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Nature of the quantum interference in electromagnetic-field-induced control of absorption
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and Max-Planck-Institut fur Quantenoptik, D-85748 Garching, Germany

~Received 28 August 1996; revised manuscript received 15 October 1996!

Various three-level schemes for electromagnetic-field-induced control of absorption are analyzed to isolate
the precise nature of the quantum interference. Such interference manifests through the dispersive contributions
to the absorption line shapes. Depending on the excitation scheme, the dispersive terms can be either construc-
tive or destructive. The collisional dephasing in some cases can change the nature of interference.
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PACS number~s!: 42.50.Gy, 42.50.Hz
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The modification of the optical properties of a medium
the application of a strong electromagnetic field has bee
subject of intense activity. In particular, the linear susce
bility responsible for absorption and dispersion of the m
dium has been shown to behave quite differently in the
gion of the line center@1–6#. The absorption can be mad
rather small~and even zero in some cases! by making the
strength of the control laser rather large@1,2#. At first sight
one might argue that the control laser has shifted the p
tions of resonances—and hence the absorption will go a
~shift in the line position! 22. However, for aL system Har-
ris and co-workers showed that there is a quantum inter
ence which makes absorption zero at the line center.
zero ~or near zero absorption in some other cases! has tre-
mendous possibilities in nonlinear optics@1,2,4#.

The previous results were derived either by using dens
matrix equations or even by using equations for amplitu
~wherever appropriate!. The zero in absorption is attribute
to the interference between dressed states@7#. This appears to
be the most direct way of understanding the absorption z
The equations for Schro¨dinger amplitudes can be writte
only if the decay outside the system occurs. In general,
also has to account for decay within the system as well as
dephasing processes. Thus in this paper wetrace the origin
of quantum interference effects directly at the density-ma
level. We take the results of standard calculations and
press the net absorption line shape as a sum of four diffe
contributions:~a! two absorptive contributions~b! two dis-
persive contributions to the absorption line shape. In the
gion of resonance with the dressed states only one contr
tion out of the four is important. However, at the line cen
corresponding to the bare atom resonance all four terms
tribute. The absorptive contributions are positive, as
pected, whereas the dispersive contributions to the abs
tions line shape could be positive or negative. This depe
on the particular three level scheme at hand. The interfere
could thus be constructive or destructive. We will demo
strate this explicitly for four different situations. In order
keep the analysis simple we will assume pump onresonance
with the transition on which it is applied though similar co
clusions can be drawn if the pump is detuned. We will a
assume that theRabi frequency of the pump is largecom-
pared to the relaxation parameters.
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Our general result for absorptionA @in dimensionless
units defined by Eq.~8!#, from a probe field, can be written
as

A5
G

2
@LW~D12G!1LW~D11G!#

1
b

G

G

2
@DW~D12G!2DW~D11G!#, ~1!

where 2G is the Rabi frequency of the pump andG is the
half width of the transition on which the probe is acting. W
assume, without loss of generality, thatG is real and posi-
tive. In Eq. ~1! D1 is the probe detuning,L andD are the
Lorentzians and dispersive contributions defined by

LW~x!5
W/p

x21W2 , DW~x!5
x/p

x21W2 . ~2!

In writing this expression forA the unimportant factors hav
been dropped. Hereb is the interference parameter whic
can be positive or negative.

Equation ~1! can be thought of as the net contributio
coming to absorption from two different channels. The tw
channels correspond to the two dressed states created b
strong pump. These two channels are shown explicitly
Figs. 1~e! and 1~f!. If the two channels were independen
then we will obtain only the contribution
A5G/2@LW(D12G)1LW(D11G)#. The dispersive terms
are clearly the interference terms. The four terms in Eq.~1!
are reminiscent of the square of the coherent sum of
amplitudes. The presence of the dispersive contribution
absorption line shape always implies the existence of ph
dependent effects.

In the resonance region sayD1;G,

A;
G

2
LW~D12G!, ~3!

as the remaining contributions will be of the order of 1/G2.
However, forD1;0 all four contributions are important. In
particular, forD150 we get
2467 © 1997 The American Physical Society
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FIG. 1. Schematic representation of vario
level schemes. The spontaneous emission ra
are 2g8s; the Rabi frequency of the resonan
pump is 2G andD1 is the detuning of the probe
field. The cases~a! and ~b! @~c! and ~d!# corre-
spond to the case of the upper state~lower state!
coherence in terms of dressed states as show
the part~e! @~f!#.
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Eq.
A5
W2b

G2 . ~4!

It should be borne in mind that the dispersive contributio
occur in the imaginary part of the response function. In or
to see ifb is positive or negative we consider several ex
tation schemes.

A.L System: Consider theL system shown in Fig. 1~a!. A
coherent pump on resonance acts on the transitionu1&↔u2&
Its Rabi frequency is 2G. The probe of frequencyv acts on
the transitionu1&↔u3&. The stateu1& decays at the rate 2g1
(2g2) to the stateu3& (u2&). The absorption from the probe i
proportional to the imaginary part of the induced polarizati
on u1&↔u3& transition, i.e.,r13. This can be seen from the
Maxwell equation for the fieldE1 in the slowly varying en-
velope approximation, which yields uE1u2

;uexp$iv/cA114px(v)L%u2 and which for a dilute me-
dium becomes

;UexpH ivc L1
2p ivx~v!L

c J U2.
Thus the intensity attenuationaL of the probe will be given
by

aL5
4pvL

c
Im@x~v!#. ~5!

Note further that the induced polarization at the probe f
quency isnd31r13, wheren is the density of atoms. Thus
x(v)5nud31u2r13/\(d13E1 /\) and, hence, the final resu
for aL is,

aL5
4pvLnud31u2

\c
ImF r13

~d13E1 /\!G . ~6!

Note that the Rabi frequency of the probe is 2d13E1 /\. We
can work in the dimensionless units by rewriting Eq.~6! as
s
r
-

-

aL5a0LImS r13G13

~d13E1 /\! D , ~7!

where

a0L5
4pvLnud31u2

\cG13
. ~8!

Here,G13 is the line width of the bare transitionu1&↔u3&.
This is equal to the decay rate of the off-diagonal elem
r13 of the density matrix. We will concentrate on the dime
sionless quantity

A5ImS r13G13

~d13E1 /\! D . ~9!

For L system the density-matrix equations lead to the w
known @1# expression

A5Re
~G231 iD1!G13

G21~G131 iD1!~G231 iD1!
, ~10!

whereD15v132v andG23 is the decay rate of the cohe
encer23. Note thatG135g11G13

(d) , G235G23
(d) , whereGab

(d)

represents contributions of dephasing collisions. We excl
the possibility of direct transition betweenu2&↔u3&. The
dressed states and the decay rates are identified by the
of Eq. ~10!. For largeG, these occur at

D156G ~11!

with widths

W5 1
2 ~G131G23!. ~12!

The absorption at the origin is proportional toG23. Note that
a simple argument based on two Lorentzians located at
~11! would yield a proportionality factor 12(G131G23).
Clearly there is quantum interference which leads to
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1
2 ~G131G23!→ 1

2 ~G131G23!1 1
2 ~G232G13!5G23.

~13!

The interference parameterb is equal to

b5~G132G23!/2. ~14!

If there is no dephasing (G2350) then theabsorptive and
dispersive contributions cancel each other leading to a z
in the absorption profile. Note that in this scheme the inte
ference effects aredestructive. The interference vanishes
dephasing is such thatG135G23. However, if the dephasing
is such thatG13@G23, then again the interference zero
almost restored as already realized by Imamoglu and Ha
@5#.

B. Ladder System: Consider the ladder system of Fig
1~b!. We assume that the probe acts on the lower transit
whereas the resonant pump acts on the upper transition.
interpretation of various symbols is as in theL system. The
absorption from the probe is given by@2#

A5Re
~G131 iD1!G23

G21~G231 iD1!~G131 iD1!
, ~15!

whereD15v232v, G235g21G23
(d) andG135g11G13

(d) . The
absorption can be written in the form~1! with

W5 1
2 ~G131G23!, b5~G232G13!/2. ~16!

Like the L system one hasdestructive interference if
G1350. The proportionality factor in Imx for D150 is de-
termined by the dephasing rate of the two photon o
diagonal coherencer13. Note that even in the absence
collisional dephasingG13 will depend on the spontaneou
rate of emission from the stateu1&. One can get close to
zero absorption rate only if the spontaneous emission f
u1& is negligible. Note that the interference will disappear

G135G23, ~17!

which, for example, will be the case in the absence
dephasing collisions and ifg15g2. Note further that the sign
of the interference parameter depends on the relative ma
tudes ofg1 andg2.

C. Ladder system: We continue with our discussion o
ladder system but with the pump and probe transitio
switched@Fig. 1~c!#. The pump is on resonance and there
no probe absorption in the absence of the pump. The abs
tion profile essentially has the form~cf. Ref. @8#!

A[
G2

~G23g212G2!
Re

~G131g21 iD1!G12

G21~ iD11G13!~ iD11G12!
.

~18!

Note the explicit dependence of this absorption profile on
rate of spontaneous emission from stateu2&. This is in addi-
tion to what is contained in the decay ratesGab of coher-
ences, i.e., off-diagonal elements. The net line shape is g
by Eq. ~1! with
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W5
1

2
~G131G12!→g11

g2

2
, ~19!

b[
1

2
~G122G1322g2!→2

g2

2
, ~20!

where the last results follow in the absence of dephasing
contrast to casesA andB, the interference parameterb is
negative. Thus the quantum interference isconstructive. The
interference vanishes ifg2→0.

D. V System: Finally we examine the nature of interfe
ence in the V system, as shown in Fig. 1~d!. The pump is on
resonance with the transitionu2&↔u3&. The probe is on
u1&↔u3& transition. The absorption from the probe in give
by @4,9#

A[
~G21g2G23!

~2G21g2G23!
Re

FG121g2S G2

G21g2G23
D1 iD1GG13

G21~ iD11G12!~ iD11G13!
.

~21!

The situation is similar to the one in caseC. The absorption
line shape can be expressed in the form~1! with

W5
1

2
~G121G13!→g11

g2

2
, ~22!

b5
1

2
~G132G1222g2!→

23g2

2
, ~23!

where the last result is in the absence of dephasing collisi
The quantum interference isconstructive. Note further that if
g2'0, then the interference term vanishes.

The above analysis clearly shows that there is real dist
tion between casesA, B andC, D. In casesA andB (C and
D) the pump acts with initially unoccupied~occupied! lev-
els. The dressed state picture is perhaps more appea
however, one must remember that one has to work bey
secular approximation to see the role of quantum inter
ences as such an approximation will miss the dispersive c
tributions in Eq.~1!. In the dressed state picture one has
situation shown in Figs. 1~e! and 1~f!. Clearly the nature of
interference is different, depending upon the existence of
per state or lower state coherence@10#. Note further, that the
transitionsu3&↔u6& are not independent because of the
diative coupling~for an explicit result, see Ref.@11#!. Note
that in cases 1~a!, 1~b! ~1~c!, 1~d!! the statesu6& are unoc-
cupied~occupied!. This is an important source of distinctio
in the two cases.

In conclusion we have identified the precise nature of
terference at the line center. As a measure of interference
introduced a quantitative parameterb and presented explici
results for it in terms of spontaneous emission decay ra
and various dephasing parameters. By changing collisio
parameters as well as spontaneous emission rates, the si
b can be changed.

The author thanks M.O. Scully for interesting discussio
on atomic coherence effects.
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