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Modeling the reversible decoherence of mesoscopic superpositions in dissipative environments
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A model is presented to describe the recently proposed experiment@J. Raimond, M. Brune, and S. Haroche,
Phys. Rev. Lett79, 1964~1997!# in which a mesoscopic superposition of radiation states is prepared in a high-
Q cavity that is coupled to a similar resonator. The dynamical coherence loss of such a state in the absence of
dissipation is reversible and can be observed in principle. We show how this picture is modified due to the
presence of the environmental couplings. Analytical expressions for the experimental conditional probabilities
and the linear entropy are given. We conclude that the phenomenon can still be observed provided the ratio
between the damping constant and the intercavities coupling does not exceed about a few percent. This
observation is favored for superpositions of states with a large overlap.

DOI: 10.1103/PhysRevA.65.044101 PACS number~s!: 03.65.Yz, 32.80.2t, 42.50.2p
h
tr

tu
nt
o

ng
ct
a

a
sib
at
is
h

bi
ee

ca
he
ef
s

m

r-

e
ir

lly
-
as-

e

s

,

te

ch
sec-
me
ugh

ing
es
f the
nce
tion
nal
n

m
rre-
of
Controlling coherence properties of quantum systems
become an increasingly important subject, given the cen
role they play in modern technology@1# as well as in funda-
mental aspects of quantum theory, such as the quan
classical transition@2#. Recently, the impressive developme
of very refined experimental techniques opened up the p
sibility of testing all sorts of theoretical ideas and explori
quantum phenomena at a mesoscopic level. The constru
and monitoring of a superposition of radiation states w
recently achieved in the context of cavity QED@3#. Shortly
afterwards, it was noted that a slight modification of th
experimental setup could be used to learn about a rever
decoherence mechanism of the same superposition of st
when the high-Q cavity containing the superposition state
coupled to another resonator, the mesoscopic quantum co
ence should, in principle, first decay rapidly, then exi
sharp revivals with the period of energy exchange betw
the two cavities. This idea, presented in Ref.@4#, is centered
around a unitary process which introduces a new time s
related to the ‘‘tunneling’’ of the superposition between t
two cavities. The well-known deleterious environmental
fects are completely left out of the proposal. It is the purpo
of the present contribution to explicitate these effects and
give quantitative limits for the observation of the pheno
enon.

The experiment proposed in Ref.@4# involves a high-Q
cavity C1, which is coupled to another resonatorC2 initially
empty, located between two low-Q cavities ~Ramsey zones
R1 andR2) fed with classical fields. The cavityC1 stores a
small coherent fieldua(0)& ~an average number of photonsn
varying from 0 to 10!. The transition between the two nea
atomic levels, denoted asue& and ug&, is resonant with the
fields in cavitiesR1 andR2, while it is slightly off-resonant
with the field in cavityC1 ~this detuningd is large enough to
avoid any energy transfer between the atom and the fi
insideC1). The fields inR1 andR2 are chosen so that the
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action on the atoms is given in both cases byue&
→ (1/A2) (ue&1ug&), ug&→ (1/A2) (2ue&1ug&). The
coupling between the field in the cavityC1 and the atom is
measured by the ‘‘Rabi frequency’’V @5#. Due to the order
of magnitude ofd, the atom-field interaction leads essentia
to 1/d dispersive frequency shifts. In this way, the atom
cavity coupling produces an atomic-level-dependent deph
ing of the field: when in levelue&, the atom changes th
cavity field phase by an anglef[V2t/d, yielding a cavity
statee2 ifua(0)e2 if&, wheret is the time that the atom take
to crossC1. An atom in level ug& leaves inC1 the state
ua(0)eif&. After the interaction of the atom with the cavity
the atomic states are mixed again inR2. Finally, the atom is
detected by the field ionization countersDe andDg , either in
stateue& or in stateug&. SinceR2 erases any information on
the atomic state inC1, the detection projects the cavity sta
onto the macroscopic superposition~cat state!

uc&5 ~1/A2! @e2 ifua~0!e2 if&6ua~0!eif&], ~1!

where the1 signal applies for a detection inug& and the
2 signal for detection inue& @9,3#. It is considered that dur-
ing the preparation of the cat state the coupling betweenC1
andC2 plays no role, provided the preparation time is mu
shorter than the time scale of energy exchange. Now a
ond circular Rydberg atom is prepared to cross the sa
apparatus. During the passage of the second atom thro
this apparatus, the interaction between the cavityC1 andC2
is turned on. Due to this interaction, the energy is oscillat
betweenC1 and C2 and the field between them becom
entangled. When the second atom is detected by one o
detectors, one can have information about the interfere
process, evaluating the correlation signal. The correla
signal h, defined as the difference between the conditio
probabilitiesPee(t) andPeg(t) to detect the second atom i
stateue& provided the first was detected inue&(ug&), is pro-
portional to the overlap of the two-cavity-field states. Fro
this correlation signal, one can see how the quantum co
lation quickly disappears and its revivals with the period
the energy exchange between the two cavities.
©2002 The American Physical Society01-1
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Below, we introduce a model which describes the exp
ment proposed in Ref.@4#, including the effects of the envi
ronment,

H5\va1
†a11\va2

†a21\
g

2
~a1

†a21a2
†a1!1(

k
\vkb1k

† b1k

1(
k

\nkb2k
† b2k1(

k
~\b1kb1k

† a11H.c.!

1(
k

~\b2kb2k
† a21H.c.!. ~2!

The first two terms on the right-hand side~rhs! of Eq. ~2!
stand for the two resonators. Their coupling is given by
third term of the rhs of the same equation. This choice for
coupling is based on the fact that the time evolution o
superposition of coherent states remains a superpositio
coherent states at later times under the dynamics given
the first three terms on the rhs of Eq.~2! @6#. The inclusion of
nonresonant terms in this coupling would therefore co
pletely destroy the simple picture proposed in Ref.@4#. The
presence of an environment and its coupling to the two re
nators is modeled by the standard collection of harmo
oscillators @with frequenciesvk (nk) in the cavity 1 ~2!#
interacting separately with the two resonators. The coupli
are again of the rotating-wave approximation~RWA! form,
which is well justified in this context@7#. In Eq. ~2!, b1k and
b2k stand for the coupling constants.

The dynamics of the full system described by Eq.~2!
obeys Schro¨dinger’s equation and the corresponding st
vector is a pure stateuc(t)&. Since we are interested in th
dynamics of systems 1 and 2 only, we deduce a master e
tion from Eq. ~2! by means of the usual Born-Markov ap
proximation and get forrs(t)5Trenv„uc(t)&^c(t)u…,
t
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drs~ t !

dt
5~2 iv2k!a1

†a1rs1~2 iv2k!rsa1
†a112ka1rsa1

†

1~2 iv2k!a2
†a2rs1~2 iv2k!rsa2

†a2

12ka2rsa2
†2 ig~a1

†a2rs2rsa1
†a2!2 ig~a1a2

†rs

2rsa1a2
†!, ~3!

where we have defined k[D1(v)ub1(v)u2
5D2(v)ub2(v)u2 to be the damping constants of the cav
ties; D1,2(v) stands for the density of states at the reso
tor’s frequencyv, and the continumm limit has been take
with respect to the environmental frequencies. This situat
corresponds precisely to the one proposed in Ref.@4#,
namely two resonating identical cavities. It is also possible
consider nonresonant cavities with different quality facto
and obtain analytical results. This analysis is, however, m
involved and beyond the scope of the present work.

Note that the reduced density which obeys Eq.~3! de-
scribes the two cavities. The solution of the analogous pr
lem involving only one cavity can be found in several te
books. The novel feature here is the terms involving ope
tors of both cavities@e.g., the last terms on the rhs of Eq.~3!#
whose physical origin is the coupling between the two re
nators. It is, however, also possible in this case to find
analytical solution by noting that the set of all superoperat
in the above equation form a Lie algebra@8#. For the initial
condition of interest, i.e., the first cavityC1 in the state~1!
andC2 in the vacuum~see Ref.@3#!,

rsS 0,
g
eD5

1

Ng
e

@e2 ifua~0!e2 if&16ua~0!eif&1] ~H.c.!

^ u0&22̂ 0u, ~4!

we get
rsS t,
g
eD5

1

Ng
e

„ua1
(1)~ t !&^a1

(1)~ t !u ^ ua2
(1)~ t !&^a2

(1)~ t !u1ua1
(2)~ t !&^a1

(2)~ t !u ^ ua2
(2)~ t !&^a2

(2)~ t !u

6$e$2 if11/2[ua1
(1)(t)u21ua1

(2)(t)u21ua2
(1)(t)u21ua2

(2)(t)u222ua(0)u2] %

3e[a1
(1)(0)a1*

(2)(0)2a1
(1)(t)a1*

(2)(t)2a2
(1)(t)a2*

(2)(t)] ua1
(1)~ t !&^a1

(2)~ t !u ^ ua2
(1)~ t !&^a2

(2)~ t !u1H.c.%…, ~5!
n

ne
the
where the lettersg ande are related to the two signs6 in the
above equations. They correspond, in the experimen
Refs. @3,4#, to measuring the first atom in the stateug& ~or
ue&) and leaving in the high-Q cavity C1 an odd or even ‘‘cat
state,’’ as in Eq.~1!. In the above equation, index 1~2! refers
to the cavity C1 (2) . Also in order to obtain Eq.~5!, we
assumeg..k ~this is not necessary to obtain the analytic
solution but corresponds to the present physical situat!
and get

a1
(6)~ t !5a~0!e6 ife2(k1 iv)tcos~gt/2!,
of

l
n

a2
(6)~ t !52iga~0!e6 ife2(k1 iv)tsin~gt/2!, ~6!

wherea(0) is the initial amplitude of the coherent field i
cavity 1 and

Ng
e
52@16e2ua(0)u2[12cos(2f)]cos[f1ua(0)u2sin(2f)] #

is the normalization constant.
In order to describe the dynamics of cavity 1 alone, o

can trace out the degrees of freedom associated with
index 2,
1-2
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FIG. 1. Correlation signalh(t) for k/g50 ~full line! and k/g
50.01 ~dashed line! for ua(0)u253.3 andf50.98 rad.

FIG. 2. Same as Fig. 1 for the linear entropyd(t).

FIG. 3. Correlation signalh(t) for k/g50 ~full line! and k/g
50.01 ~dashed line! for ua(0)u253.3 andf50.4 rad.

FIG. 4. Same as Fig. 3 for the linear entropyd(t).
04410
r1S t,
g
eD5Tr2S rsS t,

g
eD D

5~1/Ng
e
! „ua1

(1)~ t !&^a1
(1)~ t !u1ua1

(2)~ t !&^a1
(2)~ t !u

6$e$2(1/2)D2
„a(0)e2 if,a(0)eif

…[12e22ktcos2(gt/2)]%

3e$2 if1ua(0)u2[12e22ktcos2(gt/2)]sin(2f)%

3ua1
(2)~ t !&^a1

(1)~ t !u1H.c.%…, ~7!

where D„a(0)e2 if,a(0)eif
… is the distance between th

states in the superposition and is given byD(a,b)
5ua2bu. Note here that if we take the limitg50, we re-
cover the usual reduced density matrix of a superposition
a dissipative environment@9,10#. Turning on the coupling
between the two cavities brings in a new time scale in
problem, i.e., the characteristic time for energy exchange
tween the two cavities. The interesting point is that this lat
time dependence is periodic and therefore completely dif
ent from the exponential which characterizes decoherenc
general. Of course, if these two time scales are sufficie
different, the proposed ‘‘reversibility’’ of decoherence mig
be observed. We now turn to the quantitative question of h
different g andk have to be in order for the phenomenon
be observable. For this purpose, we calculate the conditio
probability Pee(t) and Pge(t) to detect the second atom i
statee provided the first was detected ine(g). Using Eq.~7!,
these probabilities are given by

Pee
ge

~ t !5
1

2 S 12ReHe2 if TrFFe22ifa†ar1S t,
g
eD G J D ~8!

or, explicitly,

Pee
ge

~ t !5
1

2
2

1

2Ng
e

†2e2D2
„a1

(2)(t),a1
(1)(t)…

3cos[f1ua~0!u2e22ktcos2~gt/2!sin~2f!‡

6e2(1/2)D2
„a(0)e2 if,a(0)eif

…[12e22ktcos2(gt/2)]

3(cos{ua~0!u2@12e22ktcos2~gt/2!#sin~2f!‰

1e2(1/2)D2
„a1

(2)(t)e2 if,a1
(1)(t)eif

…

3cos{2f1ua~0!u2sin~2f![12e22ktcos2~gt/2!

12e22ktcos2~gt/2!]} …‡. ~9!

The correlation signalh is defined ash(t)5Pee(t)
2Pge(t). Also in order to characterize decoherence, we c
culate the linear entropy@12,11# d(t)512Tr„r1

2(t,e
g)…,

d~ t !5
2

Ng
e

2 $~11e[ 2(1/2)D„a(0)e2 if,a(0)eif
…] !2

2~e[ 2(1/2)D„a1
(2)(t),a1

(1)(t)…]

1e[1/2D„a1
(2)(t),a1

(1)(t))2(1/2)D„a(0)e2 if,a(0)eif
…] !2%, ~10!

wherea1
(6) are defined in Eq.~6!. Since the expression fo

the correlation signal is rather lengthy and not very illum
1-3
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BRIEF REPORTS PHYSICAL REVIEW A 65 044101
nating, we simplify it in the small overlap limit, i.e.
^a(0)e2 ifua(0)eif&!1. In this case, we get for the corre
lation signal the following simple expression:

h~ t !' 1
2 cos{ua~0!u2[12e22ktcos2~gt/2!]sin~2f!}

3e$2(1/2)D2
„a(0)e2 if,a(0)eif

…[12e22ktcos2(gt/2)]%. ~11!

Note that both expressions contain the ‘‘distance’’ fact
which is directly related to decoherence, as can be see
Eqs.~10! and~11!. The cos2(gt/2) factor contained ina1

(6) in
the expresssion for the linear entropy is responsible for
reversible decoherence phenomenon. The same facto
present in the correlation signal, which in addition has a te
like cos$ua(0)u2@12e22ktcos2(gt/2)#sin(2f)%. This term, pro-
videdk!g, will oscillate with a period corresponding to th
energy exchange period between the two cavities.

In Figs. 1 and 2, we show the correlation signal and lin
entropy for the case in which the coherent states in the
perposition are distant, in the sense that the small ove
approximation is valid (f50.98 rad). In Fig. 1, we clearly
see the reversible decoherence peaks in the case of no
pation, as in Ref.@4#. The effect of dissipation, which ca
also be appreciated in this figure, is, roughly speaking
superimpose a decaying exponential on this curve. For
value in the figure,k/g50.01, the second peak is still abo
70% in intensity with respect to the first one. Already f
k/g50.05 it has disappeared. The revivals observed in
figure are also revealed in the linear entropy. It starts at z
indicating a pure state, and attains its maximum when
correlation signal is a minimum. At this time the state

FIG. 5. Correlation signal for the case in Fig. 3, butk/g50.05.
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cavity C1 corresponds to a statistical mixture. The fact th
the maximum value ofd(t) is 0.5 in this case is related to th
small overlap in the component of the initial superpositio
Given the form of the coupling, one sees from Eq.~5! that
the state generated in the second cavityC2 will be very simi-
lar to the one in the first and therefore we will also have
small overlap. In this case, the reduced densityr1 will ap-
proximately be a statistical mixture. This is clearly differe
in the cases of Figs. 3 and 4, where we have a larger ove
f50.4 rad between the two components of the superp
tion. Other than that, the figures are similar with similar i
terpretations. The significant difference resides in the f
that the effect of decoherence is slower in this case. In Fig
we show that the second peak in the correlation signal
still be seen with reasonable intensity fork/g50.05~see also
Fig. 6!.

From the model we presented here, we conclude that
‘‘reversible decoherence’’ proposed in Ref.@4# can in fact be
observed provided~a! the coupling between the two cavitie
is well modeled byg(a1

†a21a1a2
†), as discussed in the tex

and, ~b! the ratiok/g should not exceed a few percent an
the distance between the components of the superposi
will definitely influence this value.
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FIG. 6. Linear entropy for the case in Fig. 3, butk/g50.05.
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