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We present an alternative and experimentally feasible scheme to realize the teleportation of a cavity mode in
a coherent superposition of zero-, one-, and two-photon field states. Particular nonmaximally entangled states
of two-level atoms and particular cavity modes are employed and their preparation is discussed. A Ramsey-
type arrangement, together with pointer atoms, is required to prepare the atomic entangled states as well as to
read out the cavity system. Basically, the pointer atoms induce the state-vector collapse of the field in the
cavity system and indicate, through their detection, the measurement [840160-2947®6)05412-]

PACS numbgs): 03.65.Bz, 32.80-t, 42.50.Dv

I. INTRODUCTION have presented a scheme to realize teleportation by employ-
ing a technique to prepare two or more atoms in certain
The phenomenon of quantum nonlocality obserje®  entangled statdd 3], which is based on the interaction of the
in experiments on Einstein-Podolsky-Ro$&PR) [3] states, atoms with a cavity mode. Such a scheme can also be used
through the violation of the Bell’'s inequalitidd], has been for the teleportation of a cavity mode in a superposition of

. ; : - ; he zero- and one-photon Fock states besides a two-level
congdered to investigate the possibility qfavquety of recenf’;\tomic state. In both cas¢9,12], circular Rydberg atoms
striking predictions in quantum mechanics. Different quan

hi I d “and field ionization detectors are considered.
tum cryptographic protocol$5] and quantum computers — gennettet al. have also addressed the question of the tele-

models[6] have been suggested and Benmetal. [7] have  portation of a system havinly>2 orthogonal states. As a
outlined a scheme for quantum-state teleportation that hageneralization of their scheme outlined far=2, the EPR

been discussed by several authors. spin pair in the singlet state is replaced by a paiNe$tate
By teleportation Bennett al. mean that, via dual classi- particles in a completely entangled state. By writing this
cal and quantum channels, an unknown stdtg, of a par-  state asEj|j>®<j|/\/N, wherej=0,1,... N—1 labels the

ticle 1 is exactly replicated into the state of a particle 3 farN elements of an orthonormal basis for each of khetate
away from 1. To do so, particle 1 is given to a sender, Alice Systems, the process of teleportation turns out to be exactly
who shares a maximally entangles state concerning particldg€ Same as explained above. The result of Alice’s joint mea-
2 and 3,|¥),,, with a receiver, Bob. By performing a joint surement on particles 1 and 2 is now described by the eigen-
measurement of the von Neumann type on her two particle?,tates

1 and 2, Alice is able to automatically project Bob's particle - 27ijn/N|; ;

3 into a pure state that differs frof), just by an irrelevant ¥ om 2 ¢ el +mmod)/IN. - @
phase factor or a rotation around tkey, or z axes. Infor- The outcomenm is communicated by classical means to
mation on Alice’s measurement, transmitted to Bob througHBob, who performs, on his previously entangled particle, the
the classical channel, allows him to apply the appropriatd!nitary transformation

rotation on particle 3, if necessary, converting it into a rep- _ 2arikn/N

. : - . . ) = +

lica of particle 1. The original particle-1 state is destroyed in Unm zk: © [k)@((k+m)modN], @
the process, obeying the no-cloning theorgh which converts Bob's particle 3 to the original state of

Schemes employing cavity QED phenomena to realize th@lice’s particle 1.
teleportation of quantum superpositions with two orthogonal |n this paper we propose an alternative and more realistic
states, following the ideas of Bennettal, have been pro- scheme to realize the teleportation of a cavity mode in a
posed. Davidovictet al. [9] have presented an experimen- coherent superposition of zero-, one-, and two-photon field
tally feasible scheme for the teleportation of an unknownstates,
two-level atomic state between two highcavities contain- | ) =co|0)+Cy| 1) +Cpl2). 3
ing a nonlocal microwave field. Recently developed method? lace of a pair of three-state particles as required in the
to build and measure nonclassical coherent superpositions orilrf) B b @t al. th R[ h | tqk |
states of the electromagnetic fidli0,11] (Schralinger cat scheme of bennett al, the quantum channel takes place

states have been used n RelS. Ciac and Parkinlz]  (0Ud" two pair of tworlevel atoms prepared n the non-

k |W)2j—12=v2j-1]€)2)-1]9)2j T ¥2il9)2j-1l€)2;,  (=1.2.
Electronic address: miled@cromwell.physics.uiuc.edu (4)
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FIG. 1. Sketch of the experimental setup for teleportation of a cavity mode.

The atom-field interaction is described using the resonant Pointer atoms are considered in the present scheme to
Jaynes-Cummings Hamiltonida4]. prepare the required superposition states. In addition, as their
Similarly to the result irf 7], it is shown that the first pair main role in the teleportation process, the pointer atoms in-
of two-level atoms described i), j=1, is able to teleport duce the state-vector collapse of the field in the cavity sys-
the superposition of the first two Fock states in the cavitytem and simultaneously indicate the measurement result. A
mode (3) (with their respective probability amplitudes Ramsey-type arrangement is also required for the preparation
Col0)+¢4|1)). However, the teleportation of the whole cav- ©f the atomic entangled state.
ity mode (3) will only be accomplished through the subse- A Sketch of the experimental setup for the present alter-
quent pair of two-level atomd,=2, which is able to com- native scheme for telep_ortanon is d|s_p_layed in Fig. 1. The
plete the superposition with the remained two-photon fiel itUp chontams three microwave cavities ﬁ" andeC”..
state(and its respective probability amplitudg|2)). In this | roudg b a Rams;:y-type_l_ arrangement, where ca d 2’5
way, the whole cavity mode is supposed to be teleporte aced between tde auxihary mlcr:]rowave zo_rmlsl?n 21 led
from one to another cavity, step by step, each one accom-eter 'S supposed to prepare the nonmaximally entangle

lished b ir of two-level at : el . States of two-level atomsj2-1 and 3 (solid-line trajecto-
pliShed by a pair of two-level atoms in a particutar nonmax&ries). Pointer atomgdashed-line trajectorigsire required to
mally entangled state.

) . . ) prepare both the entangled states of two-level atoms and, in
‘Differently from the procedure outlined {iv], where, in ¢ "o cavity mode to be teleported. Additional microwaves
principle, the teleportation process is achieved with probabll—zonesR3 andR, have to be considered for the preparation of
ity 1, this alternative scheme presents a probability less thaghe atomic entangled states. Once atomis 2 and 3 have
1 associated to each of the above-mentioned steps. So e%fbcessively crossed caviti€s andC,, (to where the cavity
step must be repeatedly performed until the desired result hggode inC, is supposed to be teleporfegointer atoms are
been achieved. Another difference, the complete measurgiso required, together with microwave zoresandR, to
ment of von Neumann type required in the scheme of Benread the field in the cavity system, inducing its state-vector
nettet al.to couple the system whose state is to be teleportedollapse and indicating the measurement result. All the
with the system constituting the quantum channel, is heratomic beams are made of identical two-level atoms that are
substituted by the two steps of the above-mentioned atoneounted by state-selective field ionization detectorsD’,
cavity interactions. andD". For the experimental proposal we must consider, as

Concerning the classical channel, in the present schemenwill be discussed further, atomic Rydberg states with adja-
has to be extended to the experimenter who is supposed t@nt principal quantum numbers.
prepare the nonmaximally entangled states of two-level at- In Sec. Il we describe the two steps necessary for the
oms. It will be shown that Alice, Bob, and the preparerteleportation process of a cavity mo@®. The rules of the
(henceforth “Peter’ previously have to decide about the dual classical and quantum channel are discussed in Sec. llI
relation between the coefficients,; ; and y,; of the en- and the preparation of the entangled states of two-level at-
tangled states of two-level atoms to be considered. oms and of the cavity mode to be teleported is presented in
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Sec. IV. In Sec. V we discuss the teleportation of a cavity —iAH T = A Ny Y | D

; o ; e e W) 12 @) Py
mode in a coherent superposition with more than three Fock
states. We conclude in Sec. VI by discussing the experimen-

2
tal feasibility of this alternative teleportation process with = cl—ilg)i[yisin(¥n+1Q7;)|n+1),|0),
present techniques. n=0

+72005(\/5971)|n>||1>u]

Il. SCHEME +|€)4[ yrcod yn+1Q7,)[n),|0),
A. Step 1 — y,sin(ynQ 7)) |n—1) 1)1} a)2, 8

As a first step of the present scheme for teleportation of a

cavity mode, a pair of two-level atoms in a nonmaximally wnere 7, stands for the interaction time of atom 1 with cav-
entangled state is required. To prepare such an entanglgg c,. As shown in Fig. 1, after the atom-field interactions,
state, as described ), atom -1, initially prepared in  the detections of atomsj2 1 and J are performed by state-
the state{y/),;_;, is send across a cavitg, initially in the  gelective field ionization detectoB3,;_; andDy;, respec-
vacuum state. Subsequently, atory Hitially prepared in ey [9]. From (8) we see that atom 2 is left in the ground
the statd ), , is sent across the same cavity, as representeg{ate, while atom 1 is left in a superposition of the ground
schematically in Fig. 1. The definition of the stale®,;-1  and excited states. It does not matter, for the following argu-
and|y),;, as well as the detailed preparation of the requiredment, in which state atom 1 is detected. However, for sim-
entangled state, will be discussed further, after informatiorbncity, let us consider that atom 1 has been detected in the

about the relation betweeyy,; _, andy,; has been obtained. ground state, so the pure field state of the cavity systems now
Once atoms 1 and 2j€1) have been prepared in the (gads

entangled state

2
|W)1o=v1l€)119)2+ v2l9)1]€)2, 5 |¢’>I,II=NE cal y1Sin(yVn+1Q7;)|n+1),|0),
n=0
atom 1 is sent across caviBy, initially prepared in the state +y,c08\VnQry)[n) [ 1),], 9

|®),, which is supposed to be teleported to a cavy,
initially in the vacuum stat¢0), . By sending atom 2 across \,ih the normalization
C, we set up the nonlocal quantum channel required for the

teleportation process. 2
Let us suppose that, has been prepared in the superpo- N= 2 Cal 2| va| 2sirk( MQQ)
sition of zero-, one-, and two-photon field states in &). It n=o | "

will be later explained how to prepare this cavity mode. —12
Thus, before the atom-field interactions, the complete state ] y,|2c0( \/ﬁQ )
vector of the system composed by atoms 1 and 2 plus cavi- Y2 n '
tiesC, andC,, reads

(W) 12 Pl DYy = (v1]€)1]9)a+ v2l9)ile)2) B. Teleportation of the cavity modecy|0)+c4|1)

X (Col0)1+€1|1)1+C2[2)))[0)y . (6) In view of Eq. (9), let us consider for a while that the
cavity mode to be teleported frof, to C,, presents just the

The interactions between atoms 1 and 2 and their respeJ::—ock S_t‘?lte§'0>' and|1);, |P); =Col0)+¢4|1),, instead of
tive cavities are described by the resonant .Jaynes-Cumming%e original one added by the Fock sta®;. So Eq.(9)
Hamiltonian in the interaction picture urns out to be

A | D) 1 =N"{¥2C0|0)| 1)+ |L)[ y1SIN(Q 71)Co|O)yy
H=1Q(c,a+0-a"), @) + 7,608 Q71)Cq[1)]

where the vacuum Rabi frequendy determines the cou- +y1sin(2Q 7y)ea|25 |0} (10

pling strength between atoms and quantized cavity fields.

a' anda denote, respectively, the creation and annihilation' "erefore, from Eq(10) we observe that, to achieve the

operators for the cavity mode, while the atomic operatordeleportation of the statgh); from C, to C;, we have to
&, andG_ describe the transitions of the two-level system,Considery,=y,=1/2 andr,=(m+1/4)n/Q (with m an

In order to adjust the atom-field interaction times to ourinteged. In this way, by factorizing the quantity
convenience, we consider that the atomic velocities havein (m+1/4)w]/\2 in Eq.(10), cavity Cy is left in the state
been selected by means of a velocity-selective chopping®)/ as soon as cavityC, has been detected in
[13,12. By considering the interaction time of atom 2 with the one-photon field state. The normalization constant
cavity C, given byr,= m/2Q), after the interaction the whole now  reads N’ ={1+sird(m+1/4)m]—|c;|?cos[(m+1/
system in Eq(6) will be left in the entangled state 4)\/§7r]}‘1’2 and the probability to achieve the teleportation
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is given by |N'|*sif[(m+1/4)7]/2. By considering  [e)P|®)/,—A"{co|g)P|0) 1),

7,=177/4(), i.e.,m=4, the probability for the accomplish- .

ment of the teleportation process is maximized, around 0.5. +sin(m+1/4) w][€)P|1),(Co|0)y +C1[1)y)
To induce the collapse of the entangled stélt6) and .

simultaneously indicate the measurement result, we have to +sinl(m+1/4)2m]e,|g)?[2),|0)}. (12

send a pointer atom, initially prepared in the excited state

|e)P (the superscripp labeling the pointer atoacross the ) ) _ )

Ramsey-type arrangemeRs—C,—Rg (see Fig. 1 First, So the detectlon-of thg pointer atom in the gxmted ;tate

the pointer atom is tuned to have a dispersive interactiof€)’ causes the fields i€, and C; to collapse into their

with the field inC, [15]. The effect of such an interaction is eigenstate§l ), andc|0),+c,|1),, successfully completing

probed by two separated oscillatory fields applied in microthe teleportation process. The probability for this occurrence

wave zoneRs andRg, which are sandwiching,. Equiva-  remains|\”|*sinf{(m+1/4)w]/2 (~0.5 whenm=4). As in-

lently to a recently demonstrated Ramsey atomic interferomdicated in Fig. 1, the detection of the pointer atom is

etry [16], the probability for the pointer atom to undergo an achieved with the help of the state-selective ionization detec-

|e)P—|g)P transition exhibits a fringe pattern that is charac-tor D'. It is worth noting that, in the present scheme, only

teristic of the photon number i6,. Such a transition prob- the teleportation of a cavity mode with two orthogonal states

ability depends on a given setting of the microwave fields inrequires a maximally entangled statg, & v,) as the quan-

Rs and Rg, in addition to depending on the atom-cavity in- tum channel.

teraction. For the present purpose we assume that the micro-

wave zoneRR; and Rg are set so that the pointer atom un-

dergoes exactly ar/2 pulse, on thee)P—|g)P transition, in C. Step 2

each zone. The cavity detuning is also set so that th? atom Returning to the teleportation process of the original cav-

undergoes a phase shift per photon exactly equaltm this . \a4e | @), , as the second step another pair of two-level

way, as obtained in Retll], the 'system composed by 'ghe atoms, 3 and 4, must be prepared, as will be shown later, in

pointer atom plus a cavity containing photons ends up in ., nonmaximally entangled state

the superposition state
| ppointer atom+ fieldy _ 1 [ (g-=inT_ 1| g)P |W)a4= 73|€)al0)at valQ)sl€)s. (13

final
—(eT"+1)|g)fln). (1D .
After the preparation of the staf@3), atoms 3 and 4 travel

After crossing the Ramsey-type arrangement, the probabilitacrossC, and C,,, respectively, exactly as in the first step.
for detecting the pointer atom iig)P (|e)P) is thus zero for ~ Since the fields irC, andC,, have been left in the entangled
n odd (even and the whole system evolves to the final statestate(9), after the interactions we obtain

2
e_i/ﬁH?’T3e_”hH“T“|‘I’>34|‘I)>|,|| :ano Cn{ —119)3|9)al Y1¥3sin(Vn+1Q 7y)sin(yn+2Q 73)[n+2)|0),,

+ y1¥aSiN(Vn+1Q 7y)cog Vn+ 1Q 75)[n+ 1) 1),

+ y2¥asiN(\2m/2) cog VnQ 7;) cog VnQ 73) [ n),|2) ]
—|)sle)al y2vsc0g VNQ 7y)sin(Vn+1Q 73)n+1),|0),

+ v 7408 \27/2) cog VnQ ;) cog VnQ 7)) [ 1)]
+|€)3]g)al y175sin(Vn+1Q ;) cog Vn+2Q 73) [n+1),|0),
— y1¥aSin(Vn+1Q 7y)sin(Vn+1Q 75)[n),| 1)

— y2¥asiN(\2m/2)cog VnQ 71)sin(VnQ 73)[n— 1), 2),]
—ile)s|e)al y27scog VnQ 7y)cog \n+ 1Q 75)[n)| O),

+ y274c08 2 /2)cod VnQ 1) sin(ynQ 73) [n— 1) | 1)y ]} (14)
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Similarly to the interaction of atom 2 with cavi@,, in the 2

first step, the atom-field interaction time of atom 4 with cav- A”=1{ >, |c,|2[|y1ys|?SiP(\Vn+1Q7))siA(Vn+2Q 73)
ity C,, has been assumed to bg= 7/2(). Now two condi- n=0

tions have to be satisfied for the accomplishment of the tele- +| 1 yal2sin( Jn+10 7,)co( Jn+10 73)
portation process of the cavity mo¢i&), from C, to C,.

(i) By explicitly writing the sum in Eq(14) we observe + | y2y4l2sirP(V27/2) cof(VnQ )
that only when atom 4 is left in the ground stagg,, no _12
matter which state atom 3 is i, presents a linear combi-
nation of the elementsg|0);, ¢4|1),, andc,|2),, which xco$(VnQs)] '

compose the state of the origin@| cavity mode. Since the . o
Jaynes-Cummings Hamiltonian conserves the excitation (i) From Eq.(15 we conclude that the coefficients ap-
number, by detecting atoms 3 and 4 in their ground state®€aring in the nonmaximally entangled states of two-level
|g)3 and|g),, Cy is left in the two-photon field state, and by atomt$ |r; Eqs(St) ar;q (1?1’ namell)_/f 71,72 and ¥z, 7, re-
detecting them successively in the excited and ground state§?ec ively, must satisfy the equality

le)s and|g),, Cy is left in the one-photon field state. Sup- ,, yasin(n+1Q 7;)sin(Yn+ 20 73) | oo
posing that both atoms have been detected in the ground

state, we obtain the pure field state of the cavity system as = y1y4SiN(\Vn+1Q 71)cog Vn+1Q 73)| =1
, = Y2748iN(y2m/2)cod nQ 71)cog VnQ 73) o=
| DY =AY ol y1ysSin(Vn+1Q7;) The values ofn (=0,1,2 correspond to findingC, in the
n=0 two-photon field state as mentioned above. So, for the ac-
. complishment of the teleportation process the following re-
Xsin(yn+2Q 75)[n+2),|0)y lations must be satisfied:
+ ’}/1’)/4Sin( \/n+ 1Q Tl) B tar( \/EQT]_) (16)
X cog N+ 10 75)|n+1),| 1), 2N (2 a2)
+ ¥, 7480 27/2) cog \nQ 1) sin(Q 7y tan 20 75)
Ya=v : 17
x cog nQ7g)[n)[2)], (15 T sin2Qr)
With the above relations the pure field states of the cavity
with the normalization system Eq(15) turns out to be
|
) ) cogQ3) sin(Q 7q)
DY\ =N sin(Q 7;)sin(+2Q Col0)[2)+ 1 Coll
|D), Y1¥5SiN(Q ) sin(y2Q 73) 03 \20 r1)c0S V20 70) 0l0)i|2)y coi\/iﬂfg)| >I(sin(\/zﬂrl) ol
cog Q) sin(y2Q 71)sin(\3Q 73)
+———=——Cq|2)y | +12)1(colO)y+Ca| L)+ ol 2)0) + (30| — N ¢1|0)y
cog\2Q 7)) sin(Q 7;)sin(y2Q 73)
sin(\3Q 7;)cog 3Q 73) sin(\3Q 7)sin(2Q )
+— Col Ly |+ — , Cal4)|0)y |, (18
sin(y2Q ;) cog \2Q 73) sin(Q 71)sin(y2Q 73)

presenting the probabilitf A"y, ys|?si(Qr)sir(y2Q 73)  selected in such a way tha§= (2m+ 1)7/2Q (with m with

that the cavity modeé®), has been transferred fro@, to  intege), and tuned to interact resonantly wi@. Through

Ci. these two pointer atoms we are able to know if the telepor-
To induce the collapse of the entangles stét8) and tation has succeeded, which demands that they have been

simultaneously indicate the measurement result, we nowletected successively in the staftgs; and|e)?, causing the

have to send two pointer atoms 1 and 2, initially prepared irfields inC, andC,, to collapse into their eigenstatf®), and

the excited and ground statés)) and |g)b, successively cg|0),+cq|1),+Co|2),. After a little algebra we

across the Ramsey-type arrangemBpt-C,—Rg. The mi- can also see that the interaction of these pointer atoms

crowave zones and the detuning between pointer atom anwlith cavity C, changes the probability for the ac-

cavity are first set in the same way as explained in Sec. Il Acomplishment of the teleportation process to

so that the pointer atom 1 plus caviG end up in the su- | A"y, v3|2Sirf(Qr)si(vV2Q 73) sirf[ (2m+1)a/\/2].

perposition statg11). However, fields inRs and Rg are So the probability that the cavity mod@), has been

switched off for the passage of pointer atom 2, which istransferred fromC, to C,, is maximized, with respect tm,
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when the interaction time of pointer atom 2 with is fixed ~ states|g)} and|e)b. Next, it is shown how to prepare the
on 75=57/2Q (m=2), so that siA(57/\/2)~1. By consid-  cavity mode|®), and the entangled stat¢¥),; ; , with
ering 75=57/2Q and 7= 3= /2, we obtain a probabil- their coefficients satisfying the relatiqd9) (assuming that
ity around 0.25. Finally, given the interaction times specified71= 73= 7/2().

above, both the relationd6) and (17) reduce to

IV. PREPARATION OF THE REQUIRED

Y2j-1 . SUPERPOSITIONS
Yoi=—=—» J=1.2 (19
cod\2m/2) In a recent work, Cirac and Zollg¢f.3] have proposed a
technique to prepare two or more atoms in certain entangled
lll. DUAL CLASSICAL AND QUANTUM CHANNELS states based on the interaction of the atoms with a cavity

mode. Here, the principle outlined i3] is considered and

Following the ideas outlined by Bennett al. [7], the  extended by using a Ramsey-type arrangement, together with
teleportation process of a system havigrthogonal states a pointer atom, which help us to prepare nonmaximally en-
is realized by coupling this system with a pair Wfstate  tangled states that coefficients satisfy the rela(i®). How-
particles in a completely entangled state. The entanglememtver, for the preparation of such entangled states, the re-
of the whole system is achieved through a joint measuremergjuired cavity mode evolves to a superposition state which is
whose eigenstates satisfy Hd). In the scheme presented entangled with atomsj2-1 and 3 and the pointer atom as
above for the teleportation of the cavity mode well. So the decoherence process introduced by cavity dissi-
Col0)+c4|1)+cy|2), the quantum channel takes place pation must be negligible during and after the atom-field
through two independent pairs of two-level atoms preparedhteractions, until the pointer atom has been detected. It will
in particular nonmaximally entangled states. Thus the enbe shown that the detection of the pointer atom leaves the
tanglement of the whole system—the cavity mode to be teleeavity and the atomic system in product states, so that there
ported plus the quantum channel—is accomplished step big no “projection noise”[13] when one traces over the un-
step, each one realized by a pair of two-level atoms. Besidesbserved cavity field.
the pairs of two-levels atoms composing the quantum chan-
nel, the required pointer atoms contribute to the entangled
state of the whole system as well.

There are four possibilities for the relations between the Atom 2j—1, initially prepared in the stafe),; 1, is sent
coefficientsy,; _; and y,; of the entangled states in E@f). across cavityC, initially in the vacuum state. Subsequently,
Equationg16) and(17) represent one of these four possibili- atom 2, initially prepared in the statge),;, is sent across
ties. Returning to Sec. Il C, if we consider that Alice hasthe same cavity, as shown in Fig. 1. Supposing that the
found atom 3 in the excited stafimstead of the ground state atomic  velocites have been selected so that
as we have considered befpréhe relations(16) and (17) 725 1= 7;/2=w/4(), after the interactions the state of the
change, giving us the second possibility. Returning to thesystem composed of both atom$—21 and J plus cavity
first step, if we consider that Alice has detected atom 1 in th& reads
excited statdinstead of the ground state, as considered be-
fore), two other possibilities for the relationd6) and (17) -

A. Entangled state|¥),;_1 5

[
take place, the third and fourth possibilities, depending on |\P>Zi*1vﬂvczﬁ{[|e>zi*1|g>21
the state that Alice will find atom 3 in the second sfgp; or
|€)s. +cog ﬁ7/2)|9>2j71|e>2j]|1>
In view of these four possibilities for the relations be- o
tween the coefficients of the entangled states in (@j.in —isin(v2m/2)[g)2;-119)212)}.  (20)

this alternative scheme the classical channel has to be ex-

tended to the experimenter who is supposed to prepare thegavity C is thus left in a superposition of one- and two-
entangled states of two-level atoms. Alice, Bob, and Petephoton field states. Now a pointer atom, initially prepared in
have to decide previously about which of the four possibili-the excited stat¢e)P, has to be sent across the Ramsey-type
ties to consider. Let us suppose that they have decided t@rangemenR;— C—R, (see Fig. 1 to induce, through its
prepare the entangled stafeB);, and|¥ )3, satisfying the measurement, the collapse of the superposit@®). The
relations(16) and(17). Thus, in the first step, by considering cavity detuning and the auxiliary microwave zones are set so
that Peter has already prepared the entangled Flate,,  that the pointer atom plus cavi® ends up in the superpo-
Alice and Bob necessarily have to find atoms 1 and 2 in theisition state(11), resulting from Eq/(20),

ground states. Once Alice and Bob have succeeded and re-

ported their findings to each other and to Peter, they are
ready for the second step. Otherwise, the first step must be
repeated. In the second step, once Peter has prepared th
entangled statp¥'),, and sent the atoms across their respec-
tive cavities, Bob necessarily has to find atom 4 in the +cog\27/2)|9) - 1€)2]|€)P| 1)
ground state. Finally, the teleportation process of the cavity L

mode|®), will be achieved only if Alice finds both atom 4 —isin(V27/2)]g)2;-1l0)210)"/2)}-
in the ground state and the pointers atoms 1 and 2 in the (21

‘ie)pm’)zj ~19,c— é{[|e>2j—l|g>2j
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Therefore, the detectioftrough D”) of the pointer atom gnd c2=—céc§sin(\/§7-r/2). The cavity mode|®) is un-

in the state |e)’ (presenting the probability known to Alice, Bob and Peter, as well as the coefficients of

i[1+coS(\27/2)]), leaves cavityC and atoms P—1 and  the atomic statejg andcl,.

2j in a product state, so that the damping mechanism of the Next, we discuss the teleportation of the cavity mode

cavity does not affect the generated atomic entangled statesN_ c.In), with N>2. To prepare such a staetwo-level
pointer atoms, initially prepared in the superpositions

W) 2j,2-1= V2il€)2-119)2) + V2 -1/9)2 - 1l€)2), (22 chlg)P+clle)P (j=1,2,...,N), must be sequentially sent

across an initially empty cavity. By sequentially detecting

with 7,1 andy,; satisfying the relatiori19). To obtain the  theseN two-level atoms in their ground states, after crossing

state| V'), -1 5 designated by Ed4), we finally must apply  the cavity, we obtain the required cavity radiation field state.

a 180° rotation around the axis to both atoms -1 and

2j, corresponding to changes; _; into y,; and vice versa.

These rotations are performed by means of appropriated mi- V. CAVITY MODES HAVING MORE THAN THREE

crowave pulses applied in zonBs andR,, as indicated in FOCK STATES

Fig. 1. In principle, the alternative scheme h ted
Finally, after the preparation of the first entangled state N pnncipie, the aternative scneéme here presented, as

(j=1), another reference atom is sent through the same aWeII as the scheme of Bennatt al,, can be used to realize

o . . N .
rangementR,— C—R,. Fields in R, and R, are now {he teleportation of the cavity modg,_,c,|n), with N>2.

switched off and the atom, selected in such a way as tlow, N pairs of two-level atoms prepared'in nonmaxim.ally
present the interaction time/2(}, is tuned to interact reso- enf[a_ngled_ statefEq. (4)] have to be con_5|_dered. The first
nantly withC. As a consequence, caviyis left in its initial pair j =1 is able to teleport the superpositiop|0) + c|1).

vacuum state, so that it is ready to prepare the next entang| ch of the subsequ_ent pairs:2,3,... N is able to com-
state (=2). plete the superposition to be teleported by adding the re-

It is worth noting that the velocity of atomj2-1 across mained Fock statej), accompanied by its respective prob-

cavity C has been selected in such a way that@bility amplitudec; . In other words, each of the subsequent

7, _1= /40 However, we have considered above, in SeCpairsj is able to “switch on” its respective element in the
- . , , !

II, that the interaction time of atomj2- 1 with cavityC, is ~ SU™M CO|0>+01|1>,J.FEJ!\LZCJ|J.>' which represents .the tele-'
given by 75, = /200 So the length of cavit, must be ported superposition. In this way, the V\{hole cavity mode is
two times the length of cavitie§ andC,, that is,C, must supposed to be teleported from one cavity to another through
contain two times the number of wavelength insideand N steps,_each one accpmphshed by a pair of two-level atoms
Cy. That is why in Fig. 1 we have labeled cavig by M2 particular no.nmaX|maIIy_ entangled state. o

2L and the other cavities by. In the Appendix it is shown We have obtained numerical values for the probability to

ichieve the teleportation process of particular cavity modes.

how to prepare the required atomic entangled states whe . X
atoms 3 and 4 are expected to be detected in the excited a @esg value_s cqrrespond to particular choices of _the atom-
leld interaction times and do not take the preparation of the

round states, respectivelinstead of being detected in their . i )
g b el 9 atomic entangled states and the cavity modes into account.

ground states, as considered in Sef. |l By considering that atoms 3 and 4 have been detected in
_ their ground stateéSec. I)), the probabilities for the accom-
B. Cavity modes plishment of the teleportation of cavity modes with=1

To prepare the cavity mode in E) we introduce here a andN=2 are around 0.5 and 0.25, respectivélye veloci-
method that is a particularization of the “quantum state endies of atoms 2—1 and 3 acrossC, andC,, respectively,
gineering of the radiation field” presented by Vogetial.  have been fixed aty; 1= 75;= w/2Q)). In the Appendix, by
[17]. Here, the cavity mod€3) is prepared by sequentially considering that atoms 3 and 4 have been detected in the
by sending two two-level pointer atoms, initially prepared in states|e); and|g)4, we have obtained a probability around
the superpositionsg|g>jp+ cje|e)jp (j=1,2), across a cavity 0.45 for the accomplishment of the teleportation of a cavity
initially in the vacuum state. The atom-field interaction time mode withN=2 (with 7,;_,=7,;/2=7/4Q). In fact, it is
is considered to be;= 7/2(). After crossing the cavity, the expected that the probability to realize the teleportation of
first atom is left in the ground state, while the cavity is left in the cavity modeZ\_,c,|n) becomes smaller ds increases.
the pure field stateé|0)1—icé|1>l. If we had prepared atom As we have seen, the larghr is, the larger the number of
j=1 in the excited statge),, the cavity would have been left pairs of two-level atoms in a nonmaximally entangled state
in the one-photon field statas required by cavitf’, inthe  necessary to realize the teleportation process. Furthermore,
Appendix. After the interaction with a second pointer atom there is just a finite probability for the successfully achieve-

the cavity is left in the atom-field entangled state ment of each step realized by each pair of two-level atoms.
On account of the oscillatory functions coming from the
lg)?dlg)8lcicd|0y —icicd|1) — cicdsin( V2 m/2)| 2)] Jaynes-Cummings interaction, it is also expected that a gen-
or 1.2 10 eral scaling law(regardingN) for the probability to achieve
~|e)8Lcacs|0) +icgcicos V2 m/2)|1)]} (23 the teleportation process results from the average of such

oscillatory functions with respect to the interaction parameter
and the detection of pointer atom 2 in the ground state leaveQ r. The knowledge of such a general scaling law for the
the cavity in the field state superposition present scheme might be useful to determine to what extent
|d)=col0)+cq|1)+c,/2), with co=cics, c,=—icici,  one can teleport a given state. Furthermore, the dissipative
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processes due to cavity losses and atomic spontaneous emagnined. The required number of detections of two-level at-
sion, discussed below, represent additional problems to ovepms as well as the assimilation of the dispersion in the
come. atomic velocities will certainly demand an improvement on
the detection efficiency.

As mentioned above, a negligible cavity loss is required
in the preparation of the non-maximally entangled state dur-

We have presented an alternative scheme to realize thieg and after the atom-field interactions, until the detection
teleportation of a cavity mode in a coherent superposition obf the pointer atoms, which causes the state vector of the
zero-, one-, and two-photon field states. Basically, the nonatom-cavity system to collapse, with a certain probability, in
local channel established by a pair of three-state particles i desired product state. A negligible cavity loss is also re-
a completely entangled state, as required in the original telequired during the whole process of nonlocal correlation be-
portation scheme outlined by Bennettal.[7], is substituted tween cavitiesC, andC,,. Presently, the cavity lifetime for
by two pairs of two-level atoms, each pair in a nonmaximallyhigh-Q superconducting cavities is approximately f0s
entangled state. The teleportation process is thus realizdd0], which is three orders of magnitude longer than typical
step by step, each step being accomplished through a noatom-field interaction. However, the whole teleportation pro-
maximally entangled state of two-level atoms. In this way,cess must be accomplished around the cavity lifetime period,
the entanglement of the whole system, the system whosahich is clearly the main problem to overcome in the present
state is to be teleported and the quantum channel, establishedheme.
through a joint measurement in Rdf7], is now accom- Finally, concerning to the spontaneous decay, for Ryd-
plished through the two required steps. The atom-field interberg atoms in circular states with principal quantum number
action has been described by the resonant Jaynes-Cummings-50 and maximum angular momentulsn—1, atomic
Hamiltonian and pointer atoms have been considered both texcited-state lifetimes are also of the order of #0s [10].
induce the state-vector collapse of the field in the cavity sysSo, assuming atomic velocities of approximately® 1@/s,
tem and to indicate the measurement result. Since there isthe cavity system sketched in Fig. 1 must be confined to an
probability associated with the achievement of each of therea about 1 rhin order for the whole operation required for
two steps, the pointer atoms turn out to be necessary to readle accomplishment of each step to be realized around half

VI. COMMENTS AND CONCLUSIONS

out the cavities every single step. the radiative lifetimes of circular Rydberg atoms.
The process of preparation of macroscopic superpositions
in many-atoms systems, outlined by Cirac and ZofEs], ACKNOWLEDGMENTS

has been employed here for the preparation of the atomic
entangled states. However, we have extended such a process! would like to thank R. J. Napolitano for a critical read-
by using a Ramsey-type arrangement, together with pointéng of the manuscript and to acknowledge the support from
atoms, which help us to prepare particular nonmaximally enCAPES, Brazil.
tangled states. It is important to stress that for the teleporta-
tion of a cavity mode having more than three Fock states, the APPENDIX
process of preparing the required atomic entangled states be- ) .
comes more complicated, demanding the use of additional Returning to Sec. II, let us consider that atoms 3 and 4
cavities. have been detected in the excited and ground states, respec-
Certainly, there are some sensitive conditions required folvely. One can show that, for the accomplishment of the
successful implementation of the present scheme. The cofeéleéportation process, the new coefficients and y, must
rect adjustment of the interaction paramefer seems to be  Satisfy exactly the relatio(i.6), while the coefficients/; and
possible by means of controlled atomic velocities, which re-ya must satisfy the relationl7) with tan(y2Qr3) changed
quire velocity-selective chopping of the atomic beams beforénto —cot(y2Qr3). So, by selecting the velocities
crossing the cavities. As pointed out by Cirecal. [12,13,  of atoms 1 and 3 across cavify, in a way thatr;=r7;
current experiments in the microwave regifi6,11] can =m/4Q, we obtain y,=y;/[2cod(y27/4)] and 1y,
reach the parameters necessddy<2x10° s ! and atomic = — yzcos(/27/4)/[ \2sirf(\y27/4)]. To prepare the atomic
velocities ~10° m/9), in order for the dispersion in the entangled state satisfying the relation betwegnand y,,
atomic velocities not to depart the atom-field entangled statsimilarly to what we have done previouslgec. 1V), we
appreciably from the expected one. must send atom 1, initially prepared in the excited states,
The efficiency of the atomic detection is also a sensitiveacross cavityC, initially in the vacuum state. Subsequently,
point. For the implementation of the scheme proposed iratom 2, initially prepared in the excited state, is sent across
Ref. [7], Davidovich et al. [9] have examined the require- the same cavity. However, both atoms now have to be se-
ments on detection efficiency imposed by the quantum melected to present the same atom-field interaction time
chanical nonlocality constraiit>2/3 [18], | (=(¢|p|¢)) 7= 1/4Q). After the interaction of atom 2 witl, it has to be
being the teleportation fidelity coefficient amdits average Sent across an additional cavity, 5@y, initially prepared in
over all possible statelss) of the particle to be teleported. the one-photon field state and placed betw€eand C;, .
The above constraint is satisfied if the detection efficiencied he interaction time between atom 2 a@d also has to be
are over 0.7, actually a good enough condition as compared= 7/4(}. After this, two pointer atoms have to be consid-
to other tests of quantum nonlocality. For the present stepered, 1 and 2, together with an additional Ramsey-type ar-
by-step teleportation process the lower bounds both in theangemenR;—C’'—R;, whereR| (j=1,2) represents aux-
average fidelity and in the detection efficiency must be reex#iary microwave zones that are sandwichi@g. Finally, the
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pointer atoms 1 and 2 are sent across the Ramsey-type anentR;—C—R,, with the auxiliary microwave zones and
rangementR,;—C—R, and Rj—C’'—R;, respectively. In the detuning between pointer atom and cavity set so that the
both arrangements the microwave zones and the detunirgystem ends up in the superposition sidi®). By detecting
between pointer atom and cavity are set so that the systethis pointer atom in its excited state, atoms 3 and 4 are left in
ends up in the superposition statkl). By detecting both  the entangled stal@2) (j=2), with y; and 1y, satisfying the
pointer atomgand here an additional state-selective ioniza-relation (19). Finally, we have to apply a 180° rotation
tion detector has to be considered together with the arranggyound thex axis to both atoms to obtain the entangled state
mentR,;'—C’—Ry) in their excited states, atoms 1 and 2 |y),, satisfying the required relation betwegg and y,.
are left in the entangled staf@2) (j=1), with y; and y, It is worth noting that the velocity of atom 2 across cavi-
satisfying the relatiory, = y; /[2co$(y2m/4)]. By applying  tiesC andC’ and the velocity of atom 4 acro€shave been
a 180° rotation around the axis to both atomgthrough  selected so that the interaction times between the atoms and
zonesR; and Ry), we finally obtain the entangled state {he cavity modes are=/4Q. However, as considered in
[W)12, satisfying the required relation betweggandy,.  gec 1. the interaction times of atoms 2 and 4 with cavity
To obtain the atomic entangled state obeying the relat|or3:“ are given byr=/2Q. So, as opposed to the situation

ks)te;;’;e?:?ei?ig;‘c’):gtomig’él:nmf:gy;rr: dp?;e%éngzg_eﬁgggg discussed in Sec. IV, here cavi@y, is the one whose length
’ ' y prep P must be two times the length of caviti€&andC,. Finally,

field state. Subsequently, atom 4, initially prepared in theby considering that atoms 3 and 4 have been detected in

round state, is also sent acrdss Both atoms have to be . . . o
g gwelr excited and ground states, respectively, the probability

selected to present the same atom-field interaction tim hi h I ; £ th ) ;
7= w40 After the interaction of atoms 3 and 4 with, a  (© achieve the teleportation of the cavity mof), from
to C,, is around 0.45by choosingry= 7,= w/4().

pointer atom has to be send across the Ramsey-type arrangcéL
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