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Origin and restoration of missing interference in emission in a laser-driven V system

G. S. Agarwal*
Physical Research Laboratory, Navrangpura, Ahmedabad 380 009, India

~Received 20 January 1998!

We present physical reasoning for the missing interference@Zhu, Narducci, and Scully, Phys. Rev. A52,
4791 ~1995!# 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 shape.@S1050-2947~98!05607-8#

PACS number~s!: 42.50.Ct, 42.50.Lc
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In the past few years quantum interference among dif
ent transition pathways has become a very important too
controlling the optical properties of matter. This includes n
only the linear but also nonlinear optical properties such
various macroscopic linear and nonlinear susceptibilities@1–
3#. Considerable literature exists on the understanding of
terferences in the absorption and gain spectra@4,5#. For ex-
ample, in a recent publication@4~b!# the origin of quantum
interferences in probe absorption in various level schem
(L,V,J) was analyzed. The interferences were found to
constructive or destructive depending on the level schem
was also discussed how the nature of interferences coul
changed by changing different relaxation parameters. S
in a pumped system one does not necessarily have recip
ity @6# between emission and absorption, it becomes imp
tant to analyze the effects of relaxation parameters on in
ferences in the emission spectrum. Quantum interference
also been shown to be very important in the context of sp
taneous emission@7# from, say, two close-lying states. Th
interference arises as the two pathways are created du
emission into a common vacuum of the electromagn
field. More generally, if two or more close-lying states inte
act with a single bath~responsible for dissipative behavior!,
then the interference more or less always occurs@6#.

There are exceptions, however. Zhuet al. @8# considered a
coherently driven V system with ground levelu3& connected
to two upper levelsu1& and u2& by a dipole transition. They
examined the spontaneous emission spectrum on the tr
tion u1&→u3& when the transitionu2&↔u3& was coherently
driven. The coherent drive mixes strongly the levelsu2& and
u3& leading to new dressed statesuc6&. The level separation
betweenuc1& and uc2& depends on the strength and detu
ing of the coherent drive. They showed that the spectrum
spontaneous emission consists of two independent Lore
ians, i.e., there is no interference between two possible c
nels of emission, viz.,u1&→uc1& and u1&→uc2&. In quan-
tum mechanics two transition amplitudes always interf
unless they are out of phase, thus the nonexistence o
quantum interference is surprising despite two apparent p
for emission to the stateu3&. We would like to understand
why there is no interference and how the two paths can
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made to interfere@9#. We demonstrate that the interferen
can arise if we include spontaneous decay of the stateu2& to
u3&. Thus interference can appear from theopening up of a
new pathway due to spontaneous emission on the trans
u2&→u3&.

We note that the emission spectra for coherently driv
multilevel systems have been calculated extensively@10# and
these spectra have been analyzed over a very wide rang
parameters. However, most of these studies concentrate
the behavior of resonances in the spectra and were not
cerned with quantum interferences, which are being d
cussed now@11#. Thus we analyze the spectra from the po
of view of quantum interferences. We analyze the conditio
under which interferences occur. We also note that the tr
tional secular approximation will miss such interferences a
a suitable pumping mechanism with the levels of interest
restore the interferences.

The system under consideration is schematically show
Fig. 1. The coherent driving fieldE2

W5«W 2e2 iv2t1c.c. with
Rabi frequency 2G252dW 23•«W 2 /\ acts on the transition
u2&↔u3&. We examine the spontaneous emission on the tr
sition u1&↔u3&. Let D2 be the detuning of the coheren
drive: D25v232v2 with v i j representing the frequency o
the transitionu i &→u j &. The levelu1& can be pumped incoher
ently at the rate 2L(2L0) from the stateu3& ~or externally!.
Let 2g2 (2g1) be the rates of emission from the levelu2&
(u1&) in the absence of the coherent drive. We work in t
density matrix framework and we will discuss cases wh
either L or L0Þ0. Let v1 be the frequency of the photo
emitted on the transitionu1&↔u3& and letD15v132v1. Af-

-
FIG. 1. Schematic diagram of the laser-driven V system un

consideration. We would consider the cases either with inte
pumping (L050) or with external pumping (L50).
686 © 1998 The American Physical Society
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ter a canonical transformation to remove optical frequenc
from the equation of motion, the density matrix equations

r11
• 522~g11L!r1112Lr3312L0 ,

r12
• 52@g11g21L1 i ~D12D2!#r122 iG2* r13,

r13
• 52~g112L1 iD1!r132 iG2r12,

~1!

r22
• 522g2r221 iG2r322 iG2* r23,

r23
• 52~g21 iD2!r232 iG2~r222r33!,

r33
• 52~g11L!r1112g2r2222Lr332 iG2r321 iG2* r23.
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The spectrum of spontaneous emission on the transi
u1&↔u3& is related to the dipole-dipole correlation functio
defined via the operatorsAab5ua&^bu:

S~v1!5g1ReH lim
t→`

E
0

`

dt^A13~ t1t!A31~ t !&J . ~2!

We have chosen the normalization in Eq.~2! such that
S(v15v13)51 in the absence of the coherent drive. Usi
the density matrix equations~1! and the quantum regressio
theorem, we have calculated the spectrum. As these calc
tions are fairly standard, we only present the final result
L050:
S~v1![r11ReH g1~g11g21L1 iD22 iD1!

uG2u21~g11g21L1 iD22 iD1!~g112L2 iD1!
J . ~3!
-
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In Eq. ~3!, r11 is the steady-state solution of Eqs.~1!:

r115
L~g2

21D2
21uG2u2!

@ uG2u2~2g113L!1~g112L!~g2
21D2

2!#
. ~4!

The whole issue of interferences is contained in the
havior of the curly brackets in Eq.~3!. In order to make the
analysis physically transparent, we consider the simpler c
in which the coherent drive is on resonance with t
u2&↔u3& transition. In this special case we derive from E
~3! the following expression forS(v1):

S~v1!/r115
g1

2
LG~D12D0!1

g1

2
LG~D11D0!

1
~L2g2!g1

4D0
$DG~D12D0!2DG~D11D0!%,

~5!

whereLG(X) and DG(X) denote, respectively, the Lorentz
ian and dispersive profiles

LG~X![
G

G21X2
, DG~X![

X

~G21X2!
. ~6!

The other symbols in Eq.~5! are defined by

G5g11
g2

2
1

3L

2
, D05AuG2u22

1

4
~L2g2!2. ~7!

It is assumed that the strength of the coherent drive is s
that D0 is real. The spectrum of emission on the transitio
u1&→u3& is thus given by two ‘‘Lorentzian’’ contributions
located atv132v156D0 and two dispersive contributions
Thedispersive contributionsare the result ofquantum inter-
ferencesas can be seen from the following argument: F
-

se

.

ch

r

large D0 and for spontaneous emission in the regionD1
;D0, Eq. ~5! can be approximated by

S~v!/r115g1LG~D12D0!/2. ~8!

Thus in the frequency regionD1;D0, the spontaneous emis
sion spectrum is well approximated by a single Lorentz
with half-width G. For the region near the line center, i.e
D1;0, we have contributions~a! from the tails of the two
Lorentzians, which are of the order ofG/D0

2 and~b! from the
two dispersive terms, which are of the orderG/D0. However,
the weight factor of the dispersive term is also of the ord
g/D0. Thus in the region of the line center,both Lorentzian
and dispersive contributions can be ofsimilar magnitude.
Note further that the traditional secular approximation w
missthe dispersive contributions in Eq.~5!.

The situation considered by Zhuet al. corresponds to an
external pumping of the stateu1& @L→0 in Eq. ~5!, L0Þ0#
and no spontaneous emission on the transitionu2&→u3&
(g2→0). In these limits the spectrum becomes asum of two
Lorentziansas the weight factor of the dispersive terms go
to zero, and thus we recover the result of Zhuet al.

The value at the line center for largeD0 compared toG is
given by

S~v15v13!/r11[
g1~g11g21L!

uG2u21~g112L!~g11g21L!

'g1~g11g21L!/uG2u2. ~9!

The quantum interference@g22term in Eq.~9!# is construc-
tive. The quantum interference arises from the opening up
a new channel for spontaneous emission. In passing we
note from Eq.~5! that the pumping (LÞ0) out of the state
u3& also produces interference that is destructive in natu
though it should be borne in mind thatr11 ~for L050) is a
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688 PRA 58G. S. AGARWAL
function of L. This constructive or destructive interferen
can be understood from our dressed-state analysis below

We would next like to analyze the situation physical
We examine different pathways contributing to emissio
For a field on resonance, the coherent part of the interac
is

Hc52\G2~ u2&^3u1u3&^2u!. ~10!

Thus instead of working with bare statesu2& and u3&, we
work with the dressed states

Hcuc6&56\G2uc6&, uc6&5~ u2&7u3&)/A2. ~11!

The matrix elements ofr in the dressed basis satisfy

ṙ1656 iG2r162S g22L

2 D r172~G1 iD1!r16 , ~12!

ṙ115~g11L!r112
L

2
~r111r222r122r21!

2
g2

2
~r112r22!. ~13!

Consider first the case when the system is externally pum
(L50,L0Þ0). Then Eqs.~12! and ~13! reduce to

r 1̇656 iG2r162~G1 iD1!r162
g2

2
r17 , ~14!

r1̇15g1r112
g2

2
~r112r22!. ~15!

In the limit g2→0, thecoupling between the coherences, i.e.,
the coupling ofr16 to r17 is missing. Besides the terms like
(g2/2)r22 in Eq. ~15!, terms responsible for transitions be
tween the dressed statesuc6& are missing. Thus Fig. 2 de-
scribes the physical situation in which the statesuc6& do not

FIG. 2. Schematic illustration of the path for emission to eith
of the dressed statesuc1& and uc2&.
.
n

ed

interactwith each other. Thus there is only asingle pathway
for each transitionu1&→uc1& ~or u1&→uc&) and therefore
we donot see anyquantum interferencein the spectrum of
spontaneous emission.

The situation is different wheng2Þ0. The statesuc1&
and uc2& continue to interact with each other, i.e., the tra
sitions take place betweenuc1& and uc2&. This is shown
schematically in Fig. 3. Because of thefinal state interaction,
one now has two pathways for emission to any of the dres
states, sayuc1&,

u1&→
g1

uc1&,

u1&→
g1

uc2&→
g2

uc1&. ~16!

Thus spontaneous emission on the transitionu2&→u3& opens
up a new pathway, making quantum interference possible

In general the cross coupling between different coh
ences and between coherences and populations is very
portant in the determination of the spectrum of emission,
the spectrum is determined by the two-time correlation fu
tion ^A13(t1t)A31(t)&, which in turn is determined by
^A11(t1t)A31(t)& and ^A12(t1t)A31(t)&. Clearly these
correlations will satisfy equations analogous to Eq.~12!. The
cross-coupling term is responsible for the interference. N
the coefficient of this term (g22L), which is the same as th
one appearing in Eq.~5!. Thus terms beyond the secula
approximation in the dressed-state analysis enable us to
derstand the existence and nature of the interference eff

In conclusion, we have shown how the inclusion of spo
taneous emission on the laser-driven transition in a V system
provides a new pathway leading to quantum interference.
show that the interference itself manifests in the form
dispersive contributions to the emission line shape. T
strength of such dispersive contributions is strongly dep
dent on the EinsteinA coefficient of the laser-driven trans
tion.

r FIG. 3. Schematic illustration of the extra pathway created
spontaneous emission on the transitionu2&→u3& for populatingany
of the two dressed states.
tt.
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