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1. Introduction

The interaction between photons and matter is one of the most important academic areas. As a result of the valuable
applications in the spatial localization of atoms [1], quantum information and computing [2], and so on, the atomic spon-
taneous emission becomes the central issue. As is well known, for atoms in free space, atomic coherence and quantum
interference by Laser-induced are the basic mechanisms for controlling the spontaneous emission [3]. On the other hand,
there are two alternative ways to modify and control atomic spontaneous emission. One approach is to coherently drive
atoms with externally applied laser fields [4], the other way to put the atoms in photonic crystals [5,6] or in optical cavities
[7]. Recently, Jin et al. propose an ultrafast non-local moulding of the vacuum field in a cavity quantum electrodynamics
(CQED) system as a method to real-time control the spontaneous emission [8]. Such tunability is considered to be worthy
for modifying the Rabi oscillations of the quantum system while leaving the cavity population undisturbed.

Quantum tunneling refers to a particle could tunnel through a barrier which is a fundamental physical effect [9], and
the atoms trapped in potential wells have given us an opportunity to study the aspects of quantum decoherence, including
coherent dynamics on macroscopic scale. The tunneling effect is considered as a feature that distinguishes the quantum
world from the classical world. Since the quantum tunneling for intramolecular rearrangements in pyramidal molecules
was testified in 1927 [10], it has attracted substantial attentions [11-14].

Here we investigate the phononic recoil-related decoherence of the quantum tunneling for a two-level atom trapped in
symmetric double-well potential and coupled to a single mode cavity field. Because the double-well potential is symmetric,
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the particle tunneling through the barrier oscillates back and forth between the degenerate states. We obtain the dynamical
evolutions of atomic population inversion by solving Schrédinger equation, assuming that the cavity field is prepared initially
in fock or coherent state. In addition, influence of atomic mass centre motion on population inversion is considered. It is
found that by choosing appropriate cavity field initial states, the atomic spontaneous emission can be effectively controlled
and with the increase of width of Gaussian wave packet a, the suppression of the atomic moving centre of mass on Rabi
oscillation becomes obvious.

This paper is organized as follows: In Section 2, we describe the model setup, and give the analytical expressions of the
total wave function for the whole system. In Section 3, the inversion of the atomic energy level is derived, then we investigate
the influence of quantum tunneling on the atomic population inversion. Finally, Section 4 gives a brief summary.

2. Model and wave functions

We consider a single two-level atom (the atomic transition frequency is wo and the mass of atom ismg) coupling with
a single-mode cavity field. The atom interacts with a standing-wave cavity mode. Assume that the cavity is a symmetric
double well potential V (x) putted on the atom, and the atom can be regarded to bind in the y — z plane at the equilibrium
position y=z=0. This system can be written as

H = Hap + Hag + Hr + Har, (1)

where Hy; and Hyg are supposed to be the Hamiltonian describing the external and internal degrees of atoms respectively. Hr
is the Hamiltonian of the cavity field, and Hur denotes the atom-field interaction. Under the rotating-wave approximation,
the Hamiltonian of total system is given by

Har = 1/2hwo07, (2)
Hap = p*/2mg +V (x), 3)
Hp = fiwa'a, (4)
Hpr = hgsin[k(x — xg)]aoy + h.c. (5)

where o7 is Pauli operator, o, = |e)(g| and o_ = |g)(e| are the atomic operators with respect to the excited state |e) and the
ground state |g) of the atom, at and a are the creation and annihilation operators of the cavity field mode k with frequenc
w=ck (k=]k|), xo denotes the abscissa at the left cavity mirror (xo <0), p and x are the atomic momentum and position
respectively. Furthermore, we assume g is the atom-cavity coupling constant with

Aw
hg = 1/ mekdv (6)

we assume that V is the effective mode volume, ¢, is the polarization vector of the field vector and d is the transition dipole
moment of the atom.

We define V (x) as a symmetric double-well potential along the x direction with the minima atx; = —b/2 and xg =b/2 (b is
constant number). The atomic centre of mass can be located at either of the two minima. In the semiclassical approximation,
we can propose the corresponding ground state |L) (or|R)) in the left (or right) well to be strongly localized in the vicinity of
the corresponding potential minima.

When the depth of the double well potential is finite, the atom will transmit from one well into the other mainly due to
thermal excitation for a high temperature. For the atom in a low temperature, the quantum tunneling exists and it means
under the wave function approach the atom can from one side of the symmetric double-well potential to the other side.
Thus the degenerate of the ground state is moved. The energy levels will be splitted into E =+ AA. We consider A as the
tunnel splitting of the double-well potential, and the eigenstates |+) can be obtained as

-1

) = 5 (I + IR, (7)
1
=) = 5 (L) = IR). (8)

Assume that at time ¢t =0, the atom is considered in the state |L) initially, the corresponding wave function ¢ (x, 0) of
which is a Gaussian wave packet centered at —b/2 with a width of a (a>0), i.e.

-1/2 2
¢1(x,0) = (V2ma) / exp [—(x-i—b/z) /(4a2)} . (9)
To proceed, we assume the atomic inner state is initially in excited state |e). Therefore, the initial state can be written as

Yo (0)=Im) IL) ® e) (10)
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