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Origin and restoration of missing interference in emission in a laser-driven V system
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We present physical reasoning for the missing interfer¢@be, Narducci, and Scully, Phys. Rev. 32,
4791 (1999] in emission in a laser-driven V system. We demonstrate how the interference effects can be
restored by considering an additional channel of spontaneous emission. Analytical results are given to identify
the various pathways contributing to this interference. The interference terms show up in the form of dispersive
contributions to the line shapgeS1050-2947®8)05607-9

PACS numbg(s): 42.50.Ct, 42.50.Lc

In the past few years quantum interference among differmade to interfer¢9]. We demonstrate that the interference
ent transition pathways has become a very important tool itan arise if we include spontaneous decay of the $£atéo
controlling the optical properties of matter. This includes not|3). Thus interference can appear from thgening up of a
only the linear but also nonlinear optical properties such asew pathway due to spontaneous emission on the transition
various macroscopic linear and nonlinear susceptibilitles ~ |2)—|3).

3]. Considerable literature exists on the understanding of in- We note that the emission spectra for coherently driven
terferences in the absorption and gain spepttf]. For ex-  multilevel systems have been calculated extensiyEly and
ample, in a recent publicatio@(b)] the origin of quantum these spectra have been analyzed over a very wide range of
interferences in probe absorption in various level schemeparameters. However, most of these studies concentrated on
(A,V,E) was analyzed. The interferences were found to beéhe behavior of resonances in the spectra and were not con-
constructive or destructive depending on the level scheme. tterned with quantum interferences, which are being dis-
was also discussed how the nature of interferences could brissed novW11]. Thus we analyze the spectra from the point
changed by changing different relaxation parameters. Sincef view of quantum interferences. We analyze the conditions
in a pumped system one does not necessarily have reciproander which interferences occur. We also note that the tradi-
ity [6] between emission and absorption, it becomes importional secular approximation will miss such interferences and
tant to analyze the effects of relaxation parameters on intem suitable pumping mechanism with the levels of interest can
ferences in the emission spectrum. Quantum interference hasstore the interferences.

also been shown to be very important in the context of spon- The system under consideration is schematically shown in
taneous emissiofi7] from, say, two close-lying states. The Fig. 1. The coherent driving fie|§’2:gze—iwzt+ c.c. with

interference arises as the two pathways are created due g, frequency B,=2d,5 5,/ acts on the transition

emission into a common vacuum of the 'electromagnet|?2>(_>|3>_ We examine the spontaneous emission on the tran-
field. More generally, if two or more close-lying states inter-

X : . O : sition |1)«|3). Let A, be the detuning of the coherent

T e e o e e 1971 =y i epresening th frequency o

There are exceptions, however ZeuJal)/[S] considered a the transitior{i) —|j). The level| 1) can be pumped incoher-
coherently driven V' s st,em with Iround .Ie\J6I> connected ently at the rate 2(2A) from the statg3) (or externally.
to two up)[;er Ievel$1>yand|2> by% dipole transition. They Let 2y, (2,) be the rates of emission from the leve)
examined the spontaneous emission spectrum on the rand L)) in the absence of the coherent drive. We work in the
tion |1)—|3) when the transitiorj2)«|3) was coherently ensity matrix framework and we will discuss cases when

. . . either A or Ay#0. Let w;, be the frequency of the photon
driven. The coherent drive mixes strongly the lejé@s and emitted on the transitiofL) < |3) and letA ;= w;3— ;. Af-
|3) leading to new dressed stafes. ). The level separation 17 @137 01
between| . ) and|_) depends on the strength and detun-
ing of the coherent drive. They showed that the spectrum of
spontaneous emission consists of two independent Lorentz-
ians, i.e., there is no interference between two possible chan-
nels of emission, viz.|]1)—|¢,) and|1)—|¢_). In quan-
tum mechanics two transition amplitudes always interfere
unless they are out of phase, thus the nonexistence of the
guantum interference is surprising despite two apparent paths
for emission to the statg8). We would like to understand
why there is no interference and how the two paths can be

FIG. 1. Schematic diagram of the laser-driven V system under
*Also at Jawahar Lal Nehru Centre for Advanced Scientific Re-consideration. We would consider the cases either with internal
search, Banglore, India. Electronic address: gsa@prl.ernet.in pumping (Ao=0) or with external pumpingA=0).
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ter a canonical transformation to remove optical frequenciehe spectrum of spontaneous emission on the transition
from the equation of motion, the density matrix equations aré1)«|3) is related to the dipole-dipole correlation function

. defined via the operatois, ;=|a)(p|:
p11= —2(y1t A)p1at2Apgst2A,,

. — . _ _ H * o]
p12=—[v1tv2+t A+i(A1—A)]p12—1G3 p1s, S(wy)= 71Rﬁ’ lim fo dr(Ags(t+ )Agy ()} )

. . . t—oo

p13= —(y1+2A+iA1)p13—1Gop1a,

(1) o
. _ . We have chosen the normalization in E@) such that

P22= —272p22+1G2p3r— 1G5 pas, S(w1= w13 =1 in the absence of the coherent drive. Using
. ) . the density matrix equationd) and the quantum regression

p23= —(v2+1A2)p23—iGa(p22—p33), theorem, we have calculated the spectrum. As these calcula-

. _ . tions are fairly standard, we only present the final result for
P33=2(y1+A)p11t 2y2p20— 2Ap3z—iGop3t+iGh pos. Ap=0:

Yi(yrt v+ A+iAy,—iAy)
S(wy)=puR > , , . . )
|Gol“+ (1t y2+ A+id—iAy)(y1+2A—iAy)
|

In Eq. (3), p11 IS the steady-state solution of Ed4): large Ay and for spontaneous emission in the regivn

~Ay, Eqg. (5) can be approximated by

A(75+A3+[Gol?) "

PTG, 22y, 8A) + (71 20) (434 M) S(@)/pu=nibr(A1=Ao)/2. ®

The whole issue of interferences is contained in the beThus in the frequency regiol; ~ A, the spontaneous emis-
havior of the curly brackets in E@3). In order to make the sion spectrum is well approximated by a single Lorentzian
analysis physically transparent, we consider the simpler casgith half-width I". For the region near the line center, i.e.,
in which the coherent drive is on resonance with theA;~0, we have contribution&) from the tails of the two
|2)+|3) transition. In this special case we derive from Eq. Lorentzians, which are of the orderEfAﬁ and(b) from the
(3) the following expression foS(w,): two dispersive terms, which are of the orddn\,. However,
the weight factor of the dispersive term is also of the order
vIAqy. Thus in the region of the line centdypth Lorentzian
and dispersive contributions can be sifmilar magnitude
(A ) Note further that the traditional secular approximation will

—Yaon AN missthe dispersive contributions in E¢p).

4A, {Pr(A1720)=Dr(As A0}, The situation considered by Ztet al. corresponds to an
5) external pumping of the staté) [A—0 in Eq.(5), Ay#0]

and no spontaneous emission on the transiti@h—|3)
whereL(X) andD(X) denote, respectively, the Lorentz- (¥2—0). In these limits the spectrum becomesum of two
ian and dispersive profiles Lorentziansas the weight factor of the dispersive terms goes
to zero, and thus we recover the result of Zal.
The value at the line center for lardg compared td” is

Y Y
S(wl)/Pﬂ:?lLF(Al_ Ag)+ 71LF(A1+ Ao)

Lr(X)=—7——, Dr(X)=———. 6 iven b
r(X) 24 X2 r(X) (24 %2) ©® g y
The other symbols in Eq5) are defined by (1= i) pri= yi(y1t+y2tA)
1— W3 11—
3A 1 |Go2+ (y1+2A) (y1+ y2+A)
Y2
F:71+?+71 Ap= \/|Gz|2_Z(A_72)2- (7 ~y1(y1+ 2+ A)|G,l2. (9)

It is assumed that the strength of the coherent drive is suclihe quantum interferendey,—term in Eq.(9)] is construc-
that A, is real. The spectrum of emission on the transition tive. The quantum interference arises from the opening up of
|1)—|3) is thus given by two “Lorentzian” contributions a new channel for spontaneous emission. In passing we also
located atw;3— w;=* A, and two dispersive contributions. note from Eq.(5) that the pumping 4 #0) out of the state
The dispersive contributionare the result ofuantum inter-  |3) also produces interference that is destructive in nature,
ferencesas can be seen from the following argument: Forthough it should be borne in mind that, (for Ag=0) is a
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FIG. 2. Schematic illustration of the path for emission to either

of the dressed statésg, ) and|y_).

function of A. This constructive or destructive interference
can be understood from our dressed-state analysis below.

We would next like to analyze the situation physically. / ]
nWwe donot see anyguantum interferencen the spectrum of

We examine different pathways contributing to emissio

For a field on resonance, the coherent part of the interactionP

is
He=—%G,(12)(3[ +3)(2]). (10)

Thus instead of working with bare statg®) and |3), we
work with the dressed states

Helge)=£1Goly.),  |yu)=(12)F[3))/V2. (11)
The matrix elements g in the dressed basis satisfy

. i ’}/Z_A
P1+= i'GZP1+_< 2

)P1+—(F+iA1)Pl+ , (12

- A
P++:(71+A)P11_§(P+++P77—p+f—p7+)

- Zpai—p). (13
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FIG. 3. Schematic illustration of the extra pathway created by
spontaneous emission on the transitigp—|3) for populatingany
of the two dressed states.

interactwith each other. Thus there is onlysangle pathway
for each transition1)—|#,) (or |1)—|¢)) and therefore

ontaneous emission.

The situation is different whery,#0. The stateg, )
and|¢_) continue to interact with each other, i.e., the tran-
sitions take place betwedws,) and |4 ). This is shown
schematically in Fig. 3. Because of tfieal state interaction

one now has two pathways for emission to any of the dressed
states, sayy. ),

71
[D—=ld),

Y1 Y2
|1 —=[w-) =), (16

Thus spontaneous emission on the transit@n-|3) opens
up a new pathwaymaking quantum interference possible.

In general the cross coupling between different coher-
ences and between coherences and populations is very im-
portant in the determination of the spectrum of emission, as
the spectrum is determined by the two-time correlation func-
tion (As(t+7)Az(t)), which in turn is determined by
(A (t+7)Asz(t)) and (A;_(t+7)Az(t)). Clearly these

Consider first the case when the system is externally pumpegbrrelations will satisfy equations analogous to E). The

(A=0,Ay#0). Then Egs(12) and(13) reduce to

. . . V2
p1:=EiGopr: —(U+1A1)p1e— 5 p1s, (14

P++::Yﬂhr‘%§(P++—P77) (19

In the limit v,— 0, thecoupling between the coherences.,
the coupling ofp;+ to p; = is missing Besides the terms like
(v2/2)p__ in Eq. (15), terms responsible for transitions be-
tween the dressed statpg..) are missing Thus Fig. 2 de-
scribes the physical situation in which the stdig¢s) do not

cross-coupling term is responsible for the interference. Note
the coefficient of this termy,— A), which is the same as the
one appearing in Eqb5). Thus terms beyond the secular
approximation in the dressed-state analysis enable us to un-
derstand the existence and nature of the interference effect.

In conclusion, we have shown how the inclusion of spon-
taneous emission on the laser-driven transitioa M system
provides a new pathway leading to quantum interference. We
show that the interference itself manifests in the form of
dispersive contributions to the emission line shape. The
strength of such dispersive contributions is strongly depen-
dent on the Einsteil\ coefficient of the laser-driven transi-
tion.
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