Vol 15 No 3, March 2006
1009-1963/2006/15(03)/0492-04

Chinese Physics

© 2006 Chin. Phys. Soc.
and IOP Publishing Ltd

Quantum teleportation by entanglement

swapping with trapped ions’

Zheng Xiao-Juan(¥/Ng)»P), Fang Mao-Fa(J5 [ %&)»1,

Cai Jian-Wu (27 i)*, and Liao Xiang-Ping(Bi}#)>)
a) College of Physics and Information Science, Hunan Normal University, Changsha 410081, China
b) School of Physics Science and Technology, Central South University, Changsha 410081, China

(Received 3 November 2005; revised manuscript received 17 November 2005)

An effective teleportation scheme for an unknown ionic internal state via trapped ions is proposed without joint

Bell-state measurement (BSM). In the constructed quantum channel process, we make use of entanglement swapping

to avoid decrease in entanglement during the distributing of particles. Thus our scheme provides new prospects for

quantum teleportation in a longer distance. The distinct advantage of our scheme is insensitive to the heating of

vibrational mode. Furthermore, our scheme has no any individual optical access, and the successful probability also can

reach 1.
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Quantum entanglement is of fundamental inter-
est in testing quantum mechanics against local hidden
theories,! =% and has many practical applications in
quantum information processing, for example, quan-
tum cryptography,!®! quantum dense coding,®/ and

quantum teleportation.[7_1o]

Quantum teleportation was proposed first by
Bennett et alltl]

Bouwmeester et all'2l and Boschi et al.

and experimentally realized by
13] Tt is a pro-
cess to transmit unknown states to a remote location
via a quantum channel aided by some classical com-
munication. In original contributions, the joint Bell
state measurement (BSM) is a key step in quantum
teleportation. Hitherto, we still cannot discriminate
the Bell states entirely and conclusively.'¥ In addi-
tion, the joint BSM is very complex for realization
experimentally,*® thus it is a bottle-neck. To over-
come the difficulty, Zheng!® proposed a more feasi-
ble teleportation scheme using a resonant optical cav-
ity without BSM and with a successful teleportation
probability of 0.25. But the scheme is subjected to
effects of both the cavity decay and the thermal field.
Then, Ye and Guol® proposed another scheme, also

without BSM, to teleport atomic states, where the ef-

fect of cavity decay has been eliminated and the suc-
cessful probability of teleportation is 0.5. But the ef-
fect of thermal field is still present. The scheme pre-

[16] have eliminated the affec-

sented by Yang and Cao
tions of thermal field and cavity decay, and successful

probability of teleportation is 1.
Although schemes given by Yang, Ye and Zheng

are very successful, the generation of quantum channel
is confined in a cavity QED, in addition after maxi-
mally entangled states are generated, entangled pair
of atoms are directly distributed to Alice(the sender)
and Bob(the acceptor), who should be separated by
large distances. During the distribution process, the
entanglement of the atoms will inevitably decrease.
The longer the distance, the more the decrease. Thus
schemes offered by Yang, Ye and Zheng are proba-
bly applied only in shorter distances. In the paper,
in order to realize teleportation in a longer distance,
we present a feasible scheme of quantum teleporta-
tion by entanglement swapping with trapping ions.
The distinct advantage of the scheme is that we adopt
the trapped-ions system in the constructed quantum
channel, which is insensitive to the heating of vibra-

tional mode. In addition, our scheme has no indi-
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vidual optical access, or even could succeed without
BSM, and the successful probability can reach 1.

We now consider a collection of two identical two-
level ions in a linear trap driven by a different laser
field separately. The choice of a linear trap eliminates
the so-called micromotion of ions on the axis. The
interaction between the ions and the lasers can be de-

scribed as follows:

H=vata+ wo Z S?

+Z

where a™(a) denotes the creation (annihilation) op-

(et —witl y ge), (1)

erator for the centre-of-mass mode of the collective
motion of the two ions (frequency v), wp is the atomic
transition frequency, S7 = 2(le)i(e| — |g)i(g]), S; =
le)i(g|, and S; = |g);(e| are ionic operators and |e);,
and |g); are the excited and ground states of ith ion,
respectively. (2; is the Rabi frequency of the laser
field addressing the ¢th atom, and 7; is Lamb-Dicke
parameter.

For the laser addressing the first ion, we choose a
detuning close to the upper sideband, i.e. w; = w44,
and for the laser addressing the second ion, we choose
the detuning to be the negative of the detuning of the
first laser, i.e. wy = wy —4¢. In addition, we choose the
detuning from the sideband to be so large that the in-
ternal state transition is insensitive to the vibrational
quantum number n.

Rabi frequency {2 can be determined in the

second-order perturbation theory.[718]
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Then the evolution of a two-ion system for different
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initial states can be given by

w|§3

0t
lgg) — cos < >|gg + isin <

Q
QS

0t
lee) — cos < 5 >|ee +1isin

N~~~ ——
o
<

0t
lge) — cos< 5 >|ge ) — isin

2t
leg) —> cos < 5 >|eg> —isin (

Suppose that three users Alice, Bob and Tom are
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spatially separated. Tom is in the middle between Al-
ice and Bob. Alice possesses the ion pair (1, 2), and
Bob possesses the ion 5. The ion pair (3, 4) belongs

to Tom. The ion 1 to be teleported is initially in the

state
[$)1 = cglg)1 + cele)r. (4)
The ion pair (2, 3), and the ion pair (4, 5) have been

previously prepared in the following entangled states

|)23 = al|ge)as + bleg)as, (5)
|$)as = c|ge)as + dleg)as, (6)

where |g); and |e); are the ground and excited states
of the ¢th ion, and ¢4, ce, a,b,c and d are coeflicients
(cq and c, are unknown). To realize the entanglement
swapping, Tom confines the ion pair (3, 4) in a lin-
ear trap, he addresses each ion with a single different
laser. Before entanglement swapping,192%! the state

of the ion pair (2, 5) and ion pair (3, 4) is

|#) 2345 =ac|ge)as|eg)ss + ad|gg)as|ee)ss
+ belee)as|gg)sa + bdleg)as|ge)ss.  (7)

LN, the whole state

22|

After an interaction time t; =

evolves according to Eq.(3) to

|Mm=%mmwmm—mmm>

1

+ ﬁ|ge>34(bd|eg>z5 — iac|ge)as)
1

+ ﬁ|66>34(ad|99>25 + ibclee)as)

1 .
+ %|99>34(bc|66>25 +iad|gg)2s).  (8)
If the initial states of the ion pair(2,3) and the ion
pair(4,5) satisfy the condition: @ = ¢ and b = d, i.e.
the ion pair(2,3) and the ion pair(4,5) are initially in

the same state, the state in Eq.(8) will become
1 .
|9) 5345 :7|€9>34(a2|96>2s - 1b2|€9>25)

>34(b |€9>25 1a2|ge>25)

J”e
+ 7|€€>34ab(|gg>25 + ilee)as)

\flgg>34ab(|€6>zs +1ilgg)2s).  (9)

Next, Tom measures the ion pair(3,4) in the state
|ee)sq, or |gg)sa, the ion pair(2,5) will be in maximally

entangled state:

)25 = —=ab(lgg)as +ilee)ss),  (10)

V2

|)2s = %abﬂee)% +1lgg)2s)- (11)
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The probability for obtaining each state is P = a?(1 —
a?). If the measurement result is |ge)sq, or |eg)sq4, the
ion pair(2,5) will be left the nonmaximally entangled.
Through analysis, the successful probability for ob-
taining maximally entangled states is P = 2a?(1—a?).
For the condition a = ¢, b = d, if there is a small er-
ror ¢ = a + ka and we choose k = 0.1, and a = 0.7,
through calculation, the fidelity of the obtained max-
imally entangled states of the ion pair(2,5) can reach
0.989.191 Therefore, a small error of the coefficients
only slightly affects the fidelity of the result state.

We can assume that, without loss of generality,
the quantum state of the ion pair(2,5) is

|6)as = %ugm% +ilee)s). (12)

Then
(P)125 = %ﬂgg}zs +ilee)as)(cglg)1 + cele)r). (13)

Now Alice confines the ion pair(1,2) in a linear
trap, she addresses each ion with a single different
laser. The state of the ion pair(1,2) evolves according

s
to Eq(3) 2—~, the

2|

total state of the ion 1, ion 2 and ion 5 becomes the

After the interaction time ty =

following

8125 =5 llag)1a(calg)s — ccle)s)
+ i|€6>12(cg|g>5 + CE|6>5)
—i|ge)12(celg)s — cgle)s)

+ leghiz(celg)s + ¢qle)s)]- (14)

Next Alice will detect the ion pair(1,2). If the
result is |ee);s, the state of the ion 5 is |@)s =

¢4l9)s + cele)s, so the teleportation succeeds with a

probability of 7 If the measurement result is |gg)12,

or |ge)12 or |eg)12, Bob can reconstruct the original
state by corresponding unitary transformation; the

teleportation also can succeed with a probability of

1
7 Thus the total probability of successful teleporta-

tion reaches 1.

Here we discuss the experimental feasibility of the
proposed scheme. Because during the interaction be-
tween trapped ions and bichromatic light, the detun-
ing from the sideband is very large, and the thermal
field is eliminated. Thus we only need to consider
the radiative time of ions. For the Rydberg ions with
principal numbers 50 and 51, the radiative time is
T, = 3 x 10725, For the interaction between trapped
ions and the laser field, no particular assumption is re-
quired for the experimental parameters. With a vibra-
tional frequency L:20OkHz, for example, we choose
6 =0.90v,n = 0.1071,- and 2 = 0.10v, then the interac-
tion time is 5 x 10~3 s, which is much shorter than the
atomic radiative time T,, so our scheme is realizable.

Although in the processes of teleporting bipartite
entangled state, Xue et al['% also adopt entanglement
swapping, but their goal is the same as that of Ben-
nett et al['!] i.e. the atom pairs or the atoms which
belong to Alice are required to be in Bell states to
be measured. In addition, to achieve the goal of the
joint BSM, Alice must send two atom-pairs to the cav-
ity separately, thus the total interaction time between
the cavity and the atoms increases. Specially, after
the quantum channels are generated, entangled pair of
atoms are directly distributed. Thus Xue’s scheme can
only be applied in quantum teleportation in a shorter
distance.

There exists still a disadvantage in our scheme.
On the one hand, our scheme must use two classi-
cal channels: one belongs to Alice and Tom, and the
other belongs to Alice and Bob. On the other hand,
if Alice detects the ion pair(1,2) in the state |ge)io
or |eg)12, she must distinguish between the ion 1 and
the ion 2. Fortunately, Riebe et all2!] have solved
this problem, and they have developed a technique
to address any specified target ion using tightly fo-
cused laser beams and to ’hide’ the remaining ions
from the target ion’s fluorescence by changing their
internal states such that they are insensitive to the
fluorescent light. So the scheme is feasible in the cur-

rent technology.
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