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An alternative scheme is presented for teleportation of a two-atom entangled state in cavity quantum electrody-

namics (QED). It is based on the resonant atom—cavity field interaction. In the scheme, only one cavity is involved, and

the number of the atoms needed to be detected is decreased compared with the previous scheme. Since the resonant

atom—cavity field interaction greatly reduces the interaction time, the decoherence effect can be effectively suppressed

during the teleportation process. The experimental feasibility of the scheme is discussed. The scheme can easily be

generalized to the teleportation of N-atom Greeninger-Horne—Zeilinger (GHZ) entangled states. The number of atoms

needed to be detected does not increase as the number of the atoms in the GHZ state increases.
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Quantum teleportation, first suggested by Ben-
nett et al,ll is one of the cornerstones of quantum
computation and quantum communication.2=3 As
described by Bennett et al,[!l teleportation usually in-
volves three particles. Particle 1 to be teleported is
initially prepared in an unknown state, particle 3 to
receive the teleported state is prepared in a maximally
entangled state with another particle 2, then a joint
measurement is performed on the particles 1 and 2,
and the outcome of this measurement is communi-
cated through a classical channel to a receiver, who,
with this information, applies an appropriate rotation
to the particle 3 thus he can reconstruct the initial
state of the particle 1. The important feature of the
quantum teleportation described is the transmission
of information without physical contact, in the con-
text of initial entangled qubits(as a quantum channel)
possessed by the sender and receiver. Experimental
demonstrations of quantum teleportation through the
process of parametric down conversion,!*5! by nuclear
magnetic resonance,® and in trapped ions, "8 have
been reported.

Cavity quantum electrodynamics (QED), with
Rydberg atoms crossing superconducting microwave
cavity, provides one of available systems for gen-
erating entangled states and processing quantum

information.[® In the context of cavity QED, a number
of schemes have been proposed for teleportation of an
unknown atomic state.['=12 Davidovich et al[*% have
proposed a scheme to teleport an unknown atomic
state between two high-Q cavities, which are initially
prepared in an entanglement of zero- and one-photon

Cirac and Parkins !

states. have proposed two
schemes for teleportation of an unknown atomic state
in the microwave and optical regimes, respectively.
The scheme also needs two cavities. Zheng!'?! has
proposed a scheme for teleportation of an unknown
atomic state based on the resonant atom—cavity field
interaction. The scheme requires only one cavity. The
prominent feature of the scheme is that the decoher-
ence effect can be effectively suppressed during the
teleportation process, in respect that the resonant
atom—cavity field interaction greatly reduces the in-
teraction time. Other schemes have been proposed
for teleportation of an unknown atomic state,[l?’_"] a
cavity field state,['3=21 and a cavity field entangled
state.[22-25]

In Ref.[26], the authors have proposed a scheme
for teleportation of an unknown two-atom entangled
state through the driven cavity QED. In the scheme,
the quantum channel must first be prepared in a three-

particle maximally entangled state (composed of two
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atoms to receive the teleported state and an additional
atom), then one of the two atoms in the entangled
state to be teleported and the additional atom are si-
multaneously sent through a cavity, in which the two
atoms couple nonresonantly with the cavity mode and
are driven by a strong classical field. Then the telepor-
tation can be achieved by detecting the states of the
two atoms in the entangled state to be teleported and
the additional atom. The advantage of the scheme is
that the effects of cavity decay and thermal field are
all eliminated, based on the fact that the interaction
Hamiltonian of the system is independent of the num-
ber of photons in the cavity field. The challenge of the
scheme is that the two atoms must be simultaneously
sent through a cavity, and they must be driven by a
strong classical field during the process of their cou-
pling with the cavity mode, otherwise there will be an
error. And we can see that the scheme needs two cav-
ities, one is used to prepare the quantum channel and
the other is used to perform the state-measurement,
which also increases the difficulty of the experimental
implementation of the scheme.

In this paper, we propose an alternative scheme
for teleportation of two-atom entangled state involv-
ing only one cavity, and we only have to detect two
atoms. The scheme is based on the resonant atom-—
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cavity field interaction. It is inspired by the proposal
of step-by-step engineered multiparticle GHZ entan-
gled states,[2728] and the generalization of the scheme
by Zheng.['?l The scheme can be easily generalized to
the teleportation of arbitrary multi-atom GHZ-type
entangled states, in which the number of the atoms
required to be detected does not increase with increas-
ing number of the atoms in the GHZ state.

Figure 1 displays the setup for teleportation of
two-atom entangled state. Atoms A;(j = 1,2,3,4,5)
employed here have a three-level = configuration as
sketched in Fig.2, in which the three states are |e);,
l9);, and [|i),. Atoms 3 and 4 are initially prepared
in an unknown entangled state. Atoms 1, 2, and 5
are produced in Zone B; (i = 1,2,5), respectively by
the excitation of velocity-selected atomic beam effus-
ing from oven O;. Atoms 1 and 2 are the ones to
receive the teleported state, and atom 5 is the ad-
ditional atom. The classical microwave zones Fjy, (or
F/, k =1,2,3,4), which are used to manipulate the

atomic states, are turned to the transitions |g); < [i);,
l9); < 1i);, le); < 1i);, and |e), <> |g),, respectively.
C is an ideal millimetre-wave superconducting cavity.
D (4) and Dj(,) denote the state-selective field ioniza-
tion detectors. Each real line with an arrow denotes

the atomic path.
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Fig.1. Setup for teleportation of two-atom entangled state.
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Fig.2. Three-level atom in the E configuration.

We now consider the resonant interaction of the
employed atoms with a cavity field. The relevant
atomic levels |e);, |g);, and |i), are circular Rydberg
states with principal quantum numbers 51, 50, and
49, respectively. The frequencies of the transitions
le); < lg); and |g); < i), are respectively at 51.1
and 54.3 GHz.
of the cavity mode in a way that only the transition
le); < |g); is affected by the cavity field. The fre-
quency of the transition between the states |g); and

Thus, we can choose the frequency

|i); is highly detuned from the cavity frequency and
thus the state |i); is not affected during the atom-
cavity interaction. We assume that the transition
le); < |g); is coupled resonantly to the cavity mode
with the vacuum Rabi oscillation frequency g. In the
interaction picture, the effective interaction Hamilto-
nian for the atom—cavity system under the dipole and

rotating wave approximation can be written asl?28!

H =ig (a* |g),; (el —ale); al) (1)

where a™ and a are creation and annihilation oper-
ators for the cavity mode. Under domination of the
Hamiltonian (1), the time evolution of the relevant

1

states of the joint atom—cavity field system is given
by

l9), In) = cos (/) |g), In)
—sin(gvar) ), ln—1),  (2)

o) = 1) = cos g/ir) ) I~ 1)
+sin (gvnr) lg); In),  (3)

where |n) denotes the state with n photons in the cav-
ity mode, 7 is the effective interaction time.

Assume that two atoms 3 and 4 are initially pre-
pared in the following entangled state

|1/)>34 =« |€>3 |g>4 + 3 |g>3 |€>4 )
(laf + 187 =1). (4)

And we want to teleport this state to that of another
two atoms 1 and 2. In order to do so, firstly we send
atom 1 in state |e), through a vacuum cavity, thus the
state of the system evolves into

[ (M) ar-c = cos(gm)le); [0)
+sin(gm1) [g), [1) - (5)

If the interaction time between atom 1 and the cavity
™

is chosen to satisfy gm = R the state of the system

becomes

W) a1 = % (lehy 1)+ 19}, 1)), (6)

Then atom 2 in state |g), is sent across microwave
zone Fy, which leads to the transformation/28:29]

1 .
l9)y — ﬁ (112 = 19)2) = =)z, (7)

i)y — % (1) + 19)2) = |+)2 (8)

where two states |—), and |+), are defined as orthog-
onal states. After exiting from the microwave zone
Fy, atom 2 is sent through the cavity, thus the state
of the whole system evolves into

D ar-c = Z5{ 1eh 75 (i, = 19)2) 10) + 19}, (1, )

X [1) = (cos (972) [9)2 [1) — sin (g72) |e)y |0>)]}-

If the interaction time is chosen in the way that gmo = 7 is fulfilled, we have

1

|1/}1>A1—A2—C = E (|e>1 |_>2 |O> + |g>1 |+>2 |1>) (10)
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Then atom 2 traverses the microwave zone Fj,
which leads to the same transformation as I leads to
the transformation, thus

1

7 (le)119)210) +19), 11)5 1)) -

(11)

Afterward, atom 2 traverses the microwave zone Fj,

W]2>A17A270 =

leading to transformation |i), — |e),, thus we have

% (Ie)119)210) + [9)y le)s [1)) ,
(12)

which constitutes the quantum channel for the tele-

‘¢3>A1—A2—c =

portation.

Therefore, the state of the whole system reads

) a1-az-ns-atc = ) a1 no c @ [¥)as = %uen 19),10)
g 1€)s 1)) ® (@ [€)s lg)a + B19)s lea) (13)
which can be rewritten as
Whar az s arc = l(@1e): [9) + Blo)y 92)| #7) + (ale)y lo)s mg ) [0
T (@lg)y le)s + Bleds 1902 |87+ (algdy e)s — Bleds 19)a) |87, (14)

where |U*+) and |$*) are defined as

1
[0%) = —=(Ie)319)410) £ l9)s le), 1)),
) \{5 3 3 4 (15)
|0%) = 7 (le)s19)4 1) £ 1g)5 l€}4 10)) -

Now we have to detect states |¥*) and |&%F).
Firstly, atom 3 is sent through microwave zone Fj,

leading to |e), — |i),, thus we have

|0*) — 7 (I7)319)4 10) £ lg)g le}y 1)) ,
. 1© (16)
|0%) — \/ﬁ(l% 19)411) £ 19)5 1€} 10)) ;
Next it crosses microwave zone Fj, leading to
0y = Z5(y=la)) = by and fi)y —
% (|1)5 +19)3) = |+)3, respectively, thus formulae
(16) become
|v*) — —(|+> 974 10) £ [=)sle}4 1)),
) \{5 4 31674 an
|2%) — \/—(|+> 51904 11) £1=)3le),10));

Then it enters into the cavity, and the evolution of the
system is dominated by the effective Hamiltonian (1).
If the interaction time is chosen to fulfil gr3 = 7, we
have

=) — (|9> 10) £ ledy [1)) [+

5 (92411) % €)1 100) | =)

7%y (18)

el

After exiting from the cavity, atom 3 traverses the mi-

crowave zone Fy, leading to the same transformation

as eads to the transformation, thus one has

F3 leads to th f ion, th h
(l9)410) £ le)y 1)) )5 ,

-7 (l9)411) £ 1€} 410)) )3 -

Then the process for atom 3 is repeated for atom
4, i.e.

_

=) 7

19
o) (19)

le)s—] Ya—l-

iy F lg YaslDa—1+)4

C T4=T3 F/ [+)a— 1045l =)s—19)4

atom4 — F

Then we have

&)

(10) £ 1)) lg)4 |9)3 »
(1) £10)) i)y 19)s -

’_‘%}_l
S

(20)

V2

Now we send atom 5 which is initially in state |g),,

|%) —

through the cavity, and the interaction time is chosen
appropriately so that grs = g is fulfilled. Thus the
state |g)5 |1) just evolves into — [e) |0), but the state
|9)5 |0) does not evolve, so we have

(l9)s F le)s) [9)4 125107 ,

NG (=leds £ 19)5) [1)419)50) -

Then this atom traverses the microwave zone Fy, lead-

| ) - —
\( (21)

| &%)

ing to the transformation
1

7 (I9)5 = le)s) » (22)

|g>5 -
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1 . .
can be done by applying preset microwave pulses to
)5 = 5 ()5 + ley). (23) y applying p owave pulses ¢
the corresponding zones. The detection of atoms in

Therefore, we have

—le)s 19)418)510)

|v=) —
|g>5 |9>4 |Z>3 0)

—leds [1)419)510)
- |9>5 |i>4 |9>3 0)

As we can see, detecting only two of the three

|%) —

atoms (3,4,5) is enough to distinguish between the
states |¥*) and |#*)— atom 5 is required to be de-
tected, but either atom 3 or atom 4 is also required
to be detected. With this detection, we can apply an
appropriate rotation to atoms 1 and 2 to achieve the
teleportation.

The scheme can easily be generalized to the tele-
portation of n-atom entangled state of the GHZ-type

|w>12~~~n = |ZZ T 'i>12...n + ﬁ |.7] T 'j>12...nu
(Z # .]717.] = eag) ) (25)

where o and 8 are unknown coefficients, and |a|® +
|8 |2 =1, on the assumption that the quantum channel
must be first prepared by engineering the entangle-
ment of the cavity mode with n atoms to receive the
teleported state. The number of the atoms required
to be detected does not increase with increasing num-
ber of the atoms in the GHZ state. In other words,
no matter how many atoms are involved in the GHZ
state to be teleported, we only have to detect one of
these atoms and an additional atom for teleporting
this state.

We now give a brief discussion on the experimen-
tal realization of the proposed scheme based on the
microwave cavity QED. Our scheme proposed here re-
quires (1) resonant interaction between the Rydberg
atom and cavity mode, (2) manipulating atomic states
before and after the atom—cavity field interaction, (3)
negligible cavity loss during the whole teleportation
process, (4) no atomic spontaneous decay during the
atom—cavity field interaction, (5) detection of atoms in
required states, and (6) controlled time of interaction
between the atom and cavity mode. We may employ
the microwave cavity and Rydberg atoms used in the
experiments performed by Haroche’s group.”) A pho-
ton in the cavity can have a lifetime of 7, = 1ms,
and the Rydberg atoms with the principal quantum
numbers 49, 50, and 51 have a radiative time of
T, = 3x1072s. The manipulation of the atomic states

required states can be implemented by passing the
atoms through the classical microwave field zones and
field ionization counters. The time of interaction be-
tween each of the atoms and the cavity can be con-
trolled by using a velocity selector and applying Stark
field adjustment in order to make the atom resonant
with the field for the right period of time. The cou-
pling constant of the atoms to the cavity can be set
to be g = 27 x 23.5kHz,[%?8] thus we have 1| = 41 ~
5.4 us, 7o =13 = 14 ~ 21.3 us, and 75 ~ 10.7 us ingour
scheme. (At this time scale, the time needed for the
classical microwave pulses can be neglected.). So the
travelling time for the five atoms during the telepor-
tation process can be assumed to be 7] = 41 ~ 54 us,
7o = 14 = 1) ~ 213 us, and 7 ~ 107 s, the total of
these times being much shorter than 7;. and T;,. Based
on the fact that the two-atom entangled state and
three-particle GHZ state (two atoms and one cavity
mode) have already been experimentally realized by
Haroche’s group,3%:28] the preparation of the entan-
gled state to be teleported and the quantum channel
in the present scheme does not remain a great problem
at all. Therefore, based on the current cavity QED
technique, the present scheme might be achievable.

In summary, we have proposed an alternative
scheme for teleportation of the two-atom entangled
state. The scheme is based on the resonant atom-—
cavity field interaction. In this scheme, the quantum
channel is prepared by means of step-by-step engi-
neered multiparticle GHZ entangled states (composed
of the atoms to receive the teleported state and the
cavity mode). The state-measurement is completed
by first analysing the atoms of the entangled state
to be teleported from the GHZ entangled states (de-
fined as |¥*) and |#T)), then replicating the cavity
field state into an additional atom, and finally detect-
ing the states of the additional atom and one of the
atoms in the entangled state to be teleported. In con-
trast with the previous scheme, the advantage of the
present scheme is that only one cavity is involved and
only two atoms are required to be detected, which can
decrease the difficulty of the practical implementation
of the scheme. In the scheme, the time of interaction
between the cavity and the atoms is greatly reduced
since the atom—cavity field interaction is resonant, and
consequently the decoherence effect can be dominated
by the fast teleportation process.



334 Yang Zhen-Biao Vol. 16

References [15] Zheng S B and Guo G C 2001 Phys. Rev. A 63 044302

[16] Zheng S B 2004 Phys. Rev. A 69 064302
(1] Bennett C H, Brassard G, Crépeau C, Jozsa R, Peres R [17] Zheng S B 2005 Chin. Phys. 14 1825

and Wootters W K 1993 Phys. Rev. Lett. 70 1895
18] M MHY1 Phys. . A 54 4661
[2] Gottesman D and Chuang I L 1993 Nature 402 390 [18] Moussa 996 Phys. Rev. A 54 466

3] Cirac J I, Zoller P, Kimble H J and Mabuchi H 1997 Phys. ~ 119] Zheng 8 B and Guo G C 1997 Phys. Lett. A 236 180

Rev. Lett. 78 3221 [20] Pires G, Avelar A T, Baseia B and de Almeida N G 2005
[4] Bouwmeester D, Pan J W, Mattle K, Eibl M, Weinfurter Phys. Rev. A 71 060301(R)

H and Zeilinger A 1997 Nature 390 575 [21] Dai HY, Chen P X, Liang L M and Li C Z 2004 Acta
[5] Boschi D, Branca S, Martini F D, Hardy L and Popescu Phys. Sin. 53 117 (in Chinese)

S 1998 Phys. Rev. Lett. 80 1121 [22] Tkram M, Zhu S Y and Suhail Zubairy M 2000 Phys. Rev.
[6] Nielsen M A, Knill E and Laflamme R 1998 Nature 396 A 62 022307

52 [23] Pires G, de Almeida N G, Avelar A T and Baseia B 2004

[7] Riebe M, Héaffner H, Roos C F, Hénsel W, Benhelm J,
Lancaster G P T, Korber T W, Becher C, Schmidt-Kaler
F, James D F V and Blatt R 2004 Nature 429 734

[8] Barrett M D, Chiaverini J, Schaetz T, Britton J, Itano W
M, Jost J D, Knill E, Langer C, Leibfried D, Ozeri R and

Phys. Rev. A 70 025803
[24] Cardoso W B, Avelar A T, Baseia B and de Almeida N G
2005 Phys. Rev. A 72045802

[25] Yang Z B 2006 J. Phys. B: At. Mol. Opt. Phys. 39 603

Wineland D J 2004 Nature 429 737 [26] Jin L H, Jin X R and Zhang S 2005 Phys. Rev. A 72
[9] Raimond J M, Brune M and Haroche S 2001 Rev. Mod. 024305

Phys. 73 565 [27] Zheng S B 1999 J. Opt. B: Quantum Semiclass. Opt. 1
[10] Davidovich L, Zagury N, Brune M, Raimond J M and 534

Haroche S 1994 Phys. Rev. A 50 R895 [28] Rauschenbeutel A, Nogues G, Osnaghi S, Bertet P, Brune
[11] Cirac J I and Parkins A S 1994 Phys. Rev. A 50 R4441 M, Raimond J M and Haroche S 2000 Science 288 2024
[12] Zheng S B 1999 Opt. Commun. 167 111 [20] Guo G C and Zheng S B 1996 Phys. Lett. A 223 332
[13] Zheng S B and Guo G C 1997 Phys. Lett. A 232 171 ] )
[14] Almeida N G, Maia L P, Villas-Boas C J and Moussa M [30] Hagley E, Maitre X, Nogues G, Wunderlich C, Brune M,

H Y 1998 Phys. Lett. A 241 213 Raimond J M and Haroche S 1997 Phys. Rev. Lett. 79 1



