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We discuss the spontaneous emission from a coherently prepared and microwave-driven doublet of poten-
tially closely spaced excited states to a common ground level. Multiple interference mechanisms are identified
that may lead to fluorescence inhibition in well-separated regions of the spectrum or act jointly in canceling the
spontaneous emission. In addition to phase-independent quantum interferences due to combined absorptions
and emissions of driving field photons, we distinguish two competing phase-dependent interference mecha-
nisms as means of controlling the fluorescence. The indistinguishable quantum paths may involve the sponta-
neous emission from the same state of the doublet, originating from the two different components of the initial
coherent superposition. Alternatively the paths involve a different spontaneous photon from each of two
decaying states, necessarily with the same polarization. This makes these photons indistinguishable in principle
within the uncertainty of the two decay rates. The phase dependence arises for both mechanisms because the
interfering paths differ by an unequal number of stimulated absorptions and emissions of the microwave field
photons[S1050-294®8)03011-X]

PACS numbgs): 42.50.Ct, 32.80.Qk, 42.50.Lc, 42.50.Ar

I. INTRODUCTION time of two successively applied coherent fields between the
decaying excited doublet states. The proposed scheme is re-
The study of spontaneous emission and the various mearated to other schemes of coherent control, in particular the
by which it may be modified and controlled has been arwell-known “pump-dump” scheme of atomiémoleculay
active area of quantum optics for many years. As fluoresionization (dissociation [17], the coherently driven three-
cence arises from the interaction of the atomic system wittevel A-type atom of Martinezet al. [18], and (not with-
the environmental modes, the most obvious mechanism fastanding the involvement of a photonic band-gap material
control is to place the atoms in “colored(frequency- the scheme of Quangt al. [19]. The main finding in this
dependentreservoirg 1]. This can be achieved by employ- article is the identification of various competing interference
ing, for example, atoms in microcaviti¢&] or by placing mechanisms leading to phase sensitive means for controlling
them near the edge of photonic band gépk For atomic  the spontaneous emission spectra. If we suppose that only
media in free space, quantum interferences have become tbee of the two excited states decays and that the atom is
most significant mechanism for modifying spontaneousdnitially prepared in that decaying state, then phase insensi-
emission. This was suggested in the early 1970s when Agative interfering paths arise that lead to the cancellation of a
wal [4] showed, for an initially prepared degenerate V-typespecific fluorescence mode, as explained by Knj@ghtand
three-level atom in free space, that the fluorescence spectrufthu et al.[12]. If instead both states are initially prepared in
is modified due to interference and that population trappinga coherent superposition and the driving field is weak, then
occurs[5]. This was followed by a number of papers in the the spectrum may acquire a Fano-type profile. Furthermore,
late 1970s and early 1980s on such interfereié@sRe-  phase-sensitivanterference occurs and the spectrum can be
cently, with the need for efficient fluorescence control tocontrolled via this phase difference. In addition, if both ex-
enable such effects as lasing without inverdidhand quan- cited states decay such that the emitted spontaneous photons
tum information processin@] to be realized, much attention may not be distinguishable, even in principle, then further
has once more been focused on spontaneous emission dyhase-sensitive interfering paths via different spontaneous
namics from multilevel atom$9—-15. In a recent article channels arise, similar to those pointed out within a driven
[16], two of us have proposed a two-color coherent “phase” A-type atom by Martineet al.[18]. We discuss each kind of
control schemé¢17] for controlling spontaneous emission in interference separately by identifying the appropriate paths
a four-level atom. Phenomena such as extreme spectral naand discuss the role of their coexistence within a single
rowing and partial and total cancellation of fluorescence descheme. In particular we find that both phase-dependent in-
cay were predicted for specific values of the atomic paramterference mechanisms may be destructive simultaneously
eters and the lasers phase difference. Moreover, the spectriand thus lead to spontaneous emission cancellation in differ-
was shown to be controlled very effectively and easily byent parts of the spectrum. In addition, fluorescence inhibition
changing the phase difference of the two lasers used for thiey one mechanism may also be enhanced due to the presence
excitation. of the other. An alternative explanation of the phase-
In this article, using a three-level V-type atom, we discussdependent interferences is also given in the dressed-state pic-
a further scheme that offers much promise for controllingture. In particular we find, for an appropriate phase differ-
spontaneous emission spectra using the phase difference, tleisce, that the atom can be prepared in a single decoupled
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_A [ 12) w¢ and phasep. that couples the two upper levels. We allow
qu """" both upper states to decay spontaneously to the lower state.
¢ Ve Here we consider only the case of a square pulse of the

1) microwave field. This atomic system has been used as a
model system for the proposal of the quantum-beat laser
[20]. The dynamics of the system can be described using the
Schralinger equation. Then the wave function of the system

Y2
at timet can be expressed in terms of the state vectors as

P21

@|:
°
S

[9(D) =au(D)]1{0}) +2,(1)[2{0})+ X a(D)]0{k}),
2
wherek denotes both the momentum vector and the polar-

ization of the emitted photon. The Hamiltonian of the system
in the interaction representation is given by

T+
-: Hint= Hfielat Hvacuums (3
—-)
Pysl where
17F AL+
oo IR Hpie= Q€4 1%|1)(2 + H.c., (4)
i Huacuun= 2 Gax€" 19| 1) (K]

Y iV,
®) +§ goke” (k20 2) (k| +H.c. (5)

FIG. 1. System under consideratid@a) Bare-state representa-

tion: The two excited state$),|2) are coupled by a microwave field . . . . .. .
! xel 49)[2) Hp Y 8 MICTOWaVE 1 We substitute this Hamiltonian into the ScHiager equation

with frequencyw. and phasep. and both decay spontaneously to a . . - .
common ground staté0). (b) Dressed-state representation with and obtain the following set of equations after the rotating-

dressed decay rates to the ground stateandy_ (solid lineg and ~ WaVe approximation is carried out:

relaxation among the dressed stajesfrom |—) to |+) and y.. in
the opposite directiodashed lings which arises from a coupling . O aiAtFid (g -yt
of the transitions of both dressed states to the ground state. iay(t)=Qe caz(t)+; guak(t)e™ (w10t (6)

dressed state in which total cancellation of the fluorescence
associated with the othéunpopulategidressed state occurs. ia,(t)=0e Bt-iteg, (t)+ 2 gna(t)e (@ o0t)
This paper is organized as follows. In Sec. Il we present K

the atomic model and the basic dynamic equations in the

bare-state basis. We solve these equations for the various

situations of interest and present, in certain cases, analytical ;: _ i(wp— ot i (0= wopt

phase-dependent formularl)s for the time evolution of ythe 12y(D) = graay (e K0+ gioag(De o0t (8)
opulation and the spontaneous emission spectrum of thi . . L .

gtopm. In Sec. lll we przsent and analyze our bgsic results a ereQils the' Rabi frequency, which is considered real for

in particular discuss the situations where each of the variou§CNVvenience in our prok_)Iem, aud= We™ W21 represents _the
interference mechanisms becomes significant and dominat icrowave field dgtunlng. The notation,y,= w,— @p 1S

An alternative analysis using the dressed-state basis is giv ed.thro.ughout .th's work. We proceedi by performing a for-
in Sec. IV. Finally, we conclude in Sec. V. mal time integration of_ Eq(8) and substitute the result into

Egs.(6) and(7) to obtain

)

Il. ATOMIC MODEL IN BARE STATES . ) )
ia;(t)=0Qe 2t ¢cq,(t)

The atomic model considered here is shown in Fig. 1. A
three level V-type atom is initially prepared in a superposi- I , 20— i(wy— w10 (t—t')
tion of the two upper levels by a pump field such that ! odt ay(t )Ek: |G| 71T

t=0))=e'%psin 6|1{0})+cos 6|2{0}), 1 t . o S
|4(t=0)) |1{0}) |2{0}) 1 _ij U a(t)S, gugee ) ooz’
0 k

where ¢, is the phase of the pump field. At tinte=0 this
atom starts to interact with a microwave field of frequency 9)
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ia,(t)= Qe 18t (1) Here we definebj(t)=a,(t), by(t)=ay(t)e'®!, by(t)
=a,(t), and = wy— (w19t wy)/2.

t . , Equations(13) and (14) have the following solutions if
—i [ [dva ) Jgale i et ,  Equaions(13 and (14) 0
0 k 1 2
t 2 !
_If dt/al(t!)z gklgzkefiwk(tft’)+iw20t7iw10t’. bl(t)=Cle)‘1t+Cze)‘zt, bz(t)zcle)\lt‘l‘Cze)\zt,
0 K (16
(10 where
Once the Markov approximation is carried out within the _ _
Weisskopf-Wigner theorj4], Egs.(9) and(10) reduce to the _E_ Yitys 1 aaz—lia— Y2\ 71
form (after the assumptiomw,;<w1g,w, is taken into ac- L2709 4 2 2] 2
cound
. yit+ ¥, 2| 2
. Ve R 0
ay(t) =~ Tray(t) - ( iQeldtHidetp ~7 e""zﬁ) ay(t),
(11 1 .
C,= )\24—ﬁ sin +iQe'%?cosb|, (18
N Apo— N 2
ay(t)= — ( e v p TTI2 gionit |, (1) - Zay(t).
1 .
(12) C,= )\14-ﬂ sin 9+iQe'%?cosd|, (19
A=\, 2
Here ym=27|0km|?D(wme) (M=1,2) and the radiative
shifts, which are related to the Lamb shift, will be omitted in , 1 Yo i .
this approach. The term(y/y;y»/2)e**2t is a common Clz)\z_)\l Aot - —iA|cos+iQe '*sin 6|,
term that arises if quantum interference from both spontane- ) " (20)
ous emission channels from the two closely spaced upper
levels is involved 4]. The parametep denotes the alignment 1 1
of the two matrix elements and is defined gs C§=)\ A+ %—iA)cos 0+iQe %sin 0.
= f20' to1!| 2ol | o] . FOr orthogonal matrix elements this 17 A2 " (21)

yields p=0 (no interferencg and for parallel matrix ele-
ments we obtairpp=1 (maximum interference In the lan- . .
guage of quantum pathway interference, different pathway’s_|ere we _defme the relative pha_se betwee’? the pump and
involving different spontaneously emitted photons may becouplmg ﬂe.lds aﬁs‘ﬁ.z b= bp, W.h'Ch as we will show later
indistinguishable, even in principle, only if the correspond—has a gruual role in the beha.wor_ of the system. A,ISO’ for
ing transitions give rise to photons of identical polarization. cONvVeNi€Nce, we have set arb]trarlly the pump field’s phase
This means that the associated dipoles have to be parallel. HLzero. So the above phase difference simply reduces to the

the language of off-diagonal couplings, those extra terms ifn@se of the coupling field. Using EG.5) and solutiong16)

p may arise only if both dipoles involved interact with the we obtain
same modes of the vacuum. Since the time dependence of
this term ise™'“21" this term can be omitted from these equa- 9x1C1

__ i(S+ wog/2—iNt_
tions only in the case that the energy difference of the two bi(t) Wy [enamarm i =1]
upper levelsw,, is larger than the decay rates,y, [14]. Ot 7—”\1
However, for a moment, let us omit these interference terms
by settingp=0 in order to obtain analytical solutions of 01k1Co (6t a2
. - . — = f [ei(bt 'Az)t_l]
these equations. We will return to the importance of such an W [
interference in the calculation of the spectrum. Thus, without ot > N,
the contributions from the terms in Eqs(11) and(12), we
obtain ,
_ 9k2C1 [ei(%war2=A=inpt_ 1]
w21 .
by(t) = — 2ty (1) ~i0e ¥eby(t), 13 b AN
y _ 9k2C2 [gi(dwa2=8=Npt_ 1]
. _ *i(f)c . _ _2 w ] ’
by(t)=—iQe '?cby(t)+|iA > )bz(t), (149 Se— 721—A—|)\2

by(t) = —igy by ()&%t (1 wzlt o

—igyab,(t)elld (FAwz—AlL (15 which in the limitt— yields
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C C 2 2
bi(*°)=gx1 : + 2 g g
® ®
St —2—iNy St —=—in
k 2 1 k 2 2 —“_) ’ |1>
k2 w1 . w1 | : :
5K_T_A_I)\1 5k—7—A—I)\2 H H
(23)

The spontaneous emission spectr8(d,) in this model will

be proportional tdb()|? [14], (b1)

C, C, 2
S(6)~ 71 01 + 01

|2)

C/ Cr 2

+y, ! + 2 .
W21 . w21

Sy— = —A—iNg 6k—7—

A—iN,
(24)

By inspection of formulg24) we identify various sources
of quantum interference that we would like to associate with
the additional indistinguishable paths shown in Fig. 2. We
consider in Fig. 2a) the direct spontaneous emission from,
for example, the lower statd). Even with p=y,=cos#

=0, an expansion )2 of t_he spectrum.would give r'se to FIG. 2. Leading interfering paths for the decay process from,
extra paths due to combined absorption and emission of o 'the lower excited state; with solid lines we present the path-
stimulated driving field photons, where the leading term ISways for the driving field transitions and with dashed lines the
depicted in Fig. g01). In fact, theQ)? terms in\, , should be spontaneous emission transitioris) Simple spontaneous decay.
read ast)e'?sQ e, showing that here an absorption of a (b1) Phase-independent combined absorptions and emissions of
microwave photon is always associated with the subsequemtiving field photons via the higher excited stai®@2) Phase-
emission of another, canceling the phase dependence. Fufependent interfering paths for initial coherent superpositions via
thermore, for co9+0 and thus the initial population also in single stimulated emission from the higher-excited-state prior spon-
the upper excited state, we obtain new phase-dependetaneous emissior(b3) Phase-dependent single absorption of driv-
terms inC,; and C, corresponding to interfering paths as ing field photon followed by spontaneous emission from the higher
depicted in Fig. 82). Here the path differs from that in Fig. excited state. In this case the paths are indistinguishable if the ex-
2(a) only by a single photon of the driving field, thus ex- cited levels are closely spaced compared to the decay rates and if
plaining the phase dependence. both dipole matrix elements coupling to the ground state are paral-
For p# 0 we should return to the equations of moti@j, lel.
(11), and (12) and study numerically the behavior of the
system. Then the most complex additional phase-dependefiependent dynamics is observable evep0 as pointed
interference arises, which is associated with paths involvin@ut earlier, due to the processes of Fige) znd 2b2).
indistinguishable spontaneous photons from different transi-
tions as depicted in Figs.(®@ and Zb3). This interference
becomes maximal if both transitions to the ground state are
exactly parallel and as we will see later when both levels are We begin with an analysis of the system when one of the
closely spaced, i.e., photons arising from both transitions bespontaneous decay rates is much smaller than the other and
come essentially indistinguishable. This type of interferenceean be omitted, sayy,= 0. This reduces our system to that
has drawn much attention recently both for its effects orstudied by Knighf{6] and Zhuet al.[12]. If we choose the
spontaneous emission dynamics of multilevel atptis13— atom to be initially in statgl) (sin =1, cos#=0), then
16] and also for its effects on the absorption, dispersion, anduantum interference can lead to complete or partial cancel-
population dynamics of these atorfsl —23. Actually, itis  lation of specific emission modes and to spectral narrowing
this type of interference that leads to the phase dependenceaf one of the two peaks of the spectrum. The leading inter-
the microwave-drivenA-type system studied by Martinez fering process for weak driving fields is depicted in Fig.
et al.[18] as happens in our scheme if the system is initially2(b1). The system in this situation, however, is not phase
in one of the two excited statésither sing or cos#=1). If  sensitive. This occurs because stimulated absorption of a
our system is furthermore initially prepared in a superposidriving field photon is associated with the subsequent stimu-
tion of states|l) and |2) (sin#, cosé#1), then phase- lated emission of another photon, taking it back to the de-

=)
S

=
S~

(b2) (b3)

IIl. DISCUSSION
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caying state and thus canceling the phase dependence. (a)
We proceed now with the case of an initial superposition 25
of excited states, in particular whed<vy,, 6=x/4, and A
A=0. In this case we can derive the following formulas for § 29
our system: .
Q 15
Y1 02 02 ::
N~— = +2—, Apy~—2—, (25 ~
2 Y1 Y1 g 10
H
cl~‘é B ine), Cﬁ—éiﬂe“”’, (26) § >
Y1l 2 Y1 Q,
w0
and s -1 -0.5 0 0.5 1 1.5
Detuning
gkl( S+ %21+Qei54’> (o)
by ()~ > 2 2 o
a . Y1 Q) wyn H 20
V2| S+ > +|2 2i 7/1)(5,(+ > +2i 71) g
(27 ,Q 15
An interesting feature occurs f&#¢=0 (6¢= ) since the g
spectrum becomes zero a@=— w»/2—Q (6= — w24/2 o 10
+Q). The form of the spectrum for this case is shown in 3
Fig. 3. For the particular values @f¢=0 and §¢= 7 the bt 5
spectrum resembles a Fano-type fd24], as shown in Figs. ]
3(a) and 3c). The zero disappears for other values of the &
phasedg¢, as, for example, fob¢= 7/2, as shown in Fig. 075 -1 -0.5 0 0.5 1 1.5
3(b) where the spectrum is simply a single Lorentzian peak. Detuning
The existence of this interference in the spectrum is associ- ()
ated with additional interfering paths as indicated in Fig. _. 25
2(b2). Obviously the interferences need not be destructive J
for each choice of parameters, so that we have an exact zercg ,,
in the spectrum only for particular choices in the phage P
An equally intuitive way of understanding the interferences 15
can be given in the dressed-state picture and a detailed ex-4
planation will be given in Sec. IV. A similar effect has been ~—
investigated by Coleman and Knigf25] in the related area  § *°
of resonant two-photon ionization and by Agassi in the area H
of spontaneous emission of autoionizing sta&&. We note 0 5
that the appearance of exact zeros in the fluorescence specg.
trum is very sensitive to the radiative emission of the other [ S Y- E— 0 > = .
level (|2)). Then various interfering paths analogous to Figs. ' ’ Detuning ) )

2(a) and 2bJ3) arise with decay from the upper excited state
(|2)) and obviously those do not need to interfer destructively Fic. 3. Spontaneous emission spectr@y,) (in arbitrary

for the same parameters at the same frequency. For examplgits for atomic parameters,=0, 6==/4, Q=0.15y;, A=0,

in Fig. 4 we present the results for the spontaneous emissidihd wy,=y;. (@ 6¢=0, (b) §¢=0.57, and(c) 6¢=. The de-
spectrum of this atom, now assuming a very weak emissiofuning §, is measured in units of; .

from level|2), i.e., y,#0, but alsoy,< ;. We note that the

exact zero noted earlier has disappeared for those parano the second decay rate. In the case thatl the behavior
eters. In this case the spectrum will also depend on the valuef the system is more complex due to the additional interfer-
of p. With both decay channels open and wijtl*0 we  ing channels originating from the mechanism displayed in
involve further interfering channels such as those presenteligs. 2a) and Zb3). First, we note specifically from Figs.

in Fig. 2b3). The dashed curve in Fig. 4 shows the results4(b) and 4c) that the presence of this additional interference
with p=0 using Eq.(24) and the solid curve the results with mechanism enhances the inhibition of spontaneous emission
p=1 from a numerical solution of Eq$8), (11), and(12). in the Fano minimum. Second, an additional zero appears in
For p=0 we can immediately see that even for a smalbf  the spectrum that is solely associated with the new interfer-
0.5, as shown in Fig. @), the precise zero disappears andence mechanism. This zero is quite stable to the increase of
a minimum well above zero takes its place in the spectrumthe decay rate,. These results clearly show the coexistence
This minimum is further lifted when the decay rate of the of two distinguished mechanisms for fluorescence inhibition,
upper excited state increases, as displayed in Figg.ahd  which can act either independently or jointly in order to
4(c). In addition, a second peak appears in the spectrum dumodify the spectrum.
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FIG. 4. Same as in Fig.(8), but for (&) y,=0.075y;=0.5Q,
(b) v,=0.15y,=0, and(c) y,=0.3y,;=2(). By the dashed curve
we present the results with=0 and by the solid curve the results
with p=1. The detuningj, is measured in units of; .

In the following we consider the case whepR=y,=vy
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1 1 .
ba(t)= 5[ (cos - e~ 19%gin g)e= (V20

+(cos §+e ¥%sin g)e” (2H Y (29

and finally Eq.(23) reads

b (%) Ok [ sin 0—e€'%%cos@  sin 9+e'*?cos @
K )= ——

2 o) 1)
5k+721+9+i% 5k+721—9+i%
R cos 0—e '%%sin 9

7 woq LY
5K—T—A+Q+|§
cos9+e '¥%sin ¢
” | (30)
21 .
—_— — J’_ I
5k > A—Q |2

The case when sifi=cos6=1/2 is once more very inter-
esting. Whens¢ =0 Egs.(28) and(29) take the simple form
Pm(t)=|bn(t)|?>=3e~", m=1,2. This indicates a simple
exponentially decaying behavior of the populations. The
same result is obtained féi¢= 7. For 6¢=0.57 the popu-
lations becomeP,(t) =3~ "[1+sin(22t)], m=1,2. In this
case populations of each state show decaying Rabi oscilla-
tions, but we should note that the total population just decays
exponentially as in the case thé#=0,7. The spontaneous
emission spectrum behavior displays very rich features. In
Fig. 5 we present the results for the spontaneous emission
spectrum for several values of the phageand for the cases

of both p=0 (shown by dashed curveandp=1 (shown by
solid curve. The spectrum is clearly double peaked for
8¢ =0, as shown in Fig. ®), and for§¢ = m, shown in Fig.
5(e). It is easy to verify from Eqgs(24) and (30) that, in the
casep=0, the spectrum for these atomic parameters and
phase values is given by the sum of two Lorentzian curves.
This is related to the occupation of just a single dressed state
and will be analyzed later. However, for any other value
between 0 andr of the relative phasé¢ the emission spec-
trum is made up of four peak@wo associated with each
bare-state contribution for each of the two dressed staes
shown in Figs. B)-5(d). For p=1 we note destructive or
constructive interference between the two bare-state contri-
butions from each dressed state, similar to that observed in
the A system[18]. Total line elimination cannot arise due to
this interference mechanism. This is only possible for an
appropriate initial preparation in one of the dressed states

andA=0 and examine the phase dependence of the systerdnd decoupling to the other and naturally but trivially occurs
We have seen from the previous discussion that the Fanione of the bare channels is forbidden.

interferences due to the decay channg|sand vy, do not
interfere destructively at the same frequency. Thus,fpr

IV. DRESSED-STATE ANALYSIS

=1v,, we do not expect any zeros due to Fano interference

and the other phase-dependent mechanism, which is dis-
played in Fig. Zb3), will dominate. In this case the solutions

(16) obtain the form
1 _ _
bl(t) = E[(Sln 0—e'%¢cos g)e*(ylzflﬂ)t

+(sin 9+¢€'%%cos e~ 2TV (28)

The dressed-state approach of dynanji2g| is a very
useful tool for further understanding the behavior of the sys-
tem as presented in the preceding section. The diagonaliza-
tion of the field-atom interaction Hamiltoniain a rotating
frame

Hie= — A12)(2] + Qce' %] 1)(2] + Qe[ 2)(1] a1
31
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(a) (b)
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o
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=
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»

(=]

Detuning

FIG. 5. Spontaneous emission speci@),) (in arbitrary unit$ for atomic parametery,=1vy;, Q=57v;, A=0, andw,;=3vy;. (d
8¢=0, (b) 5¢=0.25m, (c) 5¢=0.5m, (d) 5¢=0.757, and(e) S¢==. By the dashed curve we present the results with0 and by the
solid curve the results with=1. The detunings, is measured in units of; .

leads to the dressed eigenstates ly(t))=b, (t)e E+{|+ {0} +b_(t)e "E-{— {O})

|+)=e ?ccosW¥|1)+sin ¥|2), +, b(tye |0 {k}). (33
(32 “

|—)=—sin q,|1>+ei¢ccosq,|2>, The equations of motion of these amplitudes are given by

. 1 1 -
b (t)=—5vy:b (t)— 5y b_(1)eF=, 34
where tarW=E_/Q. Here E.=(—A=AZ+4Q?)/2 are +O="5 b (H=5y=b (Ve (34

the eigenenergies of the Hamiltoni&Bl). The wave func-
tion of the system at time can be expressed in terms of the b (t)=— } b_(t)— } b (t)e“E@‘ (35)
dressed states as - 2 VP 2 7=+ o
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Here y, (y_) is the|+) (|—)) dressed state decay to the phase differencéd¢ as explained by Eq.39). This dressed
ground state ang- ,y. are relaxations among the dressedstate will subsequently decay without any transfer to the

states, as it is shown in Fig(). Also E,. =E, —E_ is the

energy difference of the dressed states.

other dressed state and a two-peak structure may be created
in the spectrum, where the two peaks are separated by the

The probability amplitudes of the dressed states are corpare-state doublet spacifigiven both bare states can degay
nected to the probability amplitudes of the bare states by thEven without selective dressed-state preparation there is no

relations
b, (t)=e'%cosWhy(t)+sin ¥hy(t),
. ‘ (36
b_(t)=—sin Wby (t)+e ' ?ccosWh,(t).
Using the initial condition(1), Egs.(36) will reduce to
b, (t=0)=¢e'%%cos¥ sin #+sin¥ cosd, (37

b_(t=0)=e % —e'%sin ¥ sin 6+cos¥ cos 6],

interference in the strong-field limit based on dressed off-
diagonal couplings and extra paths due to dressed population
transfer. This would furthermore be impossible because pho-
tons emitted from different dressed states become easily dis-
tinguishable if they are apart in frequency by more than the
largest spontaneous emission rate. In spite of a large dressed-
state separation, however, interference may still occur ac-
cording to the mechanism described in Figb3. This is
because the two bare contributions of each dressed state then
represent the different cornerstones for interfering paths

(39) rather than different dressed states, rendering only the spac-
ing between the bare states relevant in this situation.
which for the resonance casA €0) yields

1 . V. CONCLUSIONS
b, (t=0)=—(e'*%sin 6—cos h), _ _ .
V2 In this paper we have investigated the effects of the rela-

(39) tive phase between a pump and a coupling field on the spon-
e ioe taneous emission spectrum from a three-level V-type system.
[e'°?sin 6+ cos 6]. We have shown that the modification of this phase difference
allows us to efficiently control the shape of the spontaneous
emission spectrum and the population dynamics. Various in-

dSrOesl.I,eg:s:;/ti i?sndo&ﬁ;t(()eééiﬁi:am) (I)Qlilhéh\?vg;lz_ﬁga»limitterference mechanisms were identified from the underlying
Pop Y- transition physics. The various phase-dependent and

and on resonance, the positions of the two dressed states a}[teidependent interferences responsible for the spectral struc-

I ! =~ -- e .
close in energyE. ~0 and the two dressed states are effi- o janend sensitively on the relative energy and decay rates

qiently coupled to each other via the porrgsponding transiat the two excited states and on the orientation of the corre-
tions to the ground state. Such a coupling is usually referre ponding dipoles. In particular, we have shown that in the

lo as the_ (_)ff-dlagonal coupling of the dressed §téﬁ§$ In case in which only one excited state decays, the spontaneous
the specific case that one of the two bare excited states d@'mission spectrum can exhibit a Fano-type behavior in the
cays (y2=0), the dressed decay rates read weak-field limit and cancellation of the emission in a specific
vacuum modei.e., specific radiated frequencjesccurs. In

% +:y7:ﬂ, (40) the dressed-state picture this originates from interferences
2 involving indistinguishable photons due to an off-diagonal
coupling between the dressed states. In this case the addition
Y=y = m: 71 (41) of decay to the other excited state could lead to more com-

2° plicated sources of quantum interference. We have also em-
o ) phasized that the dressed states decouple from each other for
If the system is initially in one of the dressed stdt® )  strong driving fields, yielding an inhibition of this source of
dressed state in the case of Figa)and thel+) dressed state jnterference. As a consequence of this decoupling, for spe-
in the case of Fig. @)], then the population is efficiently ific initial preparation of solely one dressed state, we noted
transferred to the other dressed state due to this coupling Vige inhibition of the total fluorescence corresponding to the
the ground state. This opens new channels for spontaneoyger dressed state. This is controlled using the relative phase
emission and consequently interference structures in thgy that arises from the fact that the emission paths differ by
spectrum, similar to a Fano-type behavior. For both stategn ynequal number of stimulated absorptions and emissions
decaying transfer also occurs, but the actual forms of thgf the microwave field photons. If the excited doublet states
dressed decay rates is far more complicated. are closely spaced with respect to both decay rates and the
_In the strong-field limit the energies of the dressed stategorresponding emission dipoles are parallel, a different
differ substantially and the off-diagonal coupling is Vvery phase-dependent source of interference arises. This mecha-
weak, as the oscillating termes-'E=! become large. In this nism also survives in the strong-driving-field limit because it
case, the two dressed states can be thought of as decayiiggnot based on the coupling between the two dressed states
independentlyf25]. Depending on the relative phase, ei-  as is the previous mechanism but on that of the bare-states
ther the positive or the negative frequency peaks of the specontribution for each dressed state independently. In general,
trum can completely disappear, as can be seen in Figs. 5 all these different sources of interference are present and
and Fe). This occurs as we can selectively populate one otompete, giving rise to a rich regime of parameters to shape
the dressed states initially by appropriately choosing thehe spectrum.
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An experimental realization of the phenomena discussednstrated [29]. Other possible experimental proposals
in this paper is possible using recent developments in quarinclude the use of atomic hydroggiv,23. Finally, it should
tum optics. For the first interference case, where the dipolée noted that this type of interference has been observed
moments of the two spontaneous emission transitions anecently in tunneling transitions from semiconductor quan-
orthogonal or the two upper states are well separated, thiem wells[30,31].
only essential part is the preparation of the excited doublet,
as the atomic conf|gurat|qn can be reallzed in many atomic ACKNOWLEDGMENTS
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