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1. Introduction

“In reality, it contains the only mystery, the basic peculiari-
ties of all of quantum mechanics.” [1]. The famous statement by
Richard Feynman about the wave-particle duality, gives a glance
on the relevance of the subject to quantum theory. The double slit
experiment illustrates very well the wave-particle duality. In such
an experiment, if the information about which slit the quanton (in
the sense of [2,3]) has crossed (which-way information) is avail-
able, the interference fringes are not visible on the screen (particle
behavior); however, if the which-way information is not available,
there is an interference pattern (wave behavior).

At the Solvay conference (1927), A. Einstein presented a gedan-
ken experiment (the Recoiling Slit Experiment) which consisted in
a double slit experiment with a movable slit placed before the
double slit. The goal was to detect which-way information of the
quanton (recorded by the movable slit) and still see an interference
pattern [4]. The apparent difficulty imposed by such gedanken ex-
periment was solved by N. Bohr, who pointed out that a careful
analysis of the movable slit would require the inclusion of uncer-
tainty relations of its position and momentum; this would add ran-
dom phases in the quanton path and consequently it would make
the interference pattern vanish. Therefore, in this argumentation,
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N. Bohr used the uncertainty principle to sustain the wave-parti-
cle duality.

In the eighties, another gedanken experiment, the quantum
eraser, proposed by M. Scully and collaborators [5-7], brought back
to light the debate about wave-particle duality. In the quantum
eraser experiments, the quanton interacts with a probe system,
and they become entangled. This interaction makes the which-way
information available and destroys the interference pattern, even
when there is no relevant modifications on the quanton position
and momentum degrees of freedom. According to the authors, the
entanglement is the essential key behind this phenomenon, and
it is not necessary to call upon Heisenberg’s uncertainty princi-
ple, as it was done in the early discussions between A. Einstein
and N. Bohr. As a result, a debate on the role of the entangle-
ment and uncertainty relations began [8-12]. In a quantum eraser
experiment, the which-way information available in the entangled
state can be erased, and consequently the interference pattern re-
covered, by correlating the measurement results of the probe and
the interferometric system.

Several experimental observations of the quantum eraser have
been reported [13-18]. The quantum eraser is an important tool
for debating on fundamental questions, but it is also used in practi-
cal applications. To quote a few examples: In Ref. [19], it was used
as a tool for channel corrections; in Ref. [20], to improve the cavity
spin squeezing; in Ref. [21], for imaging applications; in Ref. [22]
for experimental entanglement verification.


http://dx.doi.org/10.1016/j.physleta.2015.04.023
http://www.ScienceDirect.com/
http://www.elsevier.com/locate/pla
mailto:magalhaes@des.cefetmg.br
mailto:jgpfaria@des.cefetmg.br
mailto:romeu.rossi@ufv.br
http://dx.doi.org/10.1016/j.physleta.2015.04.023
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physleta.2015.04.023&domain=pdf

A.R. Bosco de Magalhdes et al. / Physics Letters A 379 (2015) 1864-1867 1865

8 o the detectors

Fig. 1. CQED experimental setup devised to detect the quantum erasure assisted by
the environment. A Ramsey interferometer is implemented using two microwave
cavities, R1 and Rj, where classical fields are stored, resonant or quasi-resonant
with transitions f <> g and e < g, respectively. A and B are high-Q microwave
cavities that work out as path identifiers. The atomic levels e and g play the role
of interferometric paths of the atom Aj. The second atom A3 is used to probe the
state of the high-Q cavities A and B, and the erasing of the which-path information
is yielded by coincidence measurements of the states of the two atoms.

In the present work, we propose an experimental setup in the
context of cavity quantum electrodynamics (CQED) where quan-
tum erasure can be accomplished. We propose an implementation
of Ramsey interferometry, where the interferometric paths are rep-
resented by two internal states of Rydberg atoms. The which-way
information is held by a bipartite system composed of two mi-
crowave modes that interact with a common environment mod-
eled by a thermal reservoir [23,24].

The correlation resulting from the interaction between two or
more systems and a common bath is responsible for the appear-
ance of a set of states that are robust against decoherence [25,26]
— the decoherence-free subspaces. In our model, the coupling of
the bipartite system to a common bath leads to a dramatic dif-
ference in the process of erasure depending on the class of states
chosen to perform it. This fact allows us to propose a measurement
scheme of the parameter related to the cross correlations resulting
from the interaction between the bipartite which-way register and
the environment.

This work is organized as follows. In the next section, we de-
scribe the basic setup and compute the action of the bath. In
Section 3, we describe how a slightly modified scheme can be used
to highlight cross decay rates related to the cavity modes. The con-
clusion is found in Section 4.

2. Setup for quantum erasure

In the Ramsey interferometry experiments, the interference is
observed by dealing with the states of the internal degrees of free-
dom of atoms or molecules: the role of different paths in this type
of interferometry is played by them. Accordingly, it is necessary
to create coherent superpositions of these states with the ability
to manipulate the relative phase. When counting the number of
atoms or molecules in a given state as a function of the relative
phase, the interference can be observed. Clearly, the which-way
information destroys the interference, and the erasure of this in-
formation may be used to restore it. The proposed experiment is
based on Ramsey interferometry. We examine a setup where there
is which-way information related to the states of two microwave
modes. The scheme involving two modes is more complex than
that possibly designed with only one mode; nevertheless, as will
be clear, two cavity modes are necessary to investigate system-
environment microscopic correlations.

Consider two superconducting cavities A and B that support
the resonant modes M4 and Mp with frequency w. Atoms with
levels i, e, f, and g relevant to the experiment will go through
these cavities and two Ramsey zones (see Fig. 1). The frequencies
related to the atomic transitions are illustrated in Fig. 2. The tuning
of the atomic transitions with the field modes can be performed
by means of the Stark effect. The transition e — g is assumed to
be resonant with the modes M4 and Mg when there is no Stark
effect. We assume, in what follows, that the relations between cou-

8

Fig. 2. Scheme of the relevant levels of the Rydberg atoms used in the experiment.
The transition between the e and f levels is not allowed. Classical fields in one of
the Ramsey zones are resonant or quasi-resonant with the transition f < g. The
second Ramsey zone is resonant or quasi-resonant with e <> g.

plings and detunings are such that non-resonant transitions can be
ignored at every step.

We consider the initial state of the cavities as the vacuum state.
An atom prepared in the state i is sent, first passing through the
cavity A and then the cavity B. When the atom enters the cavity
A, the i — e transition is brought into resonance with the mode
My by the Stark effect during one 77 /2 Rabi pulse. Next, it goes to
the cavity B, where the transition i — f is put into resonance with
the mode Mjp for one r Rabi pulse. Then, the atom flies to a Ram-
sey zone tuned with the transition f — g. After this transition is
performed, the atom travels to another Ramsey zone, tuned with
the transition e — g. With a suitable choice of the atomic dipole,
the state of the system just before this Ramsey zone will be
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where ¢ depends on the energies of the modes and atomic states,
as well as the distances in the experimental apparatus and the
velocity of the atom. When the atom passes through the second
Ramsey zone, the system evolves to
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The probability of finding the atom in the state e (g) is given by
P, =1/2 (Pz =1/2), showing no interference.

In ordinary Ramsey interferometers, the aim in the first step
is to create a state of superposition between the atomic levels e
and g with a relative phase that can be varied. The preparation of
the state |y1) is analogous to this first step. However, this state
clearly exhibits a perfect path discrimination due to the entangle-
ment between the atom and the cavity modes. This prevents the
direct observation of the interference between the paths related to
e and g as in usual Ramsey interferometers. To observe the inter-
ference, it is necessary to perform the erasure of the which-way
information. In the original proposal for quantum erasure, this was
performed by a detector that interacted only with the symmetric
mode of the field. Here, the erasure is achieved by sending a sec-
ond atom that absorbs only the energy of the symmetric mode or
of the antisymmetric mode of the field. As we will see, the action
of the environment can vary according to this choice.

In order to investigate how the bath can disturb the erasure
process, we permit a time interval T between the end of the in-
teraction of the field with the first atom and the beginning of the
interaction with the second atom. The environment, at zero tem-
perature, will be considered only during this interval, which should
be large compared to the other times involved in the experiment.
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