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I consider the interaction of a superposition of mesoscopic coherent states and its approach to a mixed state
as a result of a suitably controlled environment. I show how the presence of a gain medium in a cavity can lead
to diagonalization in coherent state basis in contrast to the standard model of decoherence. I further show how
the new model of decoherence can lead to the generation ofs-ordered quasidistributions.
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Mesoscopic superpositions of coherent states have b
the subject of extensive studies@1–7# because of their un
usual interference characteristics and because of their
evance to the quantum measurement problem. These s
are also known to be extremely sensitive to environme
interactions. The interference terms disappear fast and a
of diagonalization takes place@1,4,5#. The diagonalization is
itself sensitive to the nature of the bath or the nature of
interaction with environment. If the initial state is a superp
sition of coherent states then ideally one would like to ha
a situation where the interaction with the bath produce
mixed state involving the two coherent states@6#. There are,
however, difficulties as the bath itself has certain intrin
properties@8# that must be satisfied and these intrinsic pro
erties determine the dynamical characteristics of the s
system. In this paper we examine the question of how
manipulation of the bath could possibly produce a diagon
ization in coherent state basis.

We note that the subject of the manipulation of the b
has also attracted quite a bit of attention. Raimond, Bru
and Haroche@5# demonstrated how the coupling of a highQ
cavity containing the cat state to another resonator lead
the revival of coherence. Several authors@9# have shown
how the feedback and other mechanisms could stabilize
fects of decoherence. Poyatos, Cirac, and Zoller@10# demon-
strated the engineering of the bath in the context of la
cooled trapped ions. There are other models of decoher
where the nonlinearities could give rise to coherence cha
teristics and could indeed produce new types of states@11#.
Furthermore there exists the possibility@12# of achieving a
control of the drift and diffusion terms in the dissipativ
dynamics by external electromagnetic field. The exter
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fields make the environmentnonthermalleading even to the
possibility of making thedrift term vanishanddiffusion term
rather small. There are several physical realizations of su
pumped or nonthermal environment@13#.

In this paper we consider the interaction of the field mo
in a mesoscopic superposition state with a bath which c
sists of a gain medium in addition to the usual absorber.
choosing the gain appropriately we get purely diffusive m
tion of the field mode. This motion leads to diagonalizati
in coherent state basis though each coherent peak broa
due to diffusion. We also demonstrate how the time evo
tion under purely diffusive motion leads to the generation
the s-ordered quasidistributions associated with the state
the field.

We start from a cat state, say, even or odd cat state f
bosonic system,

uc&5N6~ ub&6u2b&), ~1!

where the normalization constant is given by

N6
22[2@16exp~22ubu2!#. ~2!

The bosonic mode may, for example, represent a field m
in a cavity or the center of mass motion of an ion in a tra
The Wigner functionF(a,a* ) for the state~1! is

F~a,a* !5
2N6

2

p
@exp$22ua2bu2%1exp$22ua1bu2%

62 exp~22uau2!cos~4by!#;

a5x1 iy , b5real. ~3!

The Wigner function thus consists of two Gaussians cente
at a56b with an interference term centered at the orig
a50. The period of oscillation depends onb. The interac-
tion with the environment is generally described by the d
sity matrix equation@8# for the bosonic modea,

-
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FIG. 1. Diagonalization in coherent state basis of a cat state (ub&1u2b&). These frames show the behavior of the Wigner function
a function ofa5x1 iy . The plots on the left show the results@Eq. ~13!# for the new model of decoherence due to a controlled environm
consisting of a gain medium, whereas the plots on right show the results@Eq. ~5!# for the standard model of decoherence. Thez axis gives
the numerical values of the Wigner function. The plot~a! gives the Wigner function at timet50. The subsequent plots are for increasi
times ford52kt50.1 for ~b!, ~c!; 0.5 for ~d!, ~e!; 4.0 for ~f!, ~g!. We have setb53 for all the plots.
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52k~a†ar22ara†1ra†a!, ~4!

where 2k will be the rate of dissipation. The Wigner func
tion at timet will be given by

F~a,a* ,t !5
2N6

2

p
$exp~22ua2be2ktu2!

1exp~22ua1be2ktu2!62 exp~22uau2!

3exp@22b2~12e22kt!#cos~4bye2kt!%. ~5!

We note that as a result of interaction with the environm
the two Gaussians move towards each other eventu
merging into one Gaussian. The amplitude of the oscillat
term goes down by a factor exp@22b2(12e22kt)# and the
period of oscillation increases byekt. For kt@1, Eq. ~5!
goes over to

F→
2

p
e22uau2. ~6!

For completeness we show this evolution in Fig. 1 for d
ferent values ofkt.

Intuitively, the emergence of classical behavior@6,14# on
interaction with the environment would require a differe
behavior—we would expect to see a double Gaussian st
ture with the missing oscillatory behavior. A natural questi
arises what model of environment could achieve that. O
natural possibility is to consider a situation so that the ex
t
lly
y

-

t
c-

e
-

nentially damped factors can be removed. For example,
could think of inserting a gain media in the context of cav
problems. The gain can be chosen so as to compensat
loss. Thus one might be able to keep the double Gaus
structure. However, any gain also introduces some noise.
thus examine in detail the consequences of both gain
loss on the dynamics of a mesoscopic superimposition
states. Let 2G be the gain of the gain medium. Then Eq.~3!
is modified to

ṙ52k~a†ar22ara†1ra†a!2G~aa†r22a†ra1raa†!.
~7!

The Wigner function obeys the equation of motion

]F

]t
5~k2G!

]

]a
~aF!1

k1G

2

]2F

]a]a*
1c.c. ~8!

On writing a5x1 iy , we get

]F

]t
5~k2G!

]

]x
~xF!1~k2G!

]

]y
~yF!

1S k1G

4 D S ]2

]x2
1

]2

]y2D F. ~9!

We now have two parametersk andG which could be ma-
nipulated independently to produce the desired result.

Now the drift and diffusion coefficients are, respective
equal to (k2G) and (k1G)/4. We now have the possibility
of making drift vanishby choosingk5G leading to
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FIG. 1. ~Continued!.
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52k

]2F

]a]a*
. ~10!

The general solution of Eq.~10! can be expressed as

F~a,a* ,t ![
1

pdE exp~2ua2a0u2/d!

3F~a0 ,a0* ,0!d2a0 ; d52kt. ~11!

On substituting Eq.~3! in Eq. ~11! and on using the identity

E d2z

p
exp~az1bz* 2guzu2!5

1

g
expS ab

g D , ~12!

we get

F~a,a* ,t !5
2N 2

p~112d!FexpS 2
2

~2d11!
ua2bu2D

1expS 2
2

~2d11!
ua1bu2D

62 expS 2
2uau2

~112d!
2

4b2d

112d D cosS 4by

112d D G .
~13!

This result should be compared with the standard model
~5! of decoherence.

Thus for the interaction of a field mode in a cat state w
the newenvironmental conditions, each component in the
Wigner function remainslocatedat theoriginal position as
q.

there isno drift in the model. However, each compone
undergoes diffusion. For the usual model of decohere
there is no diffusion although the mean position quick
drifts towards origin. The period of oscillation of the inte
ference term increases. The amplitude of oscillation also
creases. For largerd and forb2.d1 1

2 , the oscillatory~in-
terference! term disappears leading to

F~a,a* ,t !'
2N6

2

p~112d!FexpS 2
2

~2d11!
ua2bu2D

1b→2b G . ~14!

We thus achieve diagonalization in a coherent st
basis—the decoherence to a mixed state that is a super
tion of two Gaussians at6b. This is what we had set out to
achieve. We show in Fig. 1 the effects of decoherence on
Wigner function of the field mode interacting with this ne
model of the environment. These results should be compa
with the ones for the standard model of decoherence. Th
are obviously important differences in the dynamics of a
state interacting with different types of environment.

We next present some very general results on vari
quasidistributions like theP function, theQ function and the
Wigner function. We discuss the parameter regime in wh
thenonclassicalcharacteristics of the original state startdis-
appearing. For this purpose we examine the equation of m
tion for the characteristic function̂exp(ga†2g*a)&, which is
the Fourier transform ofF. Clearly the characteristic func
tion obeys the equation

]

]t
^exp~ga†2g* a!&522kugu2^exp~ga†2g* a!&, ~15!
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and hence

^exp@ga†~ t !2g* a~ t !#&5exp~22kugu2t !

3^exp~ga†2g* a!&, ~16!

which on using the disentangling theorem leads to

^exp@ga†~ t !#exp@2g* a~ t !#&[exp@2~2kt2 1
2 !ugu2#

3^exp~ga†2g* a!&. ~17!

Note that the Fourier transform of the left-hand si
yields the quasidistribution known as theP function of the
system. Thus from Eq.~17! we conclude that theP function
at time such that 2kt5 1

2 is equal to the Wigner function a
t50 and theP function at time given by 2kt51 is equal to
the Q function at t50. This implies that allnonclassical
effects @15# will disappearat times given by 2kt>1. Fur-
thermore, theP function definitely exists as an ordinary
functionin the interval 1>2kt> 1

2 though it can be negative
Equation~16! also shows that the Wigner function at timet
is equal to thes-parametrized distribution@16# Fs at time t
50. This is because thes-parametrized distribution is th
Fourier transform of exp@sugu2/2#^exp(ga†2g*a)&. Clearly,
d,

v

et

e

-

for our problem,s is equal to24kt. Note that fors521,
we get theQ function, i.e., the Wigner function at time
2kt5 1

2 is equal to theQ function att50.
We note in passing that, ifG is related tok via the rela-

tion
G

k
5

n̄

~ n̄11!
<1, ~18!

then the model~7! describes the interaction with a therm
bath@17,18#. However,G could exceedk as we are describ
ing a pumped environment. We could thus refer to the mo
~7! without the condition~18! as the nonthermal and phas
insensitive environment and would be a special case of
model considered by Kim, Lee, and Buzek@19# obtained by
setting zero their phase sensitive parameterM.

In summary, we have shown how the introduction of
gain medium can produce very remarkable modifications
the dissipative dynamics of a superposition of mesosco
states. We demonstrated how to achieve classicality and
agonalization in coherent state basis.

The author thanks R.P. Singh and S. Menon for the be
tiful graphics, and J. Kupsch and W. Schleich for discussio
on decoherence.
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