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Teleportation of a two-atom entangled state with a thermal cavity
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We present a scheme to teleport an unknown atomic entangled state in driven cavity QED. In our scheme,
the success probability can reach 1.0. In addition, the scheme is insensitive to the cavity decay and the thermal

field.
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Since the first scheme for quantum teleportation was pro-
posed by Bennett et al. [1], much attention has been paid to
it. Most theoretical schemes for teleportating an unknown
quantum state have been considered with the certain quan-
tum channels, such as composing of the Einstein-Podolsky-
Rosen (EPR) pair or GHZ triplet as well as combination of
the EPR pair and GHZ triplet [1-7]. In these schemes, to
realize the teleportation, the sender must operate a joint Bell
state measurement on the particle that carries the unknown
quantum information and one of the entangled particles he
possesses. Then the sender will inform the receiver of his
measurement result, and the receiver can perform a unitary
operation to reconstruct the initial state on his particle.

Recently, cavity QED technology has been widely applied
to the quantum information field. Zheng [8] proposed a
scheme for realizing two-qubit quantum phase gates with
atoms in a thermal cavity. Solano er al. [9] proposed a
method of generating multipartite entanglement by consider-
ing the interaction of a system of N two-level atoms in a
cavity of high quality factor with a strong classical driving
field. Many people [10-16] proposed schemes for the tele-
portation of unknown atomic states using cavity QED. In
particular, Zheng [14] suggested a scheme of teleporting a
single atomic state using a resonant atom-cavity interaction.
In the scheme, the cavity decay and the thermal field affected
the scheme strongly, and the success probability is 0.25. Ye
and Guo [15] suggested a scheme of teleporting an atomic
entangled state using a GHZ state as a quantum channel in
the case of great detuning. Its success probability is 0.5.
Yang er al. [16] made a proposal for teleporting a single
atomic state with a probability 1.0 by adding a classical driv-
ing field.

In this paper, we propose a scheme about teleporting a
two-atom entangled state. We make the two atoms simulta-
neously interact with a single-mode cavity mode and a clas-
sical field, so that the effects of thermal field and cavity
decay are all eliminated. The success probability is 1.0.

Suppose the atomic entangled state that the sender Alice
wants to transmit to the receiver Bob is expressed as

|12 = alge)r + Bleg)n, (1)

where « and B are unknown coefficients, |a|>+|8*=1. |g)
and |e) are the ground and the excited states of the atom,
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respectively. Atoms 3, 4, and 5 are prepared in the maximally
three-atom entangled GHZ state as the quantum channel

1
|)3a5 = \J_E(|€g€>345 —ilgeg)sss), (2)

where the atoms 1, 2, and 3 belong to the sender Alice and
the other two atoms 4, 5 belong to the receiver Bob.

The initial state of the whole system composed of atoms
(1, 2) and the quantum channel is given by

1
| ) 12345 = E(a|g€>12 + Bleg)n) © (lege)zss —ilgeg)sss).

3)

Then Alice sends atoms 2 and 3 into a single-mode cavity. At
the same time, the two atoms are driven by a classical field.
The interaction between atoms and the cavity can be de-
scribed as follows [17]

3 3

H= on S+ w,a'a+ > [g(aTSJT + aS;)
j=2 j=2

+Q(STe o + S7eted)], (4)

where ), w, and w; are atomic transition frequency
(e« g), 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 at-
oms and cavity mode, S7=|g)el, Sj=le)(sl, S.;=5(le) e
—|g>j<g ) are atomic operators, and () is the Rabi frequency
of the classical field. We consider the case wy=w,. In the
interaction picture, the evolution operator of the system is

[17]

U(l) — e—iHOTe_iHerf” (5)

where H0=23=20(5;+S;), H. is the effective Hamiltonian.
In the large detuning 6>g/2 and strong driving field 2Q
> 6, g limit, the effective Hamiltonian for this interaction can
be described as follows [17]:
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3
A
Her=7 | 2 (le) el + lg)its)
]:

3
+ X (SIS[+Sis +He) |, (6)
jk=2.j#k

where A=g%/28 with & being the detuning between atomic
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transition frequency wg and frequency w,. From the form of
the effective Hamiltonian, we conclude that the interaction
Hamiltonian is independent of the photon number of the cav-
ity field. In addition, there is no exchange of energy between
atoms and cavity mode. So the effects of cavity decay and
thermal field are all eliminated.

After interaction time ¢, the evolution of the total system
can be expressed as

|
[)12345 — \’,—Ee““{a|g>l[cos \t(cos Qt|e), — i sin Q1|g),)(cos Qt|e); — i sin Qt|g)s) — i sin Mt(cos Qt|g), — i sin Qtle),)

X (cos Qt|g); — i sin Qtle)s)]|ge)ss — ia|g)i[cos Nt(cos Qt|e), — i sin Q1|g),)(cos Qt|g); — i sin Qt|e);)

— i sin Mt(cos Qt|g), — i sin Qtle),)(cos Qtle); — i sin Qt|g)s)]|eg)ss + Ble);[cos Nt(cos Qt|g), — i sin Qtle),)

X (cos Qt|e)s — i sin Qt|g);) — i sin Nt(cos Qt|e), — i sin Q1|g),)(cos Qt|g); — i sin Qt|e)s)]|ge)us
—iple),[cos Nt(cos Qt|g), — i sin Qt|e),)(cos Qt|g); — i sin Qt|e);) — i sin Nt(cos Qt|e), — i sin Q1|g),)(cos Ntle)s

—isin Q1]g);)]|eg)ss}-

We can choose N\r=1r/4, and realize the condition Q¢=1r by
modulating the driving field appropriately. Then Eq. (7) will
become

W ims = SLelghhaleds = ilale)s e — el (ehlg)

—ilg)sleds)leg)ss + Ble)i(|g)ale)s — ile)slg)s)|ge)as
—iBle) (|g)2lg)s — iledaleds)leg)us]. (8)

Then Alice performs a rotation operation R on the state of
atom 1, the rotation matrix takes the following form:

1(1 1
R:_/—< ) 9)
2\=1 1

After performing the rotation operation on the state of atom
1, we have

1
Rlg) = —=(e) +g)),
V2

TABLE I. The results of the teleportation scheme. R denotes the
measurement result on atoms 1, 2, and 3. Operation denotes the
operation needed for the receiver. oj; is a Pauli operation o; on
particle i.

R |45 Operation
leee)123.1888)123 55(alge)ss—Bleg)ss) 14® 05,
|geed 1oz legg)ins 55(alge)ss+Bleg)ss) 1,®15
leeg)123,188€)123 55 (aleg)ss+Blgedss) 04, ® O,
lege) 123, |ge8)123 ﬁ(a|eg>45—,3|ge>45) 04, ® 05

()

1
Rle) = —=(le); - [g)))- (10)
V2

So Eq. (8) will become

1
) 12345 — ﬁ[|eee)123(a|ge>45 - Bleg)ss)

—ilegg)ioz(alge)ss + Bleg)ss) +[gee) ns(alge)ss
+ Bleg)ss) — ilg88) 123(@lgedss — Bleg)as)
—ileeg)ins(aleg)ss + Blgedss) — lege)ns(aleg)ss
— Blge)ss) —ilgeg)n(aleg)ss — Blge)ss)
~|ggedias(aleg)ss + Blgedss)]. (11)

Then Alice will detect the atoms 1, 2, and 3. If the result is
|gee) o3, the state of the atoms 4, 5 will collapse into the
following state

1
9" )as = —=(lge)ss + Bleg)ss). (12)
242

From Eq. (12), we can know that the probability of suc-
cessful teleportation is é Similarly, as depicted in Table I, it
can be easily proven if the measurement results are |eee);s,
|€eg>123, €gg) 123> 188€) 123> |ege)ins, |geg)ins, and |ggg>123,
the teleportation also can succeed with the same probabili-
ties. That is to say, the total success probability is 1.0, which
is higher than Ref. [16]. Table I lists the measurement results

024305-2



BRIEF REPORTS

on atoms 1, 2, and 3, the result state of atoms 4 and 5, and
the operation needed for the receiver to convert the state of
atoms 4 and 5 into the initial state of atoms 1, 2.

In conclusion, we have proposed a protocol for teleport-
ing an unknown atomic entangled state from a sender to a
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receiver by using a three-atom entangled GHZ state. Com-
pared to the previous scheme [15], our scheme has a main
advantage. That is, our success probability can be improved
because of adding a classical driving field. The effects of
cavity decay and thermal field in this scheme are eliminated.

[1] C. H. Bennett, G. Brassard, C. Crépeau, R. Jozsa, A. Peres,
and W. K. Wootters, Phys. Rev. Lett. 70, 1895 (1993).

[2] V. N. Gorbachev and A. 1. Trubilko, quant-ph/9906110.

[3] B. S. Shi, Y. K. Jiang, and G. C. Guo, Phys. Lett. A 268, 161
(2000).

[4] H. Lu and G. C. Guo, Phys. Lett. A 276, 209 (2000).

[5] B. S. Shi and A. Tomita, Phys. Lett. A 296, 161 (2002).

[6] H. Y. Dai, C. Z. Li, and P. X. Chen, Chin. Phys. Lett. 20, 1196
(2003).

[7] J. M. Liu and G. C. Guo, Chin. Phys. Lett. 19, 456 (2002).

[8] S. B. Zheng, Phys. Rev. A 66, 060303(R) (2002).

[9] E. Solano, G. S. Agarwal, and H. Walther, Phys. Rev. Lett. 90,

027903 (2003).

[10] Z. L. Cao and M. Yang, Physica A 337, 132140 (2004).

[11] S. B. Zheng and G. C. Guo, Phys. Rev. A 63, 044302 (2001).

[12] Z. L. Cao and M. Yang, Phys. Lett. A 308, 349 (2003).

[13] W. L. Li, C. F. Li, and G. C. Guo, Phys. Rev. A 61, 034301
(2000).

[14] S. B. Zheng, Phys. Rev. A 69, 064302 (2004).

[15] L. Ye and G. C. Guo, Phys. Rev. A 70, 054303 (2004).

[16] M. Yang and Z. L. Cao, quant-ph/0411195.

[17] S. B. Zheng, Phys. Rev. A 68, 035801 (2003).

024305-3



