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Intensity-intensity correlations and quantum interference in a driven three-level atom

S. Swain, P. Zhou, and Z. Ficek
Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast, Belfast BT7 1NN, Northern Ireland
(Received 1 October 1999; published 15 March 2000

We investigate the two-time intensity correlation functions of the fluorescence field emitted fvbtype
three-level atom. We are particularly interested in the manner in which the atom emits photons in the presence
of quantum interference. We show that under strong-field excitation quantum interference leads to anticorre-
lations of photons emitted from the atomic excited levels which can exist for extremely long times. This
indicates that the excited atomic levels are not the preferred radiative states. We find that the atom spends most
of its time in a superposition of the excited atomic levels from which it emits strongly correlated photons. The
strong correlations are present only for a nonzero splitting between the excited levels, and for degenerate levels
the correlations reduce to that of a two-level atom. Moreover, we find that the transition from the ground level
to the symmetric superposition of the excited levels does not saturate even for a strong driving field. We also
calculate the correlation functions for a weak driving field, and find that in this case the photon correlations are
not significantly affected by quantum interference, but the atom can emit a strongly correlated pair of photons
produced by a three-wave mixing process. Under appropriate conditions, with near-maximal quantum inter-
ference, it is possible to make the maximum value of the correlation function extremely large, in marked
contrast with the corresponding case with no quantum interference.

PACS numbds): 32.80.Bx, 42.50.Gy, 42.50.Lc

[. INTRODUCTION on the other transitiopl1]. In particular, they demonstrated
that the decay rate of the intensity-intensity correlation spec-
One of the most interesting developments in the area ofrum could be reduced in this way. This is the counterpart of
atomic and molecular spectroscopy is the possibility ofthe line narrowing observed in the fluorescence spét2h
modifying spontaneous emission through the mechanism ofagatapet al. [13] and Huanget al. [14] also calculated the
quantum interferences. The phenomenon, first predicted biyltensity correlations in a three-level ladder system driven by
Agarwal[1] in a degenerate three-levettype system, re- two coherent fields, and showed that the correlations can
sults from vacuum-induced coherences between two atomibave Secondary oscillations, in addition to the Rabi oscilla-
transitions: the spontaneous emission from one of the transtions.
tions modifies the spontaneous emission of the other transi- In this paper we concentrate on the role of quantum inter-
tion. Various atomic and molecular schemes have been studerence in the correlation of photons emitted from a coher-
ied, and the results demonstrate that quantum interferenc@tly drivenV-type atom. We find that in the presence of
can lead to many effects which could have useful applicaguantum interference there are extendedultaneouseri-
tions in spectroscopy and laser physics. Examples include @ds of darkness in the fluorescence from the two atomic tran-
quenching of spontaneous emissiih-4], electromagneti-  Sitions, even for equal decay rates of the excited levels. This
cally induced transparenc}s], and amplification without IS in contrast to the dark periods predicted by Cook and
population inversiofi6]. Recent studies have also shown thatKimble [15] and Pegget al. [16] for a V-type atom with
quantum interference can lead to phase-dependent populdncorrelated transitions and significantly different decay
tion inversions and phase control of spontaneous emissiof@tesy; and y,. In their case the atom “prefers” to stay in
[7]. Keitel [8] proposed a scheme to control the intensity ofthe transition with the larger decay ratstrong transitioj
very narrow spectral lines in 4-type system driven from a and there is a small probability of finding the system in the
single auxiliary level, which could have applications in high- other (weak transition. We show that in the presence of
precision spectroscopy. quantum interference and a strong driving field, the atom
Here we are concerned with the effects of quantum interoccupies superposition states rather than the bare atomic lev-
ference on the intensity-intensity correlations in a three-level
V-type atom consisting of two excited levels coupled to a
singlet ground level by electric dipole interactions. The atom
is driven by a single-mode laser coupled to both atomic tran-
sitions, as shown in Fig. 1. These correlations were investi-
gated by Hegerfeldt and Pleni8] for an incoherently driven
atom. The results show that the intensity correlation may
exhibit quantum beats despite the incoherent pumping. The
case of excitation by two coherent fields was considered by
Manka et al. [10], who showed how the resonance fluores- FIG. 1. Energy-level scheme of a three-level atom in Yhe
cence and intensity-intensity correlation spectra on one trarconfiguration driven by a single laser field coupled to both atomic
sition can be influenced by the intensity of the driving field transitions.
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els, and emits a stream of photons exhibiting strong correla- In the far-field zoneyr>c/wy, andt>r/c, the positive
tions. For a weak driving field, quantum interference doedrequency part of the electric field operator is given by
not significantly affect the photon correlations, but the atom

can still emit strongly correlated pairs of photons, resulting _  _ o 12 fx(fxﬁ.)

from a three-wave-mixing process. Under appropriate condi-EC(r,t) =E{)(r,t) — = > —————wAjo(t—r/c),
tions, the maximum value of the normalized, second-order coi=t

field correlation function can be made hu@alues of the 4

order of hundreds or thousandsder conditions of quantum
interference, whereas the corresponding maximum in the a .
sence of quantum interference is “norma(Values of the etween the _exut_ed_ "?‘r.]d gr_ound levels.

order of unity. We are not aware of such large values being SIE‘ICG trje field is initially in the vacuum state, the vacuum
previously reported in the literature for single atoms, butPart E§Y(r,t) does not contribute to the expectation values
indefinitely large correlation functions for two two-level at- of the normally ordered field operators, and then we obtain
oms were reported by Wiegafd7]. The origin of the effect the following expression for the correlation functions:

in this case is different to that in our situation, because it

arises from the fact that, in the three-dimensional problem GM(t)=6M(r t)

with two atoms, there are positions where the field vanishes.

vhere Ajo=i)(0] is the dipole operator of the transitions

2
=u(r i(Aig(D A (1 5
. SECOND-ORDER CORRELATION FUNCTIONS ( )i,,Ezl Yii{Aio(DA (1) ©

The aim of this paper is to calculate the normalized

second-order two-time correlation functiorfintensity- and
intensity correlatioh .-
Y GA(t,n)=GA(r,t;r,t+7)
@)(F -7 GOt . 2
gr(r bt = GO, HGO(r t+7) @ :Uz(r)i j§=l it Vi Aio(DAjo(t+7)
for the fluorescent field emitted from a three-leweitype X Ag(t+7)Ag (1)), (6)

atom driven by a coherent laser field and observed by a .

single detector located at a pointrr, wherer is the unit  Wherey;j=1y; is the spontaneous decay constant of the ex-
vector in the direction of the observation. The energy-levefited subleveli) (i=1,2) to the ground level0), while
scheme of the atom is shown in Fig. 1. The atom consists of

two nondegenerate excited levgly and|2) separated from 2Vwjwj . . T (i#]

the ground level0) by transition frequencie®; and w,, Vi = 35C3 wi ki =BNviyp (1#]) @)
and connected by the electric dipole momentsand s,

respectively. The transition between the excited levels is foryrises from the cross-dampinguantum interferengebe-
bidden in the electric dipole approximation. tween the transitiong1)—|0) and |2)—|0). The cross-

~ The first- and second-order correlation functions, appeargamping term is sensitive to the mutual orientation of the
ing in Eq. (1), can be expressed in terms of the positive anchtomic transition dipole moments, which is represented here
negative frequency parts of the electric-field operator as by the parameteg. If the dipole moments are paralle

=1, and the cross-damping term is maximal with,
EC)(THECN(T 1)), 2 =V7172 while y,,=0 if the dipole moments are perpen-
>< (HEr.1) @ gicular (8=0).
In Egs. (5) and (6), u(r) is a constant such that3(r)
=1 for a random orientation of the atomic dipole moments
with respect to the direction of observationwhereas

r?c

G(l)(F’t) - ( 27w
0

2

@7 g0 re
GY)(r,tir,it+7)= 5o
0

2
) (EDFDE a4 7)

XECN(r t+nEC)(r,1)), A3 .3
u?(r)= gsin2 Q) (8
wherewy=(w,+ w,)/2. In Egs.(2) and(3), we have intro-

2 (5 ; - -
S:nge:bfl‘itfa%tfofriz d% é”;"‘ghiltf: iTsﬁ:ji téé?g%g:};éhe for a fixed orientation, witf® the angle betweenandsu.

y A r It is easily seen that the second-order correlation function
around the directiom in the time intervaldt at the timet, [Eq (6)] contains various two-time atomic correlation func-
and G(Z)(F,t;F,H 7)d?Q),dtd7 is the probability of finding tions of the form(A;o(t)Ajj (t+ 7)Agi(t)) which are propor-
one photon inside the solid anglé€), in the time intervaldt  tional to the probabilities of detecting two photons emitted
at the timet and another photon inside the same solid angldrom the samei(=j) or different (#j) atomic transitions.
in the time intervaldr at the timet + 7. For example{A,o(t)A4(t+ 7)Agx(t)) is proportional to the
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probability of detecting a photon at tirte- + emitted from  In the expression foG(?)(t), the first term arises from pro-
the transition|1)—|0) if a photon emitted from the transi- cesses in which the first transition |is)—|0), the second
tion |2)—|0) was detected at time term arises from processes in which the first transition is
Function (6) also depends, through the cross-dampinga)— |0), and the third term is due to the coupling between
term, on correlation functions of the formAio(t)Aj(t  them. Moreover, for parallel dipole momentg£1) only
+7)Ag(t)) (i#1 andforj#k), which result from correla-  tne transitionjs)—|0) contributes to the fluorescence inten-
tions of photons emitted from a superposition of the excitedsjty and the second-order correlation function, indicating that
levels. Therefore, we introduce symmetric and antisymmet;, this case the system reduces to a two-level system. How-

ric superposition states ever, correlations between the emitted photons can be sig-
nificantly different from those one would expect for a two-
1 level system.
Is)= —\/m(\/ﬂl%r V7212)), © To show this, we consider the two-time normalized

second-order correlation function of the fluorescence field
1 emitted by the atom. According to Eq$) and(6), the two-

_ _ time correlation function is proportional to the two-time cor-
la)= —Tff s ( El 1) \/7—1|2>), (10 relation functions of the atomic operators, which we can find
from the master equation of the system and the quantum

in terms of which the correlation functiors) and(6) can be regression theoreifl8]. In the frame rotating with the laser
frequencyw, the master equation is of the form

written as
Gt = u(r) 2, 2 L
(t)—m{(yﬁ Y21+ 2Bv172){Aso(t)Aos(1)) p=—i[p,H]+Lp, (14)
+2(1=B) y172(Aa0(D)Aga(t))
+ (1= BV 717271~ 72 (Aso(D A (D) where the Hamiltonian is
+Az0(D A1)} 11
H=(A— w1 A1+ AAL+[(Q1A 10+ QA0 +H.C],
and (15
) _ u?(r) 2, 2
G¥(t,m)= m{(?’ﬁ Y2+ 2B7y172){Aso(t) and the damping term is
XU(t+ 1) Ags(t)) + (1= B)V7r172
— 1
X [2 7172<Aa0(t)u (t + T)AOa(t)> + ( Y1i— 72) £p: E ’)/1(2A01PA10_ Allp_ PAll)
X<Aso(t)u(t+ 7)Apa(t) 1
+ A (D U(t+ 7)Ags()) ], (12) + 5 72(2A0pAgo~ Agop ~ pA2)
where

1
+ > Y12 2A010A20— Az1p — pAyg)
U(t+7)=(¥2+ ¥5+2B87172) Aso(t+ 7) Ags(t+ 7)

1
(1= B)Vy172d2Vy172R00(t+ T)Aga(t+ 7) * 3 712 2A0p A0 Arp —pALD)- 18
T (y1— 72 [Aso(t+ 7)Aga(t+7)
+ Ago(t+ 7)Agg(t+ 7)1} (13) In Eq. (15, A=w,—w_ is the detuning between the fre-

quencyw, of the |0)—|2) transition and the driving laser
Using the bases of the symmetric and antisymmetridrequency, 2)(k=1,2) is the Rabi frequency of thkth

states, there are three terms contributing to the first- anttansition, andw,, is the level splitting between the excited
second-order correlation functions. In the expression fosublevels. Here we assume that the excited sublevels can
GM(t), the first term arises from the transitits) —|0), the  decay to the level0) by spontaneous emission, whereas di-
second from the transitiofa)—|0), and the third from the rect spontaneous transitions between the excited sublevels
coupling between them. When the decay rates are egqual, are dipole forbidden.
= v,, then the transitions are independent regardless of the The master equatiofi4) leads to the following equations
mutual orientation of the atomic transition dipole moments.of motion for the density matrix elements:
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. . , 1 _ 1 2
Plo:(PoD*:—|Ql_[§3’1+|(A_w21) P10~ 5 Y12P20 .
+iQ2p12+1Q4(2p11t p22), 1.5} .".
L 1 1 _ -
p20=(po2)™ = —iQs— 57’2+|A on_§712P10+|91P21 a1t -
o
+iQ2(2py2t p33),
(17) 0.5
N , 1
p21=(p12)*=— E(‘)’l*’ Y2) Fiwo P21_§7’12(Pzz+1011)
00 0t5 1 1i5 2

+1Q1p20=1Q2p01, yun
1 FIG. 2. Second-order correlation functiog§’(7) (i,j=1.2)
bll: —v1p11— = Y1 p1ot p21) —1Q1(por— P10), for the case of distinguishable photons. In this and subsequent fig-
2 ures, we takey;= y,= vy, and measure all quantities in termsaf
In this figure we assume,,=0, A=0, and() =5, and plot graphs
for two different values ofB: B=0.99 (solid line and 8=0

. 1 .
P22= — Ya2P22— 2 5 Y12 P12t P21) —1Q2(po2— p20)- (dashed ling

A. Distinguishable photons

The set of equation€l7) can be written in matrix form as If the photons emitted from the excited states to the

ground state are distinguishable, e.g., by having significantly
)'?(t) =MX(t)+1, (18) diffe_rent polarizations or frequencies, thep the following nor-
malized second-order correlation functions of the steady-

S . state fluorescence intensity can be defifed:
where X(t) is a column vector composed of the density-

matrix elements| is a column vector composed of the inho- (2) ) o_>,'(T) -
mogeneous terms, arld is an 8<8 matrix obtained from (1)=limg®(r t;ir,t+7)= 5 hi=1l2
the coefficients appearing in the equations of motidr). e )

Since we are interested in the time evolution of the den5|tyWhere
matrix elements, we will need explicit expressions for the

componentsX; of the vectorX(t) in terms of their initial (AioAjo( M) Ag (T Ag)
values. This can be done by a direct integration of @®). Po_j(7)= AoPar) (20
Thus, ifty denotes an arbitrary initial time, the integration of 10730
Eq. (18) leads to the following formal solution fox(t): is the probability that at timé+ = the atom is in the upper
state|j) of the transition j)— |0) if it was in the lower state
(1) = X(tg)eM — (1— eMyM 17, (19 |0) of the |i)—|0) transition at timet, and P;=(A;oAoi) is

the steady-state population of the stite In particular, we

. . . . consider the following correlation functions:
Solution(19) for the density-matrix elements at timellows g

us, by using the quantum regression theof&8j, to find the

density-matrix elements at timet+ 7 in terms of those at (2)(7) 9(2)(7-) (“—1(), (21)
timet. In the following sections, we will use solutid9) to

calculate the two-time normalized second-order correlation

function for a strong driving field as well as a weak driving Po_2(7)

field. 921 =93 (7)= . (22)

2

In Fig. 2 we show the correlation functioi@l) and(22)
for y1=1v,, w1,=0, Q1=Q,=Q=5y,, andA=0, and two

We first consider the second-order correlation function fordifferent values ofg: B=0, corresponding to the case of
the case of a strong driving field, and examine the effects operpendicular dipole moments; amgd=0.99, corresponding
guantum interference on the photon correlations. We calcuto almost parallel dipole moments. We have chogenl to
late the correlation function for the field emitted from the avoid population trapping, which can appear f8=1
individual atomic transitiongdistinguishable photomsas [1,2,4]. The correlations show the characteristic Rabi oscil-
well as for the total emitted fieldndistinguishable photofs  lations, which indicate that the detection of a photon at time

IIl. STRONG DRIVING FIELD
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FIG. 3. Same as in Fig. 2, but),=5y andA = w;,/2. FIG. 4. Second-order correlation functions for the case of indis-
tinguishable photons fow,,=5v, A=w.y/2, and(2=5v. In the
7, after the detection of a photon at time 0, is impossible ifupper plot we preserg{?(7), and in the lower plog{Z)(7). The
=0, and is unlikely untilr increases to a value of the order Solid line is for3=0.99, and the dashed line fg=0. If we change
of (2Q2) 1. For both values of the correlation function A andA to =1 andA=0.4w,/2, the graphs are almost identical.

oscillates with the Rabi frequency of the driving field and ) ) i
there is little difference between the plots f8=0 and 0.99. tOF responds to the total fiele), for which the correlation

The shape of the oscillations resembles that known for {Unctions are given by Eq¢11) and(12). However, even for
two-level atom, which indicates that the atomic dipole mo-8~1 we can still distinguish between photons emitted from

ments oscillate independently, regardless of the valyg.of the[s)—|0) and|a)—|0) transitions, as they can have dif-
In Fig. 3, we show the correlation functions for the samefrent polarizations. It is easy to see from E(.and (10

parameters as in Fig. 2, but now;,=5y, andA=w,,/2. that the dipole momentgs and ., of the respectives)
Here the behavior of the correlation functions is qualitatively—|0) and|a)—|0) transitions are oriented in different di-
different to the case where,=0. For correlated dipole rections unlesg.;= u,, and thenu,=0.

moments with=0.99, the values og(fl)(r) and g(222)(r) Therefore, we separately consider the following correla-
remain below unity for all times. This shows that for any tion functions:

the probability of emission of two photons from levéls or

|2) is very small. We can interpret this as extendadulta- @) Po_s(7)

neousperiods of darkness in the fluorescence from the two Uss (7)= ., (23

atomic transitions: after detection of a photon at time0,

detection of another photon at time>0, emitted from levels Po_.a(7)

|1) or |2), is very unlikely. We point out that the simulta- g@(n)= ;a ) (24)
a

neous periods of darkness appear only for correlated transi-
tions with 8+ 0. Dark periods of fluorescence were predicted

before[15,16] in a three-level atom witt8=0 and signifi- In essence, the correlation functlcgés(r) corresponds to

cantly different transition rateg, andy,. However, the pre- that of the total fluorescence field, as the contribution from

dicted dark periods appear on only one of the two atomicthe gs_ymmetnc state, which is proportional to~(#), is
transitions, whereas the extended dark periods, predicter&eg“g'ble forp~1. : :
here for the correlated transitions, appear simultaneously o In Fig. 4, we plot the correlation functior{@3) and(24)
both transitions. This indicates that in the presence of quan>! 71~ Y2 9.1292:.92511’ w12=5y1, ANdA=w,/2.
tum interference the atomic statgl) and|2) are not the Again, the solid line is fo3=0.99 and the dashed line for
preferred radiative states of the atom. B=0. It is apparent from the graphs that with quantum in-
It is apparent that there are oscillations at more than onIaerference £=0.99), there are very strong correlations of
frequency present in Fig. 3. In fact, there are oscillations aPhotons on thés)—|0) transition, whereas the photons are
the Rabi frequency @ as well as at). The origin of these Strongly anFlcorE%Iated on tHa>H|_0> transition. The corre-
frequencies is discussed in Sec. IV. lation functionggd’(7) oscillates with the frequency 20,
which is the Rabi frequency in the symmetric basis, and
attains a maximum value at time=(2y2Q) 7. More-
B. Indistinguishable photons over, the correlations decay at a very low rate, and it takes a
We are concerned here with the situation in which thetime in excess of 308/ y; beforeg(® is close to unity. The
photons emitted from the two atomic transitions are not dis<orrelation functiongZ)(7) oscillates with frequency/20,
tinguishable. This can happen when the atomic transition diand, in the presence of quantum interference, is less than
pole moments are exactly or almost parallel. Then the deteasnity for all times, whereas foB=0 the values can exceed
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this case the coherences oscillate with opposite phases, indi-

2
15t A cating that there is an exchange of photons between states
e s, R |1) and|2) which prevents photons being emitted from the
&4 M N T T atomic levels. The coherences oscillate witlw /2, which
osf W v 7 introduces the modulation of the Rabi oscillations seen in
0 . . . Fig. 3. The exchange of photons between the atomic levels is
0 0.5 1 1.5 2 better seen in the basis of the symmetric and antisymmetric
4 states(9) and (10). In terms of these states, setting= vy,
=y for simplicity, the master equatiofl4) and the Hamil-
3 A tonian (15) take the form
@C»g :' ‘|| ll“\\ - . ] . 1
L RN T bbbt p=—ilp.H]+ 5 7(1+ B)(2A0spAso— Assp — PAss)
% 0.5 1/ 1.5 2 1
TE + 5 Y1~ B)(2A0apAa0— Aaah ~ pAaa), (29

FIG. 5. Same as in Fig. 4, but;,=0.1y.
with
unity, with a maximum value of around 2.8. It is worth
pointing out that very large values gf?)(7) are possible for
B=1, whereas the maximum value @f)(7) remains of the
order of unity for3=0. Thus in Fig. 4 it is seen that the
maximum value is about 22.5 f@8=1. Even larger values + \/EQ(A50+AOS)' (26)
are possible: if we reduce the value @fto 0.5y,, leaving hereQ=0. =0
ther parameters unchanged, then the maximum value iny o o> 211~ 5h2. , .
greases to almost 1500 We see that the laser field couples only to the symmetric
) . state, and both states decay independently to the ground state
If we reduce the value ab,,, the difference between the with different decav rates. Foi..£0 the antisymmetric
B=0 and 0.99 graphs fag'? () becomes less pronounced. ; y 12 ym
L I 2) state is coupled to the symmetric state by the Hamiltokian
This is shown in Fig. 5, where we plof?(r) for the Same  Thjs coupling introduces periodical oscillations of the popu-
parameters as in Fig. 4, but;,=0.1y;. We see that indeed |ation between the symmetric and antisymmetric states. This
for sufficiently smallw,, the correlation functions fo8=0 is seen in the equations of motion for the populations
and 0.99 oscillate in a similar fashion wig)(7)<2 for all
times 7. The dominant frequency ig{?)(7) is the Rabi fre-
quency 2/2Q, whereas ingZ(7) it is v2Q, as we discuss
in Sec. IV.

1 1
H= ( A— E w]_z) (Agst Aaa) _Ewlz(Asa+ Aas)

. 1 1
Pss— — 5 y(1+ B)pss_zl ®12Psa= Pas)

—iV2Q(pso— pos), (27)
IV. INTERPRETATION OF THE RESULTS

The effect of quantum interference on the second-order
correlation function, shown in Figs. 2-5, is very sensitive to
the splittingw, of the excited levels. For degenerate excited)t s evident that the antisymmetric state is populated by the
levels (w1,=0) or small splittings f1,~0), the photon  ¢oypling to the symmetric state. Since the decay rate of the
emissions are sm_nlar to those of a two-leve_zl atom, 'ndePe”antisymmetric statey(1— ), is very small forg~1, the
dent of quantum interference. For large splittings, the correpgpulation stays in this state for a long time.alf,=0, the
lation functionsg({’(7) (i,j=1,2) andg{?(7) are smaller state is decoupled from the symmetric state, agglt) is
than unity for all imesr, while g{2(7) exhibits strong cor-  zero if its initial value is zero. In the latter case the system
relations[g(szs)(r)>2] for 7~ (2y2Q) ~'a, which decay ata reduces to a two-level atom. In the former case the transfer
very low rate. of the population to a slowly decaying state leaves the sym-

We can explain these features by considering the mastemetric state almost unpopulated even if the driving field is
equation(14) and the equations of motiof17). For w1,=0  strong. This is shown in Fig. 6, where we plot the steady-
the state$l) and|2) are equally driven by the laser, and the state populationgss, paa, andpg as functions ofA for
coherenceg g and p, oscillate in phase with frequenay. Q0=5y,, w1,=57y1, andB=0.99. It is evident that the sym-
The coherences are directly coupled by the cross-dampingyetric state is almost unpopulated = w4/2. This indi-
term y,,. However, for a strong driving field(¥> vy, , y12) cates that in the presence of quantum interference, the driv-
the Rabi oscillations dominate over the spontaneous exng field does not saturate the transitif) —|s), even for
change of photons, resulting in independent oscillations ofery large Rabi frequencies. The lack of population in the
the atomic dipole moments. state|s) increases the probability of returning the atom to

The situation is different whemw,,#0 andA=wq/2. In  this state from the ground state by the driving field. Conse-

. 1 1
Paa= — 57(1_B)Paa+§|w12(ljsa_ Pas)- (28
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1 T T T =1,2) for y1=1vy,, 0=0.5y;, A=wq,/2, and two values of
w1o. All four correlation functions are identical for these
parameter values. Fab,,=0 the correlation functions in-
crease monotonically withr, and there is not much differ-
ence betweeB=0 and 0.99. Wherw,, is different from
zero, there is a small difference between g0 and 0.99
plots, but what is interesting that trg?(7) show strong
correlations with a maximum greater than 2 at
=(w15/2) Yar. This is in contrast to the case of the strong
driving field, shown in Fig. 3, where quantum interference
leads to photon anticorrelation appearing forzallThus, for

a weak driving field, quantum interference does not signifi-
cantly affect the correlation functions. The strong photon
correlations, seen in Fig. 7, can be interpreted as arising from
Ay a three-wave mixing process, which dominates when the la-
ser is detuned from the atomic transition frequencies. For
example, the strong correlations g‘fz)(r) result from an
absorption from the laser field of two photons of frequency
w,—A and the emission of a correlated pair of photons of
frequenciesw, —A andw +A.

FIG. 6. The steady-state populations,, p,., andpgg as func-
tions of A/y for 0=5v, w;,=57, and3=0.99.

quently, g¥(7) attains a very large value at time
=(2y/2Q)*x corresponding to half of the Rabi cycle be-
tween|0) and|s). However,g{Z)(7) attains a maximum at
~(y2Q) 'm, i.e., at the Rabi period. This results from the
fact that the driving laser takes the population fr@hto |s) In this paper we have examined the effect of quantum
in a time equal to half of the Rabi period. Then the popula-interference on the two-time correlation functions of the
tion can be transferred {a) in a time equal to that in which fluorescence field emitted by ¥-type three-level atom
the population will stay ifs), i.e., a time equal to half of the driven by a single-mode laser field. We have used the master
Rabi period. Therefore, the total time of transferring theequation of the system, and have applied the quantum regres-
population from|0) to |a) is equal to the Rabi period. sion theorem to calculate various correlation functions
9?)(7). We have found that for the case of degenerate
atomic transitions the photon correlations are not signifi-
V. WEAK DRIVING FIELD cantly affected by quantum interference. For nondegenerate

The previous discussion shows that in the presence of #ansitions, the photon correlations depend strongly on the
strong driving field, quantum interference significantly af-intensity of the driving field. When a strong driving field is
fects the second-order correlation function of the emitteduned to the middle of the two excited levels, the correlations
fluorescence field. Here we consider the correlation function§f photons emitted from the atomic transitions exhibit anti-
for a weak driving field. In Fig. 7, we plO'gi(jZ)(T)(i,j correlations which persist for all times. Thus the excited

atomic levels are not the preferred radiative states: the atom

emits strongly correlated photons from a symmetric superpo-
1.5 ' r ' sition of the excited levels. The correlations result from a
coherent transfer of populations to the antisymmetric state,
which leaves the symmetric state unpopulated even for very
strong driving fields. For a weak driving field, the photon
correlations are not strongly affected by quantum interfer-
ence, but the atom can emit strongly correlated pairs of pho-

VI. SUMMARY

1.5

0 0.5 1
YR

tons arising from a three-wave mixing process.

We conclude with a brief discussion on the possibility of
experimental detection of these unusual features. The essen-
tial conditions for this is that th¥ system should be slightly
detuned from the optimum conditions necessary for full
quantum interference. In the figures, we have achieved this
by assuming the dipole moments to be slightly misaligned
from parallel (3=0.99), while the laser detuning is taken to
be optimum for quantum interferencé= w4,/2. It has been
predicted that these conditions may be realizable in a cavity
system[19]. An alternative arrangement would be to utilize

FIG. 7. Second-order correlation functiog$’(7)(i,j=1,2) for
distinguishable photons witRk =0.5y, A=w1,/2, and two values
of wq,. In the upper plotw,,=0, and in the lower plotv;,=517.
The solid line is for3=0.99, and the dashed line f@=0.

parallel dipole momentsd= 1) with the laser frequency de-
tuned from the optimum for quantum interference. For ex-
ample, in Fig. 4, we have take®=0.99 andA = w,/2. We
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