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‘We propose a most simple and experimentally feasible scheme for teleporting unknown atomic entangled states in

driven cavity quantum electrodynamics (QED). In our scheme, the joint Bell-state measurement (BSM) is not required,

and the successful probability can reach 1.0. Furthermore, the scheme is insensitive to the cavity decay and the thermal

field.
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1. Introduction

[1.2] first proposed by

Quantum teleportation,
Bennett et all3 is one of the most important ap-
plications of quantum entanglement. In original
contributions,®4 the joint Bell state measurement
(BSM) is a key step in quantum teleportation. Hith-
erto, we still cannot discriminate the Bell states to-
tally and conclusively.l”) In addition, the joint BSM is
very complex for experimental realization, and thus
is a ‘bottle-neck’ for the further development of quan-
tum teleportation. To overcome the difficulty, sev-
eral schemes have been proposed to teleport unknown
atomic states in cavity QED. Zheng!” suggested a
more feasible teleportation scheme for an unknown
single atomic state using resonant optical cavity with-
out BSM, and its successful teleportation probability
could reach 0.25. But the scheme is subjected to the
effects of both the cavity decay and the thermal field.
Then, Ye et all® proposed another scheme, also with-
out BSM, to teleport an unknown single atomic state
and an unknown atomic entangled state, where the
effect of cavity decay was eliminated and the success-
ful probability of teleportation was 0.5. But the effect
of the thermal field was still present. A scheme for
teleporting an unknown single atomic state proposed
by Yang et all® has eliminated the effects of both the
thermal field and the cavity decay, and its success-

ful probability of teleportation is 1. Jin et al'°! have

proposed a scheme with the same advantages as those
of the scheme of Yang[ to teleport an unknown two-
atom entangled state, but before the atoms 1, 2, and 3
that Alice possesses are detected, Alice must perform
a rotation operation on the state of atom 1, i.e. Al-
ice must switch on another classical field that acts on
atom 1, otherwise quantum teleportation fails. Xue
et al' also proposed a scheme with the same ad-

vantages as those of the scheme of Yang!®!

to teleport
an unknown bipartite entanglement by entanglement
swapping with separate measurements in cavity QED
and in addition they generalized their scheme to tele-
port the multipartite entanglement. In Xue’s scheme,
to teleport an n-atom entangled state, Alice needs to
realize the joint BSM on n atom pairs, but the BSM is
complex for experimental realization.[®! Therefore Al-
ice investigates separate atomic measures to achieve
the goal of joint BSM by using n cavities, i.e. Al-
ice sends each atom pair that is in the Bell state to
the cavity, separately, to distinguish Bell states. For
the teleportation of multipartite entanglement, this
scheme is very complex, and it is not easy to real-
ize experimentally. This is because Xue et al need
n Einstein, Podolsky and Rosen (EPR) pairs (Alice
possesses 2n atoms and Bob possesses n atoms) in
order to teleport n atoms entanglement successfully,
thus the times of atom-cavity interactions in the whole
teleportation process at least are 2n in total.

Advances in ion cooling and trapping have opened
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new prospects of teleporting an unknown ionic inter-
nal state. It is proposed that ['2l an effective quantum
teleportation scheme of longer distance for unknown
ionic internal state via trapped ions without the joint
BSM and also with the successful probability being
able to reach 1.

In this paper, combining the advantages of the
schemes in Refs.[9-11], we propose a simple and ef-
ficient scheme for teleporting unknown atomic en-
tangled states. Like the schemes in Refs.[9-11], our
scheme has eliminated the effects of thermal field and
cavity decay, and its successful probability of tele-
portation is 1. However, our scheme is most simple
and easy to realize experimentally. Different from the

other classical field. Unlike the scheme in Ref.[11],
our scheme needs only 2n + 1 atoms, and the times
of atom-cavity interactions in the whole teleportation
process are 2 in spite of n. Our scheme can be gen-
eralized to teleport an N-atom entangled GHZ class
state. In a word, our scheme is very simple and easy

to realize experimentally.

2. The model

We consider N identical two-level atoms simulta-
neously interacting with a single-mode cavity field and
driven by a classical field. The interaction between the

scheme in Ref.[10], our scheme does not require an-  atoms and the cavity can be described as follows:?l
|
N N
H = wy Z S.;+weata+ Z lg (a+Sj_ + aS;‘) + 02 (Sj_e“"t + S;'eﬂ“’t)] , (1)
j=1 j=1

where wg, w, and w are the atomic transition fre-
quency, the cavity-field frequency and the frequency of
1

5 (ledslel = lg)s(ql),
S =le)ilgl, S; = lg)i{el, with |e); and |g); being
the excited and ground states of the jth atom, a™

the laser field, respectively, S, ; =

and a are the creation and annihilation operators of
the cavity field, g is the coupling constant between
the atoms and the cavity field, and {2 is the Rabi fre-
quency of the classical field. We consider the case

He= 2|53 (elstel +1)itoh +

Jj=1 Js

where A = ¢2/(26). From the form of the effective
Hamiltonian, we conclude that the interaction Hamil-
tonian is independent of the photon number of the
cavity field. In addition, there is no exchange of en-
ergy between the atoms and the cavity mode. So the
effects of both the cavity decay and the thermal field

wo = w, and 262 > § > ¢/2(0 is the detuning between
the atomic transition frequency and the cavity-mode
frequency). In the interaction picture, the evolution

operator of the system is('?

U(t) — efif'lgifefil‘lﬁt7 (2)
where Hy = Zjvzl n (S’; + S;-r), H, is the effective
Hamiltonian!*!

(878 +85/S,)+He. |, j#k, (3)

are eliminated.

If three atoms 3, 4 and 5 that are initially in the
state |ege)sas, Oor |gee)sas, or |geg)sas, Or |egg)sas are
simultaneously sent into the cavity and, at the same
time, they are driven by a classical field, then the state
of three atoms will evolve into

lege)sss — e 3" {cos 2\t (cos 2t|e)s — isin 2¢[g)s)(cos 2¢]g)4
—isin 2t]e)4)(cos 2t|e)s — isin 2¢|g)s)

+% sin 2\t[(cos 2¢|e)5 — isin 2t]g)3)(cos 2t|g)s
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—isin 2t|e)4)(cos Nt|e)s — isin 2¢|g)5)
—(cos £2t|g)s — isin 2t|e)3)(cos 2t|g)4
—isin 2tle)4)(cos 2t|g)s — isin 2t|e)s)
—(cos 2t|g)s — isin N2tle)s)(cos 2t|e)4
—isin 2t|g)4)(cos 2t|e)s — isin 2t|g)5)
—(cos £2t|e)s — isin 2t|g)3)(cos 2t|e)4
—isin 2t|g)4)(cos 2t|g)s — isin 2t|e)s)]}, (4)
|gee)sas — e_¥{cos 2Xt(cos 2t|g)s — isin 2t|e)s)(cos Ntle)y
—isin 2t|g)4)(cos 2t|e)s — isin 2t|g)s)
= s1n 2Xt[(cos 2t]g)s — isin £2t|e)s)(cos 2t|e)4
—isin £2¢]g)4)(cos 2t|e)s — isin 2t|g)s)
—(cos 2t|g)3 — isin N2t|e)3)(cos 2t|g)4
—isin 2t]e)4)(cos 2t|g)s — isin 2t|e)s)
—(cos 2t|e)s — isin 2t|g)3)(cos 2t|g)4
—isin 2t]e)4)(cos 2t|e)s — isin 2¢|g)5)
—(cos 2t|e)s — isin 2t|g)3)(cos 2t|e)y
—isin 2t|g)4)(cos 2t|g)s — isin 2t|e)s)]}, (5)
lgeg)sas — ef%{cos 2Xt(cos 2t|g)s — isin 2t|e)s)(cos 2t|e)4
—isin 2t|g)4)(cos 2t|g)s — isin 2t|e)s)
= sm 2Xt[(cos 2t|g)s — isin £2t|e)s)(cos 2t|e)y
—isin £2¢]g)4)(cos 2t|g)5 — isin N2tle)s)
—(cos 2t|e)s — isin 2t|g)3)(cos 2t|e)y
—isin 2t|g)4)(cos 2t|e)s — isin 2t|g)5)
—(cos £2t|e)s — isin £2t|g)3)(cos 2t|g)4
—isin 2tle)4)(cos 2t|g)s — isin 2t|e)s)
—(cos 2t|g)s — isin £2t|e)3)(cos 2t|g)4
—isin 2t|e)4)(cos Ntle)s — isin 2t]g)s)]}, (6)
legg)sus — e~ 3" {cos 2\t(cos Rt|e)s — isin 2¢|g)s)(cos 2t|g)4
—isin 2t|e)q)(cos Nt|g)s — isin 2t|e)s)
= s1n 2\t[(cos 2tle)s — isin 2t|g)3)(cos 2t|g)4
—isin 2tle)4)(cos 2t|g)s — isin 2t|e)s)
—(cos £2t|e)s — isin 2t|g)3)(cos 2t|e)4
—isin 2t|g)4)(cos 2t|e)s — isin 2t|g)5)
—(cos 2t|g)s — isin N2t|e)s)(cos 2t|e)4
—isin 2t|g)4)(cos 2t|g)5 — isin Ntle)s)
—(cos 2t|g)s — isin 2t|e)3)(cos 2t|g)4
—isin 2tle)4)(cos 2t|e)s — isin 2t|g)5)]}- (7)
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3. Teleportation of bipartite €N- 3, 4 and 5 are sent into a single-mode cavity. At the
same time, they are driven by a classical field. After

tanglement
g interaction time ¢, the state of the subsystem, includ-

Suppose that the sender Alice and the receiver ing atoms 3, 4 and 5, evolves according to Eq.(2) into
Bob possess five atoms in total. The atoms 1, 2 and Eq.(4). We can choose At = /4 and realize the con-
3 belong to Alice and the other two atoms 4 and 5 dition {2¢ = 3m/4 by modulating the driving field ap-
belong to Bob. The atomic entangled state that Alice ~ Propriately. Then the state of the subsystem evolves

wants to teleport to Bob is written as into
1 _Im;, _ @ ]

)1 = alge)i2 + bleg)ra, (8) )35 = ﬁe s'(e” ' |ege)sas — e7'|geg)sas). (9)
where a and b are unknown coefficients, and |g) and ~ This is a Greenberger-Horne—Zeilinger (GHZ) state.
le) are the ground and the excited states of the atom,  Thus we have generated the quantum channel.
respectively. Atoms 3, 4 and 5 are initially in the The initial state of the whole system composed of

lege)sas. To generate the quantum channel, the atoms  atoms (1, 2) and the quantum channel is written as

1 _Imi —Ti s
[¥)izs5 = e F(alge)ra + bleg)i2) @ (™ Filege)aas — eTi[geg)aas). (10)

Next, Alice sends atoms 1, 2 and 3 into a single-mode  Eq.(2) as well. According to Egs.(4)—(7), we choose
cavity. At the same time, she drives the three atoms  interaction time ¢ satisfying the condition A\t = 7/4
by using a classical field. The state of the subsys- and 2t = 37 /4, then the state |1))12345 evolves into
tem, including atoms 1, 2 and 3, evolves according to

1 _Iry _mi, x5 ]
|1/1>12345—> -€ 41[(18 1'(e 41|9€€>123—e4l|€99>123)|9€>45

2
—ae¥'(e” % |geg) 123 — e'[ege)123)|eg) s

+be (e Fege) 123 — e'[geg)12s)|ge)as

—bei(e"Tilegg)i2s — e [gee)123)|eg)s). (11)

Eq.(11) can be written in another form as follows:

1 _zxy, .
|9) 12345 — 3¢ Ti—i(alge)ss — bleg)as)|gee)1os — (alge)s + bleg)as)|egg)ias
—(blge)as + aleg)as)|geg) 123 — i(blge)as — aleg)as)|ege)i23]. (12)

Then Alice detects the atoms 1, 2 and 3. If the  If the measurement result is |gee)ia3, or |geg)i2s, or
result is |egg)123, the state of the atoms 4 and 5 will  |ege)123, Bob can reconstruct the original state by cor-
be responding unitary transformation according to Table
(13) 1, the teleportation also can succeeds with probability

1 7 s
[)as = e~ 3 (alge)as + bleg)as).
2 1/4. Thus the probability of successful teleportation

So the teleportation succeeds with probability 1/4. reaches 1.
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Table 1. The results of the teleportation scheme. M de-
notes the measurement result on atoms 1, 2 and 3. Oper-
ation denotes the Bob’s required operating. o;; is a Pauli
operation o; on atom i.

M [¥)as Operation
lgee)123 alge)as — bleg)as I4 ® o5
legg)123 alge)as + bleg)as Li®lIs
lgeg)123 blge)as + aleg)as O4z ® 05z
lege)123 blge)as — aleg)as 04z @ O5y

4. Teleportation of multipartite

entanglement

We also note that the scheme in Section 3 can di-
rectly be generalized to teleport the multipartite en-

tanglement. In this section, we consider the general-
ization of our scheme.

Suppose that Alice possesses atoms 1, 2, ..., n,
and 2n + 1, and Bob possesses atoms n + 1, ..., 2n.
The atomic state to be teleported is

|p)a =algr...gn) +ble1...€n), (14)

Atoms
..y 2n, 2n 4+ 1 are initially in the state

where a and b are unknown coefficients.
n + 1,
|gn+1---goneant1). To generate the quantum chan-
nel, atoms n + 1, ..., 2n and 2n + 1 are sent into a
cavity. At the same time, they are driven by a classical
field. Thus the state of this subsystem evolves accord-
ing to Eq.(2). For the case where n is even we choose
interaction time t satisfying the condition A\t = m/4
and 2t = 37/4, then the state |gn+1---92n€an+1)e

evolves into

_Imjy

|gn+1 - 92n€ont1)e — ﬁe 8 e_%i|gn+1 e 92n€2n41)

n

sy +1
—e4 (—1) 2 |€n+1 .. '62ng2n+1>} . (15)

For the case where n is odd we choose interaction time ¢ satisfying the condition At = 7/4 and 2t = m, then
the state |gn41 - .- gan€ant1)o evolves into

1 _m E n
|gn+1-- - g2neant1)o — 2 ™ T gnt1 - ganeany1) + et (=) T |enyr .. eangani)] - (16)

Thus the initial state of the whole system composed of atoms (1, 2, ..., n) and the quantum channel is written

as
[V)e = Lo {aefﬂgl o+ Gn€2n+1)|gn+1 - - - G2n)
V2
~aeT (=) F g1 ... gngans1)lent - .- e2n)
+be " Tler .. eneani1)|gnit - Gon)
—be%i(—l)n_;l|€1 e engoni1)|entt .- €2n>}, (17)
11 s
V) = % [ae g1 ... gnont1)|gnti - - - Gon)
+aeT (=1)% g1 ... gngant1)lent1 - - €2n)
+be " Tler ... eneoni1)|gnit - gon)
+beti(—=1)%er ... engons1)lenstt - - €2n>] (18)
Then Alice sends atoms 1, 2, ..., n, and 2n + 1 into a cavity. At the same time, these atoms are driven by a

classical field. The state |1} evolves according to Eq.(2). we choose interaction time ¢ according to the above
assumption. Thus the evolvement of the state [¢)) is written as

1 _Imj _rmi| =y o ntl
[Y)e — 56 4 {ae 4 {e g1 ... gneant1) —e*(=1)7Z |ey -'-€n92n+1>}|9n+1 o 92n)

L] ntl [ my ] ntil
—ae'(—1)"z [e g1 ... gngont1) —ed(—1)2 |€1...€n€2n+1>}|€n+1...€2n>
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. n+41

—l—be_%i |:e_%i|61 . 6n62n+1> — eZ‘(—l) 2 |91 .. -gn92n+1>} |gn+1 .. ggn>

i ntl] _m; T ntl
—beFi(—1)* [e Hle .. engang1) — eTi(—1)" |gl...gn62n+1>}|en+1...62n>}, (19)

[¥)o — % {ae*%i [e*§i|gl c o Gneoangl) FeTi(=1)% e ... 6n92n+1>} |gnt1--- g2n)
taeti(~1)% [e*%wgl e gngani1) +eTi(=1)%]er. .. eneznm} lenti - - - €2n)
+be T [e*%i|€1 . eneongr) + e (=1)7 gy ... gn92n+1>} |gn+1--- g2n)
+beti(—1)% [e_%i|el e enGong1) FeTi(=1)% g .. .gn€2n+1>:| lent1--- €2n>} ) (20)

Eqs.(19) and (20) can be written in another form as follows:

T

1 s, .
[V)e — 56 4 { —i(algny1--.g2n) +blensr .. e20))|91 . gneang1)

n+1

—(=1)"7 (algn+1- .- g2n) + blent1 - eam))le1 . .. engont1)
~(=1)"F (blgn1 - - g2n) + alenst . e20))[g1 - Gng2ns1)
—i(b|gn+1---gon) + alent1 .- ean))ler .. eneanii)|, (21)
Who — 5[~ i(algnsr - -gon) + Vet - c2n)lgr - gnansa)
+(=1)% (algnt1- - gon) + blent1 - e2n))ler .- enganta)
H(=1) 2 (Blgnt1---g20) + alent--e20))|g1 - - gngont1)
=i(blgat1 - gan) + alens - eza))ler - encanin)]. (22)
Then Alice detects the atom 2n + 1 and any of atoms 1, 2, ..., n. If the result is |gi€2,41), O |€;gant1)(i =
1,2,...,n), the state of the atoms n + 1, ..., 2n will become

|6)B = a|gnt1-.-g2n) + blent1 ... e2n). (23)

1
So the teleportation succeeds with probability 3 If the measurement result is |g;gan+1), O |€;€2,41), Bob can
reconstruct the original state by corresponding unitary transformation according to Table 2, the teleportation

also can succeed with probability =. Thus the probability of successful teleportation reaches 1.

Table 2. The results of the teleportation scheme. M denotes the measurement result on atoms i and 2n + 1.

Operation denotes the Bob required operating. o;; is a Pauli operation o; on atom 4.

M |$)B Operation
|giean+1) or |eigont1)(i =1, 2,..., n) algni1...92n) +blent1 ... e2n) In®...Q I
lgigan+1) or leiean+1)(i =1, 2,..., n) blgn+1---92n) + aleny1...ean) Onae®...Q 02,2
5. Conclusions gled Greenberger-HorneZeilinger state.'¥ Like the

schemes in Refs.[9-11], our scheme has eliminated the
We have presented a most simple and efficient effects of the thermal field and the cavity decay, and
scheme for teleporting an unknown two-atom entan- 16 gyccessful probability of teleportation is 1. But

gled state, and generalized the scheme to teleport a ;. scheme is more simple and more feasible to realize

multi-atom entangled state. In our scheme, the quan- experimentally

tum channel is a three-atom or multi-atom entan-
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