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Teleportation of atomic states within cavities in thermal states
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A scheme is proposed for the teleportation of atomic states within cavities. The scheme is insensitive to the
cavity field states and cavity decay. The teleportation may be achieved in a simple way. We show how the idea
can be used to generate multiatom entangled states. In order to emtaigias, we requira— 1 cavities and
allow the first cavity to exchange energy with the environment. The athe? cavities are always in the
vacuum state and thus the cavity decay is suppressed.
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In recent years, much attention has been paid to quantufii5]. Entanglement of four trapped ions has also been dem-
entanglement of two particles, which not only provides pow-onstrated 16] using the technique proposed by Mglmer and
erful tools for testing local hidden theory against quantumSgrenseii17]. In the context of cavity QED, many schemes
mechanicq 1], but also resides in the heart of quantum in-have been presented for the generation of multiatom GHZ
formation processing, e.g., teleportation of quantum statetateg18]. A three-particle entangled state has been success-
[2]. Recently, two-particle entangled states have been reaftlly produced in cavity QEL19].
ized in both cavity QED[3] and ion traps[4]. Quantum In this contribution, we propose an alternative scheme for
teleportation has been demonstrated using optical systenige teleportation of atomic states within the framework of
[5] and NMR[6]. A scheme has been proposed to teleportnicrowave cavity QED. A distinct advantage of the present
the internal state of a trapped iG] scheme is that it allows the cavities to be initially in thermal

In the context of microwave cavity QED, several schemestates with a few photons and exchange energies with the
have been proposed for the teleportation of an unknow@nvironment. Furthermore, we do not require additional clas-
atomic statd8]. In these schemes, the cavities act as memosical fields to perform Bell state measurement, which are
ries, which store the information of an atom and then transfepecessary in previous schenj@sl0]. We show that the idea
to another atom after the conditional dynamics. Thus thesgan also be used to generate entangled statesatdms by
schemes require that the cavities be initially cooled to theéisingn—1 cavities. In this case only the first cavity is al-
vacuum states and have a very high-quality factor, which idowed to exchange energy with the environment. However,
experimentally problematic. In the optical regime, Bosethe othern—2 cavities are in vacuum states throughout the
et al. [9] have proposed a novel scheme for teleportation oprocedure and thus the effect of cavity decay is greatly sup-
atomic states via cavity decay. The scheme requires the abipressed.
ity to trap a single three-level atom in a cavity. Again within ~ We first consider two identical two-level atoms simulta-
the framewok of microwave cavity QED, we have proposedneously interacting with a single-mode cavity field. The
an alternative scheme for realizing two-atom entanglemeritiamiltonian for the system is given by
and quantum computation and teleportat{d®]. The dis-
tinct advantage of the proposed scheme is that during the H=Hqo+H,, (1)
operation, the cavity is only virtually excited and thus the
efficient decoherence time of the cavity is greatly prolongedwhere

On the other hand, much interest has been paid to en-
tangled states involving_ 'Fhree or more particles, r_eferred to as Ho=wata+wy S, )
Greenberger-Horne-ZeilingdGHZ) states[11]. With such =12
states, a set of measurements is sufficient for demolishing
local hidden theories, in contrast with the case using two- _ .
particle states where the contradictions with locality are of a Hi :gj;ﬂ (@'s +ag), )
statistical naturd1]. Apart from the fundamental tests of
guantum mechanics, GHZ states are useful in quantum infor- h . _
mation processing, such as cryptographic conference, multVhere S,i=z(le)(el—19;)(g;]). S =le;)(gjl, and §;
particle generalization of superdense codjag], reducing = 9;){€jl, with |e;) and|g;) (j f1,2) being the excited and
communication complexity13], and quantum secret sharing 9round states of thigh atom,a™ anda are the creation and

[14]. Recently, three-photon GHZ states have been observed/hihilation operators for the cavity mode, is the atomic
transition frequencyg is the cavity frequency, angd is the

atom-cavity coupling strength. In the casé=wy—w

*Email address: shzheng@pub5.fz.fj.cn >g\/ﬁ, with n being the mean photon number of the cavity
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and the cavity. The energy-conversing transitions are be- -
tween |e;g,n) and |gye,n). The Rabi frequency for the wherec, andcy are unknown coefficients. Atoms 2 and 3,

transitions between these states, mediated dag,n+ 1) initially in the state e_2)|g3>, are sent through a cavity simul-
. taneously. After an interaction tinte we obtain
and|e,e,n—1), is given by[20]

N (€192n[Hi[9192n+ 1)(g192n+ 1|Hi[g1€;n) |§' (1)) =cog\t)|ey)|gs) —i sin(gt)|gz)|es). (12
B 5

Using Eqgs.(7) and(8), we obtain
n (e19on[Hj|e.e,n—1)(e;e,n—1[H;|g; €,n)

-6 lp(t))=e"M[cog \t)|ez)|gs) —i sin(gt)|g,)|es)].
(13

== @)
g With the choice ofAt= /4, we obtain the maximally en-

Since the two transition paths interfere destructively, thdangled two-atom_state, i.e., the Einstein-Podolsky-Rosen

Rabi frequency is independent of the photon number of thé’air (EPR paiy [21],

cavity mode. Then the effective Hamiltonian is

1 :

H oo E(|ez>|gs>_'|92>|es>): (14
o=

2, (eelaa’ ~lg)gjla’a)

where we have discarded the common phase faetoF*.
+(Sf32_+51_55r)}y () Note that for the initial atomic state,)|gs), the time evo-
lution of the system is independent of the photon number of
where A=g?/ 5. The first and second terms describe thethe cavity field and thus the scheme is insensitive to the
photon-number-dependent Stark shifts, and the third an@avity field state. This is due to the fact that the Rabi fre-
fourth terms describe the dipole coupling between the twdluéncy does not depend on the photon number, and the

atoms induced by the cavity mode. photon-number-dependent Stark shifts of the two atoms have
The time evolution of this system is decided by Schro the same magnitudes but opposite signs. Thus the scheme
inger's equation, allows the cavity field to be in any state with a few photons,
e.g., a thermal state.
d|g(1)) The state for the whole system can be expanded as
=g~ Helu(t)). (6)
1
Perform the unitary transformation |19 = §[|‘I’+>(Ce|es>+cg|93))+ |~ )(celes) —Cglgs))
(D)= (v), ™ +IPT)(Cel0)~ Cole))
+ |(D7>(Ce|g’o’>+cg|e3>)]: (15)
with
where|¥*) and|®*) are the Bell statef22]
Hé:)\j;n (lej)(ejlaa™ —|gj)(gjla"a). €) 1
' V= —(—ile + e,)), (16)
|v=) \/E( ler)[g2)=[g1)]e2))
Then we obtain
dl (1) %)== (lenlen) =ilalgs) )
. A =)=—=(lep)|ey) i .
|T:Hi|¢,(t)>, (9) V2 1/1€2 917192
h Then atoms 1 and 2 are sent through another cavity. After
where an interaction time, we obtain the evolution |&f ~),
Hi=\ 2, (SIS, +8,8;). (10

1o . .

I‘I’*Hﬁe M{(—D)[(cosh ) Fsin(\7)]]e1)|92)]
Assume the atom 1, which is to be teleported, is initially

in a superposition state, =[(coshT)Fsin(A7)]|e1)|g.)}- (18

| 1) =Ccele1)+¢4l91), (11)  Choosing\ 7= 7/4, we obtain
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. —iley)|g2) 1
|w=)— ~lg)les). (19 |93>—>E(|93>+|ea>)—>|¢3>- (24)

Again, the common phase facter'™* is discarded. On the Since for the state$g,)|gs), |g2)|is), and |ey)|is) the

other hand/®~) involve two terms|e;)|e;) and[g:)|d2),  photon-number-dependent Stark shifts of atoms 2 and 3 do
which do not undergo transitions but impart phase shifts durnot compensate for each other, we require the second cavity
ing the interaction. to be in the vacuum state. The interaction time of the atoms

Then the sendefAlice) performs a joint measurement on 2 and 3 with the second cavity is set totbe= /X . Then we
atoms 1 and 2 separately. The outconies)|g,) and  obtain

|g1)|e,) correspond tgW ™) and|W ~), respectively. If Al-
ice obtains outcomge;)|g,), she can tell the receivéBob) 1

that atom 3 has been prepared in the initial state of atom 1. \/§(|91>|gz>|¢3>_i|91>|ez>|¢é>), (25
While Alice obtains|g,)|e,), she tells Bob to perform the
following transformation on atom 3: where
1 0 ) 20 1
0o -1/ N=— —li3)). 26
| p3) \/§(|93> li3)) (26)

In this way Bob can exactly convert atom 3 into a replica of
the original state of atom 1. On the other hand, Alice canno
distinguish|®*) from |® ™). Thus, if she obtains outcome
lei)|e,) or |gi)|g,), the procedure fails. Therefore, the

resent scheme is a probabilistic one with the probability o ; . . ;
guccess being 50%. P P Y and 3 with cavity 2. Assume that the atomic velocity

: : =IN/a, with | being the length of the cavities. Then a static
We now turn to the problem of generating multiatom en-_ ’ . .
tangled states. In order to do so, we use ladder-type thredi€!d should be applied to Stark shift atoms 1 and 2 far off-

level atoms. The highest, middle, and lowest levels are del€Sonant with cavity 1 for a timeza/(4\) during their pas-
noted by |i), |e), and |g), respectively. The transition sage th.roug.h thI.S cavity so 'ghat the effective a_tom—cawty
frequency between the statgs and |i) is highly detuned interaction time is7/(4N). This has been done in recent
from the cavity frequency and thus the stdite is not af- experimentg 19,23.

fected during the atom-cavity interaction. Atoms 1 and 2 are /€ Nnote th?téhe scher\m,wve can be gehnerallzed tlo gedm;rate
simultaneously sent through a cavity 1. The effective Hamil--atom entangled states. We assume that atoms 1 an are

tonian is given by Eq(5). Assume the atoms are initially in pre_pared in the EPR state of H@1) after they cross C_"’?V“y
the statele;)|g,). After an interaction time = /(4\), we 1 simultaneously. Then atom 2 passes throngi? cavities

obtain the maximally entangled state for atoms 1 and 2, seq_uentially. When this *”_“F’F“ enters thih (1< k<n-1)
cavity, the k+1)th atom initially prepared in the state

[Since|¢>3> is orthogonal to ¢3), the state of Eq(25) is a
three-atom maximally entangled state.

In order for the scheme to be valid, the interaction time of
ptoms 1 and 2 with cavity 1 is one-quarter of that of atoms 2

1
JzIevle) TTlanlea)). Y [bis2)= (10 1)+l 1)) (27

Then atoms 2 and 3 pass through another cavity simulta-m s thi vity simultan v, Finallv theatoms ar
neously. Assuming this cavity is initially in the vacuum State’ereeasred isn iﬁe gtaste ultaneously. aty, atoms are
the effective Hamiltonian reduces to prep

1
He=\ j;m e (e +(S5S5+S,S9)|. (22 F[Iel>lgz>(lga>+li3>)~ - (lgn) +in))
Assume that atom 3, before entering cavity 2, is prepared in —ilgn)lex)(l9z) = liz)- - - (|gn) —[in))].  (28)

the state .
In summary, we have proposed a very simple scheme to

1 realize quantum teleportation of atomic states with dispersive
|ba)=——=(|ga) +is)). (23  cavity QED. In contrast to previous schemf10], the

J2 present one is a probabilistic one with the probability of

success being 50%. However, it has the following advan-

In order to obtain such a state, we first let atom 3, initially intages. First, it allows the cavities to exchange energy with
the statelgs), cross two classical fields tuned to the transi-the environment. Thus the scheme is insensitive to both the
tions|g)—|e) and|e)—|i), respectively. Choose the ampli- cavity decay and the existence of thermal photons. Second,
tudes and phases of the classical fields appropriately so thtte required procedure is somewhat simplified. In order to
this atom undergoes the transition perform joint measurement on atoms 1 and 2, previous
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schemes require additional classical fields, which are unneenent. However, the othen—2 cavities are always in
essary in the present scheme. The reduction of the number oicuum states and thus the cavity decay is suppressed in the
operations should decrease the experimental errors. procedure.

As an intermediate step, the scheme also provides a new
way of generating atomic EPR pairs with a cavity, which ~ This work was supported by the National Natural Science
may exchange energy with the environment. The idea cafoundation of China under Grant No. 60008003, Science
also be used to generate multiatom entangled states. In ordBesearch Foundation of Education Committee of Fujian
to entanglen atoms, we should use—1 cavities and only Province under Grant No. K20004, and Funds from Fuzhou
allow the first cavity to exchange energy with the environ-University.
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