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This paper proposes a scheme for implementing the teleportation of an arbitrary unknown two-atom state by using

a cluster state of four identical 2-level atoms as quantum channel in a thermal cavity. The two distinct advantages of

the present scheme are: (i) The discrimination of 16 orthonormal cluster states in the standard teleportation protocol

is transformed into the discrimination of single-atom states.

Consequently, the discrimination difficulty of states is

degraded. (ii) The scheme is insensitive to the cavity field state and the cavity decay for the thermal cavity is only

virtually excited when atoms interact with it. Thus, the scheme is more feasible.
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The nonlocal property of quantum mechanics en-
ables a striking phenomenon called quantum telepor-
tation. In terms of a classical communication chan-
nel and a quantum resource, the teleportation proto-
cols give ways to teleport arbitrary unknown quan-
tum information from a sender to a remote receiver.
Hence, quantum teleportation plays an important role
in quantum information processing. After Bennett et
al's pioneering work(!] presented in 1993, this topic
has already attracted much attention so far.2=36 As
far as all the relevant issues discussed in various lit-
eratures are concerned, they can be simply classified
into three areas: (i) what kind of states are to be tele-
ported; (ii) what kind of quantum channels inhabited
by quantum entanglement are to be used; (iii) how
to implement the physical realization. As a matter of
fact, in the theoretical aspects, people have allowed
for teleporting various quantum states, such as the

(2:3] the qudit states,* the continuous-

[7—9 [10—13]

qubit states,
variable states,[7=9 the discrete-variable states,
etc.' When designing the teleportation protocols,
people have already tried different quantum chan-

nels. For examples, the maximally entangled Bell

states are employed in the original standard teleporta-
tion protocol,l! the non-maximally entangled states in
Ref.[15], the mixed states in Refs.[16-18], the W-class
states in Refs.[19,20], the genuine states in Ref.[21]
and the cluster states in Ref.[22]. As far as the
physical realization, many protocols based on differ-
ent physical systems have been proposed, e.g., the
iron-trap system,[23’24] the nuclear magnetic resonance
system, 28] the atom—cavity system,[27:28] the cavity
quantum electrodynamics (QED) systems,?~36 and

SO Oon.

In 2001, Briegel and Raussendorfl®” introduced
a new sort of entangled state named as the cluster
state. In quantum computation the cluster state has
several advantages (e.g., it is more immune to de-
coherence than GHZ states.[*®!) Hence recently they
have attracted much attention?239=48 and various
schemes for generating them in different physical sys-
tems have been proposed, including those in cavity
QED systems.!**~47 It is worth stressing that, as a
kind of entangled state, cluster states can also be used
as the quantum channel candidate for perfect telepor-

tation in some special conditions. This feature has

*Project supported by the Program for New Century Excellent Talents at the University of China (Grant No NCET-06-0554),
the National Natural Science Foundation of China (Grant Nos 60677001 and 10747146), the Science-Technology Fund of Anhui
Province for Outstanding Youth of China (Grant No 06042087), the Key Fund of the Ministry of Education of China (Grant
No 206063), the Natural Science Foundation of Guangdong Province of China (Grant Nos 06300345 and 7007806), and Natural
Science Foundation of Hubei Province of China (Grant No 2006ABA354).

TCorresponding author. E-mail: zjzhang@ahu.edu.cn

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn



3204 Zhang Wen et al

Vol. 17

already been revealed very recently.[??!

In this paper, we will propose a scheme for im-
plementing the teleportation of an arbitrary unknown
two-atom state by using a cluster state of four iden-
tical 2-level atoms as quantum channel. The present
scheme owns the following two advantages: (1) the
discrimination of 16 orthonormal cluster states in the
standard teleportation protocol is transformed into
the discrimination of single-atom states through con-
trolling atom-—cavity—field interaction. Consequently
the discrimination difficulty is degraded. (2) The
scheme is insensitive to the cavity field state and the
cavity decay for the thermal cavity is only virtually ex-
cited when atoms interact with it. Thus, the scheme
is more feasible. One will see these advantages later.

Before presenting our scheme in detail, let us con-
cisely review the atom-—cavity—field model and work
out in prior some useful formulae within the model
frame. Suppose there are IV identical 2-level atoms.
Those atoms are sent to pass simultaneously through
a single-mode cavity and meanwhile be driven by a
classical field. For such an atom—cavity—field interact-
ing system, in the rotating-wave approximation the

[46—49] (

general Hamiltonian reads h = 1, same here-

after)

N
H = w,S, +weata+ Z

g((ﬁsjf +aSH)

=1
+Q(S+ —iUth_’_S* iwft) (1)
5 (Sje e ,
1 N
where 5; = o > es) (esl = lgs) (ail)s S = les) (i,
j=1

S5 =1g;) (¢jl, lg;) and |e;) denote the ground and ex-
cited states of the jth atom respectively, a® and a are
respectively the creation and annihilation operators
for the cavity mode, x is the atom-—cavity coupling
strength, (2 is the Rabi frequency, w, is the atomic
transition frequency, w, is the cavity frequency, ws is
the frequency of the classical field, and N is the atom
number. Choosing w, = wg, then in the interaction
picture, we get the interaction Hamiltonian

N
K| 4 1 1 _
Hy = Z {Qam + 5e otgt <az,j + 50;' 5% )

Jj=1

. 1 1
id -
te ta) (O.ZJ + iaj - 20-;_) ] }7 (2)

where § is the detuning between the atomic tran-

sition frequency w, and the cavity frequency w,

0ei = () (sl = =) (il o = T (il

(i, %(Igﬁ +leg)), and |+5) =

—(|gj) + lej)). Performing the unitary transforma-

V2

. N
tion | W(t)) = e Hot |4)(t)) with Hy = Y R0, ;, one
j=1

o; =|- [+5) =

can obtain the effective Schrodinger equation!*9!

i[d[¢(2))/dt] = Hil(t)) (3)

with
Yk 1 1

Hr = Z B [el&aJr (O—Z7j + iajelm — 2crj_elm)
j=1

. 1 . 1 '
46l <O’z7j + icrj_e*lm - 20;Felm> ] .4
Further, if £2 > § and {2 > k are assumed, then the
terms oscillating fast can be eliminated and the effec-

tive interaction Hamiltonian is reduced tol4°]

Z(e 0tat 1 %), (5)

H1:2

N

1
where S, = 3 Z (S'j+ +5;7). In this case, the evolu-
j=1

tion operator can be written as46:47]

U/(t) _ efiA(t)SiefiB(t)SxaefiC(t)SIa‘*', (6)

2
where A(t) = Z—(S [t—l— %(eﬂ‘s’5 — 1)], B(t) =
%(eiét —1) and C(t) = —g(e—i& —1). Choosing
an appropriate interaction time 7 such that 7 = 27,
one can obtain B(r) = C(7) = 0. In this case, the

evolution of the system is(4"]

|0) — T (1) | @)
—i0278, —iATS2
— o i07Se Asm|g/>7 (7)

2
K
where A = —. Note that the operator e

—i0278,—iATS2
is independent of the cavity field state and accordingly
it is allowed to be in a thermal state. Using Eq.(7) one
can work out the wavefunction of the IV atoms after
the interaction time 7. We have considered two cases.
To be more specific, in the case that N = 2 and the
coupling strength x and Rabi frequency {2 are appro-
priately chosen such that 27 = 2nm and A7 = 7/2
(i.e., 27 = 2n7w and k7 = 27), we have worked out
the states of the two atoms before and after the inter-

action:

199 — % (lgg) i lee))
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e (lge) —ileg)),

lg€) = —
9e) = 75
leg) — % (leg) — i]g¢)).

(lee) —1ilgg)) - (8)

1 .
lee) — —=e i

V2

We also considered the case of N = 4. The state

transformation of the four atoms is as follows

jaymn) — %e-‘%uxymm il +1)
X+ )m+ Dm0, (9)

where |2}, |y), |m) and |n) denote the atomic state |g)
or le),and |[g+ 1) = |e) and e+ 1) =
Note that the Egs.(8) and (9) will be useful in our
teleportation scheme presented later.

|g) are defined.

Now let us turn to the detailed presentation of our
teleportation scheme. Suppose Alice and Bob are in
two different spaces. They both have six 2-level atoms
in total. Alice has four (named atoms 1, 3, 5 and 6

| T>123456 =

1
2
1
2
+[8

+ o (|ggeg>1245 -
+[8(199€9) 1245 —

(19999) 1234 + 199€€) 1934 + |€€99) 1934 — |e€CE) 1934)

hereafter) while Bob has two (named atoms 2 and 4
hereafter). The atoms 1, 2, 3 and 4 are in a cluster
state, which takes the form of

1
V) 1934 = §(|9999>1234 + |99€€) 1934

+ [€e€gg) 1934 — |e€ee)i9s4)- (10)

This state is the quantum channel linking two places
for teleportation. Incidentally, this state can be pre-
pared via thermal cavity (e.g., see Refs.[44-47]). The
atoms 5 and 6 are in an arbitrary unknown state,
which can be written as

|9) 56
= |gg>56 +0 |ge>56 +y |€g>56 +¢ |ee>56 , (11)

where «, 3, v and ¢ are complex and satisfy |0¢|2
1812 + |y> + [¢|* = 1. In this case, the state of the
6-atom system is

® (a ‘99>56 + 0 |ge>56 + |eg>56 +¢ ‘ee>56)

[ (19999) 1945 + [€€99)1945) + 7 (1999€) 1245 + |€€9€) 1245)] 199) 36
(19999) 1245 + 1€€99) 1945) + € (1999€) 1945 + [€€9€) 1245)] |9€) 36

leeeg)1a45) + 7 (I99€€) 1245 —

leeeg) 1a45) + € (l9g€€) 1945 —

\eeee>1245)] |€9>
leeee)1o45)] [e€) 36 }- (12)

Both Alice and Bob want to teleport this arbitrary state initially in the atoms 5 and 6 to the atoms 2 and 4. To

achieve this goal, Alice first lets the atoms 3 and 6 pass through a single-mode cavity and meanwhile be driven

by a classical field. As explained before, setting 6t = 27 (also, 2t = 2nm and xt = 27), then after the atoms

3 and 6 interact with the cavity and the classical field, in terms of Eq.(8) one knows that the state of the six

atoms is
1 iz .
‘ T/>123456 = 2\& i{[a (|9999>1245 + |6€99>1245) + (|999€>1245 + |€69€>1245)] (|99>36 —1 |€€>36)
+ [6 (|9999>12 5 T ‘6699>1245) +¢ (|ggge>1245 + |eege>1245)] (|g€>36 —1 |69>36)
+ [ (199€9) 1245 — leeeg)1045) + 7 (l99€€) 1045 — lecee)1945)] (l€g) 36 —1lg€)36)
+ (B (|ggeg>1245 ‘€€€9>1245) +¢ (|ggee>124 - |eeee)1245)] (|e€>36 —i ‘99)36)}- (13)

It can be rewritten as

1
——e
2V/2

| 7") 193456 = "5 119999) 1356 (

(a
)24

+1999€) 1356 (—icv|[ge)yy + B199)24) +199€9) 1356 (V199) 24 —
+199¢€€) 1356 (=17 [9€) 24 + C199)94) +19€99) 1356 (r|g€) oy
+19eg€) 1356 (=i 199) oy + Bg€)2s) + 19€€9) 1356 (V19€) 04 —
)1356 (—
Y1356 (1

+[geee) 356

199) 24

—ig |9€>24)

i¢ |96>24)
—i6199)24)
i€ 99) 4

)
17199) 24 + C19€)24) +1€999) 1356 (¢ [€9) 04 + 18 ]€€)5y)

+ legge) 556 (afee) oy + Bleg)yy) + legeg) sse (v 1eg)oy +iC[ee)y,)
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+legee) 556
(—ia |€9>24

(—ivleg)oy

+[eege) 1356
+ leeee) ;356

(iv lee)oy + Cleg)ay) + [€€gg) 1356 (—a
-3 |66>24) + |6eeg>1356 (—y \ee>24
-G \ee>24)].

i3 |69>24)
—1i¢ |eg>24)

|ee>24 -

(14)

After this, Alice then lets the atoms 1, 3, 5 and 6 pass simultaneously through a single-mode cavity and
meanwhile be driven by a classical field. Also setting 0t = 27, 2t = 2nw and A\t = 7/2, then after the second
atom—cavity—field interaction, in terms of Eq.(9) one knows that the state of the six atoms is

| 7") 123456
= 2o '3 [(19999) 1356 + 1lecee)1356) (0 [99) 24 — 18 19€)24) + (1999€) 1356 + 1]€€G)15356) (—iv[ge)oy
+8199)24) + (199€9) 1356 + 11e€g€)1356) (V99) 24 — 1C1g€)04) + (|99€€) 1356 +1l€€99)1556) (—17 g€} 24
+C199)24) + (19€99) 1356 + 1legee) 1356) (0 ]ge)oy —18199)04) + (l9€9€) 1356 + 1legeg) 356) (—ice[99) o4
+B19€)a4) + (l9€€9)1356 +11€99€)1356) (7 |9€) 24 — 1C199)24) + (l9€€€) 1356 +11€999)1356) (=17 [99)24
+Clg€)aq) + (1€999) 1356 + 1lgece) 356) (aleg)yy + 1B le€)yy) + (legge)isss + ilgeeg) s56) (i [ee) gy
+8eg)a4) + (leg€9) 1356 +119€9€)1356) (v [€9)2q +iC |e€)oy) + (legee) 356 +119€99)1356) (17 [€€)24
+Cleg)aq) + (leegg) sz +1l99€€) 1356) (—rlee)yy — i leg)sy) + (leege) ss6 +ilg9€9) 1356) (—ix[eg) oy
—Blee)yy) + (leeeq) 356 +11999€)1356) (=7 1€€)oy —iCeg)oy) + (leeee) 356 +119999)1356) (—iv [€9) 04
—Clee)sy)]- (15)
It can be rewritten as
| ") 193456 = ie_lg [19999) 1356 (¢199) 24 — 1B 19€)2s + 7 |€9) 24 — iC le€)sy)

+1999€) 1356 (—ic[ge)oy + B199) oy — 17 le€)oy + Cleg)ay)

+199€9) 1356 (€g) 2y — iBle€)oy + 7199)24 — iC|g€)24)

+lggee) 356 (—ia]ee)oy + Bleg)ay — 17 |9€)0s + C199)24)

+19€99) 1356 (¢ [9€)24 = 18199)54 — 7 le€)gq +1C leg)sy)

+lgege) 1356 (—1]99) 04 + Blg€)os +iv]€g)sy — Cle€)sy)

+[g€e€g) 1356 (—cr|€€)oy + 1B |eg)ay + v 19€) 0y — iC199)24)

+[geee) 356 (i eg) oy — Blee)sy —17[99)04 + Clg€)0y)

+1€999) 1356 (t|eg) oy + 1B le€)oy +7[99) 24 +iC1g€)24)

+ legge) 1356 (i [e€) oy + Bleg) oy +1719€) 04 + C199)24)

+[egeg) 1356 (199) 04 +18|9€)94 + 7 €g)oy +iC|€€)sy)

+legee) 356 (1 |ge) oy + B199) 2y + 17 le)oy + Cl€g)ay)

+leegg) 1356 (—cv|e€)yy — 1B leg)ay + v 19€) 24 +iC199)24)

+ leege) 1356 (—iarleg)oy — Blee)oy +i7[99) 04 + Clg€)2s)

+leeeg) 356 (v]ge)oy +18199) 04 — 7 le€)oy —iCeg)oy)

+ leeee) 356 (1 [99)2s + B19€)0s — 17 ]€g) 04 — Cle€)sy)]- (16)

The third, Alice performs single-atom state measure-
ments on all the atoms in her site respectively and
informs Bob of her measurement outcomes. From
Eq.(16), one can see that with equal probability (i.e.,

1/16) Alice can get any one of the sixteen possible

results. Without loss of generality, for an example,
suppose Alice’s measurement result is |gggg),s55- In
this case, after Alice’s measurements, the state of
the atoms 2 and 4 collapses into the state «|gg),, —

i6|ge)o,+7|eg) oy —iC |e€)o,. Since Alice has informed
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Bob of her measurement results via classical channel,
based on Alice’s message (4 bits), Bob finally performs
the unitary operations Z and V on the atom 4, where
Z = le)el = lg){gl and V = |e)(e| +ilg)(gl. After
his performance, the arbitrary unknown state initially
in the atoms 5 and 6 is successfully recovered in the
atoms 2 and 4 now. That is,

ZyVa(a |gg>24 —ip \ge>24 + |€9>24 — i |ee>24)
= —i(algg)es + B |g€>24 +7 |€g>24 +¢ |ee>24). (17)

Here the factor —i in the right hand of the above equal-
ity is trivial and unimportant. For another exam-
ple, suppose Alice’s measurement result is |egge); ;-
In this case, after Alice’s measurements, the state of
the atoms 2 and 4 collapses into the state ia |ee)y, +
Bleg)o, +iv]9€)9s + C|99)o,. Based on Alice’s mes-

sage, Bob finally performs the unitary operation X

on the atom 2 and XV on the atom 4 to recover the
unknown state, i.e.,

XoX4Vi(ialee)y, + Bleg)oy + 17 9€)04 + C199)04)
= i(algg)os + 3 |96>24 +7 \eg>24 +¢ |6€>24)a (18)

where X = |e){(g| + |g){e|. Similarly, if Alice gets any
other measurement result and informs Bob of it, based
on Alice’s message Bob then can successfully recon-
struct the unknown state in the atoms 2 and 4 by
performing appropriate unitary operations. Here we
The cor-

respondences between Alice’s measurement outcomes

do not depict them one by one in detail.

and Bob’s unitary operations are summarized in Ta-
ble 1. Incidentally, the unitary operations on a single
atom can be easily implemented by using a classical
field.

Table 1. Alice’s measurement outcomes (AMO) and Bob’s unitary operations (BUO). See text for more

details.
AMO BUO AMO BUO AMO BUO AMO BUO
l9999)1356 Z4Vy lggge) 1356 VaXy lggeg) 1356 XoViZy lggee)1zs6  X2VaXy
lgegg) 1356 Z2X4Vy lgege) 1356 Z3Vy |geeg) 1356 X2Z2X4Vy |geee) 1356 X2Z2Vy
leggg) 1356 XaVy legge) 1356 XoX4Vy legeg)1234 Vi legee) 1356 XaVa
leegg)13s6 X2Z2VyXy leege) 1356 Z3X2Z4Vy leeeg) 1356 ZoVaXy leeee) 1356 Z2Z4Vy

In summary, in this paper we have proposed a
scheme for implementing the teleportation of an arbi-
trary unknown two-atom state by using a cluster state
of four identical 2-level atoms as quantum channel in

thermal cavity. In the present scheme the usual joint
measurement is unnecessary and the scheme is insen-
sitive to the cavity field state and the cavity decay.

References

[1] Bennett C H, Brassard G, Crepeau C, Jozsa R, Peres A
and Wootters W K 1993 Phys. Rev. Lett. 70 1985
[2] Chen P X, Zhu S'Y and Guo G C 2006 Phys. Rev. A 74
032324
[3] Rigolin G 2005 Phys. Rev. A 71 032303
[4] Gour G 2004 Phys. Rev. A 70 042301
[5] Zhang Z J, Liu Y M and Wang D 2007 Phys. Lett. A 372
28
] Hsu L Y 2003 Phys. Lett. A 311 459
] Marian P and Marian T A 2006 Phys. Rev. A 74 042306
[8] Mista L Jr and Filip R 2005 Phys. Rev. A 71 032342
] Adesso G and Illuminati F 2005 Phys. Rev. Lett. 95
150503
| Zhang Z J and Man Z X 2005 Phys. Lett. A 341 55
] Zhang Z J and Man Z X 2005 Phys. Rev. A 71 044301
2] Zhang Z J and Man Z X 2005 Phys. Rev. A 72 022303
| Zhang Z J 2006 Phys. Lett. A 352 55
] Zhou Ping, Li X H, Deng F G and Zhou H Y 2007 Chin.
Phys. 16 2867

[15] Kim H, Cheong Y W and Lee H W 2004 Phys. Rev. A 70
012309

[16] Yeo Y 2006 Phys. Rev. A 74 052305

[17] Ghosh S, Kar G, Roy A, Sarkar D and Sen U 2002 Phys.
Rev. A 66 024301

[18] Bandyopadhyay S and Sanders B C 2006 Phys. Rev. A 74
032310

[19] Agrawal P and Pati A 2006 Phys. Rev. A 74 062320

[20] Zhang Z J and Cheung C Y 2008 J. Phys. B 41 015503

[21] Yeo Y and Chua W K 2006 Phys. Rev. Lett. 96 060502

[22] Wang X W, Shan Y G, Xia L X and Lu M W 2007 Phys.
Lett. A 364 7

[23] Solano E, Cesar C L, Matos Filho R L and Zaguryet N
2001 Eur. Phys. J. D 13 121

[24] Yang W X, Gong X L, Li J H and Jin L X 2004 Phys.
Rev. A 70 033812

[25] Yang W X, Zhan Z M and Li J H 2005 Phys. Rev. A 72
062108

[26] Nielsen M A, Knill E and Laflamme R 1998 Nature 396
52



Zhang Wen et al

Vol. 17

Zheng S B 1999 Opt. Commun. 167 111
Zheng S B and Guo G C 2001 Phys. Rev. A 63 044302
Cirac J I and Parkins A S 1994 Phys. Rev. A 50 4441

Bose S, Knight P L, Plenio M B and Vedral V 1999 Phys.
Rev. Lett. 83 5158

Zheng S B and Guo G C 2000 Phys. Rev. Lett. 85 2392

Davidovich L, Zagury N, Brune M, Raimond J M and
Haroche S 1994 Phys. Rev. A 50 R895

Yang Z B, Wu H Z and Su W J 2007 Chin. Phys. 16 2563
Yang Z B, Wu H Z, Su W J, Zhong Z R and Zheng S B
2007 Chin. Phys. 16 3391

Ye S'Y 2007 Chin. Phys. 16 1678

Zheng X J, Fang M F, Cai J W and Liao X P 2006 Chin.
Phys. 15 2840

Briegel H J and Raussendorf R 2001 Phys. Rev. Lett. 86
910

Diir W and Briegel H J 2004 Phys. Rev. Lett. 92 180403

[39]
[40]
[41]
[42]
[43]

[44]
[45]

[46]
(47)
(48]

[49]

Yang W X, Zhan Z M and Li J H 2006 Chin. Phys. Lett.
23 120

Deng Z J, Feng M and Gao K L 2007 Phys. Rev. A 75
024302

Menicucci N C, Loock P, Gu M, Weedbrook C, Ralph T
C and Nielsen M A 2006 Phys. Rev. Lett. 97 110501
Tame M S, Paternostro M, Kim M S and Vedral V 2005
Phys. Rev. A 72 012319

Scarani V, Acin A, Schenck E and Aspelmeyer M 2005
Phys. Rev. A 71 042325

Zou X B and Mathis W 2005 Phys. Rev. A 71 032308
Zhang X L, Gao K L and Feng M 2006 Phys. Rev. A 74
024303

Ye L and Guo G C 2007 Phys. Lett. A 361 460

Ye L 2007 Eur. Phys. J. D 41 413

Solano E, Agarwal G S and Walther H 2003 Phys. Rev.
Lett. 90 027903

Zheng S B 2002 Phys. Rev. A 66 060303(R)



