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Cavity electromagnetically induced transparency of driven-three-level atoms: A transparent
window narrowing below a natural width
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Steady-state dynamics of/a atom in a ring cavity driven by two coherent fields are studied for arbitrary
detunings, arbitrary incoherent pumping, and coherent driving intensities. Effects of both cavity and effective
atom number on electromagnetically induced transpar€BEY) are pointed out. New physical pictures for
cavity EIT are given in terms of collective cooperative coefficients and dispersion experienced by the probe. In
the regime of smaller collective cooperative coefficients, an absorption-gain profile is reduced to that of a
general EIT estimated by the imaginary part of a corresponding dipole moment, and its transparency window
is directly proportional to power broadening, if the total Rabi frequency is large enough. But in the region of
larger collective cooperative coefficients which means a dense atomic medium, longer optical path,@r high-
cavity, EIT is determined not only by the imaginary part but also by the real part of the corresponding dipole
moment, which results in the possibility of observing an EIT central peak with a subnatural width, while there
may be nearly no power broadening.

PACS numbs(s): 42.50.Md

I. INTRODUCTION mined by an optically dense medium, a longer optical path
and/or a highQ cavity. If y<Q<(1+C)vy, the transparent

In recent years, there has been considerable interest in theak width is approximated af)/[1+C)y}Q<Q. Ac-
quantum interference and coherence effects in a multilevetordingly, power broadening can be substantially reduced
atom system induced by coherent electromagnetic (§eld While a subnatural transparent peak may be observed. As
Many related phenomena such as electromagnetically inill be seen, the essential physics of an indirect approach is
duced transparencyEIT) [1], lasing without inversion twofold: (1) Absorption cancellation due to quantum inter-
(LWI) [2], refractive index enhancement without absorptionf€rence(2) The importance of dispersion enhanced by a cav-
[3], giant nonlinearityf4], and spontaneous emission cancel- 1ty and/or a coherently prepared dense medium, even though
lation [5] have been predicted and subsequently experimerfliSPersion does not play any important role in the direct
tally demonstrated. Specifically, in almost all work done for"’}pprOaCh discussed above. We note that fchere are some pub-
EIT, an optically thin ensemble of atoms or molecules ishcatlons about spectroscopy in optically thick sampiigisas

! . : . > “well as the importance of dispersi¢8]. This paper, how-
generally involved with a configuration of a stronger driving ver, emphasizes aspects of dispersion enhanced by a cavity

field and a weaker probe fi_eld. The key feature is one Centrajnd/or a dense medium. Moreover, a different physical pic-
transparent peak with a width of about A+ =) i e from recent worK7] is given on the basis of quantum
duced by quantum coherence and interference. For examplgyerference.

in A three-level atoms, the width of the transparent peak can

be further approximated as(2because the total Rabi fre-

quency{)>y in a typical EIT. In that sense, power broad- ll. MODEL
ening determines the width of the transparent window and is
always larger than the characteristic parameter of spontan(gi
ous emissiony.

Can we obtain a transparent peak with a subnatural and
power-broadened free width? The answer, at least theoreti- _ Aﬁ a>
cally, is yes. A possible direct way of doing so is by having _Pr
the width such thatQ/y)Q)<Q <y approximately if both
QO <y and the Rabi frequency of the drive is kept much
larger than that of the probe. That procedure is not favorable
experimentally, because of poor E[T(b)] and poor signal-
to-noise ratio. A possible indirect way of obtaining a trans-
parent peak is studied in this paper, and uses a cavity and/or
an optically dense medium, which may result in a perfect
EIT due toQ)>y and the narrowing of its central peak. In le>
this case, the width of a central transparent peak is dramati-
cally modified as yQZ+ y%(1+C)Z— y(1+C)], where is

referred to as the collective cooperative coefficient deter- FIG. 1. The atom level scheme under consideration for EIT.

For maximizing the utility of the theory given here, we
art from one general model of a drivdnatom(see Fig. ],

Ib>
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with an arbitrary incoherent pump scheme and any detuning.
The equations for the density-matrix elemef® for the
atomic system are

9Pbb
T =RpbPbb T Rpapaat RocPec

Up . N
+1 7(Paba; e ¢D_Pbaape '),

whereal", a;, anda!
lasers at the front of the input mirror, inside the cavity, and
outside the output mirror respectively, and the cavity decay

apcc
(? =Rcpppbt Reapaat RecPece
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Ja Jp . .

—P__ i 2P aig in

i Kpapti 5 €' %Ppapt V2kpay

a O _

=Kot e, 2kal, (@
out a|n+ /2K a,

out (i=p,c) are the field amplitudes of

rates are

c » :
- 2 (pcalice Yo Pacas € Ye),

Pobt Paat Pec=NoV,

Kp=rpTilcp,
. )
K=k tiAgg

Steady-state analysis with the master equation

By setting all time derivatives equal to zero, we solve

Egs.(1) and(4) in the steady state as follows:

9Pba 9p e i "
ot~ Doappati5 ag €' ?%(paa= pop) 7a§ e'%epyc,
0;)tbc = —Tpeppoti %ag e %p i %ace’i"’CPba,
ag o= Tacpacti %a e "(pec—Paa)
+i %ape’i%pbc.

If the ensemble averaging & o can be decoupled, the
coherent interacting Hamiltonian under the rotating wave ap-
proximation is

g .
=Acocct Apo'bb_ [_CAco'ace e

H 2

g .
+22A,0.e e+ Hoe,

2 @

and the dipole moment decay rates are 0=

I'ba= YpaTilp,
= Yoeti(Ap—Ap), ©)
I'ac=7ac—iAc,
whereRJ represents a repopulating rate due to spontaneous
emission or an incoherent pump frdih to i), andl';; is a

complex relaxation rate of the corresponding dlpole moment
pij - 9¢.9p and ¢, ¢, are referred to as Rabi frequencies

O:

0=Rpppbbt Rbapaat RocPec
+i %( ate'o—py.a,e” %)
2 Pabp Pbalp ,
0=R¢pPpbT Reapaat RecPec
c . .
- E(pcaace I¢°_Paca:el¢°)1

PbbT Paat Pcc=NoV,

(6a)

. 9p i . 9c i
—I'bappati ?a; €' ?®(paa— ppp) i 733 e'%oppe,

Op Y
—Theppeti _a;; eld)ppac_I ?ace I(/)Cpba'

2

.9, O
—Tacpacti ?ace I%(Pcc_ Paa) Ti ?ape Iqﬁppbc,

- 9p i
0=—Kpap+|7e'¢’ppab+ 2kpay

and phases of the atom interacting with two laser fields af\fter defining

frequenciesw. and w,, respectively. Notice that the detun-
ings are defined in a usual way as=w.—w,c and A,
=wp— w,p, respectively and the laser fields hawg
=(A;). ng is the atomic density, and is the effective vol-
ume of atoms interacting with the laser fields. For the laser
and cavity system, we have
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0=—Kcacti %ei¢cpac+ 2Kcaicn' (6b)
a'= —a"+ 2k .
9p)|° gc|?
D=Cplaclbet 7p llbat| 5| Tlac, (78
gp
M=Tpclact| 5| 1p, (7b)




CAVITY ELECTROMAGNETICALLY INDUCED.. .. PHYSICAL REVIEW A 61 023811

gc)? ANEAR 1
N=rmrm+-§ le, (70 H=(§)(§)%Q2R 5/
where 1;=|a;|? is the laser intensity in the cavity and Solving Eqs.(11), we then obtain

(9i/2)\I; is the corresponding Rabi frequency. We have

: ; . noV
from the latter three equations in Eq6a): Pbb:DL{RcaRbc_ RecRoa— Pp_ aRect Pa_o(Ry— Ryp)
0

_ Yba Pbae_i¢p
2oV i(gyl2)al

+P[R.— (Roc+ Rep) 1+ (Pp_aPac—PH}, (13

- M + - /2 2| nov
_ r':’b\e; (Paa= Pobb) (IE)cc Paa)(9c/2) c' ®) paa:_DO [RecRbb— RebRbe— Ph—aRec— Pa—cRop
0
Yac Paceiq’)C ~Pr(Roct Rep) +(Pp-aPa-c— P?)], (14

AT [V i(g9J2)a, l’loV{R Rya— ReaRop+ Po_a(Re—Reo) — Pa R
Pec="—=— bRba— bb+ b— - - —c™bb
— Yac (Pcc_ Paa)N+(Paa_ Pbb)(gp/Z)ZIp 9 ) o C a ) - ) N
noV D +P[Ry— (Roc* Rep) 1+ (Pp_aPa_c— P}, (19

whereG;j; represents the dimensionless and complex dipole
moment of a single atom which is referred to as a complex

Do=D¢+Pp_a(Rc=3Rcc) + Pao(Ry—=3Ryp) + Py

laser gain.p..—ppp IS the Raman inversion for the probe X[ = 3(Rpe+ Rep) + (Ry+Re)]+3(Pp_aPac— prZ),
laser field. The intracavity amplitude of the probe laser and
the driving laser are directly solved from Ed8b) as (16)

_ in where
0=—Kpap+ «pCpGapdpt V2kpay ,

D¢=Rca(Roe—Rpp) + Ren(Rpa= Rpe) T Ree(Rob— Rpa) s

0=—-Kea.—«.CGyac+ ZKCai:n ) (10 (173
a™=—a+\2xa;, Rs=Rpp+ Rpat Ry,

_ _ o (17b
where the collective cooperative coefficients between the R.=R¢ptRcat Ree-

atom, cavity, and laser field aI@pznoV(gpIZ)zl(ybaKp)

andC.=noV(9./2)%/(vsk.). The larger the effective inter- The population inversions for the transitioas, a-c, andb-c
acting atom number and/or the higher the ca@tyfactors, are

the larger the collective cooperative coefficients: Notice that .y

if the atomic medium in a cavity is 1003,,=0 andG,. _ oY _ _

=0), one may conclude tha®'=al", which means trans- Paa™ Pob™h (Ta-p=Pa-cRo=PrR), (18)
parency of the output fields. Now, we calculate steady-state

atomic system quantities, such as population inversions. NoV
From Eq.(4), we obtain Paa™ Pcc:D_o(_Tafc_ Pp-aRc—P/Ry), (19
0=Rpppbb+ Rbapaat RocPect Pb—alPaa™ Pbb) and

+Pr(pec—Paa), noV
(11 pcc_Pbb:D_[Tc—b+ Pp-aRc=Pa-cRp+ P (Ry,—R¢) ],
0=Rcppppt Reapaat RecPec™ Pa—c(Pec— Paa) 0

(20)
—Py(paa—pPob); .
respectively, where
NoV=ppp+ Paat Pcc Tab=RccRp— R.Rye.
where the efficient pumping rates by the coherent fields are (21)
Ta—c= ~RcRpp T RepRp
9|’ M
Pp_a= (?p) 2 R% B) , Teb=Ta bt Tac, andT,_; represents the effects of inco-

herent processes in the population inversion between the

5 statedi) and|j). Substituting Eqs(18)—(20) into Egs.(8) and

P = ( gc) | 2 Re( E) (12) (9), the probe and complex gain coefficients of the probe and
a-c ¢ D/’ drive lasers for the transitioa-b and a-c become
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Yba absorption profile, so that a substantial narrowing of a central
Gpa==D*[(Ta-p=Pa-cRy—=P/RIM+(Ta c+Pp_aR:  transparency peak may be observed. On the other hand, be-
cause Eq(23) is a two-element high-order equation set, in
gc\? Yba principle, X, and x. can be exactly solved. If this step is
+PRy)| 5] Ie|= G_O{[Ta—bM +(Ta-c reached, we can substitutg andx, into Egs.(10) to deter-
mine the ratio of the output laser intensity to the input inten-
—29pcRp)Xc]D* +X(M* —M)[ RyN* + RoX, 1}, sity as
(22a xout 2 2
L= -1
Xm K,/k,—C,G b '
Gac= 1D | (Ta_ o+ Py_aRe+ PRON o
Go out (243
X 2 2
9|’ Kot G -
+(Ta—b_Pa—cRb_Pch)<?) Ip} c clKe cVPac
or
Yac
TGy (TN T Taro T 27Rep D NN st [14.C,) Re Gyl -+ [Aep 5+ Cp IM(Gy)
X[ReM* + RpXc], (22b) Xp  [1-Cp RdGba)]2+[ACD/KP+CD|m(Gba)]2(2’4b)
Gp=DD* D¢+ 2Xp(R.—3R:c)REAMD*) +2Xx(R, Xgut_ [1-C¢ RE(Gao) 1*+[Acc/ ket Ce IM(Gyo) 12
XN [1+C; REGao) P+ [Ace/ ket Ce IM(Gyoo) 1%
— 3Rpp)REND*) + 25X Ry + Re— 3(Rye+ Rep) Xe [1H+Ce RAGa) P Ace/ et Ce IM(Gac)]
+6ybc]RdD)+3XpXC(M* _ M)(N—N*) (220) If Acp:ACC: O, the above will be further Slmpllfled as
where Gy=DoDD*, X,=(0,/2)2l 5, andx,=(ge/2)?. In xp" 4C, Re(Gp,)

principle, we can substitute Eq&2) into Egs.(10), so that ;‘I?:Pr [1-Cp, REGpa)1*+[Cp IM(Gpa) 1
the coupling equations set of the intracavity laser intensity

are determined as Xp
=1+4C; Re(Gya) 5.

Xo_ 26 i (253
Xy [Kp—kpCpGapl®’ g ) 4C. Re(Gy,)

. 2. (233 x¢ T [14Ce ReGao) I+ [Ce IM(Gqo))*

;Lﬁ B |Kc_ KcCcGac|2 ’

XC
=1-4C. ReG,.) ek
If there are no cavity detunings, that i5,,= A =0, ¢

we have From Eqgs.(23b), optical bistability, multistability and other
nonlinearities can be studied. From E@&53, the effects of
WOV /y — _ 2 2 atomic density, interacting volume and cavity can be shown,
Xp—Xp)/Xp,=2C, Re(G Co{[ReG
(Xp=Xp)/Xp p RE(Goa) = C{[ReGpa)] and EIT or LWI can be studied. Because the real or imagi-
+[IM(Gpa) 1%} nary part of a complex laser gain is always less than 1.0, Egs.
3p (25 can be approximated in the following way, if the col-
(xe—X2)/xe=—2C, Re(Gye) — CH[RE Gyc) 12 lective cooperative coefficier@; is much smaller than 1:
+[IM(Gao) 1%, XSUxi=1+4C,, Re(Gpa),
Wherex?=2x§“/Ki . Equation(23b) shows that the intensity (250

eX; = . (235) sho . xIxg=1-4C, Re(Gqp),
amplification of the intracavity fields is determined not only

by the linear gains R&,,) or Re(G,g), but also by the non-  which is referred to as a general EIT discussed in Sec. Il
linear gaing Re(Gy,2)]* or [Re(G.JT, and the corresponding \WwhenC,; is nearly 1 or above, Eq$25b) is no longer valid
dispersions such as I@fy) or Im(Go). In the smallerC;  and we must use Eq&25a), which are addressed in Sec. IV
regime (C;<1), the contribution of dispersion and nonlinear and named cavity EIT.

gain can be neglected so that absorption spectroscopy is de-
termined by the linear gain. But@,= 1, the contributions of

the nonlinear gain and dispersion may be larger than that of
the linear gain, which represents the effects of the combina- In this section, we discuss the case@f, which is much
tion of dense medium, longer optical path, and cavity. In thissmaller than 1, and which is referred to as “general EIT.”
case, the dispersion property will dramatically modify theFirst we suppose that

Ill. GENERAL EIT

023811-4
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M=M;+iM,+X,,
N=N;+iN,+Xc, (26)
D=D1+ ypaXpt YacXct1(DatApX,—AcXc),
where the parameters are
M1=Yac¥bet Ac(Ap—Ac),
M= Yac(Ap—Ac) = YbcAo),
(273
N1= YpaYoc— Ap(Ap—Ao),
No= Ypa(Ap—Ac) + ¥bcAp),

D1=¥paYacYbct '}’baAc(Ap_ Ac) - ')’acA D(Ap_ AC)

+ 'ybcAcApa
(27b)
D,= 'yba')’ac(Ap_ Ac) = Yba¥ocAct 7ac7bcAp+ AcAp
X (Ap_Ac)y
so that
_ Ypa

Gba_G_O{{[Tafb(M 1+Xp) +(Ta—c=2vpcRo)Xc](Dy
+ VpaXpt YacXe) = 2MoNoRpX e+ Ta pMo(Do+ Apo
—AX)}+i{Ta pMo(Dy+ YoaXp T YacXe)
—[Ta-p(M 1+Xp) +(Ta—c—2¥pcRp)X](Do+ Apo
- AcXc) —2M 2Xc[ Rb(N1+ Xc) + chp]}a (283

Y
Gaem ([ Ta-e(N1 X0+ (T 270R0)%,] D3

+ ’}/baXp+ 'yacxc) + 2M2N2chp+Ta,CN2(D2+ Apo
—AX)f+i{TaNao(Dy+ YbaXp™T YacXe)
—[Ta—c(N1+Xx)+(Tapt 27bcRc)Xp](D2+ Apxp

—AcXe) + 2NoXp[Re(M 1+ Xp) + RpXc 1}, (28b)

Go=1{D¢(D1+ ¥paXpt YacXe) T 2Xp(Rc—=3Rc) (M 1+ Xp)
+ 2Xc(Rp = 3Rpp) (N1 +Xc) +2XpXc[ Rp+ R = 3(Rye
+Rep) +6¥pcl}(D1+ ¥paXpt YacXe) T 12XpXM 2N,
+[De(DatApXy—AcXe) +2Xp(Rc— 3R )M

+2X(Rp—3Rpp) N2 (Do + ApXp— AcXe). (280
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1 .
Gba:G_O (— 272Apxc){7b7Ap+ i[yp(Xe— A;ZJ) + ')’cxp]}-
(293

1 .
Gac:G_O 2y* Al ey Ap +i(veXpt YpXo)], (29b)

Go= 27{[Xp')’cxp+ XcVo(Xe— AS) +prc( Yot ve) (= AS
+XpF Xe) + BXpXc YAS+ AS(Xp Yo+ X ¥o) (V2 H+ Xp)}-
(290

Under the condition of;<1 and from Eq.23b), we have
Xp~X5 and x,~xJ. Furthermore, from Eqs(25b), the ab-
sorption spectrum of the probe laser is only determined by
the linear gairG,_,. Itis clear thaiG,_, has only its maxi-
mum value atA ;=0. This represents 100 two-photon reso-
nances, and, at infinite time, the atom gradually falls down in
the dark state so that there are no interactions among the
atoms, laser fields, and vacuum fields. As a consequence,
100 two photon resonances are observed. From &5,

EIT which is calculated only by the real part &,_,, can

be immediately derived as

IOUt ZAZ
Y 2y
~1-4C, 212, A2 2!
[(Xp+Xe) VT + a— A2]2+ A2(2Wg) s

P
in
ID

(2Wqip) 2= ¥*(1+ @) +x,2(1+ 1+ a) +x2(V1+a—1

+a), (30b)
where a=(X,vc)/(Xcyp). We then have the following re-
sults:(1) Becausés,_,=0 at bothA =+ andA,=0, one
may define the half-value width of the transparency window
and the half-value width of the absorption doublet. The
former is exactly calculated as

Wor_indow= 2[ V(Xp+Xe) VIF @+ (Weip) 2= Wei. (31)

If the probe intensityx is large enough, the transparency
window will increase substantially. Naturally, we can also
select a suitable atom species so thats much smaller than
vp, Which results in the suppression of the window broad-
ening due to the probe. Nevertheless, the width of the trans-
parency widow is dependent on the power broadening and
the natural linewidth in the probe chann@) The half-value

of the absorption dips is exactly equal t&Wg,, whenx,
>X,, and

(2Waip) 2= (4+3c/ yo)Xpt+ ¥ (1+ ). (32

Some special cases are condidered in the following discus-

sion. If A.=0, and when Ryy,Rpa,Rpe)—(0,v,,0) and
(RebsRea:Re)—(0,7¢,0), we haveD =T, p=T,-=0,
Ype=0,A.=A;;=0, andyp,= yac= 7, if atomic collision is
neglected. In this case, we have

Furthermore, when the probe Rabi frequency is much
smaller thany,,, the width of the absorption dip has its
minimum value of about W ,~ y,,. On the other hand,
Eqgs.(30) can be rewritten as

023811-5
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Gp_a(Ap) = e (zL*)z 2
AWV Weip— (Xp+ Xo) TFa L (Ap) "+ (L)
2
T %9
where
Wiip™> VXp+ xc4m,
(34

L.= Wdip\/ngp_ (Xp+ Xc) \/1+ a.

PHYSICAL REVIEW A 61 023811

width and different central frequencies. This phenomenon is
similar to the result of Autler-Townes level splitting. In other
words, general EIT is the consequence of quantum coherence
and an ac Stark effect. In the weak-field regiifer example,

Eq. (33)], quantum interference and coherence is dominant,
while in the strong-field regime, the ac Stark effect and quan-
tum coherence combine together to be dominant. The above
is the general EIT discussed elsewhere. Our particular con-
tribution to general EIT is its physical explanation. This
physical explanation gives a criterion to distinguish the con-
tribution of quantum interference and coherence from that of
level splitting to some extent. In this case, however, the dis-

The absorption spectrum is the subtraction of two LorentzPersion contribution is neglected and the width of the central
ians with different widths but the same height and frequencyr@nsparency peak is formulated in E§1). Since generally
center. Apparently, this phenomenon is not simply due tovXc> 7. Wr_yindow™ 2Xc. Power broadening determines

Autler-Townes level splitting. If
Wdip< \/Xp+ Xc 4\/ 1+ o,
Q0= (3 x) VT a— Wi (35

Qo= \/(xp+xc) Vi+a—Wjy

Egs.(30) can be rewritten as

Yba
4 (xp+ XTI+ a— W3,
X 2 2
(Ap—=Q0) "+ (Wyip)

Gp-a(Ap)=

A

P
TR0 W2 %9

Thus EIT in this case is the addition of two mirror-

the transparency window. Cavity EIT under the condition of
C;=1 will be discussed in Sec. IV.

IV. CAVITY EIT WITH A.=0

Cavity EIT defined in Eqs(259 is dependent not only on
the real part ofG,_, (amplitude gain or logshut also on its
imaginary partdispersion, thus effectively interacting atom
number with cavity. In this sense, absorption spectroscopy of
the probe may be dramatically modified. From E@8), we
have

— YPAS—iyAp[Xo(1+a)—AZ]

T [ (xpx) VI+ a—AZ]24+ AZ(2Wyp)2
ay?A2+iyA X (1+ @)
Y BpTIYRp%p (37b)

Gac= .
(X x) I+ a— AZ]2+ A2(2Wy;)2

If Egs. (23b) are used, Eq(37a can be substituted into

symmetrical Lorentzian-like components with the sameEgs.(259), so that

out

4cpyZA§

n -

where

B(Ap)
(1 a)(axi—2XXp—X2) — AS(2Xp+ daxg+ ay?)
[(xp%e) VI+ a— AFTP+ A (2Wep)?
(39

Equation(38) is plotted in Fig. 2 if the dependence xf and
Xc on the detuning is supposed to be neglected Cisin-

- ,
T [(Xp X VLT @— A2+ A2{(2Wqp) 2+ [2C,+ C2+ B(A ) C21¥2)

(38

broadening and/or the natural widtf2) broadening of the
absorption doublet, anB3) the possibility to observe two
very small sideband dips at about(x,+X;)y1+a. The
physical explanations are given below. First, we suppose that
B(A,)<1 for arbitrary detuningthis is true ifx, is much
smaller tharx.). Equation(38) approximately becomes

out 242
Xp 4C,y°Ap
i

~1— ,
Xp [(Xp+X)VI+a—AZ12+AZ(2W5 )2

(40

creases up to or above 1, the absorption spectroscopy of théhich is the same formula as E(B1a, except for the re-

probe is dramatically changed in the following way4)

placement oMWy, by the newW§,,. The new width of the

narrowing of the transparency window below the powerabsorption doublet is obtained from

023811-6
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FIG. 2. The transmission of a
probe laser withy,=0.5, y.=1.5,

N
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= = and x,=0.01 as a function of a
:“:‘:;%’”l probe detuning and the collective
‘ (3 “29}2' - cooperative coefficient of the
LAV i probe.
(Z\A/gip)2=(2Wdip)2+(ZCp+ Cg)y2_ (41 tive coefficient value is extended to 50 which is beyond the

route of Figure 2, and the total Rabi frequency is about 3.47
If x,<x, andx,<7y2, 2Wg~7y and A,~(1+C.) (the unit's natural linewidth When the cooperative coeffi-
" Xp=Ac p v eWdip~Y dip™\ p)Ys . .
which means that the width of the absorption doublet iscient value is 50, Fig. 3 clearly shows that the central trans-
broadened by a factor &, due to the contribution of dis- parent peak has a width of about one-half that of the natural

persion, cavity and dense medium. Second, we further sug¥idth, which is much less than both the natural width and the

posex.> v, but Xc<(2W8- )2~ (1+ Cp)zyz (for example power broadening. The above theoretical results may be use-
’ p. ’ . . .

C,=50). In this case, we have ful in EIT, LWI, and other experiments related to atomic

coherence and interference. For example, when we observe
the spectroscopic profile of an atom’s line, the resulting pro-

W?’—windowz 2[ \/(Xp+ Xc) \/er (ngp)zf ngp]
et Xe
T (1+Cy’

(42

This width of the transparency window may be less than the
total Rabi frequency Zx,+ X, or even less than the natural 0.8 Fur
linewidth v, even though it is still determined by the total s
Rabi frequencyor power broadening out
Finally, we must determine what are the results in the two—
small sideband dips? To this en@(A,) cannot be ne- x; i
glected, and must be taken into account in all aspects. Gen 0.6~
erally, but not alwaysp(Ap) has maximum values at about L
* (Xpt+Xc) V1+ @ but is negative so that the denominator of i
Eqg. (38) has minimum values there. The resulting conse-
quence is that the absorption spectroscopy may have mini oal L
mum values at about (x,+X) J1+ a—two sideband dips. '—wo _s o 5 10
If <1, B(A,)~0, so that the two sideband dips will dis- A, (unit: 7)
appear, which is the reason for the two sideband dips being P
so small when the driving laser is much stronger than the FIG. 3. The transmission of a probe laser with=0.5, v,
probe. Figure 3 gives representative slices of Fig. 2 in two=1.5,x,=0.01, and the collective cooperative coefficient equal to
dimensions, as well as a slice when the collective coopersas0 as a function of a probe detuning.
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file is the combination of natural line shape and powerprofile of the probe will be dramatically modified: The width
broadening, and the characteristic width always is larger thanf the central transparency window will be substantially nar-
both the natural linewidth and power broadening. This situ+owed and a power-broadened fi@ad/or subnatural widih

ation is much worse if the natural linewidth is very sniédlr
example, the rubidium atom clock caseThe existing

EIT may be observed while the width of the absorption dou-
blet will be broadened. The physical picture behind those

method to partially remedy this problem is to use as small @henomena is the followingl) The medium is prepared al-
probe as possible. Thus the signal-to-noise ratio and the almost in the dark state by a stronger driving field and a
sorption line shape must be balanced. But from the aboveveaker probe field so that the absorption of the probe at a
theory, we may obtain the transparent peak of the probe witleentral frequency is totally cancel€BIT). (2) A dense me-

a subnatural and power-broadened free width, while we stillium, a longer optical path, and/or a cavity contribute to the
keep a fairly high signal-to-noise ratio, if another laser ismostly absorbing region of the absorption profile, becoming
properly driving the atoms. This situation can be realized byeven more absorbing while maintaining the transparent as
simply increasing the effective interacting path through afairly transparent. This is an effect of nonlinear gain such as

multipathlike setup. Thus high-resolution spectroscopy i§C,

ReGy,) 1% (3) Dispersion experienced by the probe will

achievable with a subnatural linewidth while without power contribute to the output intensity of the probe so that the

broadening.

absorption profile of the probe is further modified. This

makes a high-resolution absorption spectroscopic technique

V. CONCLUSION

In this paper, the effects of a cavity and/or a dense me-
dium on EIT are investigated. An optically dense medium or
a higherQ cavity will enhance the contribution of the dis-

accessible and feasible.
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