnonly the slowest
The effect of electromagnetically induced transparencyatoms would have enough time to settle down into the dark
(EIT) [1] has attracted much interest as a basic mechanisstate and, hence, the major contribution to the probe trans-
for a number of novel optical phenomena such as lasingarency peak and refractive index variation would come
without population inversiori2,3], pulse matchindg4], en-  from these atoms. At the same time, the fast atoms absorb
hanced index of refractioff], or resonantly enhanced non- the probe field only linearly during their wall-to-wall time of
linear processel$]. The essence of EIT is a phenomenon offlight. This leads to the fact that in a thin film the probe
coherent population trappin@PT) [7] in which the appli-  absorption never vanishes, in contrast to the usual thermal
cation of two laser fields to a three-level atomic system crevapor cell, where a Doppler-free EIT window has, in prin-
ates a specific coherent superposition of the atomic states-iple, vanishing absorption at the line cenitét.
the so-called “dark state”— which is stable against Qur motivation for the present work is also related to the
absorption of both fields. Experimentally, the steady-statgossible narrowing of the linewidth of the probe transpar-
EIT has been widely studied in usual vapor cells, where thency peak down to the natural limit. Fdr atoms, the rel-
thermal atomic motion, as a rule, tends to average the corevant parameter is the damping rate of the coherence be-
tribution of various atoms having different velocities and tween the ground states that is responsible for the trapping
corresponding time of flight and collisional broadening of effect[7]. Many experimental parameters determine the ob-
the atomic coherences, effectively smearing out the fingerved linewidth of the transparency peak, e.g., amplitude
structure of the absorption and dispersion profiles. Meanand frequency fluctuations of the laser fields, atomic colli-
while, the combination of the EIT and the newly developedsional broadening, influence of external fields, and time-of-
technology of cooling and trapping atoms does not contaifflight broadening. The latter, being a phenomenological con-
such a disadvantage, which made it possible to achieve retant, is usually introduced into the theoretical calculations
cently an extreme reduction of light group velocity up to on CPT as a parameter to fit the experimental fthtal2. In
10" "c [8]. However, another recent repdf] has demon- the case of a thin vapor cell, however, it is possible to take
strated that, under the condition of copropagating laser fieldmto account the finite interaction time exactly without intro-
and with a proper choice of experimental parameters, thgucing any unknown parameter. This procedure is described
same order of magnitude for the light group velocity isin the following section and it requires that the coherence
achievable even in a usual vapor cell. between the atomic ground states does not suit@ven par-
This paper is devoted to the study of the EIT effect in atially) during atom-wall collisions. This is the main assump-
vapor of three-levelA atoms confined in an ultrathin cell tion we have made in this work. Another interesting aspect is
with a thickness of only a fewum. In this cell, for low the possibility of observing a competition between the CPT
enough atomic density, the time of uninterrupted interactiorand the optical pumpingOP). In practice it is very difficult
of atoms with electromagnetic fields eventually coincidesto find a closed\ system since, as a rule, there always exist
with the velocity-dependent wall-to-wall transit time of the some ground-state sublevels that are not excited by the ap-
atoms. On the other hand, the CPT time is of the order oplied fields and, in the mean time, the atomic population
I'(QZ2+Q2) 71, wherel is the half-width of the resonant decays to these “external” states. Actually, the CPT is al-
with the probe field atomic transition, a, and{(1, are the  ways accompanied by the OP. Indirect evidence of the influ-
Rabi frequencies of the coupling and probe fields, respecence of OP on the formation and properties of the dark state
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has been recently obtained in the experiments with a thermal | 3)
sodium bean13] by measuring the time-averaged fluores- Y b

cence signal. The fact that the OP alone originates a sub- 0

Doppler structure in the transmission spectrum of an open yed

atomic system was theoretically predicted 14,15 and ex-
perimentally observed in an ultrathin cell with a single light

beam in[16]. In the present paper we show that in a thin

vapor film the absorption spectrum of the normal incident to

the cell probe field and the fluorescence signal from the up-

per atomic level contain two sub-Doppler dips that corre-

spond to the effects of OP and EIT. By choosing different
detunings of the coupling field from the respective atomic | 1)
transition resonance, it is possible to separate the contribu-
tion of the two effects.

The paper is organized as follows. In the next section we
derive equations for the time evolution of the atomic density Sp= w1+ wp— W, 2)
matrix and for the field transmitted through the cell. On the
basis of the mathematical formalism obtained there, wdS the two-photon Raman detuning on the transitidn
present in Sec. IIl the results of numerical calculations per—2). In the dipole approximation, the total interaction pic-
formed for a realistic experimental setup. Our conclusiondureé Hamiltonian corresponding to this system can be written

are summarized in Sec. IV. Finally, in the Appendix we ob-2S

12)

FIG. 1. Schematic representation of the atomic system.

tain analytic resu_lts on I_EIT for a special case of exact reso- Hin=7 0g|2)(2| + 1A | 3)(3)
nances of both fields with the corresponding atomic transi-
tions. —h(Q¢3)(1[+Qp[3)(2[+H.c). ©))

Here the Rabi frequencies of the corresponding fields are
Il. FORMULATION defined as) = u13E/2h and Q= posE /20, wherep; is
the dipole matrix element of the transition: k which can be

We consider a stationary interaction of two copropagatingexpresSeol through the radiative decay rate; as
I

electromagnetic fields with a vapor of three-levelatoms

confined in an ultrathin cell of thickneds The density of 3503
atomsN is assumed to be low enough so that the time of free | i) 2= T Vi -
flight of the atoms having a mean thermal velocity) 4wy

Leltvrgelytexceetldls ﬂ;etht'me:" L_1_<hv> ththet ragomlc fI|gr;t be-k . The time evolution of the system’s density matyixobeys
een two walls of the cell. Throughout the present work ity "ot equation

is also assumed that the atoms experience inelastic collisions

with the cell walls during which they lose optical excitation d i

and all memory about the previous state. Having made these FT g[Hint,P]JFAP- (4)

two assumption, we can avoid using in our treatment a phe-

nomenological constant responsible for the collisional relaxin our model, the longitudinal and transverse relaxations of

ations of atomic excitation and coherences and take thedbe atomic Bloch vectors are determined only by the process

effects into account exactly by solving the temporal equaof spontaneous emission from the upper le{@l to the

tions governing the evolution of the atomic density matrixlower levels|1) and|2) and outside of the three-level sys-

with proper boundary conditions for each atom separately, akem. According to the assumptions made in the beginning of

described below. this section, the time of free flight of an atom having the

velocity v along the cell axiz is solely determined by the

time interval between two subsequent collisions with the cell

walls, due to which the atom loses optical excitation and then
The atomic system is depicted in Fig. 1, where the unperdeparts from the surface having equal populations of the

turbed atomic levels|1), [2), and [3) have energies lower levels|1) and |2). As such, the phenomenological

fhwy, hw,, andhws, respectively. The atom interacts with relaxation matrixA p has a form

two electric fieldsE;, having the frequencies., and

working on the transition$l)—|3) and|2)—|3), respec- Y1P33 0 —Ipis

tively. These fields are detuned from the atomic resonances Ap= 0 Yopszs  —Dpog |, (5)

by the detunings

A. Model atomic system

—Ips; —T'pza —2I'p33

Ac=wgy—we, Ap=Ac— dr= w3z~ wp, @D where = Yo+ v1+ 7> is the total spontaneous decay rate
of the level|3), which is composed of the decays to the
wherew;, is the energy difference between the leviedsidk,  levels|1) and|2) with the ratesy, andy,, respectively, and
and the decay outside with the ratg.
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B. Probe absorption and phase shift periment with a thin cel[16]. Hence, for the relative absorp-
tion A and the phase shift of the probe at the exit from the

The spatial evolution of the probe fiekl,(z) along thez
P P f(2) g cell, we obtain

axis is determined by Maxwell's equation

d 27w

d_ZEp:| pPp, (6) AEIp(O)_Ip(L)_

£TWp L
c Ip(—o)—fo a’(Z)dZ, (11@

where P, is the field induced polarization, real and imagi-
nary parts of which are responsible for the dispersive and L

absorptive properties of the medium, respectively. For sim- b= J;) B(z)dz (11b
plicity, we assume that the initial phases of both fields,
andE., are the same. For the probe fidig=|E|exp()
written as a product of real amplitud&,| and phases
terms, Eq.(6) takes the form

Next we need to take into account the atomic thermal motion
which we assume to obey the Maxwellian distribution
W(v) = (uym)  texp(~v%u?) with u being the most prob-

d[Ep| 2mw, [Pp able velocity. Thus for the averaged over the atomic velocity
&z~ ¢ Mg |I[Bl=—75elEl, (78  distribution absorptiofA) and phase shif{$) we obtain
P finally the following equations:
d¢ 27w, [Py

oo L
<A>=J1) W(v)dv fo a(z)dz,

where we have introduced the local absorptioand disper-
sion g coefficients of the medium on the frequeney:

% L
<¢>:fo W<v>dvf0 B(2)dz,

_ 4Ty | Pp 8
which in explicit form are given by
_ 27Twp R Pp (8b)
P=— Ep)” .
. o . o (A)ZAOJ exp(—v2/u?)vdy
The medium polarizatiof?, on this frequency is given by 0
= Yoo Liv (AT (AL
Pp=2Npuod pat paal, 9 Xf lm[Psz(E cp) N Psz(E c.p) dt, (129
where the nondiagonal matrix elemepfs= ps,(z=vt) and ° P P
p3=p3z=L—vt) relate to the atoms flying with the ve-
locity v(>0) in the positive and negative directions of the ()= Aﬁjxexp(—vzluz)vdv
cell axis, respectively. Obviously, these two groups of atoms 2 Jo
experience opposite Doppler shifts of the detunings of both LAY A)
I . . L/v t, 2 t, -
fields from the atomic resonances: XJ’ Re{psz( cp) . paAt, A, }dt, (12b)
v 0 Ep Ep
Ac_,p:AC,piwC,pE' o
where the coefficient
Note, however, that for closely disposed lower leyélsand
|2) (e.g., hyperfine components of the same atomic state 8N \/Ewpﬁ%
the Raman detuningy is practically the same for all atoms AO:T-

and is not affected by their thermal motion.
From Eq.(7a) for the intensityl ,(z)=|E,|? of the probe

atz=L we obtain In Egs.(12) the integration over the spatial coordinatbas

been replaced by the integration over the timetér (7

L L =L/v) of free interaction of atoms with both fieldg§dz

Ip(L)=Ip(O)ex;{ - fo a(z)dz) zlp(0)< 1- fo a(z)dz). valalvdt_
Another quantity that we use in Sec. Ill and that is pro-
(10 portional to the fluorescence signal from the excited atoms is

In the last part of this equation we have replaced the expothe upper level populatiops;. Following the same reason-
nent with its first-order Taylor expansion assuming, thusjng as in the derivation of Eq$12), for the space integrated
that the absorption is weak. As we show in the next sectionand velocity averaged populatigpss) of the upper state of
this simplification is well justified for a typical optical ex- the atoms in the cell we obtain
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0.016
1 0 0.008
<p33>=—f exp(—v?/u?)vdo -
JmuLJo 0.014 | 0006 |
L/v N N B B
<[ TRt AL st A ay oo
s
2 0.010 0.002 : ‘ .
where pgz=p33(z=vt) andpg=psx(z=L—0t). & o = 0 s 10
To get an idea about contributions to the absorption by the_§ 0.008 |
atoms with various velocities, we define also a velocity- <
dependent partial absorption 0.006 |
A AO fv !2/ 2 !d ’ 0.004
Dart(U)_<A> Oexp( v'“/uf)v’du :
L' [pat AL palt,Agy) 00250 S0 80 0 50 100 150
X Im £ —+ 5 — |dt, 8T
0 p p
(14) FIG. 2. Probe absorptiofA) [see Eq(123] as a function of the
Raman detuningsy (normalized byI") for the caseA.=0 and
which is normalized by the total absorptigA). Q.=Q,=0.3I". Inset: a zoom of the same graph in the vicinity of

Equations(12), (13), and(14) are the central equations of dr=0; the dashed line is the pure OP curve wheg=0. Other
this paper. In these equations, for each group of atoms haparameters are given in the tetgec. 1.
ing the velocityv, the density-matrix elements are found by
(numerical integration of the master equatigd) with the — €lswz)/2m=1772 MHz is almost twice as large as the Dop-
initial conditions p;1(0)=p,(0)=3,p33(0)=pi(0)=0 (i pler width. The separation of the two hyperfine components,
#K). F=1 andF=2, of the upper state B, is, however, one
The delay timeT 4 of the E,, field after passing through order of_magnitude smaller and, hence, the inhomogeneous
the cell, relative to the timél,,. of passing through the broadening well overlaps these two states. In our model, we

vacuum, is given by8] dq not takc_—:- intp account the se_cond upper level having in
mind that, in principle, one can incorporate into the present

d{ &) treatment the hyperfine splitting of the excited atomic state.

Taewp) = dwy (159 At the end of this section we make, however, some predic-

tions on the behavior of the nonidealized system which are

In the frequency region wher&ye(w,) is approximately —based on a simple phys;cal_rleasoning. The dgdé_y?Z:om—
constant and much larger thd,., for the group velocity Posed of y;=2.574<10" s™7, y,=1.381x10" s -, and

Vgroup Of the probe we have Y0=2.323x10" s 1. The latter represents the population
leak from the level3) towards those magnetic substates of

L d(g)\ 7t the atom that do not form A system in the presence of the
Vgroup:Tdel+TvaC:L dop | (16 two applied fields—the process that is responsible for the

OP. For the cell length =10 wm the density of atomBl is
Thus in the frequency region where the derivativetaken to be rather I_OWI\1=5><_1O12 cm3) in order not to
(d<¢>/dwp) takes a large positive value, the reduction of theviolate the assumption made in the preceding section.

group velocity of the probe field is significant. In Fig. 2 we plot the probe absorption calculated from Eq.
(129 as a function of the Raman detunidig for the case
— — — — — 3
lIl. NUMERICAL RESULTS AND DISCUSSION Ac=0 andQ;=0Q,=0.3 (1,=5x10 *W/cn¥). For the

same set of parameters we plot in Fig. 3 the upper level

Here we present the results of numerical calculationgopulation({pss) which is proportional to the fluorescence
based on the equations derived in the preceding section argignal from that level. One can see a sub-Doppler absorption
give the discussion of relevant physics. (and fluorescengedip consisting of two superimposed

In our simulations for the model atomic system we havel orentzians, the first of which—the broader one—represents
chosen parameters corresponding toBhdine of 2Na. The  the absorption reduction due to the OP of the external levels
most probable velocity of the atoms=460 m/s at room of the A atom with the ratey,, while the second much nar-
temperatureT=20°C, for which, with w, =27 5.083  rower dip is due to the EIT effect. A comprehensive intro-
X 10" rad/s, the inhomogeneous Doppler broadening widttduction of EIT in terms of the system’s noncouplethrk)
is equal to 955 MHz. The total decay rate of the upper levelnd coupled states is given in the Appendix. For comparison
|3), corresponding to the stateP3, (F=2) of Na, is I’ we plot on the same graphs the pure contribution of the OP
=6.277< 10" s~ L. The lower atomic levelgl) and|2) cor-  in the absence of the coupling fiefd.=0. In an ultrathin
respond to the hyperfine componefts 1 andF=2 of the cell the absorption reduction of the probe in the vicinity of
ground state S,,,, respectively. The separation of these lev-the atomic line center results from the fact that only the
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FIG. 3. Fluorescence signébs3) from the upper level3) [see
Eq. (13)] as a function of the Raman detuniAg for the same set of
parameters as in Fig. 2. Inset: a zoom of the same graph; the dashia2

line is the pure OP curve whe®d.=0.

.=0.

FIG. 4. Probe absorptiofA) as a function of the Raman detun-
ing &g for the caseA.=0, Q.=0.3I", andQ,=0.03". Inset: a
zagom of the same graph; the dashed line is the pure OP curve when

slowest atoms have enough time to undergo a complete Ofthe rate of relaxation of the coherence between the leggls

[14-16. For moderate laser field intensities, the efficiemcy and|2). In our model this relaxation results from the atomic
of OP per unit time is proportional to the ratio of the Rabi collisions with the cell walls. Since only the slowest atoms
frequency of the field to its detuning from the atomic reso-are responsible for the EIT effect, the ground levels’ coher-
nance: ence relaxation time for these atoms is very large and we
observe an extremely narrow EIT dip. Note further that in
Figs. 2 and 3 the absorption and fluorescence do not vanish
even at the line center since, as mentioned above, the fast
atoms absorb the probe field linearly during their wall-to-
wall time of flight.

In Figs. 4 and 5 we plot the probe absorption and the
fluorescence signal for the cas€,=0.03I" (1,=5

10~ °Wi/cnv), i.e., the Rabi frequency of the probe fieig
is reduced 10 times. We see that, in accordance with Eq.
S(’17), for this magnitude of}, the effect of OP is reduced

2
QP

A2,z o 17
P

7]2

where the detuningg includes also the Doppler shift. Thus,
while scanning the probe laser, those atoms that have detu
ings|A§|>F interact with the field weakly and give only a
linear contribution to the absorption and fluorescence durin
their wall-to-wall time of flight. Some of the atoms having
the corresponding Doppler shift compensate for the probe

detuning (AFf:O), but due to the nonvanishing velocity — 2.0x107 Toao
component along the axis, they also do not have enough
time for a complete OP. Only the slowest atoms, when the 198 & o0 L
laser is tuned into resonance with the atomic transition, si-

- . . 1.96
multaneously have vanishing detuning and enough time tcg 187 |
undergo a complete OP. On the other hand, when the cou§ ;g4 |

pling field E. is on, the OP of the lower levéll) becomes

cence S

reversible, which causes the increase of the probe absorptiog 1.2 |
and the fluorescence sign@ee Figs. 2 and)3 since the 3

latter is proportional td)2 as follows from Eq(A2c) of the g 100
Appendix. At the same time, we observe a superimposec 188 |

narrow EIT dip. Similarly to the OP effect, for the CPT in
the lower level§1) and|2) to settle down, enough interac- 186 |
tion time [of the order ofl'(QZ+Q2) '] is needed. There-

fore, only the slowest atoms are trapped in the dark state ani 1.8
do not contribute to the absorption. The narrow width of the

EIT dip in comparison with the OP dip can be understood if

we recall the fact that the EIT effect takes pIace only in the FIG. 5. Fluorescence sign@ba.j} from the upper |evel3) as a
frequency region where the Raman resonance cond#on function of the Raman detuningy for the same set of parameters
=0 is satisfied with an accura¢yg|< yi1,[7], wherey;,is  as in Fig. 4. Inset: a zoom of the same graph.
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FIG. 6. Partial absorption of the prot#,, [see Eq.(14)] at
5gr=0 as a function of the velocity of atoms (normalized byu) 0.002 . . . ‘ . ‘ ‘ ‘
for A;=0, Q,=0.3"; Q,=0.3" (sold curvg and Q,=0.03" -5 -10 -5 © 5 10 15 20 25 30
(dashed curve 3/T

N o ) ) FIG. 7. Probe absorptiofA) as a function of the Raman detun-
significantly both in its width and depth. Note the increase ofing s, for the case),=0,=0.37; A,=3T (a) andA,= 10T (b).

the absorption and fluorescence in the frequency regions ad-

jacent to the EIT dip. This is due to the resonance of the<g 5o2,), while faster atoms, due to the linear absorption,
probe field with the components of the Stark splitting of theongtityte a rather smooth background. Therefore, the aver-
upper level[3). In these figures, only the atoms with the 55ing over the velocity distribution does not induce a signifi-
thermal velocities) <0.0021 (corresponding to a MK tem-  ant'spread of the dispersion curve. This leads to a fast varia-
perature are tr_apped in the dark state anq contribute to thgion of the dispersion in the vicinity oféx=0 and,

EIT effect. To illustrate this fact, we show in the next figure consequently, to a strong reduction of the group velocity of

the partial absorption of the probe &=0 as a function of jigpt Thys in Fig. 8b) for the delay time of thé, field at
the velocity of atoms calculated from Eq(14). One can P

see that only relatively slow atoms, which have enough time 0.002
to settle down into the dark state, do not participate in the

absorption process. For a stronger probe field, less interac -,
tion time is needed for the atoms to be trapped. Therefore'c'é
the atoms with higher velocities become nonabsorbing, as isg

0.001

apparent from comparison of the two curves in Fig. 6. 4 or
Consider now the case of the finite detunikig# 0 of the g
coupling field(Fig. 7). Here the absorption reduction of the £ -0.001 |
probe fieldE, due to the effects of OP and EIT takes place in
the different frequency regions, which leads to the separatior  _g o2
of the two Lorentzians. This is because for the EIT effect the 0.004 - —
Raman resonant conditiofy=0 is needed, while the effect ®) [
of OP is most efficient in the vicinity of the resonance of the g g .gp2 +
probe field with the atomic transition frequency. £ r

We turn our attention now to the discussion of unusual&
. . . . . = 0r
dispersive properties of our system. The basic equation for#
this study is Eq.(12b), by means of which the delay time
(15 and the corresponding group velocity of the prgh6)
can be calculated. In Figs. 8 and 9 we present the phase shi
of the probe at the exit from the cell as a function of the -0.004 : ; :
: N L -10 -5 0 5 10
detuning 6g. One can see in Fig. 8 that, similarly to the ./
absorption spectra of Figs. 2 and 4, there are two superim- ®
posed dispersion curves, the first of which corresponds to the FIG. 8. Phase shiftg) of the fieldE, atz=L [see Eq(12b] as
OP effect and the othefthe steepgrone to the EIT. As a function of the Raman detuning; for the caseA,=0, 0
discussed above, for the parameters corresponding to Fig:0.3'; Q,=0.3T (a) and,=0.03" (b). The dashed lines are the
8(b), the EIT effect results only from the slowest atomis (  pure OP curves whefd,=0. Inset is a zoom of graptb).

€

w
]
£ -0.002 |
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the other much narrower dip corresponds to the EIT effect

0002 | established in the medium due to the CPT of the atoms in the
T o001l lower levels|1) and|2). When the coupling field is tuned
= into the exact resonance with the atomic transitidn
= 0 —13), the locations of the two dips on the frequency scale
§ coincide, whereas in the case of nonzero detuning of the
é“ -0.001 coupling field, the two dips are shifted from each other by

the amount of this detuning. This is because the EIT effect is

-0.002 ¢ very sensitive to the Raman resonance conditi-0,
‘ . ‘ ‘ while the effect of OP is most efficient in the vicinity of the

0.002 | ® resonance of the probe field with the atomic transition fre-
_ quency.
'§ 0.001 & Another interesting finding that has emerged from this
= study is a discovery of the unusual dispersive properties of
< 0 this system in the frequency region where the absorption is
2 low. The large optical nonlinearities are conditioned by those
£ -0.001 ¢ atoms that have a very small velocity component along the

—0.002 | probe field propagation axis, therefore the averaging over the

‘ . ‘ ‘ velocity distribution does not spread much the dispersion
-5 10 -5 0 5 10 15 20 25 30 curve in the vicinity of 5g=0. In other words, the present
&/T scheme enables one to effectively separate the contribution
of the “cold” superslow atoms. This gives an easy and ro-
bust recipe for obtaining a rather strong reduction of the
speed of light with no need of using the expensive cold atom

FIG. 9. Phase shift¢) of the fieldE, atz=L as a function of
the Raman detuningy, for the caseQ);=Q,=0.3"; A.=3I" (3
andA.=10I" (b).

technology.
the exit from the cell we have
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We have discussed so far a rather idealized model where
the hyperfine splitting of the excited atomic state;3 was APPENDIX

neglected. To proceed from the obtained results, we can fore-
see the appearance in a real experiment of the second OP di
on the absorption and fluorescence signal curves. Each

these dips woulld correspond to the probe field resonan consider the probe and coupling field intensities to be below

with the atomic transition from the lower levé2) to the i turation intensiti £1h di tomic t ;
respective hyperfine sublevel of the excited state. The loca: € saluration Intensities of the corresponding atomic transi-

. . . . _l .
tion of a single EIT dip, however, is independent of the'gon_s, I'l'e'(ll,r»?<r’ 'Q the time reg!or|t>1“ v(\j/e can ad'?]'
presence of the second excited level and is alwayggat atically eliminate the upper atomic lev@) and express the

=0 on the Raman detuning scale. de_nS|ty-matr|x elementgss,p3q, andps, through the popu-
lations p4; and p,, of the lower levels and their coherence

po1- This will allow us to solve analytically the master equa-
tion (4) for the given initial conditions at=0: p;4(0)

In conclusion, we have developed a formalism for render= R1,p22(0)=R,=1—R;, and p,,(0)=0. It is convenient,
ing the (neay resonant interaction of two e|ectr0magnetic however, to describe the evolution of the system in the basis
fields with an inhomogeneously broadened system consistingf coupled|C) and noncoupledN) states, defined 9]
of three-levelA atoms confined in an ultrathin cell of thick-
ness 10 um or less. The peculiar features of this model stem
from the fact that the free interaction time of atoms with two
laser fields is solely determined by the wall-to-wall time of
atomic flight. Unusual absorptive and dispersive properties Q Q
of this system have been found. Thus, we have shown that IN)= ﬁp|1>— 6°|2>, (Alb)
the absorption spectrum of the probe field and the fluores-
cence signal from the upper atomic level contain two sub-
Doppler dips. One of them is originated from the OP due towvhere(Q) = \/Qf,Jr Qi As can be checked using the Hamil-
the leak of atomic population from the upper ley@) while  tonian(3), the noncoupled state is indeed decoupled from the

To discuss more quantitatively how the EIT is established
der the conditions of the present scheme, we present here
«an analytic result for the special casdg=A.=0. Since we

IV. CONCLUSIONS

0. 0,
|C>=ﬁ|1>+ ﬁ|2>, (Ala)
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atomic state|3) and the coupled statfC). The density- and the upper atomic levéB8). Combining Egqs(A2c) and
matrix elements in the two bases are expressed through eath3a) one can see that the fluorescence signal, being propor-
other as tional to the population of the upper levi8), is most re-
pec=(Q2p11+Q2p,2+200Rep,) /0%, (A2a) duced in the line center where both terms of &) play an
equally important role, while outside of the EIT window
pNNz(QSP11+Q§p22_ZQCQpRepﬂ)/QZ, (A2b)  only the second term causes the reduction. Obviously this
reduction originates only from the relatively slow atoms
pas=0%pccIT?. (A2c) <L+ that have enough freg interaption time. .V.Vith rggarq .to
Eg. (A3b), some atoms having arbitrary velocities might ini-
The solution for the populations of the coupled and non-ially be trapped in the noncoupled state, which is repre-

coupled states is given by sented by the first term of this equation. Further increase of
the populationpyy is, however, solely determined by slow
pcc=Rcexp — 1), (A33) atoms whose contribution is given by the second term of Eq.
pun=RyT+| 1— 2 Rc[1—exp(—yt)], (A3b) The equation for the probe absorption has a form
7 W 9Ty [ p( yr—nzt)
o e —exp — ——
where , , , 2 I'(yI'—03?) ¢ r
Rc=pcc(0)=(QcR1+ QR0 5
R -TIt
Ru=prn(0) = (Q2R; + Q2R,)/02 Xexp( AR (A%
are their initial values, and In particular, in the case; =17y, andR;=R,=3 we obtain
5 ) that the probe absorption decreases according to the same
Ot Q5y, Q% exponential low ao exp(—t). Another result following
Y= 2 + 2 (A4) from Eq. (A5) is that for the set of parameters for which the
condition
is the decay rate of the coupled sti@, which is composed Q§R1>QF2)R2

of the decay to the noncoupled stéhé (first term) and the

decay to the external statésecond termthat is responsible is satisfied, the absorption of the probe field is replaced by its
for the OP. It is worth mentioning at this stage that in theamplification as a result of the Raman scattering of the cou-
casedg# 0 the statdN) is not decoupled from the staf€)  pling field.
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