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Simulating quantum interference in a three-level system with perpendicular
transition dipole moments
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We consider a three-level V-type atomic system with the ground state coupled by a laser field to only one of
the excited states, and with the two excited states coupled together by a dc field. Although the dipole moments
of the two dipole-allowed transitions are assumed perpendicular, we demonstrate that this system emulates to
a large degree a three-level system with parallel dipole moments—the latter being a system that exhibits
guantum interference and displays a number of interesting features. As examples, we show that the system can
produce extremely large values for the intensity-intensity correlation function, and that its resonance fluores-
cence spectrum can display ultranarrow lines. The dressed states for this system are identified, and the spectral
features are interpreted in terms of transitions among these dressed states. We also show that this system is
capable of exhibiting considerable squeezing.
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[. INTRODUCTION consisting of two excited levels coupled to a singlet ground
level by electric dipole interactionfll]. The atom was
Consider a three-level V-type system which interacts withdriven by a single-mode laser coupled to both atomic transi-
the vacuum so that spontaneous decay may take place frotions, as shown in fig.1 Previous work by Hegerfeldt and
the two excited levels to the ground state. If the system ilenio[13] for an incoherently driven atom showed that the
such that the dipole moments for the two principal transitiongntensity correlation may exhibit quantum beats despite the
are parallel or nearly so, then, in addition to this direct decayncoherent pumping. Excitation by two coherent fields was
process, the interaction with the vacuum leads to an indireatonsidered by Mankat al. [14], who showed how the reso-
coupling between the two excited states. Such systems havence fluorescence and intensity-intensity correlation spectra
been of considerable interest since Agarjidlshowed that on one transition can be influenced by the intensity of the
spontaneous emission could be controlled by means of thériving field on the other transitiofi5].
quantum interference displayed by such systems. The inter- For the coherently driven V-type atom, we found that, in
ference results from vacuum induced coherences between titfee presence of quantum interference, there are extesided
two atomic transitions: the spontaneous emission from onenultaneouseriods of darkness in the fluorescence from the
of the transitions modifies the spontaneous emission of thevo atomic transitions, even for equal decay rates of the
other transition. Cardimonat al. [2] and Hegerfeld and excited leveld11]. This result is in contrast to the dark pe-
Plenio[3] studied the effect of quantum interference on theriods predicted by Cook and Kimblgl6] and Pegget al.
resonance fluorescence of such a system, and found that[it7] for a V-type atom with uncorrelated transitions and sig-
can be driven into a dark state in which quantum interferencaificantly different decay rateg; and y,. In their case the
prevents any fluorescence from the excited sublevels. atom spends most of its time in the stronger transitlarge
More recently, a number of atomic and moleculardecay ratg and there is a small probability of finding the
schemes have been studied and it has been demonstrated thggtem in the otherweak transition. In Ref.[11], we
quantum interference leads to many interesting effects whickhowed that for parallel dipole moments and a strong driving
could have useful applications in spectroscopy and lasefield, the atom emits a stream of photons exhibiting strong
physics. These include the quenching of spontaneous emiserrelations. With near maximal quantum interference, the
sion and the presence of ultranarrow spectral lipes6], normalized intensity-intensity correlation function can ex-
electromagnetically induced transparefi@y, and amplifica- hibit extremely large values, whereas the corresponding
tion without population inversio8]. Recent studies have value for the case of perpendicular moments is of the order
also shown that quantum interference can lead to phasef unity. Indefinitely large correlation functions fowo two-
dependent population inversions and phase control of sporievel atoms were reported by WiegafitB], but these large
taneous emissiof®]. Keitel [10] has proposed a scheme to values have a different origin, due to there being positions
control the intensity of very narrow spectral lines in a V-typewhere the field vanishes in this three-dimensional problem.
system driven from a single auxiliary level, which could Large values for the second-order intensity correlation func-
have applications in high precision spectroscopy. tion for nonstationary fields have been described by Jakob
We have recently shown that quantum interference of thet al.[19].
above type may lead to very large values of the intensity- However, it is difficult in practice to find suitable V-type
intensity correlation function in a three-level V-type atom systems with parallel dipole moments. In atoms used for
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The atom consists of two nondegenerate excited leMels
and |2) separated from the ground levi) by transition
frequenciesw; andw,, and connected by the electric dipole

momentsu; and u,, respectively. We assume that the ex-
cited sublevels can decay to the ley8) by spontaneous
emission, whereas direct spontaneous transitions between the
excited sublevels are dipole forbidden.

In the frame rotating with the laser frequeney the mas-
ter equation is of the form

p=—ilp,HI+Lp, &y

A I
3 L— 10>
FIG. 1. Energy-level scheme of a three-level atom in the there the Hamiltonian is

configuration driven by a single laser field coupled to both atomic

transitions(system 1. H=(A—w;9) A1+ AA»+[(Q1A10+ QA5 +H.C,

@

atomic spectroscopy the dipole moments are usually perpen- . .
dicular. For this reason, there have been few experimente\"@}nd the damping term is
investigations of the effects predicted. An experiment was 1 1
performed 20], but it has not so far proved possible to repeat  £p=— 1y, (2A01pA10— A11p— pA11) + = Y2 2A02pAs0
the resultd21]. This experiment has also been discussed by 2 2
Berman[22] and Wanget al. [23]. 1

A number of different atomic schemes have been sug- —Asop—pAs) + = V1A 2A010A20— Apip — pAyy)
gested for explicitly getting around this problem in the hope 2
that they may provide a more tractable path to experimen- 1
tally observing the interesting effects. Garraway and Knight + 5712(2AozPA10— Ap—pAio). 3
[24] found that a V system coupled to a bad cavity could
formally emulate the effects of quantum interference. Patnaik
and Agarwal[25] showed that a four-level atom with two In these equationsh;;=|i)(j| is the transition operator\
closely spaced intermediate states can also show the effectsw,— w_ is the detuning between the frequeney of the
of quantum interference. Zhou and Swg26] (see also Ref. |0)—|2) transition and the driving laser frequencyQ Rk
[27]) demonstrated that maximal quantum interference carr1,2) is the Rabi frequency of thieh transition k=1,2),
be achieved for a three-level atom coupled to a single-modand w,,= w;— w, is the level splitting between the excited
cavity field with pre-selected polarization in the bad cavity sublevels. Herey; is the spontaneous decay constant of the
limit. Agarwal [28] has discussed how introducing anisot- excited subleveli) (i=1,2) to the ground level0), while
ropy into the vacuum can lead to quantum interferences
among the decay channels of close lying states. 2Vwiw; . o

In this paper, we propose an alternative scheme which Yii= 3 Mirki= By (1#]=12) (4)
permits the observation of the interesting features predicted 3hc
for three-level systems showing strong quantum interference,
but without the need for parallel dipole moments. In thearises from the cross dampiriguantum interferengebe-
scheme proposed here, we consider a three-level V-type atotween the transitiongl)—|0) and |2)—|0). The cross
with perpendicular dipole moments coupling the upperdamping term(4) is sensitive to the mutual orientation of the
nearly degenerate levels with the ground level. We assumatomic transition dipole moments, which is represented here
that one of the atomic dipole transitions is driven by a strondoy the parameteg, the cosine of the angle between the two
laser field and a dc field is applied to the atom to couple thalipole moment vectors. If the dipole moments are parallel,
upper levels. Dalton and GagéR9] and Hakutaet al. [30] B=1, then the cross damping term is maximal wi,
considered a similar scheme in which the dc field coupled &= 'y, v,, while y,,=0 if, as is usually the case, the dipole
driven transition to a metastable level. In our scheme, wanoments are perpendiculaB€0), and the quantum inter-
relax the condition that the third levehustbe metastable, ference term vanishes.
allowing a nonzero spontaneous decay to the ground state. |t is evident from the form of the Liouvillearf that the
This broadens the range of interesting quantum interferencgpontaneous decay in this systenofsdiagonat—that is, the

effects it is possible to observe in three-level atoms. equation of motion for the density matrix elemegnj will
contain damping terms that are proportionalgig and/or
Il. THE THREE-LEVEL SYSTEM pik, In addition to the diagonal damping terms proportional

to pj; . We showed in Ref.11] that if we transform to a new
In Ref.[11] we have considered photon correlations in abasis characterized by the following symmetric and antisym-
three-level system in the V configuration as shown in Fig. 1 metric superposition states of the excited levels:
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15)= ¢_<ﬂl>+mz» le>
|lay= Jf (V7211) = 7]2)), (5)

the off-diagonal damping terms become proportionaly{o
— v,. A more detailed discussion is given in REf2)].

For simplicity, we henceforth consider the case where \ ‘
v1=v,=7, when the damping becomes purely diagonal, A ! | 4 |g >
and we also assum@,=,=(. The symmetric and anti-

symmetric superposition states of the excited levels then be- FIG. 2. Energy-level scheme of the three-level a(@ystem 2.
come simply The single laser couples only one of the atomic dipole transitions,
while a dc field couples the two excited states.

1
|S>:E(|l>+|2>)’

and the upper states g and|u). Explicitly the system we
consider is described, in the rotating frame, by the Hamil-
tonian

1
lay=—=(|1)—12)), (6)
V2 H=Aeheet AyAuy—D(Ant Aue) + Q(Acg ™ Ago),

and the decay term in Edl) is diagonalized. The master

equation(1) and the Hamiltoniari2) take the form: and Liouvillean

. ) 1
p=—ilp.H]+ 5 ¥(1+ B)(2A0spAso— Assp ~ PAss) 1
Lp= 2 'Ye(ZAgePAeg_ AceP — pAce)

1
+ 2 Y(1=B)(2A0apAa0—Aaap — pAaa), (7 1
+ E ')’u(ZAguPAug_Auup_PAuu): (11
with

1 whereD is the Rabi frequency of the dc field directly cou-
H=A1(Asst Aga) = 5 014 Asat Aag) +1/2 V2Q (A +Ags), pling the upper states.
8 This system, shown in Fig. 2, is the one studied in detail
(8) in this paper. Comparing Eqé7) and (11), we define
and B=c0s 0= (ve— v/ (Vet vu) (12
1
A1=A- o 9 as a measure of quantum interference. We thus expect that
the level|u) has to be metastabley(<y,) if we are to see
It is apparent that the laser field couples only to the symmetmaximal effects of quantum interference.
ric state and both states decay independently to the ground However, we wish to investigate how far the effects of
state with different decay rates. In fact, if the dipole momentsgjuantum interference are duplicated by the latter system
are almost parallel, so th@t=1, it is clear that the antisym- when the detunings are unequal, when there is no unitary
metric level is metastable. If the original levéls) and|2) equivalence with system 1, and when we relax the condition
are degenerate, the coupling between the symmetric and afg;<y.. In the following sections we shall show that the
tisymmetric states vanishes. system described by Eq§10) and (11), to be referred to

If we ignore theA;A,, term in Eq.(8), we observe that henceforth as system 2, behaves in a rather similar way to the
the system described by Eq%) and(8) is equivalent to that original system(1) [or equivalently, systeni7)], to be re-
of a three-level system in which the ground stdieis con-  ferred to as system 1. However, system 1 requires dipole
nected to the excited stats) by a laser field detuned from moments that are almost parallel, while perpendicular mo-
resonance with the state) by the amountA;,while |s) is ~ ments are assumed for system 2.
also connected with the other excited sté#e, for example,
by a dc field.

In the remainder of this paper, we consider a generaliza-
tion of this system in which we allow the two excited states We demonstrated in Refll1] that system 1 can exhibit
to be nondegenerate, and their decay rates to the ground statetraordinarily large values of the normalized intensity-
to be arbitrary. We also redefine the coupling constants to bmtensity correlation function. Here, we show that system 2
equal to twice the corresponding Rabi frequencies, and wexhibits a similar type of behavior. The normalized intensity-
denote the ground state henceforth|@s rather than0), intensity correlation function is defined by

III. INTENSITY-INTENSITY CORRELATION FUNCTION
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GA(t,7) 10000 100
A(t,t+7)= ’ . (13 -
? GH(GW(t+7) e =
8 <}
The first- and second-order correlation functions, appearing © o
in Eq. (13), can be expressed in terms of the positive and /\/\
negative frequency parts of the electric-field operator as 00 2 4 00 2 4
GO(t)=k(E_()E_(1)), 14 4 0.01
E : f (0 9( ) . . » max(p, )=0.034
GO (t,7)=k¥E,()E,(t+7)E_(t+ E_(1)). (15 = = |y A
E o [ N
We later choose a convenient value for the arbitrary positive o a” ! “. A i\
constantk. G)(t,7) is a relative measure of the joint prob- A /\/\/\
ability that a photon is detected at time- 7 if one was 00 2 time 4 00 > time 4

detected at time.

The electric field may be expressed as a vacuum term plus FIG. 3. Second-order intensity-intensity correlation functions
a term radiated by the atom. Since the field is initially in theand the density matrix elements f@=5, 2=0.5,A,=A,=0,
vacuum state, the vacuum part does not contribute to thend y,=0.01. The fourth frame showg,. as a solid line. The
expectation values of the normally ordered field operatorgiotted line represents,,(t)/max(p,)Jmax(ped. To enable abso-

and then for the purpose of evaluating the correlation funclute values ofp,, to be estimated, its maximum value is indicated
tions, we may take in the fourth frame. In this and all subsequent figurgss 1.

2 el L
E- (D% ugAug(D) + Keghed(l), (16) 6@)(r) = YuP(9,0—u,7)+ y,P(g,0—e,7)
o

, 21
YuPuTt 7vePe @)

whereAj;=i)(g|,i=e,u is the transition operator between
the excited and ground levels aqulg is the corresponding
dipole moment. Since in system 2 we assume that the dipolhereP;=lim_,.P;(t), and we have added the subsctipt
moments of the atomic spontaneous transitions are perpei® émphasize that in writing down E(1) we have assumed
dicular, we obtain the following expressions for the correla-that our photodetector responds to the total field incident
tion functions: upon it, as evinced by our use of the expressitd).
It is, however, possible in principle to arrange the photo-
GOt = D yilAi(D), (17)  detector so that it responds only to photons emitted on the
iZeu |e)—|g) transition, or only to photons emitted on the)
—|g) transition, when the corresponding correlation func-

and tions measured are

P(g.0~j,7)
of(n=—"5"—1 j=eu (22
]

G<2><t,r>=i JE Yivi{Aig(DA; (t+ 1) Ag(1), (18)

where y; is the spontaneous decay constant of the excited o )
sublevelli) (i=e,u) to the ground levelg). [We have cho- The value of?(g,0—], 7) is calculated by solving the master
sen the value of the constaktn order that the spontaneous €quation for p;; subject to the initial conditionsp(0)

decay ratesy; are the coefficients that appear in E¢s7)  =9)(g|. We illustrate the features of these correlation func-
and(18).] tions in the following figures. In all cases, we measure quan-
Noting that(A;y(t)Ajj(t+ 7)Agi(t)) may be written tities as ratios ofy, (i.e., we takey,=1), and throughout

. N 2 this section we tak® =5, =0.5.
(Aig(DAjj(t+ D AG()=(ilp(D]I)[(i|U(7)|g)| In Fig. 3 we takey,=0.01,A,=A,=0. In this case, sys-
=P;(t)P(g,0—j,7), (1990 tem 1 is unitarily equivalent to system 2, with the dipole
moments almost parall¢tf. Eq. (12)]. The first two frames
whereP(g,0—],7) is the probability that if the system is in  show thatg{Z) and g{2) exhibit very strong photon correla-
the ground statfy) at timet=0 it will be in the excited state jons, as expected, whilg? as shown in the third frame
|j) attimet=r, U(t) is the time-development operator, and exhibits much weaker correlations. Although the steady-state
Pi(t) is the probability that the system will be in state at diagonal density-matrix elemenjs,, and p,, are propor-
time t, we may exprzess the normalized intensity-intensityyjonal to g‘(328) and gBZU), respectively, they are shown sepa-
correlation functiorg(t,t+7) as rately in the final framep,. is represented by the solid line.
gDt )= v.P(9,0—u,7)+ yeP(g,0—>e,7). 20 For clarity, we have nor_malizepjuu to the same maximum
' YuPu(t+ 7) + yePo(t+ 7) value as pe.. That is, the dotted line represents
puu(t)/max(p,) Xmax({e.9. To enable the absolute values of
Henceforth, we assume that we are dealing with stationp,(t) andp.eto be compared, the maximum valuemf(t)
ary fields in the steady-state situatidn;>o0, when P;(t) is shown in the frame.
becomes independent of time. We may then write For this small value ofy,,, we note that
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(i) g'2) is qualitatively similar tog{?, 60 3
(ii) the oscillations ing?) are twice as rapid as those in = =
iy T3 b
(iii) both pee and p,, exhibit simply harmonic oscilla- (5"’ o
tions.
0 0
Property(i) holds because the first term in E@1) domi- 0 2 4 0 2 4
nates the second for these parameter valligg/ vy, 3 0.01
=0.01, maxpeg/max(p,,)=0.25]. The very large values of max(p,, )= 0.023
(@) are due to the normalization employed in E22). For = = i
short times, the maximum values pf(t) are of order 0.01, 3 Q_% " \‘ ~
whereas the steady-state valugjg(~)=10"°. O AN TN
The properties of this system may be partially understood 0 0 /
by considering the special cadg=y,=0. That is, we as- 0 2 time 4 0 2 time 4

sume the laser is resonant with lejel), which is com-

pletely stable. It is then very easy to show that the steady:-

state solution is
Pee= Peu™ Peg™ 0,
QZ

T D2+0?

QD

DZr 0z @3

Puu Pug™

Thus the system eventually evolves into the pure state
_Dlg)+0Ju)
o0z

independently of the values df, and y, and of the initial

W) (24

FIG. 4. Second-order intensity-intensity correlation functions as
in Fig. 3, except thaty,=1,D=5,Q0=0.5,vy,=1,A.=5, and
A,=0.

two terms in the numerator of ER1) become comparable

[ yu! ve=0.1, maxpeg/max(p,)=0.26]. The form of g2
shows that it is composed of the sum of two oscillations of
different frequencies.

Next, we investigate the effect of finite detunings. For
example, we keep the same parameter values as in Fig. 3,
except for assuming thag,=0.1, and introduce the finite
detuningsA ,=5,A.=0. The system is then no longer uni-
tarily equivalent to system 1. We find numerically that there
is no appearance of single-harmonic behavior in any of the

state of the system. Although the laser is driving the transithree correlation functions. The maximum amplitudes g}

tion |g)—|e), there is no population in the state) in the
steady state in spite of the ground stage being populated,

and the system is “dark”— i.e., no radiation at all is emitted.

We have a coherent population trapping situation.

However, if we consider the evolution of the system from

the initial density matrix
p(7=0)=[g)(g|

[so thatpj;(7)=P(g,0—],7), as appears in Eq20)] there
will for short times be population in the stafte), and fluo-

(29)

rescence will occur. Foy,=0, one cannot define the steady- of v, to y,=1, we still obtain large values f

and g'2) are much reduced, to an unremarkable value of
about 4. The system§e), |g)} and {|u), |0)} cannot be
considered to behave as two independent, effective two-level
systems.

If, however, we taked ,=0 andA.=5, we find that the
very large maximum amplitude a2 is restored, although
not quite to such large values as when both detunings were
zero.

Finally, we investigate increasing the value gf. If we
keep the detuning&d ,=0 andA.=5, but increase the value
2) | although

ee

state intensity-intensity correlation function, as all the rel-the oscillations are no longer singly harmonic. This is rather
evant quantities are zero. It would, however, be meaningfusurprising at first, afu) can no longer be considered a meta-

to definetransientintensity-intensity correlation functions,
but we do not consider these hedS].

stable level. However, the steady-state populationepfis
still much smaller than the steady-state populatiofudf but

_If we now supposey, to be small but nonzero, then there this is now due to the detuning of tHe)—|g) transition
will be fluorescence even in the steady state, but the meafiom resonance. Thus we can dispense with the requirements
number of photons emitted in unit time will be very small. If that|u) be metastable, ang) and|u) be degenerate, and

we concentrate on the photons emitted on|#)e-|g) tran-
sition for definiteness, then the steady-state valug.gfwill
be very small, whileP(g,0—e,7) will be much larger for
shorter times. Thus the short-time valuesgé?(7) will be
very large. According to the expressiof23), we expect
these values to become larger if the rdfiéw increases, and
this we find to be so in our numerical investigations.

If we increase the value of, to y,=0.1, we find that
properties(i) and (i) still hold, but thatg{?) is no longer
qualitatively similar tog{2). It clearly shows a doubly

still obtain large values fog'?). These features are illus-
trated in Fig. 4.

IV. RESONANCE FLUORESCENCE SPECTRA
AND SQUEEZING

A. Numerical calculations

Another interesting feature of system 1 is that it has been
shown to exhibit very sharp peaks in the incoherent fluores-
cence spectrum under certain conditions. We show that this

peaked structure. This is because the relative weights of thigature is also shared by system 2. We consider the case
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E 0.6
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FIG. 5. The resonance fluorescence spectr§fw) for () FIG. 7. The in-phase and out-of-phase squeezing spectra, and
=5,D0=0.25,A,=4,=0, andy,=0.001. the resonance fluorescence spectrum Mr=1, Q=5 A=

—-10,A,=10, andy,=0.01.

A,=A.=0, taking y,=0.001, in Fig. 5 which shows the
fluorescence spectsum. The Sharpness of the ine s deoreadl VaIUe Ofyu. Thus if we increase the value of o 7,
by i ing the valué of,. (The spectrum is actually five =1, leaving all the ot.her parameters as in Fig. 7, then the

y increasing the rue P y egree of squeezing is unchanggédt the ultra sharp peak
peaked, but the inner side peaks are so small as to be bareg}/sappealjs
noticeable in the figurg.We emphasize that the sharp line
shown in Fig. 5 is due to incoherent scattering, as the coher-
ent contribution has been excluded from our figures.

The ratio of the relative weight of the inner side peaks to In Sec. IV A we presented the incoherent fluorescence
the outer side peaks increases with the valuB MR, as we  spectrum for system 2 with,< .. Here, we give an expla-
show in Fig. 6. In this case, the five-peaked nature of thenation of the spectral features in terms of the dressed states
spectrum is obvious, and the fluorescence spectrum does nof the system, and the transitions among them. We perform
exhibit the sharp line at the central frequency. the calculations using the dressed-atom technique developed

We point out that the system can show strong squeezingy Cohen-Tannoudji and Reynau@4], and extended by
under appropriate conditions, as we demonstrate in Fig. Dalton and Gageih29] to a three-level system with perma-
where we plot the squeezing spectrum for the in-phase andent dipole moments created in the upper states by dc cou-
out-of-phase quadratures. It can also be shown that the ultraling. In this approach, the laser field is treated quantum
narrow lines persist in the presence of detunings. The ulmechanically and the eigenstates of the Hamiltonian of the
trasharp peak amplitude can be enhanced by allowingp ~ combined atom and driving-field system are found and used
become negative. In this example, the resonance fluoress the basis for further calculations. The method is essen-
cence spectrum reverts to a three-peaked one. It is worttially based on the original master equati@h but with the
noting that the squeezing is approximately independent ofinperturbed Hamiltoniail0) modified to include the free-

field Hamiltonian for the laser field and the atom-field inter-

B. Dressed-atom explanation of the spectral features

x10™ action replaced by a fully quantum coupling. Since the dc
T field does not affect the optical photon modes, we treat the
5t ] atom-dc field interaction semi-classicalfguantum atomic
operators and-number dc fielgd While it is possible to treat
ab the problem with full generality using the dressed-atom pic-
ture, in the interests of having simple, transparent expres-
—_ sions to deal with, we restrict ourselvigxl—-33 to the situ-
8 g ] ation in which the laser field and the dc field are in exact
w resonance with their respective transitiofishe resonance
2r y fluorescence spectra obtained in the exact resonance case can
exhibit no more than five peaks, whereas in the general case,
1t ] there may be up to seven peagks.
In the case of exact resonance, the Hamiltonian of the
0 . atom interacting with the quantized laser field and the dc
-10 o)/ye 10 field may be written as
H=Hg+Hgc, (26)
FIG. 6. The in-phas&;(w) and out-of-phasé&,(w) squeezing
spectra, and the resonance fluorescence spec8(m) for D
=5,0=5A,=A,=0, andy,=1. where
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HaI:ﬁwL(|e><e|+|u><u|+ézéL)+ﬁU(Aeg‘aL+éEAge) ] Q +,N>
2
@ -“---—/—IO,N>
is the Hamiltonian of the atom and the laser field component, Q
and —_ I ,N>
Hge= =D (AcutAue) (28
O‘)L
is the interaction between the laser driven atom and the dc
field.
The Hamiltonian (27) has eigenstates |u,N —I+,N-I>
—1),|1N),|2N) satisfying the eigenvalue equations
):ILN).|2N) Y |ON-I>
Ha||U,N>:ﬁNa)L|U,N>,
Hal LN) =% (Nop — Q)| 1N, — N>
Hal|21N>=ﬁ(NwL+Q)|21N>a (29 FIG. 8. Dressed states of two neighboring manifolN$ and
[N—1).
where
u,N)=|u)|N—1 The dressed states of the system form a ladder of triplets,
u.N)=|u) iz as shown in Fig. 8, with adjacent triplets separatedshy
1 while the intratriplet separation Q.
[IN)=—(|g)|N)+|e)|N—1)), Having available the dressed states of the system, we can
2 find the frequencies and amplitudes of the spontaneous tran-
1 sitions between the dressed states. Considering the energy
|2N)=—=(]g)|N)—|e)|N—1)) (30)  diagram, Fig. 8, and Eq32), it is apparent that the possibil-
2 ity of fluorescence exists at the five distinct frequencies
wij = HNEn;—En-1j), (395

are the atom-laser field dressed statéds the number of
photons in the laser mode, and)2 2v JN is the Rabi fre- given explicitly as
guency of the laser field. The staté30) form a ladder of
triplets with adjacent triplets separated by, and intratrip-
let splitting (). wo_=w,og=w +Q,
When we include the interactiod 4. between the atom-
laser field dressed states and the dc field, the triplets recom-

W= W4+ = W_ =@,

— — ’
wo+—w,o—w|_—Q y

bine into new triplets with eigenstates wy_=w +207,
|ON)=al|g,N)+b|u,N—1), 0 =w —20'. (36)
1 These frequencies correspond exactly to the frequencies of
+,N)=—(b|g,N)+|e,N—1)—alu,N—1)), : nd € (
| N7 the spectral lines presented in Figs. 5 and 6. For example, in

Fig. 6, the inner(outep sidebands appear at frequencies
1 +5.8y.(*x11.6y,). With the parameters of Fig. 6, the
|=N)= E(b|9:'\|>_ leN-1)—-aluN-1)), (3D  gressed atom transition frequenci@s) and Eq.(34) predict
exactly the same values for the frequencies of the inner and

corresponding to energies outer sidebands. _ N
In order to calculate the intensities of the spectral features,

Eno=fioL, we have to calculate populations of the dressed states and
- ’ transition rates between the dressed states of two neighbor-
En,+ =fi(o +Q7), . ; " ;
’ ing manifolds. The transition rates are proportional to the
En,-=fi(o —Q'), (32)  absolute square of the dipole transition moment connecting
N them[34],
where . ) . )
Yii = Ve|<| ’N|Aeg|1 N— 1>|2+ ')’u|<| vN|Aug|l N— 1>|2-
D Q (37)
a=—, b=—, (33
Q Q Using Egs.(31) and (37), we find that the transition rates
between|i,N) and|j,N—1) are
and 21,2
Yoo=ab%yy,
20'=20%+D? (34 1
= e 4
is the effective Rabi frequency of the driving fields. Y0+ = Yo- =50, (38)
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) To analyze the linewidths of the spectral lines, we study
V4= Y--=5bT, the time evolution of the off-diagonal density matrix ele-
ments

1
_ _Th2 E:
')’+——'Y—+_2b r, pPij = = Pi,N;j,N-1" (42)

_ _ .2
=vy_o=aT . . .
Y+o=Y-0=aL, First, we consider the outer sidebandsvat o =2Q’. Pro-
wherel = (yo+a2y,)/2. jecting the master equatiai) onto |—,N—1) on the right

It is seen that in the limit ofy,=0, the transition rates and(*. N[ on the left, we obtain
from the statgO,N) are all zero. Since the transition rates )
into the statgO,N) from the dressed states of the manifold pr-=—|i(o +20")+
above are nonzero, the population will be trapped in this )
state. This is the population trapping effect considered byand similarly
Dalton and Gagem29]. In the numerical calculations pre- r
sented in Sec. IV A, we have computed quantgm interference b_+ =— i(wL—ZQ’)+
effects that do not depend upon the assumptipi 0.

To analyze the intensities of the spectral lines we need thﬁ h d to th tral li ab
steady-state populations of the dressed states. We use t Qese c:‘o erences correspona 1o the spectral ines-ab,
master equatio?) to find the time evolution of the popula- +20'. The widths of the lines are
tions of the dressed states. We project the master equation
onto|i,N) on the right andi,N| on the left, make the secu- Ne2or=
lar approximation in which we ignore couplings between
populations and coherences, and introduce the “reduce®ne can see that in the limit of,<y. the widths of the
populations”[34] outer sidebands are independentygf, which is in agree-

ment with the numerical calculations of Sec. IV A.
Pi:E (i,N|pli,N). (39 For the inner sideband at, +()’, we project the master
N equation ontd0N—1) on the right and +,N| on the left.

This results in two coupled equations,
The population equations then reduce to three coupled equa-

L ]
1+§b2)1“ pi_, (43

1 )]
1+ 50?0 |p. (44

1+ §b2 r (45)

tions b+o=—[i(wL+Q'>+§[r+b2<1+a2>yu]]p+o
Po=—b*y,Po+a’l (P, +P_),
. b2 b2l b*y, — -a%b%y,po_,
P+:_(1_7)FP++TP+TUP0: 2 uro
. 1
. b? b2’ b4y, pO=—[i(wL-i-Q’)-l-—[F+b2(1+a2)'yu]]po
P.=—|1-—=|P_+——P,+——Py. (40 2
2 2 2
1
Equations(40) have steady-state solutions, - §a2b27u9+0- (46)
2
:L, The coherences corresponding to the left sideband,at
a’l’' + by, — ()’ can be treated analogously, and it is easily to show that
. the coherences satisfy the same equations ag4&. but
P .= :E_ b”yy (41) with o + Q' replaced byw, —Q'.
M 2 32T +bp%y In order to discuss the linewidths of the spectral compo-
Yu

nents it is sufficient to find the real parts of the eigenvalues

It is evident from Eq(41) that for generaly, andD all the  of the coupled equation@é), which are
dressed states are populated. In the absence of the dc field 1
(D=0), the populatiorP,=0, and then the dynamics of the Mgzr,lzi(Ferz?’u).
system reduces to that of a two-level system driven by a
strong laser field. On the other hand, when eithgr0 or 1 ) 5
D>(), the population is entirely trapped in the stideN). M= 5 [T +b%(1+2a%) ). (47)

With reference to Fig. 8, we see that, in the limit of well-
separated lines, the total weight of the transition at frequencit is seen that the inner sidebands are composed of two lines

—Q' is given by W(w—w)=Pgyg: +*P_v_o=W(w of slightly different widths.(When nonzero detunings are
+w,), the last step following by symmetry. Similarly, we allowed, it can be shown that the central frequencies of these
find that W(w =2Q")=P_vy_, and W(w )=Pgyse two peaks may differ, resulting in the inner sidebands split-
+P_y_ _+Pyy, .. ting into two peaks.
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Finally, we consider the central component of the specthe upper atomic states. We have shown that the system can
trum. It is easily verified that there are three coherences osxhibit the features previously predicted for a system with
cillating at the same frequeney, which satisfy the follow- parallel dipole moments: in particular, extraordinarily large
ing set of coupled equations: values of the normalized intensity-intensity correlation func-

T 4 2 tion and ultranarrow lines in the resonance fluorescence

poo=~ (oL b yy)pootaT(ps s o), spectrum. We have explained the spectral features in terms of

1, the dressed-atom model of the system. Moreover, we have
P++T §b Fp__ shown that the system can exhibit strong squeezing.

We conclude with some examples of possible experimen-

1., tal observations of the features predicted in this paper. A
+ Eb YuPoo: system with a metastable intermediate state, which is desir-

able for enhancing some of the features reported feae

1 1 ticularly ultrasharp lines is atomic hydrogen, with the
1——b2)r}p__+—b21ﬂp++ Y arp ydrogen, ,

2 2 ground state being thesllevel, |g)=|1s), and the excited

states beindu)=|2s),|e)=|2p), the 2s level being meta-
+ lbﬂ'?’upoo- (48  stable [30]. The 2 spontaneous decay rate ig=6.3

2 x 108 s71. We find D=0.66E,4, whereE, is the externally
applied dc field measured in kV cm, so that a field of 7.7
kV cm™! results in a valu® =5y,, as assumed in some of

b++ o+ I

1
)
1 2b

[.)__:_ |(1)|_+

The eigenvalues of Eq48) are

Nea=—log, our figures.
N o= —iw, — (a2l +bv,), The scheme used by Echamitzal. [35] to observe a dou-
©2 “L .( 7o) bly driven V-type system might be suitable for demonstrating
Aeg=—lo —T. (49 the quantum interference effects on transitions with perpen-

. . dicular dipole moments. The scheme involV&Rb atoms
The lowest eigenvalue corresponds to the elastic component ied in a magneto-optics traps, with the sta&gu), and

of the spectrum, while the other eigenvalues correspond t ing th F— F=2 =
the inelastic central component. Clearly, the central compo@i)bel?gsi):cﬁ\t/aeﬁis %IZ(pola?i)z,eSE lllzz(;xser ?‘i,eﬁjnddfriis\igg the

nent is composed of two lines of different widihs. FOT 5 = 0)~5Sy(F = 1) transition with a dc field driving
» (N€ real part ok, reduces toy, Indicating that in the ., 5P (F=0)—5P,,(F=2) transition. The specific val-

I|rtnt|:]of 7ut<3|/efthe spectrurE.V\;:II. exh|b|t avery ?ar.rt?]V\t/r:me ues of the dc field intensity are not crucial as the predicted
atthe central frequency, which is in agreement wi € NUstfects are present for a weak as well as a strong dc field. The

Qimaé calculatlc;]ns pr:asentedxm Flgd. 5. IQ tﬂe l('jm't Df  Rabi frequencies we have assumed here are quite modest,
andy,<ve, the real parts ok, andi s both reduce to 4 e anticipate no difficulty in them being realized.

7ve/2 indicating that in the limit of a strong coupling between A | iher possibility is to use a V-type three-level system
the upper states, there are no sharp lines in the spectrum; qjids. e g., in P} :YAIO 5 [36]. In this system, the hy-
This is in agreement with the numerical results presented i'ﬁerfine tr,an.si;ciorji 1/é>—|i%/2> in 1D,(0) may be chosen

Fig. 7. as the transition to be driven by a dc field. The dipole al-
lowed transitions could be two of th#H ,(0)—'D,(0) tran-

V. SUMMARY sitions.

We have proposed a practical scheme which permits the
observation of the interesting features predicted for three-
level systems showing strong quantum interference, but
without the need for parallel dipole moments. In our system This research was supported in part by the University of
the transitions with perpendicular dipole moments areQueensland Travel Awards for International Collaborative
coupled by applying a dc field driving the transition betweenResearch.
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