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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 experjtheRaimond, M. Brune, and S. Haroche,
Phys. Rev. Let79, 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.
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Controlling coherence properties of quantum systems haaction on the atoms is given in both cases bg)
become an increasingly important subject, given the central> (1/y2) (le)+|g)), |g)— (1/y2) (—|e)+|g)).  The
role they play in modern technolod{] as well as in funda- coupling between the field in the cavi; and the atom is
mental aspects of quantum theory, such as the quantunmeasured by the “Rabi frequency? [5]. Due to the order
classical transitioh2]. Recently, the impressive development of magnitude o, the atom-field interaction leads essentially
of very refined experimental techniques opened up the pose 1/5 dispersive frequency shifts. In this way, the atom-
sibility of testing all sorts of theoretical ideas and exploring cavity coupling produces an atomic-level-dependent dephas-
quantum phenomena at a mesoscopic level. The constructirigg of the field: when in levele), the atom changes the
and monitoring of a superposition of radiation states wasavity field phase by an anglé= 02t/ s, yielding a cavity
recently achieved in the context of cavity QEB). Shortly  statee™'?|a(0)e %), wheret is the time that the atom takes
afterwards, it was noted that a slight modification of thatto crossC;. An atom in level|g) leaves inC; the state
experimental setup could be used to learn about a reversible:(0)e'?). After the interaction of the atom with the cavity,
decoherence mechanism of the same superposition of statele atomic states are mixed againRg. Finally, the atom is
when the highQ cavity containing the superposition state is detected by the field ionization countddg andD,, either in
coupled to another resonator, the mesoscopic quantum cohestate|e) or in state|g). SinceR, erases any information on
ence should, in principle, first decay rapidly, then exibitthe atomic state i€, the detection projects the cavity state
sharp revivals with the period of energy exchange betweeonto the macroscopic superposititrat statg
the two cavities. This idea, presented in Rdf, is centered . . .
around a unitary process which introduces a new time scale )= (11\2)[e *|a(0)e ') x[(0)e')], (1)
related to the “tunneling” of the superposition between the
two cavities. The well-known deleterious environmental ef-where the+ signal applies for a detection ifg) and the
fects are completely left out of the proposal. It is the purpose- signal for detection ife) [9,3]. It is considered that dur-
of the present contribution to explicitate these effects and ting the preparation of the cat state the coupling betw@en
give quantitative limits for the observation of the phenom-andC, plays no role, provided the preparation time is much
enon. shorter than the time scale of energy exchange. Now a sec-
The experiment proposed in Rg#] involves a highQ  ond circular Rydberg atom is prepared to cross the same
cavity C,, which is coupled to another resonaty initially ~ apparatus. During the passage of the second atom through
empty, located between two lo@-cavities(Ramsey zones this apparatus, the interaction between the ca@ifyandC,
R; andR;) fed with classical fields. The cavit§, stores a is turned on. Due to this interaction, the energy is oscillating
small coherent fielde(0)) (an average number of photons  betweenC, and C, and the field between them becomes
varying from 0 to 10. The transition between the two near- entangled. When the second atom is detected by one of the
atomic levels, denoted gs) and|g), is resonant with the detectors, one can have information about the interference
fields in cavitiesR; andR,, while it is slightly off-resonant process, evaluating the correlation signal. The correlation
with the field in cavityC, (this detuningé is large enough to signal 5, defined as the difference between the conditional
avoid any energy transfer between the atom and the fielgrobabilitiesP.«(t) andP.(t) to detect the second atom in
insideC,). The fields inR; andR, are chosen so that their state|e) provided the first was detected a)(|g)), is pro-
portional to the overlap of the two-cavity-field states. From
this correlation signal, one can see how the quantum corre-
*Email address: Andrea.Nemes.Salgueiro@mpi-hd.mpg.de lation quickly disappears and its revivals with the period of
"Email address: carolina@fisica.ufmg.br the energy exchange between the two cavities.

1050-2947/2002/68)/0441014)/$20.00 65044101-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW A 65 044101

Below, we introduce a model which describes the experi- dp(t)

ment proposed in Ref4], including the effects of the envi- ITZ(—iw—k)alalpsﬂ—iw—k)PsaIal+ 2kaypsaj
ronment,
+(—iw—k)ajaps+(—iw—k)psaja
_ 1 T YAt T T . .
H=fwaja,+hoaja,+h(aja,+afa;) + Zk bl by +2kappeah—iy(alaspe— pealan) —iy(aalp.
_Psalaz)! ()

+ 2, fivblbo+ 2 (fBb]a; +H.c.
3 Fbubact 21 (hBubl@rtHe) where ~we have  defined k=Dj(w)|B1(w)|?

=D,(w)|B(w)|? to be the damping constants of the cavi-
i ties; D, {w) stands for the density of states at the resona-
+; (7 Baubz@ztH.C). @ tor's frétzq(ue)ncyw, and the continur)1/1m limit has been taken
with respect to the environmental frequencies. This situation
The first two terms on the right-hand sidéhs of Eq. (2)  corresponds precisely to the one proposed in Réf,
stand for the two resonators. Their coupling is given by thenamely two resonating identical cavities. It is also possible to
third term of the rhs of the same equation. This choice for theconsider nonresonant cavities with different quality factors
coupling is based on the fact that the time evolution of aand obtain analytical results. This analysis is, however, more
superposition of coherent states remains a superposition #ivolved and beyond the scope of the present work.
coherent states at later times under the dynamics given by Note that the reduced density which obeys Eg). de-
the first three terms on the rhs of @) [6]. The inclusion of scnb_es thg two cavities. Thg solution of the qnalogous prob-
nonresonant terms in this coupling would therefore comJem involving only one cavity can be found in several text
pletely destroy the simple picture proposed in Rél. The books. The nov_e_l feature here is the terms involving opera-
presence of an environment and its coupling to the two resdrs of both cavitiese.qg., the last terms on the rhs of Eg)]
nators is modeled by the standard collection of harmonid/10S€ physical origin is the coupling between the two reso-
oscltors i Irquenciesu () n he cavty (2] TS L%, boever aso possble s case o 1
interacti!’lg separately .With the two resonators. The coupling% th)e/z above equatign forn? a Lie algedi&. For tﬁe inF;tiaI
are again of the rotating-wave approximati@RwWA) form,

which is well justified in this context7]. In Eq.(2), 81, and ;ﬂgcg“ﬁ?] ?gén\}zgiitll&'seéétgiff[lgsﬁ cavi, in the state(1)
Bk stand for the coupling constants. 2 ’

The dynamics of the full system described by ER) g 1 g ey i
obeys Schidinger’s equation and the corresponding state  Ps| Oig _N_g[e |a(0)e™'?)1>[a(0)e'?);](H.c)
vector is a pure statps(t)). Since we are interested in the e
dynamics of systems 1 and 2 only, we deduce a master equa- 0,0 (4)
tion from Eq.(2) by means of the usual Born-Markov ap- S
proximation and get fopg(t) = Tren/] (1) ) (1)), we get
g)_1 - - _ _
Pl tig) = iy (et V(O (et (D] @ad () (as (O] +]ai ()i (O] ®]a (D) (ag (b
e
+ [l =16+ 120aiV O+ 1ad ) O+ a§V O+ a§ O~ 2la(0)]}
20 0V e it — ol ) () - -
)l (@ntH0ma T0a 07 e (0e T 0lofD(O)ed V(0]e]at V() O +He),  ©)
|
where the letterg ande are related to the two signs in the a(f)(t) =2iya(0)e* ¢~ (Ktiollgin4t/2), (6)

above equations. They correspond, in the experiment of

Refs.[3,4], to measuring the first atom in the stag® (or  wherea(0) is the initial amplitude of the coherent field in
|e)) and leaving in the higl§ cavity C, an odd or even “cat cavity 1 and

state,” as in Eq(1). In the above equation, index(2) refers

to the cavityCy (). Also in order to obtain Eq(5), we Ng=2[ 1+ e |*(O)I[L - cos(@p)coslé +|a(0)] *sin(24)] |
assumey> >k (this is not necessary to obtain the analytical €

solution but corresponds to the present physical situation
and get

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

) g (ko) can trace out the degrees of freedom associated with the
a; (t)=a(0)e~'%e “lcog yt/2), index 2,
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t1e) :TrZ(Ps
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0.3 + {el~ (V2P0 a(0) 1~ Heod(112))

0.2 « el 1o+ a(0)?[1~e” Hco(y/2)]sin(2¢)}

o / x| ai ()i V()] +H.c)), (7)
5 5 (5 where D(a(0)e '?,a(0)e'?) is the distance between the
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FIG. 1. Correlation signak(t) for k/~y=0 (full line) andk/y
=0.01(dashed lingfor |«(0)|?=3.3 and¢$=0.98 rad.

states in the superposition and is given («,pB)
=|a— B|. Note here that if we take the limig=0, we re-
cover the usual reduced density matrix of a superposition in
5(t) a dissipative environ.mer[iQ,;O]. Turning on.the coupIi.ng
between the two cavities brings in a new time scale in the
0.5 < problem, i.e., the characteristic time for energy exchange be-
A tween the two cavities. The interesting point is that this latter
0.4 \ | | time dependence is periodic and therefore completely differ-
v | | ent from the exponential which characterizes decoherence in
0.3 \ general. Of course, if these two time scales are sufficiently
| different, the proposed “reversibility” of decoherence might
0.2 be observed. We now turn to the quantitative question of how
different y andk have to be in order for the phenomenon to
0.1 be observable. For this purpose, we calculate the conditional
probability P¢(t) and Py¢(t) to detect the second atom in
0.5 1 1.5 2 2.5 3 statee provided the first was detectedéig). Using Eq.(7),

FIG. 2. Same as Fig. 1 for the linear entrofft). these probabilities are given by
1 .
— 11 —i¢
ng(t)—2 ( 1 Re{e " Tre J) (8)

g
e

i pat
e 2ida apl(t,

n(t) .
or, explicitly,

1 1 20 (“)ipy ()
tald e - —D%(ay (),a; (1))
etaHtL Pg:(t) 5 2Ng[2€ 1 1
e

X cos[p+|a(0)|%e” *cog(yt/2)sin(2¢)]

+e~ (1/2)D%(a(0)e ™%, a(0)e'#)[1 — e~ ZKico2(yt/2)]

o O o0 o o
N W s

I\
Iy ’ 2r1 _ a—2kt :
- s 2.‘51/3 Hgt 2piL X (cos{|a(0)|[1—e Zco(yt/2)]sin(2¢)}
-0.1 (%) +ef(1/2)D2(agf)(t)efi¢,a(1+)(t)ei¢)
FIG. 3. Correlation signak(t) for k/~y=0 (full line) andk/vy % + 2ai _ a2kt
=0.01(dashed lingfor |«(0)|?=3.3 and¢=0.4 rad. cos{2¢+|a(0)|sin(2¢)[1 — e~ *cos (11/2)
(0 +2e"%Kcog(yt/2)]1})]. 9
0.5 The correlation signaly is defined as#n(t)=P.t)
/ —Pge(t). Also in order to characterize decoherence, we cal-
0.4 o \ I\ / \ I~ culate the linear entropj12,11] 5(t)=1—Tr(p§(t,g)),
\ 2 _ w(O)e= 1% a(0)el®
o Vo | . 5“)255{(“6[ (1/2)D(a(0)e ™", a(0)e' )2
- \/ Vo €
| \ — (el~(112D(f ) ).af )]
0.1 _ . .
Jre[l/zo(a(1 )(t),a(l*)(t))—(1/2)D(a(0)e*'¢,a(0)e'¢)])2}, (10)
(%) .
0.5 1 1.5 2 2.5 3 ° wherea!{*) are defined in Eq(6). Since the expression for
FIG. 4. Same as Fig. 3 for the linear entroft). the correlation signal is rather lengthy and not very illumi-
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FIG. 5. Correlati ignal for th in Fig. 3, liy=0.05. . -
orretation signal for the case in g 4 FIG. 6. Linear entropy for the case in Fig. 3, uty=0.05.

nating, we simplify it in the small overlap limit, i.e.,
(a(0)e"'?|a(0)e'?)<1. In this case, we get for the corre- cavity C, corresponds to a statistical mixture. The fact that

lation signal the following simple expression: the maximum value o8(t) is 0.5 in this case is related to the
n(t)=~ % cos{|a(0)|2[1— e 2Kco@(yt/2)]sin(24)} small overlap in the component of the initial superposition.
_ _ Given the form of the coupling, one sees from E5). that
x ef ~ (V2P (a(0)e™ *,a(0)e' Hi1-e"Meod(2)]}  (17)  the state generated in the second ca@ifywill be very simi-

lar to the one in the first and therefore we will also have a
Note that both expressions contain the “distance” factor,small overlap. In this case, the reduced denpitywill ap-
which is directly related to decoherence, as can be seen jroximately be a statistical mixture. This is clearly different
Eqgs.(10) and(11). The coé(yt/2) factor contained imx(f) in  inthe cases of Figs. 3 and 4, where we have a larger overlap
the expresssion for the linear entropy is responsible for thes=0.4 rad between the two components of the superposi-
reversible decoherence phenomenon. The same factor t®n. Other than that, the figures are similar with similar in-
present in the correlation signal, which in addition has a ternerpretations. The significant difference resides in the fact
like cod|a(0)q1—e *cog(/2)]sin(2¢)}. This term, pro- that the effect of decoherence is slower in this case. In Fig. 5,
vided k< y, will oscillate with a period corresponding to the we show that the second peak in the correlation signal can
energy exchange period between the two cavities. still be seen with reasonable intensity fdry=0.05(see also

In Figs. 1 and 2, we show the correlation signal and linearFig. 6).

entropy for the case in which the coherent states in the su- From the model we presented here, we conclude that the
perposition are distant, in the sense that the small overlafreversible decoherence” proposed in Rgf] can in fact be
approximation is valid ¢=0.98 rad). In Fig. 1, we clearly observed provideda) the coupling between the two cavities
see the reversible decoherence peaks in the case of no diss-well modeled byy(a}a2+ alaz), as discussed in the text
pation, as in Ref[4]. The effect of dissipation, which can and, (b) the ratiok/y should not exceed a few percent and
also be appreciated in this figure, is, roughly speaking, tahe distance between the components of the superpositions
superimpose a decaying exponential on this curve. For theill definitely influence this value.
value in the figurek/y=0.01, the second peak is still about  We acknowledge fruitful discussions with Professor H. A.
70% in intensity with respect to the first one. Already for Weidenmiller and Professor S. Haroche. This work is sup-
k/y=0.05 it has disappeared. The revivals observed in thiported by Conselho Nacional de Desenvolimento Clieote
figure are also revealed in the linear entropy. It starts at zerdlecnolagico (CNPg (S.G.M. and M.C.N, Fundaeo de
indicating a pure state, and attains its maximum when thémparo a Pesquisa do Estado de c&&aulo (FAPESR
correlation signal is a minimum. At this time the state in (A.N.S), and the Humboldt FoundatidiM.C.N.).
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