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Time-dependent features of the fluorescence radiation from a strongly driven three-level atom in
a Raman configuration are studied applying the Eberly-Woédkiewicz counting-rate definition of the
spectrum. Using our earlier formalism, where we assume that one or both of the driving fields are
intense, we obtain analytical expressions for the time-dependent fluorescence spectra. We have also
studied the influence on the transient spectrum of the initial preparation of the atom in three

different dressed states.

I. INTRODUCTION

Recently there has been some interest in studying
atom-field interaction dynamics in the framework of
time-dependent (physical) spectra'! (TDS). TDS takes
into account the presence of the measuring device (e.g., a
Fabry-Perot interferometer). Eberly et al.? have studied
the temporal behavior of the fluorescence spectrum of a
two-level atom irradiated by a strong monochromatic
laser field which is switched on suddenly at an initial
time. They have observed that the spectrum changes in
time and the total spectral intensity oscillates according
to the Rabi flopping frequency. The calculated transient
spectrum retains its symmetric, three-peaked structure
for a resonant driving field. For a strong off-resonant
driving field, the temporal spectrum can be quite asym-
metric before the steady state is reached. Even when the
laser field is tuned to exact resonance, Lu et al.® have
demonstrated that the symmetry of the spectrum about
the driving field is broken if the atom is initially prepared
in pure dressed states of the atom-field Hamiltonian.
Also, irradiation by a noisy laser can produce spectra
that, even in steady state, are closely similar to the earlier
time transient spectra obtained from irradiation by a
monochromatic  laser.?  Time-dependent resonance
fluorescence from a two-level atom has also been studied
theoretically by several others*™!! and in recent experi-
ments.!? In particular, the spectrum of resonance fluores-
cence following the removal of a strong laser has been
studied in detail by Huang et al.!' A different aspect of
time-dependent resonance fluorescence spectra can arise
when an atom is irradiated by a strong pulsed laser light
of finite pulse length in which the process of turning on
and off the pulse is to be reflected in the corresponding
spectrum.®713716

The steady-state spectrum of the fluorescent radiation
from a three-level atom in the presence of one or more
strong laser fields is known to show even more interesting
features. These features depend on the detuning from the
atomic-transition frequencies and the strength of the two
laser fields driving the atom. For example, the steady-
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state fluorescence spectra from a three-level atom both in
the cascade and Raman configurations contain five com-
ponents which are symmetric about the spectral center at
the corresponding laser frequencies when the external
laser fields are resonant and monochromatic.!” 2! The
corresponding spectra from an atom in the V
configuration are, however, symmetric triplets.22 Fur-
ther, if the driving fields are detuned from the atomic
transition frequencies, the spectra exhibit as many as
seven Lorentzian peaks.'”!® On the other hand, for ex-
ample, in the cascade configuration, if the lower transi-
tion is driven by a strong field whereas the upper transi-
tion is probed by a weak field, the spectrum from the
lower transition is found to be the Stark triplet which is
characteristic of a strongly driven two-level atom.?*2*
The upper spectrum, in this case, is the so-called Autler-
Townes doublet.?*2526 It has also been shown that the
fluctuations in the laser fields affect the spectra consider-
ably. For small phase fluctuations the central peaks and
the sidebands are broadened and decreased in intensity as
the laser bandwidths are increased. For large fluctua-
tions, the Stark multiplets tend to reduce to Stark dou-
blets.?’ 30

Transient spectra for a three-level atom exposed to a
strong driving field and a weak probe field have been re-
cently studied both theoretically’! and experimentally.®?
As expected, the transient probe spectrum ultimately
evolves to the well-known steady-state Autler-Townes
doublet. However, the transient spectra are dramatically
different from those found in the steady state, depending
on whether the atom was initially prepared in a pure
dressed state or not. Even the preparation of the pure
dressed states using amplitude and phase-controlled reso-
nant excitation fields has been experimentally demon-
strated.®3

In this paper we discuss the transient spectra of a
three-level atom in a Raman configuration interacting
with two strong near-resonant laser fields that are
switched on at t=0. In Sec. II we formulate the problem.
In Sec. III we obtain analytical solution for the TDS in
the high-field approximation. The present formulation
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can be extended to study the effect of fluctuations in the
driving field on TDS. This is being studied and will be
presented elsewhere.

II. FORMULATION OF THE PROBLEM

A. Master equation

We consider a three-level atom with unequally spaced
levels (E,>E,>E;) in the Raman configuration, in-

teracting with two single-mode laser fields (Fig. 1). The
first laser driving the Rayleigh transition from the ground
state |3) to the excited state |1) has a frequency Q,
which is detuned from the atomic transition frequency
®,;=E,;—E, by an amount A,. The second laser of fre-
quency Q, drives the Stokes transition |2) to |1) and is
detuned from the atomic transition frequency
®w,=E,—E, by an amount A,. The dynamics of such a
system is described by the master equation® for the re-
duced density operator p

AP 1 Hp()] =y [ A o) +p(0) Ay —2 A3p(D) Ay 1= 72l A () +p(t) Ay —2 Ay p(t) A, ]

dt

— V3l App()+p(1) Ay =2 A5p(1) A3 1= Vel A33p(D)+p(8) A33 =2 Ap3p(D A3, ],

where
Hoy=a,(A;+ A3))ta(A,+A4,))+A A +AA,y,,
(2.2a)

A=A—d,, a;=d;E(1)/2. (2.2b)

The master equation (2.1) involves the usual electric di-
pole and rotating-wave approximations. Further, the
Born and Markov approximations with respect to the in-
teraction with the continuum modes of the radiation field
are inherent. Lastly, the equation is written in a frame
rotating with respect to the laser frequencies. In (2.1) the
coefficients 2y, and 2y, are the radiative spontaneous
transition probabilities per unit time for the atom to
make a Rayleigh and Stokes transition, respectively. 2y,
and 2y, are the nonradiative relaxations between the
dipole-forbidden transitions |2) to |3) and |3) to [2), re-
spectively, which are added phenomenologically to ob-
tain the nonvanishing steady-state resonance spectrum.’!
2a; and 2a, in (2.2) represent the Rabi frequencies corre-
sponding to the Rayleigh and Stokes transition, respec-
tively, d; (j=1,2) are the dipole matrix elements, and

J
E (1) are the driving field amplitudes which we consider

FIG. 1. Schematic diagram of a three-level atom in a Raman
configuration interacting with two monochromatic fields.

(2.1

to be constant. The operators A,,, =|m ){n| obey the
usual commutation relations

[ A Apg 1= ApngSpp —apn Oy (2.3a)
and the closure property

We might mention here that by taking the matrix ele-
ments of p between the atomic states |i) and |j)
(i,j=1,2,3) one obtains from the master equation (2.1),
the familiar Bloch equations. The Bloch equations with
the various relaxation mechanisms have been extensively
used in the three-level spectroscopic studies.’>*¢ Also,
master equations for multilevel systems have been intro-
duced in connection with the theory of masers by Fain
and Khanin.*’

B. Dressed atomic operators and the secular approximation.

The master equation (2.1) may be directly used to com-
pute the one-time expectation values of the atomic opera-
tors numerically.?’ However, to obtain analytical expres-
sions we assume that the fields are strong. In this limit
we can also obtain a steady-state solution for the atomic
density operator. We follow essentially the method of
Ref. 29.

We first diagonalize the Hamiltonian H, of the driven
atomic system given in Eq. (2.2). Denoting the |¢;) the
eigenstates of H, corresponding to the eigenvalue —p;,
we express the atomic states |i ) by

3

|1)= E a,‘ltp[) s (2.4a)
i=1

[2)= i bly;) , (2.4b)
i=1
3

13Y=3 clv) (2.4¢)

i=1

where a;, b;, and c; have the explicit expressions
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b,=(p2+p;A,—a})N; , (2.5)

c;,=aa,N; ,
where the constants N; are defined as

N, =[pfai+(p?+p;A,—a?)+aia3] 1 (2.6)

and p; are the roots of the cubic equation

p HpAA+A)—p(Q’—AA)—alA=0, 2.7
where

Q=(a?+a3)"*. (2.8)

The cubic equation can be solved readily whenever
A,=A,. In this case the coefficients a;, b;, and ¢; can be
written down explicitly.?

We may now express the original operators 4;; appear-
ing in the master equation (2.1) in terms of the new
dressed operators B;;=|¢;){4;| by means of the rela-

tions

3

> awa By, (2.9a)
ki=1

3

AIZ: 2 akb Bk[ A21 N (2.9b)

ki=1

: t

> aeBy=43 , (2.9¢)
ki=1

3

> bbBy (2.9d)
kI=1

2 byeBy=4% , (2.9¢)
ki=1

3

2 CkCIBkI . (2.90
kI=1

The reciprocal relations between B;; and A4;; can be easily
written down by noting that the transformatxon matrix
involving the products of a;, b;, and ¢; is real and orthog-
onal. The new operators B;; obviously satisfy the same
commutation relations as the old. Also, in terms of the
new operators the Hamiltonian H, takes the simple form

3
HOZ_ 2 pkBkk y (2.10)
k=1

and under the action of the Hamiltonian H,, B;;(t)

evolves with time as

B;(¢)=

i

O)exp[ —i(p;—p;)t] . (2.11)

Next, we go over to the interaction representation by
defining

plty=exp [—it 3 pi B ]p(t)exp
X

it 3 pi Bk ] ,
k
(2.12)

whereby the resulting master equation for g(¢) splits into
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two parts, viz, the one containing no oscillatory terms
and the other containing rapidly oscillatory terms,
such as exp[=Xi(p; pj 2], exp[£2i(p;—p;)t], and
exp[ii(Zp,——pj —pit] (4,j,k=1,2,3; i#j). Making the
secular approximation, that is, neglecting the oscillatory
terms and finally reverting back to the Schrdodinger pic-
ture, we arrive at the master equation

=1 S P Buop0)= S 8i1Bup(t)+plt)B ]
+23 euBup(t)By+2 3 fuBup(O)By ,
“! (kk;:n
4 (2.13)
where g, ey;, and f,; are given by
g =(y1+radai+ysbityact (2.14)
ki =V icxervabeblaga; +(y3+v4)bibicie
=ey » (2.15)
= yicitybilal +vseibl +ybicl
(k=£1) . (2.16)
Equation (2.13) has a steady-state solution?%%°
pss=D ~lexp[ — (B, +1,B5,)] , 2.17

where the subscript SS denotes the steady state and u,
and pu, have the following expressions:

wi=In[(f 1 fo—Ffa)/ (fisfutfiafs)],
w=I[(f fr—fuf)/(fufstfiafa)l.-

The quantities f,»j (is£j) are defined in (2.16), while the
constants f, (k=1,2,3) are given by

Fue=gk—en =[ri(1—c})+rv,(1—b})]a}
+y3(1—cP)bE+y,(1—b})c}

(2.18)
(2.19)

(2.20)
The normalization factor D is chosen such that Trpgg=1
and can be easily shown to be
D =Tr{exp[ — (B}, +u,By)]}
=1+exp(—p)+exp(—pu,)
=l ) Fntf)

—(fo=fu)fu—F2)1/(fiufu—Fiufa)

(2.21)

The solution (2.17) is useful for obtaining the steady-
state expectation values of the dressed operators. It is
clear from the nature of this solution that the expectation
values are given by

(B, >SS:Tr(Biszs)=0 (i£)), (2.22)
(B” >ss B;pss)
=<e""6,-1+e”‘26,-2+8,-3>/u : (2.23)
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The steady-state expectation values of the atomic opera-
tor 4;; follow from Egs. (2.9), (2.22), and (2.23).

It may be added here that the case of a three-level
atom in a strong external field has been previously treated
by Fain and Khanin.®® Their treatment includes the in-
coherent, steady-state pumping mechanism for the two
excited states besides the external field. Steady-state
values of the elements of the atomic density matrix were
derived.’® In the present paper, we have ignored the in-
coherent excitation mechanisms. The only excited mech-
anisms are the external fields and only damping present is
natural radiative decay. The role of the nonradiative
damping terms y; and y, is merely to prevent population
trapping which occurs when the two external fields are in
exact resonance with the respective transitions. Finally,
we mention here that the approximate master equation
(2.1) is valid under the conditions that the Rabi frequency

a,a>>Y Y25V Y

III. TIME-DEPENDENT FLUORESCENT SPECTRA

A. One-time atomic operator averages
For an atomic operator O, we define the average as
(0)=Tr(0p) . 3.1)

The general equation of motion for (B;(t)) can be
readily obtained from (2.13) and reads as

3467
d(B;) _
T=_(lﬂij+rij)(8ij)
+2 3 fulBu)8udj » (3.2)
ki1
(kD)
where
Q;=p;,—pj, (3.3)
L =gi,+g;_2eij . (3.4)

In particular, when i =j we have the three coupled equa-
tions,

d{B,)
——-dt“ =—2f11<B11)+2f12(B22>+2f13(B33> ’
(3.5a)

d{(B,,)
—Tn=2f21<811)—2fzz<322>+2f23<333> » (3.5b)
d(Bs;)
—d:3-—=2f31(B11>+2f32<322>_2f33<333) 4 (3.5¢)
and for i j, we obtain the six equations,

d(B,(t))

——jt—=—(inij+rij)<3ij(t)> . (3.6)

Equations (3.5) and (3.6) can be solved and the solutions
can be written in the compact form

B+ ==t 3 L ((P—2hyHg BN+ 3 (=2 v+g)(B;(1") |exp(—vr) ,
ViV u=ay, VTVIV2 JG#D
(3.7)
(B,-j(t’+7-))=(Bij(t'))exp[—(iQ,»j+l“,-j)7'] (i£j), (3.8)
[
where Vvi—(h,+h,+hy)v+(g,+g,+g5)=0. (3.11)
h=fistfo+fa, (3.9a) From Eq. (3.7) and (3.8) it is clear that the steady-state
solutions for the expectation values of B;; are as follows:
hy=fu+tfistfas, (3.9b) (B.) ( ) (3.120)
B )ss=8;/ i#j), .12a
hs=fu+tfan, (3.9¢) jIss=8i/vive U]
(B;;)ss=0. (3.12b)
g1=4fisfntfufa), (3.10a) 5
=4 + , (3.10b)
£ nfa Srfa) B. Time-dependent fluorescence spectra
g3=4fufu—fufa), (3.10c)

and v, and v, are the two roots of the quadratic equation
J

Ig s(D,t,T)=2T Refo'dz'exP[—r(t —z')]fo'"'dTexp[(r/z—w)T]GR_S(:',T) .

The subscript R (S) stands for the Rayleigh (Stokes)
spectrum. In (3.13), T is the full width at half maximum
of the (effectively Lorentzian) transmission peak of the
Fabry-Perot interferometer used to measure the frequen-

The time-dependent fluorescence spectra can be writ-
ten as a double convolution integral of the form'

(3.13)

[
cy spectrum of the fluorescence, D is the detuning or the
frequency offset of the Fabry-Perot line center above the
laser frequency, i.e., D =w—Q, (0 —(Q,) for the Rayleigh
(Stokes), and the autocorrelation functions G (', 7) are
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given by (Ap(t'+7)= a;b;{B(t'+7))
)= A0+ ’ )
Gr(t',)=( A" +1)45,(1") (3.14a) + S ab (Bt +1) (3.16)
Gs(t',7)=( A (' +T) A5 (1) . (3.14b) i
1]

We note that where the solutions for the expectation values

(AL +7)) =S a;e;{B,(t'+7)) (B;(t"+7)) can be written down from Egs. (3.7) and
i (3.8). Expressing 4 5(¢t’) and A4,,(¢t’) also in terms of
, B;(t') and applying the quantum regression theorem we
c.{B, ij
+ ,E, a'cf<B’4’(t +) (3.15) obtain the following expression for Gg(t',7) and
(i) Gg(t',1):
a;a,0,0.g; a;a;0;
Grs(t, V=3 LB+ 3 3 [0,V 2hv+g ) By(t')
il Y1V2 v=vy, il VT VY,
+ 3 0,(=2f;v+g ) By(t') lexp(—v7)+ 3 a;0,0,(By(t'))exp[—(iQ;+T;)7], (3.17)
J il
(i#)) (i)
¢; (Rayleigh) ,
%= 15, (Stokes), (3.18)

1

substituting once again the solutions for (B,;(1')) from Egs. (3.7) and (3.8) in Eq. (3.17) we can obtain an explicit ex-
pression for G (¢',7). Using this expression for Gg s(2’,7) in (3.12) and noting that the 7 and ¢’ dependences of Gy
are both exponential, the integrals can be easily carried out. After some straightforward but tedious algebra we obtain
the following explicit expressions for the spectra:

A(D,t,T) i 3

Ig (D1, T)=—"—"""T"——+ S,(D,t,I")+ U,(D,t,T"), (3.19)

ks (T'/2)*+D? El El

where

AD,,I)=2 3 BWw)f(v,D,t,T')exp(—w1), (3.20)
v=0,vl,v2

B(v)= 2 akalckcl<Bkk >SSQ1(V) » (3.21a)

k1

f,D,t,T)=2Z {1—exp[ —(T'/2—v)t]cos(Dt)} +Z,exp[ —(T /2 —v)t]sin(Dt)—Z; {1 —exp[ — (T —wv)t]} ,

(3.21b)
(By)ss, v=0
QM= BN F(+ S (B,(0)G,(v), v+0
J
(j#1)
(3.21c)
. 2
ZI:(F/Z)(F/ZZV)+2D , (3.21d)
(T'/2—v)*+D
vD
4 ’ (3.21
> (T/2—v)3+D? °
-_r
z,=5:0—, (3.219
v2—2h,v+
Fin="2_"1"80 (3.21g)
vi—viv,
—2f; v+
G,j(v)=——u : (3.21h)

vi—vv,
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akaW]k(‘V Dtrle V)
506 D=2 X (T /2—v)*+ D2
k v=v,v, v

_ 2 ape Wo (v, v )R, (D, Tk, Ly, v))
S(Dtr_z»z (I'/2—v,)*+D?
k i,j=1 vV
S (D ¢ r)= 2 2 al%CIZQk(V)Rl(Drt7F:k’lyvi,'vj)
T 0 v, (02T +(D+0,)?
(k1)
afc{ By YssR4(D,t, T,k Lv,;,v))

S.(D,1,T)= ,
¢ ;7 (T/2—TDp 2+ (D +Q,, )

(ks£l)
ac;{B;;(0))W;,(v)T,(D,t,T,v,k,1i,j)
UD D)=y 3 STe i Mo !
Lj v=vy, vy (F/Z—v) +D
(i5£))
a;c;a,c (B,',') (B (O)>T (D,I,F,V,k,l,i, )
U D,,T)=3 3 1€k ss\ Bk 2 J

Y, (T'/2)*+D?
(k1)

’

’

’

’

a.a,c?{B,;;(0))T5(D,t,T,v,k,1,i,j)
Uy, )= 3 LAELH : J
Jrk,l1 (F/Z_Fkl) ‘+‘(D +‘Q‘k1)
(ks£l, k+j)

where
Wlk(V)zaka<Bkk >SSFk(V)+ z a,c,(B,,)SSle(v) 5
!
(1£k)

Wzk(V,,V ) akcka Fk( )+ 2 allel le( ),
)
(Is£k)

Wi =ae, Fr(v)+ 3 a;c,Gy(v),
!
(I#k)

Rn(D,t,F,k,l,vi,vj)

=2I'(Y, {1—exp[ (' /2+a, —B,)t]cos(D +n,)t} —Y,, {exp[ ([ /2+a, —

—Y;,(1—exp[ —(T"—pB,)t]))exp(—B,t) (n=1,2,3,4),
v _(r/2—a,(/2+a,~B,)+(D +1,)?
tn (T/2+a,—B,)*+(D +m7,) ’
2a, —B,UD +n,)
(C/24+a,—B,P+(D +q,)?
v =(F/2—a,,)
o (T=B,)

n

>

with
a1=B3=v, B=1=m=B4=0, a,=v;, Br=v;, ay=a,=Ty, n3=n,=
T,(D,t,T,v,k,1,i, ) =2T{(X,, — X,, )cos(&, 1)+ (X3, — X, )sin(€, 1)

Q>

B,)tlsin(D +,)t}

—exp[—(I'/2+6, —€,)t][X,,cos(D +pu,)t +X;,sin(D +pu,)t]

+exp[ —(I —e€,)t]1X,, Jexp(—¢€,t) ,
_(L/2+A,—€,)(T/2—8,)+(D +p, (D +p, —€,)
i (/2+8,—€,)2+(D +p, —&,)?
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(3.22a)

(3.22b)

(3.22¢)

(3.224d)

(3.23a)

(3.23b)

(3.23c)

(3.24a)

(3.24b)

(3.24c)

(3.25)

(3.26a)

(3.26b)

(3.26¢)

(3.27)

(3.28)

(3.29a)
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FIG. 2. Time-dependent (a) Rayleigh and (b) Stokes spectra as functions of time 7 and spectral frequency offset D under resonance
conditions with y;=7v,=0, the spectrometer bandwidth I'=0.1, and the atom prepared initially in the ground state.
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FIG. 3. Same as Fig. 2, but with y;=1.
with leigh and Stokes spectra with the atom initially in the
ground state. Figure 2 shows the spectra for the reso-
=Ty, 8;=v, §;=Q;, €=8=Iy, =Ty ’(3 30) nance case in which the nonradiative damping terms y;

8, =p1=p,=0, &=Q;;, u;=E,=Qy .

In order to highlight the temporal development of the
spectra we display in Figs. 2—4, the time-dependent Ray-

and y, are zero. In this case it is known that there is no
steady-state spectrum due to population trapping.2! Fig-
ure 2 clearly shows the transient spectra which, however,
vanish for large times. Note further that the spectra are
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symmetric about the center, which is characteristic of
resonance excitation. A case where the spectra do not
vanish in the steady state is shown in Fig. 3, ;50 and
Y4=0. As expected, the spectra develop into symmetric
five peaks as ¢ increases. The time development of the
off-resonance spectra shown in Fig. 4 exhibits further in-
teresting behavior. Unlike in the resonance case, where
the central peak and the sidebands maintain a consistent
pattern while developing towards the steady state, the
off-resonance spectra show some competitive behavior in
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the temporal development of the various peaks, as seen in
Fig. 4.

In Fig. 5, we show the effects of the initial-state
preparation of the atom on the development of the tran-
sient Rayleigh spectra with the other data the same as in
Fig. 4. In Fig. 5(a), we assume the atom to be initially in
the dressed state |i¢,). For a small value of time
(y,t =0.1), only the central peak and a right-hand side-
band start developing. For longer times (y;# =1), more

peaks begin to arise, and for sufficiently large time
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FIG. 4. Time development of (a) Rayleigh and (b) Stokes spectra when the driving fields are detuned with respect to the atomic
transitions, with ' =0.1 and the atom prepared initially in the ground state.
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FIG. 5. Effect of initial state preparation of the atom on the development of the time-dependent Rayleigh spectrum. (a), (b)

, and
(c) correspond to the atom initially in the dressed state |4, ), |¢,), and |¢), respectively. Other data as in Fig. 4.
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(vt =5) all seven peaks are clearly resolved. Figure 5(b),
where the atom is assumed to be initially in the dressed
state, |¢2) also shows a similar behavior, except that here
the central peak and a left-hand sideband begin to devel-
op initially. The case where the atom is initially in the
dressed state |i;) is even more interesting. This is illus-
trated by the curves in Fig. 5(c). Here the development
of the transient spectrum begins nearly symmetrically
with the appearance of the two near sidebands. Subse-
quently, for intermediate time (yr =2), the central peak
begins to appear, and for larger times (y,z =5), all the
seven peaks are clearly resolved. In each of these three

JAYARAO, LAWANDE, AND D’SOUZA 39

cases, the transient spectra (y,f— o) ultimately attain
the same steady-state limit shown in Fig. 4.

ACKNOWLEDGMENTS

The authors express their thanks to Mr. Balhans
Jayaswal for providing the computer program for the
three-dimensional curves, and to Dr. S. L. N. G. Krish-
namachari, Dr. B. P. Rastogi, and Dr. T. K. Balasu-
bramanian for their constant encouragement during the
course of this work.

1J. H. Eberly and K. Wodkiewicz, J. Opt. Soc. Am. 67, 1252
(1977).

2J. H. Eberly, C. V. Kunasz, and K. Wodkiewicz, J. Phys. B 13,
217 (1980).

3N. Lu, P. R. Berman, Y. S. Bai, J. E. Golub, and T. W.
Mossberg, Phys. Rev. A 34, 319 (1986).

4P. Stehle, J. Opt. Soc. Am. 69, 1043 (1979).

5G. Nienhuis, Physica 96C, 391 (1979).

6J. Czub and S. Kryszewski, J. Phys. B 16, 3171 (1983).

7S. Kryszewski, J. Phys. B 18, 2641 (1985).

8J. Czub and J. Fitutak, J. Phys. B 18, 2657 (1985).

9E. Courtens and A. Szoke, Phys. Rev. A 15, 1588 (1977); 17,
2119(E) (1978).

10K . Grygiel and S. Kielich, J. Mod. Opt. 34, 61 (1987).

11X, Y. Haung, R. Tanas, and J. H. Eberly, Phys. Rev. A 26,
892 (1982); X. Y. Huang, J. D. Cresser, and J. H. Eberly, J.
Opt. Soc. Am. B 2, 1361 (1985).

125 E. Golub and T. W. Mossberg, Phys. Rev. Lett. 59, 2149
(1987).

13K . Rzazewski and M. Florjacczyk, J. Phys. B 17, L509 (1984).

14E, J. Robinson and P. R. Berman, J. Phys. B 17, L847 (1984).

I5M. Florjanczyk, K. Rzazewski, and J. Zakrzewski, Phys. Rev.
A 31, 1558 (1985).

16T, Ho and H. Rabitz, Phys. Rev. A 37, 1576 (1988).

I7R. M. Whitley and C. R. Stroud, Jr., Phys. Rev. A 14, 1498
(1976).

18C. Cohen-Tannoudji and S. Reynaud, J. Phys. B 10, 345
(1977).

19C. Mavroyannis, Mol. Phys. 37, 1175 (1979); Opt. Commun.
29, 80 (1979).

20R. Salomaa, J. Phys. B 10, 3005 (1977).

21G. S. Agarwal and S. S. Jha, J. Phys. B 12, 2655 (1979).

22R. D’Souza, Ph. D. thesis, Bombay University, 1988.

23B. R. Mollow, Phys. Rev. 188, 1969 (1969); Phys. Rev. A 17,
1919 (1975).

24F. Schuda, C. R. Stroud, Jr., and M. Hercher, J. Phys. B 7,
L198 (1974).

25, L. Picque and J. Pinard, J. Phys. B 9, L77 (1976); H. R.
Gray and C. R. Stroud, Jr., Opt. Commun. 25, 359 (1978).

26S. H. Autler and C. H. Townes, Phys. Rev. 100, 703 (1955).

27R. D’Souza, Q. V. Lawande, and S. V. Lawande, Opt. Com-
mun. 50, 342 (1984).

28S. V. Lawande, R. R. Puri, and R. D’Souza, Phys. Rev. A 33,
2504 (1986).

293. V. Lawande, R. D’Souza, and R. R. Puri, Phys. Rev. A 36,
3228 (1987).

30T. A. B. Kennedy and S. Swain, Phys. Rev. A 36, 1747 (1987).

3IN. Lu, P. R. Berman, A. G. Yodh, Y. S. Bai, and T. W.
Mossberg, Phys. Rev. A 33, 3956 (1986).

32Y. S. Bai, T. W. Mossberg, N. Lu, and P. R. Berman, Phys.
Rev. Lett. 57, 1692 (1986).

33Y. S. Bai, A. G. Yodh, and T. W. Mossberg, Phys. Rev. Lett.
55, 1277 (1985).

34G. S. Agarwal, in Quantum Optics, Vol. 70 of Springer Tracts
in Modern Physics, edited by G. Hohler (Springer-Verlag,
Heidelberg, 1974).

35V. P. Chebotayev, in High Resolution Laser Spectroscopy, Vol.
13 of Topics in Applied Physics, edited by K. Shimoda
(Springer-Verlag, Berlin, 1976), and references therein.

36v. S. Letokhov and V. P. Chebotayev, in Nonlinear Laser
Spectroscopy, Vol. 4 of Springer Series in Optical Sciences,
edited by D. L. MacAdam (Springer-Verlag, Berlin, 1977),
Chap. 5.

37v. M. Fain and Ya 1. Khanin, Quantum Electronics (Per-
gamon, Oxford, 1969), Vol. 1.

38See Ref. 37, pp. 174-178.



