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Teleporting entanglements of cavity-field states
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We present a scheme to teleport an entanglement of zero- and one-photon states from one cavity to another.
The scheme, which has 100% success probability, relies on two perfect and identical bimodal cavities, a
collection of two kinds of two-level atoms, a three-level atom in a ladder configuration driven by a classical
field, Ramsey zones, and selective atomic-state detectors.
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I. INTRODUCTION In the realm of cavity QED, schemes have been proposed

Since the proposition by Bennett al. [1], the teleporta- for t_eleportation of two-particle entangled stafé$§], mult?-
tion phenomenon has received great attention, and a numbB@rticle entangled atomic statfs, and also entangled field
of protocols have been suggested to implement the process fiates inside higkQ cavities[16]. In Ref. [16] the authors
different contexts, such as for trapped iof&, running Propose a scheme to teleport an entangled state composed of
waves[3-5], and cavity QED[6]. Experimentally, teleporta- two qubits (readily generalized for teleportation of an
tion has been demonstrated for discrete variapfe§] and  N-qubit field statg from a pair of highQ cavities to another
for a single-mode electromagnetic field of continuous vari-pair of highQ cavities. As usual, Ramsey zones and the
ables[10]. The main experimental challenge consists in theStark shift effect are employed. Also, the authors suggest to
so-called Bell-state measurement, performed on the Bell opemploy long-lived Rydberg atoms in circular states with
erator basis for the particle whose state is to be teleportegrincipal quantum number around 50 for the controlled
plus its partner composing the quantum charfdgl In the  atom-field interaction times, in such a way that the whole
experiment of Bowmeestet al. [7], designed to manipulate |osses due to atomic spontaneous emission and dissipation in
only the polarization state of single-photon pulses, only onehigh-Q cavities were neglected.
of the four Bell states is discriminated, resulting in a success Here we propose a scheme to teleport a two-mode en-
rate of 25%. In the experiment of Bosatti al. [8], employ-  tanglement of zero- and one-photon states from one cavity to
ing the entanglement between the spatial and polarizatiognother. Unlike the scheme [16], in which all six highQ
degrees of freedom of a photon, it was possible to distinguis@avities required to perform the teleportation contain a single
the four Bell states, allowing a success rate of 100%. In thenode, our scheme just needs two hiQhidentica) bimodal
experiment of Kimet al. [9], following exactly the original  cavities[17]. Also, our scheme requires a collection of two
protocol by Bennetet al. [1] and taking advantage of non- kinds of two-level atoms, a three-level atom in a ladder con-
linear interactions to accomplish the Bell-state measurefiguration driven by a classical field, Ramsey zones, and se-
ments, a success rate of 100% can also be achieved in prifective atomic-state detectors. The success probability is
ciple for teleporting a polarization state. Teleportation 0f100%. As assumed ifi6], all the losses due to atomic spon-
continuous variables was demonstrated in the experiment @neous emission and dissipation in the cavities are ne-
Furusawaet al. [10], with a fidelity of 0.58+0.02, higher glected. In fact, since the decoherence time is of the same
than the critical 0.5 classical bound attainable in the absencgrder as the lifetimes of the qubits in a higheavity and as
of quantum correlation. Teleportation of an entangled qubithe (spontaneouysatomic decay, the experimental implemen-
with a success rate of 25% was recently repoftel], and  tation of the present scheme should be realized during 4,0
efforts toward 50% success probability are in progifdd$.  a typical time for both decoherence and damping of atomic

Teleportation of entanglements employing linear opticaland cavity qubitg18].
elements, at the expense of decreasing the success probabil-
ity to 50%, has also been studig6,12), and a proposal for Il. CONTROLLED INTERACTIONS

achieving high fidelity in the process of teleportation of en- 14 perform teleportation of zero- and one-photon en-

tangled states in running waves has recently been addressgghgjed states between two higheavities we will need the
[13], with success probability near 100%. Teleportatiand following operators:

decoherenceof entangled coherent states in running waves i
has also been studi¢d4], and a success probability of 50% Hon=7iN(c"a" + 07a), 1)
was found. ,
AN
Hot = ?aTa| eXel, 2
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H.=%x(a'b+ab"). (4) =7\ 2(wy— wy). Next, let us suppose a Stark shift on mode
. . _ b leading to w,=wg+d such that\?/é=m. In this case,
Equation() is the usual Jaynes-Cumming mo@®] and ., J4ea will be shifted by the phase’ =\2t/[(wy— w,) + 5.
describes a resonant interaction of madeepresented by Taking the experimental valugid8] wy-w,= 101 Hz, \
creation and annihilation operatofa,a’) with a two-level ~ _ 10° Hz, and5=10\, then = ¢’ 2108 rada which can be
atom represented by the Pauli operatera is the atom-field safely néglected. ' '
coupling parameter. Equatiof2) stands for the dispersive
atom-field interaction[19] and can be implemented via a

Stark shift; 5=(w—-w,) is the detuning between the field fre- IIl. TELEPORTATION

quencyw and the atomic frequenay,. Equation(3) repre- A. Preparing the state to be teleported in cavity 1

sents the action of the Ramsey zone properly adjusted to ) )
produce eitheR, or R_ [18]. Equation(4) was recently ob- First, a two-level atom 1|e),, interacts resonantly with

tained for both a three-level atom in ladder configuration and"0de @, leaving cavity 1 with one photon. Then, a three-
a two-level atom interacting with two modes of a cavity field [8ve! atom [21] completes the preparation by entangling
[20], x being the coupling between the three- or two-leveImOdesa andb (in this stage there is no further use for the
atom and the field modes. Using the operators defined i{0MS, SO they are thrown away

Eqgs.(1)<(4), it is easy to verify the following evolutions: Uon(1,12)|€)1/0)14/0)16 — [9)1]1)14O)1p, 9
{lg> 1720 £ [9) = £),

&) - \5’72(|e> Slg) =), ©) Uc(1a,1b)|1)15/0) 1 — (C4]1)4]0)p + C5|0)a| Dp) = 110,

(10)
|g>a|o>ﬁ - |g>a|0>ﬁl _ _
Uon(@, B)3 180|005 — —i@)a 1) 5, (6) #1210 = (C1|0)1a10 + Col D1a1p). (11)
19a g — —il€)al0)g, where we have definef); =|1);|0);,[1); =|0%/1);, and in-
corporated the factdrin the constant,.
| + >Dz|1>,8 -~ |_ >u|1>,85
Ugif(. B) |_ >a|1>,3—> - | + >0z|1>,81 7 B. Preparing the nonlocal channel
la,
° |+ >a|o>,3 — |+ >a|0>f3’ The nonlocal channel is composed of cavity 2 and a two-
|—)a|0>,3ﬂ |—>a|0>ﬂ, level atom 2. The same procedure described to prepare the
state to be teleported in cavity 1 is now repeated for cavity 2
{|O>a|1>bﬂ C1]0)4| 1) +iC5 1))y, with the modification|C,|=|C,/=1/y2. Next, the two-level
Uc(a,b) . (8)  atom 2,|e),, crosses a Ramsey zoRe and cavity 2 interacts
S 1al0y — Cl1)4]0)s +i1C0)4[ D @2 Y J

off-resonantly{U¢+(2, 2b) with modeb], as indicated by Eq.
We note that the evolutiond,(a,B8) andUy(a,B) are  (5) and Eq.(7). The result is

obtained by adjusting the interaction timesMs 7/2 and 1 1

N/ o= from Uoy(a,B)=exil-iHot/A] and Uosi(a,p) DONL= =( + )2l 124002 = 1| )2l 0)2a| L) = —=((

=exfd—iHut/%], respectively. The subindex stands for at- V2 V2

oms in the ground and excited statgse), and 8 represents — . —

the modes(g,b) and cavitieg1,2). fese) pree + 220002020 = 11= )2l D2a20) (12)
Here we are assuming that the operatid(i, 1a) leaves The undesirable phagei) can easily be eliminated from

mode b unaffected. Indeed, this is a crucial point, sincethe nonlocal channel by sending an excited two-level atom

relative phases will necessarily appear from atom-field interinteracting off-resonantly with mode (or modeb) with the

actions. Next, let us prove that these phases are irrelevant. Asteraction time adjusted tv’t/ 6=/2. After that, the state

is readily seen from the Hamiltonian model for a two-level describing the whole system composed of atom 2, cavity 1,

atom interacting resonantly with, say, mode and off-  and cavity 2 reads

resonantly with mode, the effective Hamiltonian leads to 1

an energy shift corresponding to mode This shifting is _ — =0 N e

inversel;g);Jroportional tI(D) the dgetunir‘@=(wa—wo) betwgeen W)t = [ONL| ¥ 1210 = \’E{Cl|o>la1b| +)20)2a20 = C1|0) 110

the field frequencyw, of modea and the atom frequenay,

[see Eq(2)]. Thus, if § is large enough compared with the =2l D2azn + Col Darn| +)2/0)2a00 = Col L1apl
atom-field coupling parametar, we can neglect the effect of D 13
the off-resonant interaction. To estimate the additional Y2l D220} 13

phases gained due to the dispersive interaction between one |f we define the states of the Bell basis composed of atom

of the two modegw,, wy) of the cavity and the atomic fre- 2 and modes, b of cavity 1 as
quency of the two-level atom, let us consider the atom-field
interactions such thdiwy=wp> w,) and\t==/2. Thus, the - 1 = Nt 1|

mode a will be shifted by the phasep=\2t/(wy—w,) ¥ V’E(|O>1a1b| 2 [Diannl=)2), (14)
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W1 = — from Eg. (16) that the only prompt result that completes the
|q)_>:T§(|O>lalb|_>2+|1>la1b|+>2)' (15 teleportation process from cavity 1 to cavity 2 is a joint
v measurement resulting in the stie). If the joint measure-
EqQ. (13) can be expanded as ment results iNP*), an atom interacting dispersively with
1 modea (or modeb), as indicated by Eq2), can be adjusted
W), = TE{(C1|O>232b_ Cal 1) a20) | ¥™) + (C1]0) ey (\t/6=m) to repair the phase(Cy|0)zaz~Col1)za20) €Ny
X —(C1]0)2a20+ C5|1)2a20) |5, the atom [e), dropping out.
+ Co|L)a20) [ W) + (C5]0) a0, = Cal 1) 20t | D™ When a joint measurement leads to the stdte), the tele-
_ _ portation process can be completed by sending a three-level
= (C5|0)2a00 + C1|1)2a00) | P 7))} (16)  atom as indicated by E8), with C, equal to zero. On the

other hand, when the joint measurement resultgbif) the
previous procedure must be followed by a two-level atom
C. Bell measurement interacting dispersivelyjcf. Eq. (2) with \%t/8=], which

To complete the teleportation process, we have to perforrfOmpletes the teleportation process.
a joint measurement on the stdfe); involving both atom 2
and cavity 1 as represented by one of the four regwts, IV. CONCLUSIONS
|-y, |[®*), or |®7). To do that, the atom 2 is left to interact
off-resonantly with modé in cavity 1 and then crosség as
indicated by Eq.(2) and Eq.(3). When the staté¥?*) is
found the result is

We have presented a scheme to teleport an entanglement
of zero- and one-photon states from one higleavity to
another. Our scheme is based on the following operations:
control of the interaction times between two-level atoms and
one of the two modes sustained by the two hi@ltavities;

+ 1 = PEN
[W*) — —=(|0)1a10 £ | D 1a10)[€)2- (17) (i) entanglement of the two modes of the higteavities(cf.
V2 Refs.[20,21)); (iii ) use of Stark shifts and Ramsey zones. In
On the other hand, when finding the statg) we have addition, we have computed the relative phase gained by

modea when the interaction between the atom and mbde
takes place. This phase is shown to be irrelevant. Assuming
the time spent in experiments to be less than the typical times
_ o of damping for the qubits employed in this scheme, which
Thus, measuring atom 2 allows one to distinguish bezre of the same order as the decoherence time of these qubits,
tween the stategh®) and|®*). Next, we have to discern the ajlows one to neglect both atomic spontaneous decay and
phase(+). This is done by sending successively two morejpsses in the higl) cavities. Our scheme is able to discern
two-level atoms in the ground statgg),,|g),) resonantly  each one of the four Bell states with 100% success probabil-
with modesa,b. The atom|g),, after interacting resonantly ity. The present scheme is more economical than others in
with modea as indicated by Eq.1), crosseR,, and evolves the literature since it reduces the number of cavities neces-
according to Eq(3). After that, atom|g), enters the cavity, sary to perform the experiment; this diminishes the decoher-
interacting resonantly with mode as indicated by Eq(l)  ence effect caused by unavoidable interactions between the
and crosse®k_, evolving also in accord with Eq:3). The  system and its environment. In addition, it is more advanta-
result is geous than those based on single-mode teleportation when it
1 is desired that the final teleported state be entangled. In this
=(l&)de)p+ |D)alg)y) if  (+), case, just teleporting independentlgnd coherently each
— — |2 cavity mode will require further operations to entangle the
(101215 % | 1) 1210) — 1 two modes, thus implying additional procedures and even-
E(|e>a|g>b+ @& if (-). tual sources of errors.

1 N _
|D*) — E(|O>lalbi |1)1210)|9)2- (18)
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