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We present a scheme for realizing probabilistic teleportation of an unknown N-atom state via cavity QED. This

scheme requires only a nonmaximally entangled pair to be used as a quantum channel, so the requirement of entanglement

is reduced. In addition, our scheme does not involve the Bell-state measurement and is insensitive to the cavity decay,

which is important from the experimental point of view. If the quantum channel is a two-atom maximally entangled

state, teleportation of an unknown N-atom state can be realized by a simpler scheme via cavity QED.
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1. Introduction

Quantum teleportation, proposed by Bennett et
alM) and experimentally realized by Bouwmeester et
al,?l is the process transmitting unknown quantum
information from a sender to a remote receiver via
a quantum channel with the help of some classical
information and without transmission of the carrier.
In the original teleportation scheme the sender and
the receiver share a bipartite maximally entangled
state serving as a quantum channel, which is stan-
dard teleportation. But in real experiments, the ac-
tual available quantum channels are usually nonmax-
imally entangled states, such as pure nonmaximally
entangled states and mixed entangled states, etc. Us-
ing nonmaximally entangled quantum state as a quan-
tum channel results in probabilistic teleportation.3—5!
Quantum teleportation has paid more and more atten-

(6] and experimentally!”) in re-

tion both theoretically
cent years, due to its promising applications in many
branches of quantum information processing.

We note that the cavity QED system is a qual-
ified candidate for demonstrating quantum informa-
tion processing./®! But the joint-Bell state measure-
ment is very complex for experimental realization, !
and thus has been a troublemaker. In order to avoid

the difficulty, Zheng et all'~'4 have proposed a

scheme for the teleportation of an unknown atomic
state without Bell-state measurement based cavity
QED respectively. Ye and Guo!'!l and Jin et al '
proposed schemes for teleporting a two-atom entan-
gled state without the Bell-state measurement. Wang

[16] suggested implementing teleportation of a

et al
N-atom state via a two-atom entangled state with-
out the Bell-state measurement in cavity QED. These
schemes!'%~16] al] use maximally entangled states as a
quantum channel. Recently, Dong et al'” and Xue
et al['8] have presented a scheme of teleporting an
atomic entangled state with a nonmaximally entan-
gled state as a quantum channel, separately. The

schemes suffer submit to the affection of cavity decay.

In the present paper, we propose an experimen-
tal scheme for teleporting an unknown N-atom state
using a two-atom nonmaximally entangled state with-
out the Bell-state measurement in cavity QED. The
considerable advantage of the scheme is that teleport-
ing an unknown N-atom state only needs a two-atom
nonmaximally entangled state, which greatly reduces
the amount of entanglement and thus needs less classi-
cal bits. In addition, during the passage of the atoms
through the cavity field, the cavity is only virtually
excited and no transfer of quantum information will
happen between the atoms and the cavity, thus the

*Project supported by the National Natural Science Foundation of China (Grant No 10574022), and the Funds of the Natural

Science of Fujian Province, China (Grant No Z0512006).
fCorresponding author. E-mail: xlin@fjnu.edu.cn

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



No. 3

Probabilistic teleportation of an unknown N-atom state using a two-atom nonmaximally ... 625

scheme is insensitive to cavity decay, which is impor-
tant from the experimental point of view. Meanwhile,
our scheme does not involve the Bell-state measure-
ment.

The rest of this paper is organized as follows: in
Section 2 we describe the evolution of atomic states in
two types of cavities involved in our scheme for tele-
portation; Section 3 is devoted to the part for prob-
abilistic teleportation of an unknown N-atom state;
Section 4 gives the conclusion and remarks on the ex-
perimental feasibility of our scheme.

2. Evolution of atomic states in

two types of cavities

First we give the evolution of the atomic states
in a thermal cavity. Considering K identical two-level
atoms simultaneously interacting with a single-mode
cavity field, driven by a classical field. In the strong
driving regime 2{2 > §, g and in the case of § > ¢/2
(£2 is the Rabi frequency of the classical field, g is
the atom-cavity coupling strength and ¢ is the detun-
ing between the atomic transition frequency and the
cavity frequency), there exists no energy exchange be-
tween the atomic system and the cavity. Then in the

interaction picture, the effective interaction Hamilton
(let i = 1) reads!'”]

Hegr = 2(02S, + \S2). (1)

Where A = ¢2/20, Sy = %Zjil (S’;r +55), S;r =
le;)(g;l, and S;7 = [g;)(e ], with |e;) and |g;)(j =
1,2,..., K) being the excited and ground states of the
jth atom respectively. Here we have assumed that the
transition frequency of atoms is equal to the frequency
of classical field. We note that the effective Hamilton

1
V2

is independent of the cavity field state, allowing it to
be in a thermal state. Then the evolution operator of
the system is given by

U(t) = o i Hetet _ e—i2(QSX+)\Sf)t' (2)

Using the representation of the operator S, the
atomic states [g192 ... gx) and |eres ... ex) can be ex-
pressed as |K /2, —K/2) and |K/2, K/2), respectively.
On the other hand, such states can be expanded in
terms of the eigenstates of S,'% as follows:

M=K/2
|K/27_K/2> = Z CM|K/27M>xu
M=—K/2
M=K/2
|K/27K/2> = Z CM(_l)K/2_M|K/27M>x' (3)
M=-K/2

Thus, if the K atoms are initially in the state
lg192 - .. gx), the evolution of the system will be

M=K/2
> Cupe MY 2 ap).
M=—K/2
When K is even, then M is an integer. With the
choice of At = 7w/4 and 2t = nm, the system will
evolve tol')]
| M=K/
— Carle™ ™4 4 /4 (—1)M]|K /2, M)y
ﬁM;( M| (=D)Y]IK/2, M)
——K/2
= e 192 g1
\/5 K
+el™4H(=1)K2ereq .. ep)] (4)

On the other hand, for the case where K is odd, we

choose At = 7/4 and 2t = (2n + 3/4)w. Then the

system will evolve tol'?!

—ei(7/8)”[e_i”/4|glgg e gK) + ei”/4(—1)(1+K)/2|eleg coer)] - (5)

By this way we obtain a multi-atom GHZ state. Similarly, we obtain the following evolutions:

letes . ..ex 1) —

9192 - 9k _1€K) —

[eim/4|ele2 ceCg_1lg) + eiﬂ/4(—1)K/2|9192 k19K

[e™ ™ *|g1g2 ... g _1ex) + =1 K Pleren. . ex_19k)] (6)

1
V2
1 —im i
leres . ..ex 19x) — ﬁ[e /4|6162...6K,19K>+e /4(—1)K/2|glgg...gKfleK)],
1
V2
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with K being even (At = /4, 2t = nx), and
Uu) 1 57/8ymp —in/a im/d (K+1)/2
leres...ex_qex) — 756 e leres . ..ex_qep) +e™ 3 (=1) lg192 - - 9rc—19K)]
u) 1 57/8)n; —in/a im/4 (K+1)/2
lerez ... ex_19K) — 7° [e lerea...ex_19x) +e7 7 (=1) 19192 - g —1€k)] s
U(t 1 i T —im i
9192 -g1crex) =0 VI gigsgie s + DI eren e agil], (D)

with K being odd (At = w/4, 2t = 2nw + 37/4).
Now we describe the evolutions of two identical
two-level atoms in a vacuum cavity. Considering the
two identical atoms 1, 2 simultaneously interacting
with a single-mode vacuum cavity field. In the case of
d > g (6 is the detuning between the atomic tran-
sition frequency and the cavity frequency, g is the
atom-cavity coupling strength), there exists no en-
ergy exchange between the atomic system and the cav-
ity. In the interaction picture, the effective interaction

Hamilton for the system is (let i = 1)[2l

&—A(i?@@ﬂ+ §:5$$>,(&

ij=1,i7]
where \' = g2/§. So the corresponding evolution op-

erator of the system is

e~ 1 Hogt!

Ut =

_exp{_ixt’<z le;) {e;] + 22: Sjsj)].(g)

i=1 i.4=1,i%]

In the interaction time t’, we can obtain the evolution

with different initial states

U(t')
l9192) — |9192) (10a)
Ut') _in¢
lgrea) T8 =N (cos(VH)|gren)
—isin(\'t')|e1g2)), (10b)
U t/ —i 14!
le1g2) I(F) g=in'e (cos(N't')|e1g2)
—isin(Nt')|grez)), (10c)
leres) L8 o2V (g 60 (10d)

3. Process for realizing proba-
bilistic teleportation

In this section, we describe how to implement the
teleportation of an unknown N-atom state via only

one two-atom nonmaximally entangled state without
the Bell-state measurement. Alice has N (N > 1)
atoms numbered 1, 2,..., N in an unknown entangled
state, which is to be teleported to Bob. We suppose
the state is

|6) = algrgz---gn) + Bleres . en), (1)

where a and 3 are unknown coefficients, and |a|? +
|3]? = 1. Alice and Bob share a nonmaximally entan-
gled pair (atom A on Alice’s side, atom B on Bob’s
side) used as a quantum channel

|®) = algaep) + bleagn) , (12)

where |al? + |b|*> = 1. So the whole system is in the
state of

|¥) = (alg1g2-- - gn) + Blerea. .. ey))

® (algaep) +bleagn)) - (13)

Suppose that atoms 1,2,..., N and the two entan-

gled atoms A, B are identical. Alice sends atoms
1,2,...,(N — 1) simultaneously across a single-mode
cavity in a thermal state, and at the same time these
atoms are driven by a classical field. The system
evolution is described by Eq.(2), with the choice of
At =m/4 and 2t = nw (2t = 2n7w + 37/4) when N is

odd (even), the whole state evolves to
1 i .
) = 75“9192 -gy-1)e(algy) +1di(N)Blen))

+ leres . ..en—1)e "N (algy)

—1id1(N)Blen)))(algaes) + bleags)), (14)
where
¢ = —7/4(p = 57/8)
when N is odd (even), ¥1(N) and di(N), which are
functions of N, are defined as

r/4, if N =4k—3,

(V) = 5m/4, it N=d4k—1, a5
78, if N=4k—2,
9r/8, if N =4k,
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1, if N=4k-3,
. 1, if N=4k-1, ”
YT 1 i N4k -2
1, if N =4k,

where k is a natural number. Then a cavity initially
prepared in vacuum state |0) is introduced in Alice’s
location. Alice will let atoms N and A pass through
the cavity simultaneously. The system evolution is

described by Eq.(9), the whole state evolves to

1 i : o —i2At
|0) = —={aae?|g1gs ... gn—19n 9 )les) +18bd1(N)e'Pe ™2 g1go ... gn_1en€a)|gp)

V2

+ aaeiwl(N)|eleg ...eN—19nJa)leg) — 1Bbdy (N)eiwl(N)e_i2’\/t/|eleg ...en—1exex)|gr)

+e el 9195 gn1gien)abeos(N'E)|gg) + Badi (N) sin(V't')|ep)]
+ el N 0TI/ 2 g 00 gn_1enga)absin(N ) |gg) — Badi (N) cos(N't)|eg)]

+ VNIV 0 0o en_1gnen)abcos(Nt)|gg) — Bady (N) sin(Nt')|eg)]

+ N =N o=i7/216 00 en_1enga)absin(VE)|gg) + Bady (N) cos(N't')|eg)]}- (17)

After interaction time \'t’ = arctan|b|/|a|, atoms N
and A fly out of the cavity. Then Alice carries out
local measurements on the singled atoms 1,2,..., N,
and A (in fact, Alice only needs to measure the
atoms N — 1, N,A) with the base {|g), |e)}. If atoms
1,2,..., N, and A are in the state [g1g2 ... gn—19n€)
or |ejes...enN—_1gy€,), the state of atom B will col-
lapse into the following state with the aid of a rota-
tional operation: algg) + Bleg)-

Now Bob introduces N additional atoms initially
prepared in the state |9y, 19y o---9on). Then Bob
has atoms B, N + 1, N + 2,..., and 2N simultane-
ously across a single-mode cavity in a thermal state,
and at the same time these atoms are driven by a
classical field. The system evolution is described by
Eq.(2), with the choice of At = w/4 and 2t = n=«
(2t = 2nm + 37/4) when N is odd (even), the whole
state evolves to

1 i
o) = 7§[|9B>e “(algni19n42 - - Gon)

+iBda(N)len 1en12---€an))

+leg)e M (alen ey s eon)
—iBda(N)|gn 119812 - - - 9an))]; (18)
where ¥9(N) and do(N) are defined as

5r/4, if N =4k -3,

) 7/4, if N=4k—1, "
Or/8, if N —dk—2,

7/8, if N =4k,

if N = 4k—3,

N—dk—1,

(V) = i N = dk—2 (20)

N = 4k.

)

We perform the following unitary transformations re-
spectively, on atoms N + 1 and N + 2:

efiﬂ'/4 0

0 1

R =

The transformation can be achieved by using the Stark
effects in a static electric field.?!) Then we have

1 i —im
| V) = %HQBW 272 (algn 4 19n12 - - Gon—1) — Bda(N)|eny1enia---€an-1))

+ |€B>eiw2(N)(O‘|€N+1€N+2 -..ean—1) = Bd2(N)|gn 119N 42 - - - 92N —1)) -
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Bob carries out local measurements on the singled atom B with the base {|g), |e)} and performs corresponding

unitary transformations on the atoms N 4+ 1, N+2,..., 2N (see Table 1), which can be easily implemented, 22

Table 1. Corresponding unitary transformations on the atoms N+1, N+2,..., 2N according to the results of measurement

on atom B.

Result of measurement on atom B

Corresponding unitary transformations on the atoms N + 1, N +2,..., 2N

‘9B> (IN+1)

[T—da (V)72

Trd2(N)]/2 g 1

UZ(N+1)][ N+2®“.®I2N

leg) (oo (na )| B2 20, () |IH 2 N2 @0 N 0) @ @ 0y

Then we obtain

Algni19Nt2 -+ Gan) T Bleniienia---an),

which is exactly the initial state and indicates the suc-
cess in the teleportation. If atoms 1,2,..., N, and A
are in the states

19192 .- gGN-19nGA), 19192 gN—1€N€A),
letea...en—19nGa), |€1€2...€N_1€N€A),
|9192 . -9N—1€N9A>7 |€1€2 .- 'eN—leNgA>7

the teleportation will fail. The total probability of
the successful teleportation is |a|?[b|%. If |a] = |b] =
1/v/2, i.e. for a quantum channel composed of a two-
atom maximally entangled state, the total probability
equals 1/4. In fact, if the quantum channel is a two-
atom maximally entangled state, we can reconstruct
the original entangled state in another way without in-
troducing a vacuum cavity. The detailed procedure is
given as follows. Firstly, Alice sends atoms 1,2,..., N,
and A simultaneously across a single-mode cavity in a
thermal state, and at the same time these atoms are
driven by a classical field. Secondly, Alice conducts
local measurements on the singled atoms 1,2,..., N,
and A and informs Bob of her measurement results via
a classical communication. Thirdly, according to the
measurement results, Bob performs a corresponding
unitary transformation on the atom B and the state
of atom B will collapse into the state algg) +18|eg);
Fourthly, Bob introduces N additional atoms ini-
tially prepared in the state |gn, 9nio---Gon) and
has atoms B, N +1, N + 2,..., and 2N simultane-
ously across a single-mode cavity in a thermal state,
and at the same time these atoms are driven by a clas-
sical field. Finally, Bob carries out local measurements
on the singled atom B and can reconstruct the orig-
inal atomic entangled state by performing the corre-
sponding unitary transformations on the atoms N +1,
N+2,...,and 2N. In this case, the total probability of
the successful teleportation is 1. Obviously, when the

quantum channel is a two-atom maximally entangled

state, this scheme is much simpler than the former.

4. Discussion and summary

Now we give a brief discussion on the experi-
ment. For the Rydberg atoms with principal quan-
tum numbers being 49, 50 and 51, the radiative time
is about T, = 3 x 1072 s, and the coupling constant is
g = 2w x 24 kHz.[?3] With the choice of § = 10 g,[?*! the
required atom-thermal-cavity-field interaction time is
on the order of T ~ 10~* s and atom-vacuum-cavity-
field interaction time is about T’ ~ 2 x 10~* s. Then
the time required to complete the whole procedure is
much shorter than 7;. The scheme requires N — 1
or N + 1 atoms to be sent simultaneously through a
thermal cavity and two atoms be sent simultaneously
through a vacuum cavity. But in real case, we cannot
achieve simultaneousness to perfection. Calculation
on the error suggests that it only slightly affects the
fidelity of the reconstruct state.[20-24]

In summary, we have proposed a simple scheme
to realize the teleportation of an unknown multi-atom
state via only one two-atom nonmaximally entangled
state in cavity QED. The successful probability of the
teleportation is dependent on the superposition coef-
ficient of the state used as a quantum channel. The
scheme does not involve the Bell-state measurement,
which can largely reduce the experimental steps and
time and thus will increase the fidelity of teleporta-
tion in experiment. Another important feature is that
teleporting a multi-atom state requires only a non-
maximally entangled pair to be used as a quantum
channel, so we reduce the requirement for entangle-
ment. In contrast to the schemes of probabilistic tele-
portation in Ref.[17,18], in our protocol, we introduce
a cavity initially prepared in vacuum state. The cavity
is only virtually excited and no transfer of quantum
information will happen between the cavity and the
atoms during the passage of the atoms through the
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vacuum cavity. Thus our scheme is insensitive to cav-
ity decay and the requirement for the quality factor
of the cavity is greatly loosened, whereas in the pre-
vious scheme,[1718] receiver needs to introduce a vac-
uum cavity with a high-quality factor and the resonant
interaction to happen between the atom and the cav-
ity, thus the schemes submit to the affection of cavity
decay. If the quantum channel is a two-atom max-
imally entangled state, we propose another simpler

scheme for realizing teleportation of an unknown N-
atom state via cavity QED. In contrast to the scheme
in Ref.[16], our protocol can simultaneously send the
additional atoms and atom B to the cavity, whereas
the previous schemel'® cannot do so simultaneously,
so our scheme is simpler and the overall time for the
reconstruction of the original entangled state will be
much shorter.
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