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We show that, beyond teleportation, it is possible to realize the interchange of states between two quantum
systems once their states are simultaneously teleported from one to the other. The experimentally feasible
scheme presented here, employing cavity QED phenomena, can be used to realize this “identity interchange”
process between entangled particles as well, and even to teleport an entanglement from one particle system to
another[S1050-294{@7)50704-9

PACS numbg(s): 03.65.Bz, 32.80-t, 42.50.Dv

Recently, the phenomenon of quantum nonlocality has reriety of striking subjects. The possibility of quantum cryp-
ceived considerable attentiqi) partly due to a variety of tography[6], quantum computel], and teleportation of an
new suggested tests of nonlocality and a number of successnknown quantum stafé] has recently been suggested. By
fully realized experimental proofs, arid) partly due to the teleportation Bennett al. [8] refer to the process by which
extension of its implications. an unknown quantum state”), of a particleA is exactly

(i) Some intriguing proofs of nonlocality have been givenreplicated into another partici far away fromA. The prin-
using[1] or not using[2,3] Bell-type inequalitieg4]. These ciple of teleportation is outlined by combining the possibility
proofs demonstrate the incompatibility of quantum mechaneof entanglement between two separated systems and the pro-
ics with local realism, even considering a single-photon fieldection postulate. Furthermore, dual classical and Einstein-
as predicted by Tan, Walls, and Coll¢tt], or employing Podolsky-RosetEPR) [9] channels are required.
more than two particles as in the Greenberger, Horne, and Let us consider that particle has been given to a sender,
Zeilinger (GHZ) gedanken experiment2]. Similarly to  Alice, who shares an EPR state, the quantum channel, with a
GHZ'’s proof, Hardy[3] has demonstrated nonlocality with- receiver, Bob. This EPR pail\V')gc, consists of the above-
out using inequalities. However, beyond GHZ's proof butmentioned particleB, which has been given to Bob, and a
like in Bell's, Hardy has considered only a two-patrticle statethird particle C, which has also been given to Alice. By
to formulate his proof of nonlocalitior almost all entangled performing a joint measurement of the von Neumann type on
states The construction of sources of polarization-entangledparticlesA andC, Alice couples the particle to be teleported
photon pairs with increasing momentum definition has al-with the EPR state. As a result of this measurement, particle
lowed, simultaneously to the theoretical achievement, thé is automatically projected into a pure state that differs
demonstration of the violation of Bell's inequalities with in- from |¥), just by an irrelevant phase factor or a rotation
creasingly high fringe visibility and particle collection effi- around thex, y, or z axes. Through a classical channel Alice
ciency[5]. communicates the outcome of her measurement to Bob, who

(i) Quantum nonlocality, a key process for understandindinally performs a unitary transformation on his previously
fundamental quantum physics, has been considered in a vantangled particle that brings it to the original state of

Alice’s particle A. Obeying the no-cloning theoreifil0]
Alice’s original state is destroyed in the teleportation pro-
*Electronic address: miled@power.ufscar.br cess. Experimental schemes have been proposed for the veri-
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in C, and C,. Thus, atomsC and D exit their respective
cavities in their ground statég)c and|g)p, while each of
the cavity pairscC,;—C, andC3;—C, is left in the entangled
state

1
|q,(+)>ij:E(|0>i|1>j+|l>i|0>j)’ 1)

wherei,j refer to the field states in cavities 1,2 (3,4), re-
spectively. These nonlocal correlations established on sys-
temsC;+C, andC3+ C, constitute two EPR states that set
up the required quantum channel as soon as atGnad

D are detected iD; andD3, respectively[16].

States to be interchanged\fter the preparation of the
guantum channel, aton#s andB are prepared by the micro-
wave zonesP; andP,, respectively, in the arbitrary super-
positions  [W)a=calg)atcCale)a and [¥)g=Cgs|9)s
+cgle)g. These atoms are thus sent across cavifiegand

FIG. 1. Sketch of the experimental setup for the identity inter-C3: respectively, where Alice has to perform two .jomt mea-
change process. surements on system&+C; and B+Cj. Labeling the

atomic states of bearh (B) by «, whilei,j refer to the field
states in cavities 1,2 (3,4), respectively, the combined
‘atom « + fieldi,j” state, composing the state vector of the
gntlre system W) a| W )g| W) 12 W) 4= V) a1 ¥)p3a, Can be
xpanded as

fication of teleportation which rely on recent advances, both

in microwave and optical regimes of cavity QED phenomena

[11,12. Through these new techniques, coherent atom-fiel

interaction can be made to dominate over dissipative pro
cesses due to cavity losses and atomic spontaneous emission W) = L) , (=)

L @i =3 ai(Cal1);+Col0))) +| W ) i(Cyl1);

In the present work we show that through the principles )iy =2l Jai(Cal 1) T C[0))) +] Jai(Cal 1)

leading to teleportation it is possible to go beyond this pro- —c;|o>j)+|q><+)>ai(ca|o>j+c;|1>j)
cess. We present an experimentally feasible scheme to real-
ize the interchange of unknown states characterizing two D) (€, 0y —cL 1)), 2

guantum systems. The setup is based on the two-cavity tele-
portation experiment proposed by Davidoviethal.[11]. Ba- where we have introduced the Bell operator basis,
sically, nonclassical coherent superpositions of states of the
electromagnetic field are required to set up the quantum .
channel, while Ramsey-type arrangemen3] permit us to W) i =—=(1€)al 0)i £19)al 1)), (33
perform the required joint measurements. Two particles are
consideredA andB, whose statef¥), and|V)g are tele- 1
ported one to the other. This “identity interchange” process |0 i=—=(|€)al1)i £]9) 4| 0):). (3b)
illustrates that, despite the fact that quantum information V2
cannot be cloned, it cannot only be swapped from one sys-
tem to another, as in teleportation, but also be interchanged From Eq.(2) we observe that, by performing two joint
between systems. measurements, on systels C; andB+ C,, Alice induces

A sketch of the “identity interchange” experiment is dis- each of these systems to collapse into one of the Bell opera-
played in Fig. 1. The setup consists of identical two-leveltor states in Eqg3a) and(3b). Thus, each of the cavity fields
atoms, identical initially empty and higQ- cavities, state- in C, andC, is automatically projected into one of the four
selective ionization detectors, and auxiliary microwavesuperpositions of one- and zero-photon field states appearing
fields, whose roles in the experiment are discussed belown Eg. (2), which contain information on the states to be
Atomic Rydberg states with adjacent principal quantuminterchanged between atords and B. These stateq W),
numbers are considered, and the transition from the excitednd|¥)g, have been replicated on caviti€s and C,, re-
to the ground state is tuned to resonance with the cavitgpectively, through known unitary transformations which re-

ﬁl—‘

mode frequency. place the atomic statdg) and |e) into the field state$0)
Quantum channelFirst, two nonlocal field states, each and|1).
occupying simultaneously two caviti¢$5], are required to Joint measurementd he joint measurements on systems

set up the quantum channel. The cavity pays—C, and A+ C, andB+ C; are performed through Ramsey-type ar-
C;—C, are considered for this proposal. Ator@sand D,  rangements, where the atoms are made to cross two sepa-
initially prepared in their excited statés)c and |e)p, are  rated resonant microwave fields with their respective cavities
thus sent across the cavity paitgs—C, and C;—C,, re-  placed between them. As shown in Fig. 1, atohasndB are
spectively, as indicated in Fig. 1. These atoms are made reseent across the arrangementR;—C;—R, and

nant with their respective cavities and undergo, on theR;—C3z;— Ry, respectively. By using the above-mentioned la-
|e)—|g) transition, am/2 pulse inC,; andC5 and ar pulse  bels, first of all, atomx is tuned to have a dispersive inter-
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action with the field in cavityC;. The effect of such an We thus see from the resu#) that state-selective detection
interaction is probed by two separated oscillatory fields apof atoma’ permits us to discern between the phaseand

plied in microwave zoneR; andR; which are sandwiching —, since they correspond to find’ in the stategg),s and
C; . Equivalently to a recently demonstrated Ramsey atomice) ., respectively.
interferometry{ 14], the probability for atomx to undergo an To completely determine the statet C; we finally have

le),—|9). transition exhibits a fringe pattern which is char- to discern between the Bell staté¥) and |®), which is
acteristic of the photon number i6;. Such a transition achieved by sending atom across the initially empty cavity
probability depends on a given setting of the microwaveC,, with k=5,6, depending o= A,B, respectively. Simi-
fields inR; and R;, besides depending on the atom-cavitylarly to the interaction between’ and C;, « is tuned to
interaction. For the present purpose we assume that the minteract resonantly witlC, , undergoing ar pulse and leav-
crowave zoneR; andR; are set so that atomr undergoes ing a photon in this cavity if it initially contains one. So,
exactly aw/2 pulse on thele),—|g), transition in each after the interaction, ator exits cavityC, in the ground
zone. The cavity detuning is also set so that the atom undestate|g),, while the cavity is left in a superposition of the
goes a phase shift per photon exactly equatin this way, one- and zero-photon state. Next, a second reference atom
as obtained in Ref13], the |e),—|g), transfer probability o, initially prepared in the ground stalg) ., is sent across

is unity whenC; is empty and, therefore, zero wh@a con-  cavity Cy, tuned to interact resonantly with this cavity, un-
tains one photon. In a dispersive atom-field interaction thelergoing asz pulse. Through the operations required by this
photon number in the cavity always remains unchanged angecond step in the realization of the joint measurements the
the system a+C; undergoes the transformations: combined staté6) gets transformed into

|e>a|0>iﬂ_|g>a|o>i' |e>a|1>i4)_|e>a|1>i! |g>a|0>l

—|€),|0)i, and|g),|1)i—|9)4/1)i. Through these trans- 1 ,
formationls the “atom-field” Bell states turn out to be 9)ar19) o[ W) aif| O)k= — ﬁ[lg)aulg)a/(callh+ca|0)j)
+ 1 _ + arrea/ Cal_C,O
YO)am- Slo(0Fm). 4 19)crl)ar(CalL ~ alO))

- |e>a”|g>a’(ca|o>j + C;|l>])
- |e>a”|e>a’(ca|o>j
—C11)))119)4|0)i[0) - (7)

complete information on the Bell states describ-

1
(F)y — e Y.
| D)) i ﬁ|e>a(|1>. |0):) (4b)

Once atoma has crossed the Ramsey-type arrangement, summary

Ri—Ci—R;, we proceed to the first step in the realization ofj,, e systemy+ C, is obtained through the measurement
Lhnecéo:gomz?sséfon;:ntthgna??':rt]zz':nceaby I?/Iend'll%gsar(re?é?r- results on atomse’ and «”, with the correspondences
i I . I - ’ " \P(+) e ’ " ’\I,(i) ’ e "

ence atom, initially prepared in the ground stédg,, is |3>|C&)|(g>)§ —a>|Ld|e) >,,|e> ,|’qu|)925’>_>| o 1Garle)
tuned to_interact re:?‘onantly V‘.'imi.’ _qndergoing_ ar pulse It is V\;orth strgssinz that cav.itie€5 and Cgz play two
and I_(rer?vmg the cav(|:ty ﬁmpty |f||t initially contains one pho- important roles in the present schen(ig:The second refer-
ton. The systenkr+C; thus evolves as ence atonA” (B”) permits us to complete the joint measure-

1 1 ment on systemA+C; (B+Cj) by transporting a photon

|9 (|0Y = [1))— —=(|g) £ |€),)|0). (58  away from cayiFst (Cs), whenever there exist; on(sii_)

V2 V2 Moreover, cavitie<Cs andCg leave atomsA andB in their

ground states, preparing them for the final stage of the iden-

After crossing cavityC; atom a’ undergoes ar/2 pulse in ity interchange process through cavitiés andC,, respec-
microwave zoneM;, so that from the evolutiofba) we get  jyely,

the result Identity interchange After the realization of the joint
measurements, caviti€s, and C, are left in superposition

i(|g> = 1e),)|0)— |€)ar]0)i (5b) states which contain information about the original states of
J2 e T e ) 4] O) atomsA and B, respectively. This information is inversely

replicated on atomB andA once they have been prepared in
Therefore, by considering the transformatioidg and (5),  their ground states and have been made to cross cavities
the combined systemd + C;” evolves from the statéd2)  C, andC,, respectively. By tuning atonB andA to reso-
into nance with cavitieC, andC,, after the interactions the in-
formation stored in these cavities is completely transferred to

1 , their respective atoms in the following way:
|g>a’|q’>aij == m“g)a’ |g>a(ca| 1>J + Ca|0>j)

(al1)i+b[0))]g).—(ale)o+blg).) |0, )
F1€)ar[8)al(Cal 1)~ Cal0)) with i referring to cavityC, (C,), a referring to atomB
+19) ar1€) a(Cal0);+ ol 1)) (A), anda,b=*c,,*c,. CavitiesC, andC, are thus left

, in their vacuum state while atorfs andB are left in super-
+]€)arl€)alCal0);—c|1)D1]0)i. (6)  position states which differ fromW)g and |W),, respec-
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tively, by known unitary transformations. Finally, by having  Finally, it is worth accounting for some sensitive points
Alice tell Bob the classical outcomes of her joint measure-in the present experimental scheme, such as the dissipative
ments, Bob has to apply the inverse transformations indepemprocesses due to cavity losses and atomic spontaneous
dently to atomsA and B. These transformations, accom- emission, the dispersion in the atomic velocity, and the
plished through the microwave zonbt, andMj, convert  efficiency of atomic detection. Due to the strong coupling
the states of atomA and B to the original states of atoms between the considered circular Rydberg states and
B and A, respectively, concluding the identity interchange microwave fields, and due to their long radiative
process. decay times, the atom-field interactions are supposed

dentity interchange with entangled statédl of what we  tg dominate the dissipative processes. For @gbupercon-
have described above can be considered for the identity inyycting cavities the cavity damping times, in the 6

terchange process of the most general entangled state t}%l'nge [13], are about three orders of magnitude longer
tween two two-level atomsh andB,

than typical atom-cavity interaction times. For Rydberg
W) ap=C1|€)al€) 5+ Cal€)al0) 5+ C3| ) al€) 5+ Cal ) Al 0. gtoms in circular stated=n—1, atomic excited-state
9 lifetimes are also of the order of 18 s [13]. Current

experiments involving the interaction of circularRydberg
For this proposal, the setup sketched in Fig. 1 needs to bgioms with microwave fields can reach the parameters
complemented by additional apparatuses considered for th@cessary in order for the velocity dispersion not to cause
preparation of such an entangled stft€]. Once the en- the required atom-field entangled states to deviate apprecia-
tangled state in Eq9) has been prepared, atomsandB are  py from the expected one. Such parameters correspond
sent across cavitie§; andCs, respectively, and we follow 4 5 coupling strength between atoms and quantized cavity
the same steps pursued for the identity interchange processgiys aroud 2 x 105 s and atomic velocities around
the case where these atoms are not correlated. After crossiriq)g m/s[12]. As regards the efficiency of atomic detection,
cavitiesC, andC4, and the microwave zondd; andMy, it can pe estimated for an average success of the identity
where appropriate rotations have to be applied on aBms jnerchange process. The dispersion in the atomic velocities

andA, respectively, these atoms will be found in the super-cap ais0 be assimilated to an effective efficiency of detection
position c,|e)g|€)a+ Co|€)g|g)a+ C3|0)s|€)at C4|T)6[T)A [11].
which corresponds to an identity interchange process be-

tween entangled systems. It is easy to verify that we can also | wish to thank G. P. Berman for interesting discussions,
consider the setup in Fig. 1 to realize the teleportation of thék. J. Napolitano, and M. R. Sardella for a critical reading
entangled state in Eq9) from atomsA andB to atomsE of the manuscript, and support from CAPES and CNPq,
andF. Brazil.
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