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Reversible Decoherence of a Mesoscopic Superposition of Field States
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We describe the blueprint of an experiment in which the decoherence of a mesoscopic superposition
of radiation states (“Schrodinger cat”) becomes a reversible process. When theQhicgwity
containing the Schrédinger cat is coupled to another resonator, the mesoscopic quantum coherence
first decays rapidly, then exhibits sharp revivals with the period of the energy exchange between
the two cavities. The interpretation of this experiment emphasizes the link between decoherence
and complementarity and leads to an illuminating quantitative interpretation of the usual irreversible
decoherence phenomenon. [S0031-9007(97)04031-3]

PACS numbers: 03.65.Bz, 32.80.—t, 42.50.—p

The absence of macroscopic quantum superpositiorossible, by controlling the “size” of the reservoir, to de-
is a central issue in our understanding of quantum measign situations in which the coherence of a Schrddinger
surement theory [1]. Unitary quantum evolution predictscat, instead of decaying irreversibly, “collapses” and “re-
that the meter in a measurement process should generives” periodically. We propose in this Letter an experi-
ally evolve into a quantum superposition of outcomesmental scheme derived from [6] to test decoherence in
Schrédinger [2] has vividly illustrated this problem by such a well-controlled environment. By coupling the cav-
replacing the meter by a cat, whose life is dependenity containing a phase cat to another resonator playing the
upon the fate of a radioactive atom. This situation leadsole of a “single mode reservoir,” a reversible exchange
to paradoxical superpositions of “dead” and “alive” catof energy between the two cavities can be achieved and a
“states”. By reference to this metaphor, macroscopic ofreversible decoherence” process could be observed. The
mesoscopic quantum superposition states are often callevolution of the cat's coherence is revealed by a quantum
“Schrodinger cats”. interference signal involving two “paths” corresponding to

Recent theoretical advances have stressed the role tife interaction of an atom with the two field phase com-
the environment in the solution of this paradox [3,4]. ponents. This interference signal disappears, at the begin-
Macroscopic systems are strongly coupled to large resening of the system’s evolution, as soon as the single mode
voirs with many degrees of freedom. In any realistic“reservoir” contains a field carrying unambiguous infor-
model, this coupling very rapidly blurs quantum super-mation about the cavity field phase. The interference is
positions, changing them into mere statistical mixturesrestored after one period of the energy exchange between
This “decoherence” becomes increasingly faster with thehe cavities, when the reservoir is empty again. Succes-
size of the system. It can be easily interpreted in terms ofive collapses and revivals of the “cat’s” coherence could
complementarity. Due to the coupling with the reservoir,in principle be observed.
information about the system continuously leaks into the The situation is reminiscent of “quantum eraser” ex-
environment, until the states of the reservoir correlategheriments in which a particle undergoes an interference
to the different states of the system become orthogonaprocess [10]. Interferences disappear when information
The system’s reduced density matrix turns continuoushabout the particle’s path is available, encoded in a comple-
into a statistical mixture. In this respect, the decoherencenentary microsystem. They can be restored by manipu-
process is viewed as a succession of uncontrolled and utating this system in a way which “erases” the “which
read “measurements” of the system by its environmenpath” information. In the case considered in this Let-
[5]. The time scale of this information gathering processter, however, the loss and revivals of the coherence are
decreases when the size of the system increases. A rdynamical processes, occuring on time scales becoming
cent experiment [6] using circular Rydberg atoms [7] andshorter when the size of the field in the cavity is increased,
a superconducting cavity has explored for the first timean essential feature of mesoscopic systems. The proposed
the dynamics of this process on a Schrodinger cat madexperiment would demonstrate the essential role of com-
of a superposition of two coherent fields [8] with different plementarity in the decoherence process. When the cav-
phases (a “phase cat” [9]). ity is coupled to more and more “reservoir’ resonators,

Usually, decoherence blends the concepts of complewve recover the results of the standard irreversible deco-
mentarity (leakage of information) and irreversibility (a herence model (cavity interacting with a bath of harmonic
consequence of the large size of the environment). Thesescillators). This new approach is simpler and more illu-
two aspects are not necessarily linked, however, and it iminating than other standard computations [11,12].
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The proposed scheme is sketched on Fig. 1. A singla cavity statda,expi¢). An atom in levelg leaves in
circular Rydberg atom is used to prepare, attime 0, a  Cy the statdagexp—i¢). An atomic superposition aof
phase cat in the cavit¢y, which is coupled to another andg prepares a field state involving a superposition of
resonant, initially empty, cavityC;. The frequency of these two phase components. The phaseaches high
the energy exchange betweély and C; is Q./27. It  values in the experiment (0.7 rad féy27 = 100 kHz).
could be tuned at will by adjusting the cavities couplingAfter interaction with the cavity, the atomic states are
through a superconducting waveguide. We will neglecimixed again in a second classical microwave zoReg) (
relaxation processes for the cavities, as well as for th@erforming the transformationig) — (le) + |g))/+/2 and
atoms, during the experiment duration. This is realistidg) — (—|e) + |g))/+/2. We choose here for simplicity
for experimentally achievable cavity quality factors of the same phase for the classical fieldRinand R,, both
a few 10°, corresponding to photon lifetimeE; of the  fed by sources’. The atom is finally detected by field ion-
order of a few ms. The principle of the phase catization counterd, andD,, either in state or in stateg.
preparation is described in detail in [6]. Let us note thatSinceR, erases any information on the atomic stat€in
the coupling betweerCy, and C; plays no role during the detection projects the cavity state onto the phase cat
the cat generation, provided the preparation time is muchtate:
shorter thar) ! This time is of the order of the atomic

transit time through the cavity,, about 20us. Since it |P,) = L (lage'®) = |age™'?)), (1)
is much smaller tha’z, ). can be chosen such that the V2

inequalitiesr; < Q! <« Ty are simultaneously fulfilled, where the+ sign applies for a detection ig, and the—
which we assume in the following. sign for a detection ire [13]. We have neglected in the

The “cat” generation makes use of the dispersive, nonnormalization factor the overlap between the two coherent
resonant coupling of a single circular Rydberg atom to th&omponents, assuming thaty| > 1 and¢ # 0 or 7/2.
cavity mode, in which a small coherent figldy) is ini- The phase cat left in the cavity is probed after a fixed
tially prepared by a pulsed classical microwave souice delayr by a second atom crossing the setup. Let us as-
[6]. The average photon number= |ay|? is typically  sume first thatC; is not coupled taCy (2. = 0). Being
varied between 0 and 10. The atom, effusing from an ovealso in a quantum superposition of two states, the sec-
0, velocity selected in zon#, is excited into a circular ond atom splits again the two components of the phase
Rydberg state in zonB. It is prepared, before entering cat, adding its own dephasing to the first atom’s one [6].
Co, in a superposition of two circular Rydberg statemnd  The final field state therefore contains four phase compo-
g (principal quantum numbers 51 and 50, respectively) bynents. Two of them overlap at zero phase. They corre-
a classical microwave field applied in zoRe. This field spond to the two quantum paths where the second atom
performs the transformatiofe) — (le) + |g))/+/2. The undoes the phase shift of the first one (atoms c@sin
detuning$ between the cavity frequenay /27 and the the configurations, g or g,¢). Since the atomic levels
e — g atomic transition frequency at 51.099 GHz is largeare mixed inR,, these two paths are indistinguishable, re-
enough to avoid any energy transfer between the atorsulting in a quantum interference. It yields correlations
and Cy. The atom behaves thus as a piece of transpaibetween the two detected atomic states. The correlation
ent dielectric, with an index of refraction large enoughsignal n is the difference between the conditional proba-
to modify appreciably the phase of the cavity field dur-bility II,. to detect the second atom inprovided the
ing the atom transit time;. When in levele, the atom first was ine, and the conditional probabilityl,. to de-
changes the cavity field phase by an angleyielding tect the second i if the first was ing. In a calculation
generalizing [11], the correlation is found to be equal to
half the real part of the overlap of the two field com-
ponents at zero phasg: = 1/2Re{ag| ag) = 1/2. This
analysis neglects the components with phas2é which
correspond to the atomic pathse or g, g in Cy. These
two field components do not overlap, provided again that
lagl > 1and¢ # 0, 7 /2, a condition assumed to be true
in the following [relaxing this condition, and hence also
the assumption that the two components in Eq. (1) do not
overlap, adds only minor algebraic complications].

Let us now take into account the coupling between
Cy and C; during the delayr. Consider first the case
where C initially contains a single coherent component
|ap). Due to the linearity of the coupling between the
two cavities, each of them contains at any time a co-
herent field:|«(7)) in Cy and [B(¢)) in C,. Since C,

FIG. 1. Sketch of the proposed setup. is initially empty, one getsa(r) = a¢cogQ.z/2) and
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B(t) = agsin(Q.t/2) (we make here a proper choice for time” is much less thanQ !). The C, field again
the field phase origin in the two cavities). The energyinvolves a superposition of four phase components. Two
is oscillating betweerCy and C; at frequency()./27, a  of them merge at zero phase. The correlation signa
purely classical effect. If a “cat” statd’.) is initially pre-  proportional to the overlap of the two—cavity—field states
pared inCy, the field inCy + C; becomes the entangled corresponding to the two quantum paths giving rise to
state:(|a(1)e?) | B(1)ei?) + |a(r)e ') |B(1)e ?))//2.  the interference process. Theg path corresponds to the
When the second atom probes the field G, C; final two—cavity field statda (7)) |B(7)e’?) whereas the
is not affected (provided again that the “measuremeng, e path corresponds tar(7))|B8(7)e '¢). Then value

is then given by
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(Note that the scalar product of two coherent staddesind | lost. In more technical words, as soon as the two phase
b)Y is (a|b) = e Ual*IbP)/2,ba” 8]). The assumption components inC; are orthogonal, the reduced density
that the field components left i@y do not overlap fails matrix of the Cy field describes a statistical mixture
for times7 aroundw /)., when all the energy is localized of the two-phase components. { is large enough,

in C;. At such times, the above expression is not validthe phase uncertainty on the “leak field components” in
However, sinceC, is empty, n is expected to be zero, C; will be smaller than2¢ as soon as the leak field
which is correctly predicted by the above equation. energy corresponds to one or two photons. The time to

The corresponding signah(7) is plotted on Fig. 2, reach such a leak amplitude is obviously of the order
for n = 5 in the initial field. The delayr is expressed of 1/(\/nQ.). At variance with standard decoherence,
in units of the energy exchange peridtly/Q).. The the leak is a reversible process: after one or several
initial coherence is rapidly washed out when a field leakdull periods of the energy exchange, the field returns
into C;. For a timer much smaller thar)_ !, n is  completely inC, with the initial phases components. A
= (1/2) exd —nQ2(sin* ¢)72/2]. The time scale of the revival of the coherence signal is observed around these
n decay is thereforg/2/n (). sing)~!. Note that, at times (see Fig. 2). With an environment made of a single
variance with the standard decoherence process, this tingglantum oscillator, decoherence becomes reversible, in
scale is inversely proportional to the field amplitude andclose analogy with the spontaneous emission of an atom
not to the field energy. in a single undamped mode [14].

The disappearance of the quantum correlation can This very simple approach to decoherence in terms of
be understood as a complementarity effect. The fieldomplementarity can be used also to recover the usual
building up inCy, which plays the role of an environment decoherence theory result for an exponential damping of
for Cy, carries away information about the phase of thethe energy inCy [11,12]. Let us assume thal, is now
field in Cy. As soon as there is i@ enough information coupled to a large number of caviti€s, C,,...,C,...,
to determine, at least in principle, the phasedn the  with arbitrary frequencies (close to the one @f) and
guantum coherence of the mesoscopic fielddp is  arbitrary coupling constants. This models the standard
situation of an harmonic oscillator relaxing in a large bath
of zero temperature oscillators. An initially coherent field
remains coherent, with an energy decreasing exponentially
as exp—vy1t) (y = 1/Tg). When(j initially contains a
phase cat, each of its components is correlated;ito a
small field|B;(t)e’?) or | B;(t)e~'?). Each cavity carries
a very small amount of information on the phaseds
but there are quite many of them. By a straightforward
generalization of the preceding arguments, the correlation
signal obtained for a second atom crossigat time =
will be

n(r) = 5 Re [1(Bi(re % | Bi(re™®)

O\rwl\,w2‘,~3 Q1/2n ' (3)
¢ _ 1 2 —2id
FIG. 2. Two-atom correlation signaj(7) for an initial field ) Re ex Z 1Bi()IF(L — e )|

in Cy containing on the averagé photons. The delayr . 5
between the atoms is expressed in units of the energy exchan§€ t0 energy conservatiory,; |8:(7)|* is the average
period betweerCy, andCy, 27 /Q.. number of photons having escaped frapat timer, i.e.,
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T . ants of this double cavity experiment can also be consid-
ered. By sending an atom beam through as well as
Cy, one could, for example, manipulate directly the field
in the reservoir cavity and implement various “quantum
eraser” schemes [10].
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