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tion between a four-level atom and two bimodal cavities®
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A simple scheme is presented for generating four-photon Greenberger-Horne-Zeilinger (GHZ) states with interaction be-

tween a four-level atom and two bimodal cavities. In the proposed protocol, the quantum information is encoded on Fock

states of the cavity fields. The detection of the atom can collapse the cavity to the desired state. The experimental feasibility

of our proposal is also discussed.
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Cavity quantum electrodynamics (QED) is an ideal candi-
date for implementing quantum information processing!!-%.
The reason is based on the following two points. First, pho-
tons are ideal carriers for fast and reliable communication
over long distances, and the atoms are good memorizers for
storing and processing quantum information. Thus the com-
bination of atoms and photons can be useful in quantum
computation. Second, the atoms trapped in a high-Q cavity
have long decoherence time!'!). Entanglement of two or more
particles is the most interesting characteristic of quantum
mechanics. Entangled states not only are recognized as an
essential ingredient for testing the foundation of quantum
mechanics, but also have many significant applications in
quantum information processing (QIP). Generally, the more
particles can be entangled, the more clearly nonclassical ef-
fects are exhibited, and the more useful the states are for
quantum applications!'?. Thus the generation and manipula-
tion of multipartite entangled states are very important tasks
in QIP and have been attracting much attention. Diir et all'!
showed that there are two inequivalent classes of tripartite
entanglement states, i.e., the GHZ class and the W class, un-
der stochastic local operations and classical communications.
GHZ type of entangled state has many interesting properties.
For example, the three-particle GHZ state is maximally stable
against noise, maximally violates Bell inequalities, and can be

used to implement perfect teleportation!'. Hence, the prepa-
ration of the GHZ entangled state has become a critical tech-
nique in QIP. Meng et al!™®! proposed a scheme for preparing
an N-atom GHZ entangled state through the interaction be-
tween N atoms and a cavity. Although many schemes for tri-
partite entangled states have been studied!'®!”), the reports
about preparing multiphoton (N>3) GHZ state are very few.

In this paper, we propose a scheme for the generation of
four-photon GHZ states via cavity QED. The proposed
scheme is more simple and experimentally feasible, because
we only employ one four-level atom and two cavities. The
considered system is an interaction between a four-level atom
and two bimodal cavities. The level structure of the atomic
configuration is shown in Fig.1. The atom states are denoted
by|g),|i),|j) and]|e), with the relevant Bohr frequen-
cies w,, 0,0 and w,, respectively. As illustrated in Fig.1, let
the atom pass through a high-Q bimodal cavity with two mode
circular frequencies @, and ®,, and the modes with annihila-
tion/creation operators a /a* and b /b* interact with the tran-
sitions |g> <—>|]> , and |l> e |e> , respectively. The two
atomic transitions |g> > | j> and |l> |e> resonantly couple
to the cavity modes with coupling constants g and g,.
Simultaneously, the classical laser field with Rabi frequency
£, resonantly drives the dipole-forbidden atomic transition
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Fig.1 Involved level structure of the four-level atom and
the corresponding atomic transition

The Hamiltonian (assuming % =1 ) of the whole system
under consideration ist'®

H=H_+H_ +H,, @)
where
H, =waa+w0,b'b+Yw,|A><A,(A=g,i,je), (2)
y
H =g |j><glatg,|e><i|b+hec., 3)
H,=Q(" |i><j|+e | j><i]), 4
where, H,__is the free energy of the atom and the cavity fields,

H__ represents the interaction energy between the atom and
the cavity modes, and H, describes the interaction between
the atom and the laser fields. In this study, we must think
over the case of the strong classical field. In order to demon-
strate the modification of the system dynamics by the strong
classical field, we define the new dressed state as

1

3= > +17>) 5)
|—>=%<|i>—|j>>. ©)

After defining the above atomic basis, the Hamiltonian
of the whole system in the interaction picture can be written
as H=H, + H , where

H=Q(|+><+ |-|><-|) , (7N

H =S a(+>-|->)<g|+2b|e>(<+|+<-|)+
V2 V2

hc. . ¥

The time evolution of this system is determined by Schré-
dinger equation

dIP@)> ' 9
i, =H | (¢) > &)

Perform the unitary transformation
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[P (@)>=e"™|¥'(t)> , (10)
and then we can obtain

AP o>
t

1 =H/'|VY'(t)>, (11)

where

H'=82q(@ |+>—e" |->)<g|+

%

%b|e>(e"9f <+]+e? <—|)+he . (12)

In the strong driving regime, with the choice of Q>>{g ,

g,and under the rotating wave approximation, we can ne-

glect the effect of rapidly oscillating terms with high

frequencies. Using the time averaging method!"*’, we can fur-
ther obtain an effective Hamiltonian!'”

H, =-Aab|e><g|-Aa’b" | g ><e]| , (13)

where g,8,/82 =2 is defined by the effective coupling
coefficient. For simplicity, we assume that the cavities are
11) and |0,0) , and the atom s initially
in |g). According to Eq.(13), we solve the corresponding
Schrodinger equation and obtain expression of the state. We
send the atom through the first cavity, so after an interaction
time ¢,, the state evolves into

initially prepared in

lw () =[cos(At,)| g)|L.1), +isin(Ar,)|e)|0,0) 100). . (14)

Then we let the atom pass through the second cavity, and
after an interaction time ¢,, the atom-cavity system evolves
into the state as

lw(t, +1,)) = cos(At,)|L1) | £)]0,0), +isin(Az,)[0,0) x
[isin(Az,)| g)|L1), + cos(At,)|e)[0,0) 1. (15)

By choosing At = %and At, = g , We can obtain the state as

(e +19) = 2 [2)1) Jo.), -

0,0) |11),) +ile)[1.1) [0,0.] . (16)

We can perform a measurement on the atom, if the atom is
detected in the state | g), and the cavity field collapses into
the following states

2
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where the states |l//(t L+ t2)>g are four-photon GHZ states.
Finally, we give a brief discussion about the experimen-
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tal feasibility of the proposed scheme within cavity QED. As
with any proposal for quantum computing implementation,
its success ultimately depends on being able to complete many
coherent dynamics during the decoherence time, so the atomic
and cavity lifetime should be larger than the interaction time
of the atoms with the cavity fields. As a possible implemen-
tation using ¥Rb, the above atomic level structures can be
obtained™. For example, the states | g > and |i > are| F=2,
m=0>and |F=2, m=2> of 5§, respectively, and |j>and |e>
are |F’=2 m=-1> and |F=2, m=1> of 5P, respectively.
Therefore, based on cavity QED techniques, the proposed
scheme might be realizable.

In summary, we propose a simple method for generating
four-photon GHZ states via cavity QED based on the inter-
action between a four-level atom and two cavity modes. Com-
pared with previous schemes, our proposal is more simple
and experimentally feasible, since the detection of atom can
collapse the cavity to the desired state.
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