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Abstract A simply protocol for quantum teleportation of an unknown two-atom entangled
state using four-atom cluster state is investigated in cavity quantum electrodynamics (QED).
In this protocol, by using a one-dimensional maximally four-atom cluster state as quantum
channel, an unknown two-atom entangled state can be transmitted from the sender (Alice)
to the receiver without apparent joint Bell-state measurement. According to the results mea-
sured by the sender, the receiver can obtain the original state with unit successful probability.
The important features of our scheme can also be demonstrated in ion trap system.

Keywords Quantum teleportation - Four-atom cluster state - Cavity quantum
electrodynamics

1 Introduction

Quantum entanglement, one of the most interesting features in quantum mechanics, plays a
significant role in quantum information processing [1-3]. Quantum teleportation, originally
proposed by Bennett et al., is a technique for transferring quantum states from a sender (Al-
ice) to a receiver (Bob) [4]. Since the theoretical protocol for teleportation of a single qubit,
many protocols of quantum teleportation are proposed and have been demonstrated experi-
mentally by several groups [5-8]. With the development of quantum physics, the informa-
tion techniques based on quantum physics have been actively studied. Recently, more and
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more attentions are paid to the study of quantum teleportation with many-particle entangled
state. In 1998, Karlsson and Bourennane [9] presented a protocol of teleporting two qubits
state using GHZ state instead of an EPR pair. Xiu et al. [10] proposed an teleportation proto-
col of an N-particle state via three-particle general W states. Lu [11] proposed a protocol for
the teleportation of two-particle entangled state via entanglement swapping. In above quan-
tum teleportation schemes, the entangled states as quantum channel are EPR pairs, GHZ
class states, or W class states. Tripartite entangled states can be classified into two inequiv-
alent classes, the Greenberger-Horne-Zeilinger (GHZ) class and the W class. While, the
four-particle entangled state was divided to different families of states under stochastic local
operations and classical communication (SLOCC). Recently, Briegel and Raussendorf in-
troduced an interesting type of multi-qubit entangled states, i.e., the so-called cluster states
[12]. This kind of states have high persistence of entanglement, and can be regarded as
an entanglement resource for the GHZ states but are more immune to decoherence than
them. The cluster states have extensive applications in quantum physics. Many theoretical
schemes of generating cluster states have been proposed in different types of physical sys-
tems, such as linear optical systems [13], cavity QED [14], and other kinds of systems [15].
Experimentally, Mandel et al. [16] prepare the cluster state of neutral atom in optical lattice.
Walther et al. [17] have generated four-photon cluster states and demonstrated the feasibility
of the one-way quantum computation. On the other hand, the microwave cavity QED, with
Rydberg atoms crossing superconducting cavities, provides an almost ideal system for the
realization of quantum information processing. In cavity QED, schemes have been proposed
for teleportation of an unknown state. Davidovich et al. [18] have presented a scheme for
the teleportation of an unknown atomic state between two high-Q cavities. Zheng [19] has
proposed a scheme for teleporting an unknown atomic state in cavity QED. Jin et al. [20]
made a proposal for teleporting two-atom state with a probability 1.0 by adding a classical
driving field.

In this paper, we propose a scheme for the teleportation of an unknown two-atom two-
level entangled state in driven cavity QED. In contrast to the previous scheme, the present
one has the following advantages: First, such an unknown two-atom state is transmitted
from a sender to a receiver. Second, the quantum channel is different, in our protocol, the
quantum channel is composed of four-atom cluster state. Whereas generating cluster states
have been proposed in different types of physical systems. Finally the protocol does not
involve apparent (or direct) Bell-state measurement and is insensitive to the cavity decay
and the thermal field. The probability of the success can reach 1.0. Meanwhile, the important
features of our scheme can also be demonstrated in ion trap system.

2 The Teleportation of an Unknown Two-Atom Entangled State

Assume the two atoms that Alice wants to teleport are initially in the state

lp)io=algg)2 +Dlge)io +cleg) iz (D

where a, b, and ¢ are unknown coefficients, |a|> 4 |b|> + |c|> = 1. |e) and |g) are the excited
and ground states of the atom. The quantum channel which shared by Alice and Bob is a
one-dimensional maximally four-atom cluster state (Atoms 3, 4 5, 6) which given by

1
|)3456 = E(|gggg>3456 + leegg)sase + 18gee)sas6 — lecee)sase) ()
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where the sender Alice has the atoms 1, 3 and 2, 5 and the other atoms 4, 6 belong to the
receiver Bob.
The initial state of the whole system is given by

1
[V) 123456 = E(algg)lz +blge) 1 +cleg)12)
® (18888)3456 + |eegg)zase + 18gee)zass — leeee)ssss) 3)

In order to help Bob to realize teleportation, Alice sends atoms 1, 3 into a single-mode
cavity and atoms 2, 5 into another cavity. At the same time, the two atoms are driven by a
classical field. The interaction between atoms and the cavity can be described as follows [21]

2 2
H=wy Y (S)+w.a'at+ ) [ga'S; +aSH)+(Sfe ™" + 57 (4)
j=1 j=1

where wy, @, and w, are atomic transition frequency, cavity frequency and the frequency
of driving field, respectively, a’ and a are creation and annihilation operators for the cavity
mode, g is the coupling constant between atoms and cavity, atomic operators S;’ =le)j(gl,

S;=1g)jlel, S;= %(|e)j(e| —18);{gl), £2 is the Rabi frequency of the classical field. We

consider the case wy = w,. In the interaction picture, the evolution operator of the system

iSZO

U([) — e—iHote—ngt (5)

where Hy = Xf: 1 .Q(Sj_ + S;r), H, is the effective Hamiltonian. In the large detuning § >

%g and strong driving field, 2£2 > §, g limit, the effective Hamiltonian for this interaction
can be described as follows:

2 1 2
Hg:A|:Z§(|e)j(e|+Ig)j(g|)+ > (s_,.*s;+sj+sk)+H.c} (6)

j=1 Jok=1, sk

where A = g2/28, § is the detuning between v, and w,. From (6), we know H, is indepen-
dent of creation and annihilation operators of the cavity mode and only have relation with
atomic operators. So the effects of cavity decay and thermal field are all eliminated. We can
choose At = %n, 2t = 7 by modulating the driving field appropriately. Hence the total state
of the combined system is

ly) = %Ueeee)lszs X (—algglae — iblge)as —icleg)ss)
+leegg)izns X (—ialgglas — blge)as + cleg)as)
+1g8ee) i35 X (—ialgglss + blge)ss — cleg)ss)
+18888)1325 % (algg)as — ib|ge)ss — icleg)ss)
+ legeg)izas X (alee)ss —ibleg)as —ic|ge)as)
+legge)izs X (ialee)ss — bleg)as + clge)ss)

+ |geeg)izs X (ialee)ss + bleg)as — clge)as)

)

+ |gege) 1325 X (—alee)ss — ibleg)ss —iclge)as)
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Fig. 1 The teleportation of an
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for a cavity. See text for detail

o s

Alice Bob

+leeeg)izs X (—alge)ss — ib|gg)as + iclee)ss)

+ leege)izos X (—ialge)as — blgg)as — clee)as)

+188eg) 1325 X (—ialge)ss + blgglas + clee)ss)

+|g88e) 1325 X (alge)as — iblgglas + iclee)as)

+ legee)13as X (—aleg)as +iblee)ss — iclgg)as)

+1eggghizs X (—ialeg)ss + blee)ss + clgg)4s)

+ |geee) 135 X (—ialeg)as — blee)ss — clg8)a6)

+|gegg)izzs X (aleg)as +iblee)ss —iclgg)as)] @)

In order to realize the teleportation, Alice should make a separate measurement on atoms
1, 3, 2 and 5. Without lose of generality, if Alice detects the atoms in the state |eeee);3s,
the state of atoms 4 and 6 will collapse into

—algg)ss —iblge)ss —icleg)as (8

where we have discarded the global phase factor.

Now Alice informs Bob of the result of the measurement by the classical channels, then
Bob performs corresponding single-atom rotations on atoms 4 and 6 (|g) — —|g), le) —
ile)) ® (lg) — |g), le) — ile)) to recover the teleported state, (8) will become

algg)ac + blgelas + cleg)as Q)

Now the teleportation is successful. From (7), we can see that when atoms 1, 3 and
atoms 2, 5 enter into the cavity, because every atom has two levels, 16 kinds of different
separate states can be derived. It is evident that Bob must operate relevant unitary trans-
formation against Alice different measurement results. By the similar method, if the mea-
surement results are |eegg)is, 18gee€) 1325, 18888)1325, legeg)1sas, legge)izns, |geeg)ins,

|gege)13as, |eeeg)isos, leege) s, |ggeg) 1325, 1888€) 1325, 1eggg) 1325, legee) 132s, |geee) s
and |gegg) 1325, the teleportation also can succeed with the equal probabilities. Now we cal-

culate the probability of successful teleportation in this scheme. From (7) to (8), the proba-
bility of detecting the state |eeee) 326 is 1/16, the probabilities of successful teleportation in
the other fifteen measurement results are easily derived. That is to say, the total success prob-
ability is 1/16 x 16 = 1.0, and the fidelity of the output state is 1.0. Finally, it is necessary
to give a brief discussion on the experimental matters. We consider the typical experimental
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values of the parameters for Rydberg atoms with principal quantum numbers 49, 50, 51,
the radiative time is about 7, = 3 x 1072 s, and the coupling constant is g = 27 x 24 kHz
[22]. For a normal cavity, the decay time can reach T, = 1.0 x 1073 s. Then we get that the
interaction time of atom and cavity is on the order of 10~* s. Hence the total time for the
whole system is much shorter than 7, and 7, so that the present scheme might be realizable
based on cavity QED techniques.

3 Summary

In conclusion, we have proposed a simple scheme to realize the teleportation of an unknown
two-atom state. Two atoms exist in single-mode cavity and are driven by a classical field.
Our schemes use a cluster state as the quantum channel and do not need any joint BSM.
The schemes are realized by utilizing the separated atomic measurements instead of joint
BSM, which reduce the complexity in experiment. During the passage of the atoms through
the cavity field, the cavity is only virtually excited, and so the scheme is free of the cavity
decay and the thermal field. Meanwhile the success probability is equal to 1. Generating
cluster states have been proposed in different types of physical systems, thus this scheme is
realizable by current available technology. The important features of our scheme can also
be demonstrated in ion trap system. This may open a new perspective for the applications of
cluster states in quantum information processing.
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