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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 result.@S1050-2947~96!05412-1#

PACS number~s!: 03.65.Bz, 32.80.2t, 42.50.Dv

I. INTRODUCTION

The phenomenon of quantum nonlocality observed@1,2#
in experiments on Einstein-Podolsky-Rosen~EPR! @3# states,
through the violation of the Bell’s inequalities@4#, has been
considered to investigate the possibility of a variety of recent
striking predictions in quantum mechanics. Different quan-
tum cryptographic protocols@5# and quantum computers
models@6# have been suggested and Bennettet al. @7# have
outlined a scheme for quantum-state teleportation that has
been discussed by several authors.

By teleportation Bennettet al.mean that, via dual classi-
cal and quantum channels, an unknown stateuF&1 of a par-
ticle 1 is exactly replicated into the state of a particle 3 far
away from 1. To do so, particle 1 is given to a sender, Alice,
who shares a maximally entangles state concerning particles
2 and 3,uC&23, with a receiver, Bob. By performing a joint
measurement of the von Neumann type on her two particles,
1 and 2, Alice is able to automatically project Bob’s particle
3 into a pure state that differs fromuF&1 just by an irrelevant
phase factor or a rotation around thex, y, or z axes. Infor-
mation on Alice’s measurement, transmitted to Bob through
the classical channel, allows him to apply the appropriate
rotation on particle 3, if necessary, converting it into a rep-
lica of particle 1. The original particle-1 state is destroyed in
the process, obeying the no-cloning theorem@8#.

Schemes employing cavity QED phenomena to realize the
teleportation of quantum superpositions with two orthogonal
states, following the ideas of Bennettet al., have been pro-
posed. Davidovichet al. @9# have presented an experimen-
tally feasible scheme for the teleportation of an unknown
two-level atomic state between two high-Q cavities contain-
ing a nonlocal microwave field. Recently developed methods
to build and measure nonclassical coherent superpositions of
states of the electromagnetic field@10,11# ~Schrödinger cat
states! have been used in Ref.@9#. Cirac and Parkins@12#

have presented a scheme to realize teleportation by employ-
ing a technique to prepare two or more atoms in certain
entangled states@13#, which is based on the interaction of the
atoms with a cavity mode. Such a scheme can also be used
for the teleportation of a cavity mode in a superposition of
the zero- and one-photon Fock states besides a two-level
atomic state. In both cases@9,12#, circular Rydberg atoms
and field ionization detectors are considered.

Bennettet al.have also addressed the question of the tele-
portation of a system havingN.2 orthogonal states. As a
generalization of their scheme outlined forN52, the EPR
spin pair in the singlet state is replaced by a pair ofN-state
particles in a completely entangled state. By writing this
state as( j u j & ^ ^ j u/AN, where j50,1, . . . ,N21 labels the
N elements of an orthonormal basis for each of theN-state
systems, the process of teleportation turns out to be exactly
the same as explained above. The result of Alice’s joint mea-
surement on particles 1 and 2 is now described by the eigen-
states

uC&nm5(
j
e2p i jn /Nu j & ^ u~ j1m!modN&/AN. ~1!

The outcomenm is communicated by classical means to
Bob, who performs, on his previously entangled particle, the
unitary transformation

Unm5(
k
e2p ikn/Nuk& ^ ^~k1m!modNu, ~2!

which converts Bob’s particle 3 to the original state of
Alice’s particle 1.

In this paper we propose an alternative and more realistic
scheme to realize the teleportation of a cavity mode in a
coherent superposition of zero-, one-, and two-photon field
states,

uF&5c0u0&1c1u1&1c2u2&. ~3!
In place of a pair of three-state particles as required in the
scheme of Bennettet al., the quantum channel takes place
through two pairs of two-level atoms prepared in the non-
maximally entangled states

uC&2 j21,2j5g2 j21ue&2 j21ug&2 j1g2 j ug&2 j21ue&2 j , j51,2.
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The atom-field interaction is described using the resonant
Jaynes-Cummings Hamiltonian@14#.

Similarly to the result in@7#, it is shown that the first pair
of two-level atoms described in~4!, j51, is able to teleport
the superposition of the first two Fock states in the cavity
mode ~3! ~with their respective probability amplitudes
c0u0&1c1u1&). However, the teleportation of the whole cav-
ity mode ~3! will only be accomplished through the subse-
quent pair of two-level atoms,j52, which is able to com-
plete the superposition with the remained two-photon field
state~and its respective probability amplitudec2u2&). In this
way, the whole cavity mode is supposed to be teleported
from one to another cavity, step by step, each one accom-
plished by a pair of two-level atoms in a particular nonmaxi-
mally entangled state.

Differently from the procedure outlined in@7#, where, in
principle, the teleportation process is achieved with probabil-
ity 1, this alternative scheme presents a probability less than
1 associated to each of the above-mentioned steps. So each
step must be repeatedly performed until the desired result has
been achieved. Another difference, the complete measure-
ment of von Neumann type required in the scheme of Ben-
nettet al. to couple the system whose state is to be teleported
with the system constituting the quantum channel, is here
substituted by the two steps of the above-mentioned atom-
cavity interactions.

Concerning the classical channel, in the present scheme it
has to be extended to the experimenter who is supposed to
prepare the nonmaximally entangled states of two-level at-
oms. It will be shown that Alice, Bob, and the preparer
~henceforth ‘‘Peter’’! previously have to decide about the
relation between the coefficientsg2 j21 and g2 j of the en-
tangled states of two-level atoms to be considered.

Pointer atoms are considered in the present scheme to
prepare the required superposition states. In addition, as their
main role in the teleportation process, the pointer atoms in-
duce the state-vector collapse of the field in the cavity sys-
tem and simultaneously indicate the measurement result. A
Ramsey-type arrangement is also required for the preparation
of the atomic entangled state.

A sketch of the experimental setup for the present alter-
native scheme for teleportation is displayed in Fig. 1. The
setup contains three microwave cavitiesC, CI , and CII .
Through a Ramsey-type arrangement, where cavityC is
placed between the auxiliary microwave zonesR1 andR2,
Peter is supposed to prepare the nonmaximally entangled
states of two-level atoms 2j21 and 2j ~solid-line trajecto-
ries!. Pointer atoms~dashed-line trajectories! are required to
prepare both the entangled states of two-level atoms and, in
CI , the cavity mode to be teleported. Additional microwaves
zonesR3 andR4 have to be considered for the preparation of
the atomic entangled states. Once atoms 2j21 and 2j have
successively crossed cavitiesCI andCII ~to where the cavity
mode inCI is supposed to be teleported!, pointer atoms are
also required, together with microwave zonesR5 andR6, to
read the field in the cavity system, inducing its state-vector
collapse and indicating the measurement result. All the
atomic beams are made of identical two-level atoms that are
counted by state-selective field ionization detectorsD, D8,
andD9. For the experimental proposal we must consider, as
will be discussed further, atomic Rydberg states with adja-
cent principal quantum numbers.

In Sec. II we describe the two steps necessary for the
teleportation process of a cavity mode~3!. The rules of the
dual classical and quantum channel are discussed in Sec. III
and the preparation of the entangled states of two-level at-
oms and of the cavity mode to be teleported is presented in

FIG. 1. Sketch of the experimental setup for teleportation of a cavity mode.

4662 54M. H. Y. MOUSSA



Sec. IV. In Sec. V we discuss the teleportation of a cavity
mode in a coherent superposition with more than three Fock
states. We conclude in Sec. VI by discussing the experimen-
tal feasibility of this alternative teleportation process with
present techniques.

II. SCHEME

A. Step 1

As a first step of the present scheme for teleportation of a
cavity mode, a pair of two-level atoms in a nonmaximally
entangled state is required. To prepare such an entangled
state, as described by~4!, atom 2j21, initially prepared in
the stateuc&2 j21, is send across a cavityC, initially in the
vacuum state. Subsequently, atom 2j , initially prepared in
the stateuc&2 j , is sent across the same cavity, as represented
schematically in Fig. 1. The definition of the statesuc&2 j21
anduc&2 j , as well as the detailed preparation of the required
entangled state, will be discussed further, after information
about the relation betweeng2 j21 andg2 j has been obtained.

Once atoms 1 and 2 (j51) have been prepared in the
entangled state

uC&125g1ue&1ug&21g2ug&1ue&2 , ~5!

atom 1 is sent across cavityCI , initially prepared in the state
uF& I , which is supposed to be teleported to a cavityCII ,
initially in the vacuum stateu0& II . By sending atom 2 across
CII we set up the nonlocal quantum channel required for the
teleportation process.

Let us suppose thatCI has been prepared in the superpo-
sition of zero-, one-, and two-photon field states in Eq.~3!. It
will be later explained how to prepare this cavity mode.
Thus, before the atom-field interactions, the complete state
vector of the system composed by atoms 1 and 2 plus cavi-
tiesCI andCII reads

uC&12uF& IuF& II5~g1ue&1ug&21g2ug&1ue&2)

3~c0u0& I1c1u1& I1c2u2& I)u0& II . ~6!

The interactions between atoms 1 and 2 and their respec-
tive cavities are described by the resonant Jaynes-Cummings
Hamiltonian in the interaction picture

Ĥ5\V~ŝ1â1ŝ2â
†!, ~7!

where the vacuum Rabi frequencyV determines the cou-
pling strength between atoms and quantized cavity fields.
â† and â denote, respectively, the creation and annihilation
operators for the cavity mode, while the atomic operators
ŝ1 and ŝ2 describe the transitions of the two-level system.

In order to adjust the atom-field interaction times to our
convenience, we consider that the atomic velocities have
been selected by means of a velocity-selective chopping
@13,12#. By considering the interaction time of atom 2 with
cavityCII given byt25p/2V, after the interaction the whole
system in Eq.~6! will be left in the entangled state

e2 i /\Ĥ1t1e2 i /\Ĥ2t2uC&12uF& IuF& II

5 (
n50

2

cn$2 i ug&1@g1sin~An11Vt1!un11& Iu0& II

1g2cos~AnVt1!un& Iu1& II ]

1ue&1@g1cos~An11Vt1!un& Iu0& II

2g2sin~AnVt1!un21& Iu1& II ] %ug&2 , ~8!

wheret1 stands for the interaction time of atom 1 with cav-
ity CI . As shown in Fig. 1, after the atom-field interactions,
the detections of atoms 2j21 and 2j are performed by state-
selective field ionization detectorsD2 j21 andD2 j , respec-
tively @9#. From ~8! we see that atom 2 is left in the ground
state, while atom 1 is left in a superposition of the ground
and excited states. It does not matter, for the following argu-
ment, in which state atom 1 is detected. However, for sim-
plicity, let us consider that atom 1 has been detected in the
ground state, so the pure field state of the cavity systems now
reads

uF& I,II5N(
n50

2

cn@g1sin~An11Vt1!un11& Iu0& II

1g2cos~AnVt1!un& Iu1& II ] , ~9!

with the normalization

N5H (
n50

2 UcnU2@ ug1u2sin2~An11Vt1!

1ug2u2cos2~AnVt1!#J 21/2

.

.

B. Teleportation of the cavity modec0z0‹1c1z1‹

In view of Eq. ~9!, let us consider for a while that the
cavity mode to be teleported fromCI to CII presents just the
Fock statesu0& I and u1& I , uF& I85c0u0& I1c1u1& I , instead of
the original one added by the Fock stateu2& I . So Eq. ~9!
turns out to be

uF&8I,II5N8$g2c0u0& Iu1& II1u1& I@g1sin~Vt1!c0u0& II

1g2cos~Vt1!c1u1& II ]

1g1sin~A2Vt1!c1u2& Iu0& II%. ~10!

Therefore, from Eq.~10! we observe that, to achieve the
teleportation of the stateuF& I8 from CI to CII , we have to
considerg15g251/A2 andt15(m11/4)p/V ~with m an
integer!. In this way, by factorizing the quantity
sin@(m11/4)p#/A2 in Eq. ~10!, cavityCII is left in the state
uF& I8 as soon as cavityCI has been detected in
the one-photon field state. The normalization constant
now reads N85$11sin2@(m11/4)p#2uc1u2cos2@(m11/
4)A2p] %21/2 and the probability to achieve the teleportation
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is given by uN8u2sin2@(m11/4)p#/2. By considering
t1517p/4V, i.e.,m54, the probability for the accomplish-
ment of the teleportation process is maximized, around 0.5.

To induce the collapse of the entangled state~10! and
simultaneously indicate the measurement result, we have to
send a pointer atom, initially prepared in the excited state
ue&p ~the superscriptp labeling the pointer atom!, across the
Ramsey-type arrangementR52CI2R6 ~see Fig. 1!. First,
the pointer atom is tuned to have a dispersive interaction
with the field inCI @15#. The effect of such an interaction is
probed by two separated oscillatory fields applied in micro-
wave zonesR5 andR6, which are sandwichingCI . Equiva-
lently to a recently demonstrated Ramsey atomic interferom-
etry @16#, the probability for the pointer atom to undergo an
ue&p→ug&p transition exhibits a fringe pattern that is charac-
teristic of the photon number inCI . Such a transition prob-
ability depends on a given setting of the microwave fields in
R5 andR6, in addition to depending on the atom-cavity in-
teraction. For the present purpose we assume that the micro-
wave zonesR5 andR6 are set so that the pointer atom un-
dergoes exactly ap/2 pulse, on theue&p→ug&p transition, in
each zone. The cavity detuning is also set so that the atom
undergoes a phase shift per photon exactly equal top. In this
way, as obtained in Ref.@11#, the system composed by the
pointer atom plus a cavity containingn photons ends up in
the superposition state

uFfinal
pointer atom1 field&5 1

2 @~e2 inp21!ue&p

2~e2 inp11!ug&p] un&. ~11!

After crossing the Ramsey-type arrangement, the probability
for detecting the pointer atom inug&p (ue&p) is thus zero for
n odd ~even! and the whole system evolves to the final state

ue&puF& I,II8 →N8$c0ug&pu0& Iu1& II

1sin@~m11/4!p#ue&pu1& I~c0u0& II1c1u1& II)

1sin@~m11/4!A2p#c1ug&pu2& Iu0& II%. ~12!

So the detection of the pointer atom in the excited state
ue&p causes the fields inCI and CII to collapse into their
eigenstatesu1& I andc0u0& I1c1u1& II , successfully completing
the teleportation process. The probability for this occurrence
remainsuN8u2sin2@(m11/4)p#/2 ('0.5 whenm54). As in-
dicated in Fig. 1, the detection of the pointer atom is
achieved with the help of the state-selective ionization detec-
tor D8. It is worth noting that, in the present scheme, only
the teleportation of a cavity mode with two orthogonal states
requires a maximally entangled state (g15g2) as the quan-
tum channel.

C. Step 2

Returning to the teleportation process of the original cav-
ity mode uF& I , as the second step another pair of two-level
atoms, 3 and 4, must be prepared, as will be shown later, in
the nonmaximally entangled state

uC&345g3ue&3ug&41g4ug&3ue&4 . ~13!

After the preparation of the state~13!, atoms 3 and 4 travel
acrossCI andCII , respectively, exactly as in the first step.
Since the fields inCI andCII have been left in the entangled
state~9!, after the interactions we obtain

e2 i /\Ĥ3t3e2 i /\Ĥ4t4uC&34uF& I,II5N(
n50

2

cn$2 i ug&3ug&4@g1g3sin~An11Vt1!sin~An12Vt3!un12& Iu0& II

1g1g4sin~An11Vt1!cos~An11Vt3!un11& Iu1& II

1g2g4sin~A2p/2!cos~AnVt1!cos~AnVt3!un& Iu2& II ]

2ug&3ue&4@g2g3cos~AnVt1!sin~An11Vt3!un11& Iu0& II

1g2g4cos~A2p/2!cos~AnVt1!cos~AnVt3!un& Iu1&]

1ue&3ug&4@g1g3sin~An11Vt1!cos~An12Vt3!un11& Iu0& II

2g1g4sin~An11Vt1!sin~An11Vt3!un& Iu1& II

2g2g4sin~A2p/2!cos~AnVt1!sin~AnVt3!un21& Iu2& II ]

2 i ue&3ue&4@g2g3cos~AnVt1!cos~An11Vt3!un& Iu0& II

1g2g4cos~A2p/2!cos~AnVt1!sin~AnVt3!un21& Iu1& II ] %. ~14!
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Similarly to the interaction of atom 2 with cavityCII in the
first step, the atom-field interaction time of atom 4 with cav-
ity CII has been assumed to bet45p/2V. Now two condi-
tions have to be satisfied for the accomplishment of the tele-
portation process of the cavity modeuF& I from CI to CII .

~i! By explicitly writing the sum in Eq.~14! we observe
that only when atom 4 is left in the ground stateug&4, no
matter which state atom 3 is in,CII presents a linear combi-
nation of the elementsc0u0& II , c1u1& II , andc2u2& II , which
compose the state of the originalCI cavity mode. Since the
Jaynes-Cummings Hamiltonian conserves the excitation
number, by detecting atoms 3 and 4 in their ground states,
ug&3 andug&4, CII is left in the two-photon field state, and by
detecting them successively in the excited and ground states,
ue&3 and ug&4, CII is left in the one-photon field state. Sup-
posing that both atoms have been detected in the ground
state, we obtain the pure field state of the cavity system as

uF& I,II9 5N9(
n50

2

cn@g1g3sin~An11Vt1!

3sin~An12Vt3!un12& Iu0& II

1g1g4sin~An11Vt1!

3cos~An11Vt3!un11& Iu1& II

1g2g4sin~A2p/2!cos~AnVt1!

3cos~AnVt3!un& Iu2& II ] , ~15!

with the normalization

N95H (
n50

2

ucnu2@ ug1g3u2sin2~An11Vt1!sin
2~An12Vt3!

1ug1g4u2sin2~An11Vt1!cos
2~An11Vt3!

1ug2g4u2sin2~A2p/2!cos2~AnVt1!

3cos2~AnVt3!#J 21/2

.

~ii ! From Eq.~15! we conclude that the coefficients ap-
pearing in the nonmaximally entangled states of two-level
atoms in Eqs.~5! and ~13!, namely,g1 ,g2 and g2 ,g4, re-
spectively, must satisfy the equality

g1g3sin~An11Vt1!sin~An12Vt3!un50

5g1g4sin~An11Vt1!cos~An11Vt3!un51

5g2g4sin~A2p/2!cos~AnVt1!cos~AnVt3!un52 .

The values ofn ~50,1,2! correspond to findingCI in the
two-photon field state as mentioned above. So, for the ac-
complishment of the teleportation process the following re-
lations must be satisfied:

g25g1

tan~A2Vt1!

sin~A2p/2!
, ~16!

g45g3

sin~Vt1!tan~A2Vt3!

sin~A2Vt1!
. ~17!

With the above relations the pure field states of the cavity
system Eq.~15! turns out to be

uF& I,II9 5N9g1g3sin~Vt1!sin~A2Vt3!F 1

cos~A2Vt1!cos~A2Vt3!
c0u0& Iu2& II1

cos~Vt3!

cos~A2Vt3!
u1& IS sin~Vt1!

sin~A2Vt1!
c0u1& II

1
cos~Vt1!

cos~A2Vt1!
c1u2& II D 1u2& I~c0u0& II1c1u1& II1c2u2& II)1u3& IS sin~A2Vt1!sin~A3Vt3!

sin~Vt1!sin~A2Vt3!
c1u0& II

1
sin~A3Vt1!cos~A3Vt3!

sin~A2Vt1!cos~A2Vt3!
c2u1& II D 1

sin~A3Vt1!sin~2Vt3!

sin~Vt1!sin~A2Vt3!
c2u4& Iu0& IIG , ~18!

presenting the probabilityuN9g1g3u2sin2(Vt1)sin
2(A2Vt3)

that the cavity modeuF& I has been transferred fromCI to
CII .

To induce the collapse of the entangles state~18! and
simultaneously indicate the measurement result, we now
have to send two pointer atoms 1 and 2, initially prepared in
the excited and ground statesue&1

p and ug&2
p , successively

across the Ramsey-type arrangementR52CI2R6. The mi-
crowave zones and the detuning between pointer atom and
cavity are first set in the same way as explained in Sec. II A,
so that the pointer atom 1 plus cavityCI end up in the su-
perposition state~11!. However, fields inR5 and R6 are
switched off for the passage of pointer atom 2, which is

selected in such a way thatt2
p5(2m11)p/2V ~with m with

integer!, and tuned to interact resonantly withCI . Through
these two pointer atoms we are able to know if the telepor-
tation has succeeded, which demands that they have been
detected successively in the statesug&1

p andue&2
p , causing the

fields inCI andCII to collapse into their eigenstatesu2& I and
c0u0& II1c1u1& II1c2u2& II . After a little algebra we
can also see that the interaction of these pointer atoms
with cavity CI changes the probability for the ac-
complishment of the teleportation process to
uN9g1g3u2sin2(Vt1)sin

2(A2Vt3)sin
2@(2m11)p/A2#.

So the probability that the cavity modeuF& I has been
transferred fromCI to CII is maximized, with respect tom,
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when the interaction time of pointer atom 2 withCI is fixed
on t2

p55p/2V (m52), so that sin2(5p/A2)'1. By consid-
ering t2

p55p/2V andt15t35p/2V, we obtain a probabil-
ity around 0.25. Finally, given the interaction times specified
above, both the relations~16! and ~17! reduce to

g2 j5
g2 j21

cos~A2p/2!
, j51,2. ~19!

III. DUAL CLASSICAL AND QUANTUM CHANNELS

Following the ideas outlined by Bennettet al. @7#, the
teleportation process of a system havingN orthogonal states
is realized by coupling this system with a pair ofN-state
particles in a completely entangled state. The entanglement
of the whole system is achieved through a joint measurement
whose eigenstates satisfy Eq.~1!. In the scheme presented
above for the teleportation of the cavity mode
c0u0&1c1u1&1c2u2&, the quantum channel takes place
through two independent pairs of two-level atoms prepared
in particular nonmaximally entangled states. Thus the en-
tanglement of the whole system—the cavity mode to be tele-
ported plus the quantum channel—is accomplished step by
step, each one realized by a pair of two-level atoms. Besides
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
coefficientsg2 j21 andg2 j of the entangled states in Eq.~4!.
Equations~16! and~17! represent one of these four possibili-
ties. Returning to Sec. II C, if we consider that Alice has
found atom 3 in the excited state~instead of the ground state
as we have considered before!, the relations~16! and ~17!
change, giving us the second possibility. Returning to the
first step, if we consider that Alice has detected atom 1 in the
excited state~instead of the ground state, as considered be-
fore!, two other possibilities for the relations~16! and ~17!
take place, the third and fourth possibilities, depending on
the state that Alice will find atom 3 in the second stepug&3 or
ue&3.

In view of these four possibilities for the relations be-
tween the coefficients of the entangled states in Eq.~4!, in
this alternative scheme the classical channel has to be ex-
tended to the experimenter who is supposed to prepare these
entangled states of two-level atoms. Alice, Bob, and Peter
have to decide previously about which of the four possibili-
ties to consider. Let us suppose that they have decided to
prepare the entangled statesuC&12 and uC&34 satisfying the
relations~16! and~17!. Thus, in the first step, by considering
that Peter has already prepared the entangled stateuC&12,
Alice and Bob necessarily have to find atoms 1 and 2 in their
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 the
entangled stateuC&34 and sent the atoms across their respec-
tive cavities, Bob necessarily has to find atom 4 in the
ground state. Finally, the teleportation process of the cavity
modeuF& I will be achieved only if Alice finds both atom 4
in the ground state and the pointers atoms 1 and 2 in the

statesug&1
p and ue&2

p . Next, it is shown how to prepare the
cavity modeuF& I and the entangled statesuC&2 j21,2j with
their coefficients satisfying the relation~19! ~assuming that
t15t35p/2V).

IV. PREPARATION OF THE REQUIRED
SUPERPOSITIONS

In a recent work, Cirac and Zoller@13# have proposed a
technique to prepare two or more atoms in certain entangled
states based on the interaction of the atoms with a cavity
mode. Here, the principle outlined in@13# is considered and
extended by using a Ramsey-type arrangement, together with
a pointer atom, which help us to prepare nonmaximally en-
tangled states that coefficients satisfy the relation~18!. How-
ever, for the preparation of such entangled states, the re-
quired cavity mode evolves to a superposition state which is
entangled with atoms 2j21 and 2j and the pointer atom as
well. So the decoherence process introduced by cavity dissi-
pation must be negligible during and after the atom-field
interactions, until the pointer atom has been detected. It will
be shown that the detection of the pointer atom leaves the
cavity and the atomic system in product states, so that there
is no ‘‘projection noise’’@13# when one traces over the un-
observed cavity field.

A. Entangled statezC‹2j21,2j

Atom 2j21, initially prepared in the stateue&2 j21, is sent
across cavityC, initially in the vacuum state. Subsequently,
atom 2j , initially prepared in the stateue&2 j , is sent across
the same cavity, as shown in Fig. 1. Supposing that the
atomic velocities have been selected so that
t2 j215t2 j /25p/4V, after the interactions the state of the
system composed of both atoms 2j21 and 2j plus cavity
C reads

uC&2 j21,2j ,C5
2 i

A2
$@ ue&2 j21ug&2 j

1cos~A2p/2!ug&2 j21ue&2 j ] u1&

2 isin~A2p/2!ug&2 j21ug&2 j u2&%. ~20!

Cavity C is thus left in a superposition of one- and two-
photon field states. Now a pointer atom, initially prepared in
the excited stateue&p, has to be sent across the Ramsey-type
arrangementR12C2R2 ~see Fig. 1! to induce, through its
measurement, the collapse of the superposition~20!. The
cavity detuning and the auxiliary microwave zones are set so
that the pointer atom plus cavityC ends up in the superpo-
sition state~11!, resulting from Eq.~20!,

ue&puC&2 j21,2j ,C→
i

A2
$@ ue&2 j21ug&2 j

1cos~A2p/2!ug&2 j21ue&2 j ] ue&pu1&

2 isin~A2p/2!ug&2 j21ug&2 j ug&pu2&%.

~21!
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Therefore, the detection~trough D9) of the pointer atom
in the state ue&p „presenting the probability
1
2 @11cos2„A2p/2)]…, leaves cavityC and atoms 2j21 and
2 j in a product state, so that the damping mechanism of the
cavity does not affect the generated atomic entangled state

uC&2 j ,2j215g2 j ue&2 j21ug&2 j1g2 j21ug&2 j21ue&2 j , ~22!

with g2 j21 andg2 j satisfying the relation~19!. To obtain the
stateuC&2 j21,2j designated by Eq.~4!, we finally must apply
a 180° rotation around thex axis to both atoms 2j21 and
2 j , corresponding to changesg2 j21 into g2 j and vice versa.
These rotations are performed by means of appropriated mi-
crowave pulses applied in zonesR3 andR4, as indicated in
Fig. 1.

Finally, after the preparation of the first entangled state
( j51), another reference atom is sent through the same ar-
rangementR12C2R2. Fields in R1 and R2 are now
switched off and the atom, selected in such a way as to
present the interaction timep/2V, is tuned to interact reso-
nantly withC. As a consequence, cavityC is left in its initial
vacuum state, so that it is ready to prepare the next entangled
state (j52).

It is worth noting that the velocity of atom 2j21 across
cavity C has been selected in such a way that
t2 j215p/4V. However, we have considered above, in Sec.
II, that the interaction time of atom 2j21 with cavityCI is
given by t2 j215p/2V. So the length of cavityCI must be
two times the length of cavitiesC andCII , that is,CI must
contain two times the number of wavelength insideC and
CII . That is why in Fig. 1 we have labeled cavityCI by
2L and the other cavities byL. In the Appendix it is shown
how to prepare the required atomic entangled states when
atoms 3 and 4 are expected to be detected in the excited and
ground states, respectively~instead of being detected in their
ground states, as considered in Sec. II!.

B. Cavity modes

To prepare the cavity mode in Eq.~3! we introduce here a
method that is a particularization of the ‘‘quantum state en-
gineering of the radiation field’’ presented by Vogelet al.
@17#. Here, the cavity mode~3! is prepared by sequentially
by sending two two-level pointer atoms, initially prepared in
the superpositionscg

j ug& j
p1ce

j ue& j
p ( j51,2), across a cavity

initially in the vacuum state. The atom-field interaction time
is considered to bet j5p/2V. After crossing the cavity, the
first atom is left in the ground state, while the cavity is left in
the pure field statecg

1u0&12 ice
1u1&1. If we had prepared atom

j51 in the excited stateue&1, the cavity would have been left
in the one-photon field state~as required by cavityC8, in the
Appendix!. After the interaction with a second pointer atom
the cavity is left in the atom-field entangled state

ug&1
p$ug&2

p@cg
1cg

2u0&2 icg
1ce

2u1&2ce
1ce

2sin~A2p/2!u2&]

2ue&2
p@ce

1cg
2u0&1 ice

1ce
2cos~A2p/2!u1&] % ~23!

and the detection of pointer atom 2 in the ground state leaves
the cavity in the field state superposition
uF&5c0u0&1c1u1&1c2u2&, with c05cg

1cg
2 , c152 icg

1ce
2 ,

and c252ce
1ce

2sin(A2p/2). The cavity modeuF& is un-
known to Alice, Bob and Peter, as well as the coefficients of
the atomic statecg

j andce
j .

Next, we discuss the teleportation of the cavity mode
(n50
N cnun&, with N.2. To prepare such a stateN two-level

pointer atoms, initially prepared in the superpositions
cg
j ug& j

p1ce
j ue& j

p ( j51,2, . . . ,N), must be sequentially sent
across an initially empty cavity. By sequentially detecting
theseN two-level atoms in their ground states, after crossing
the cavity, we obtain the required cavity radiation field state.

V. CAVITY MODES HAVING MORE THAN THREE
FOCK STATES

In principle, the alternative scheme here presented, as
well as the scheme of Bennettet al., can be used to realize
the teleportation of the cavity mode(n50

N cnun&, with N.2.
Now, N pairs of two-level atoms prepared in nonmaximally
entangled states@Eq. ~4!# have to be considered. The first
pair j51 is able to teleport the superpositionc0u0&1c1u1&.
Each of the subsequent pairsj52,3, . . . ,N is able to com-
plete the superposition to be teleported by adding the re-
mained Fock stateu j &, accompanied by its respective prob-
ability amplitudecj . In other words, each of the subsequent
pairs j is able to ‘‘switch on’’ its respective element in the
sum c0u0&1c1u1&1( j52

N cj u j &, which represents the tele-
ported superposition. In this way, the whole cavity mode is
supposed to be teleported from one cavity to another through
N steps, each one accomplished by a pair of two-level atoms
in a particular nonmaximally entangled state.

We have obtained numerical values for the probability to
achieve the teleportation process of particular cavity modes.
These values correspond to particular choices of the atom-
field interaction times and do not take the preparation of the
atomic entangled states and the cavity modes into account.
By considering that atoms 3 and 4 have been detected in
their ground states~Sec. II!, the probabilities for the accom-
plishment of the teleportation of cavity modes withN51
andN52 are around 0.5 and 0.25, respectively~the veloci-
ties of atoms 2j21 and 2j acrossCI andCII , respectively,
have been fixed att2 j215t2 j5p/2V). In the Appendix, by
considering that atoms 3 and 4 have been detected in the
statesue&3 and ug&4, we have obtained a probability around
0.45 for the accomplishment of the teleportation of a cavity
mode withN52 ~with t2 j215t2 j /25p/4V). In fact, it is
expected that the probability to realize the teleportation of
the cavity mode(n50

N cnun& becomes smaller asN increases.
As we have seen, the largerN is, the larger the number of
pairs of two-level atoms in a nonmaximally entangled state
necessary to realize the teleportation process. Furthermore,
there is just a finite probability for the successfully achieve-
ment of each step realized by each pair of two-level atoms.
On account of the oscillatory functions coming from the
Jaynes-Cummings interaction, it is also expected that a gen-
eral scaling law~regardingN) for the probability to achieve
the teleportation process results from the average of such
oscillatory functions with respect to the interaction parameter
Vt. The knowledge of such a general scaling law for the
present scheme might be useful to determine to what extent
one can teleport a given state. Furthermore, the dissipative
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processes due to cavity losses and atomic spontaneous emis-
sion, discussed below, represent additional problems to over-
come.

VI. COMMENTS AND CONCLUSIONS

We have presented an alternative scheme to realize the
teleportation of a cavity mode in a coherent superposition of
zero-, one-, and two-photon field states. Basically, the non-
local channel established by a pair of three-state particles in
a completely entangled state, as required in the original tele-
portation scheme outlined by Bennettet al. @7#, is substituted
by two pairs of two-level atoms, each pair in a nonmaximally
entangled state. The teleportation process is thus realized
step by step, each step being accomplished through a non-
maximally entangled state of two-level atoms. In this way,
the entanglement of the whole system, the system whose
state is to be teleported and the quantum channel, established
through a joint measurement in Ref.@7#, is now accom-
plished through the two required steps. The atom-field inter-
action has been described by the resonant Jaynes-Cummings
Hamiltonian and pointer atoms have been considered both to
induce the state-vector collapse of the field in the cavity sys-
tem and to indicate the measurement result. Since there is a
probability associated with the achievement of each of the
two steps, the pointer atoms turn out to be necessary to read
out the cavities every single step.

The process of preparation of macroscopic superpositions
in many-atoms systems, outlined by Cirac and Zoller@13#,
has been employed here for the preparation of the atomic
entangled states. However, we have extended such a process
by using a Ramsey-type arrangement, together with pointer
atoms, which help us to prepare particular nonmaximally en-
tangled states. It is important to stress that for the teleporta-
tion of a cavity mode having more than three Fock states, the
process of preparing the required atomic entangled states be-
comes more complicated, demanding the use of additional
cavities.

Certainly, there are some sensitive conditions required for
successful implementation of the present scheme. The cor-
rect adjustment of the interaction parameterVt seems to be
possible by means of controlled atomic velocities, which re-
quire velocity-selective chopping of the atomic beams before
crossing the cavities. As pointed out by Ciracet al. @12,13#,
current experiments in the microwave regime@16,11# can
reach the parameters necessary (V'23105 s21 and atomic
velocities '103 m/s!, in order for the dispersion in the
atomic velocities not to depart the atom-field entangled state
appreciably from the expected one.

The efficiency of the atomic detection is also a sensitive
point. For the implementation of the scheme proposed in
Ref. @7#, Davidovich et al. @9# have examined the require-
ments on detection efficiency imposed by the quantum me-
chanical nonlocality constraintĪ.2/3 @18#, I (5^furuf&)
being the teleportation fidelity coefficient andĪ its average
over all possible statesuf& of the particle to be teleported.
The above constraint is satisfied if the detection efficiencies
are over 0.7, actually a good enough condition as compared
to other tests of quantum nonlocality. For the present step-
by-step teleportation process the lower bounds both in the
average fidelity and in the detection efficiency must be reex-

amined. The required number of detections of two-level at-
oms as well as the assimilation of the dispersion in the
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-
ing and after the atom-field interactions, until the detection
of the pointer atoms, which causes the state vector of the
atom-cavity system to collapse, with a certain probability, in
a desired product state. A negligible cavity loss is also re-
quired during the whole process of nonlocal correlation be-
tween cavitiesCI andCII . Presently, the cavity lifetime for
high-Q superconducting cavities is approximately 1022 s
@10#, which is three orders of magnitude longer than typical
atom-field interaction. However, the whole teleportation pro-
cess must be accomplished around the cavity lifetime period,
which is clearly the main problem to overcome in the present
scheme.

Finally, concerning to the spontaneous decay, for Ryd-
berg atoms in circular states with principal quantum number
n'50 and maximum angular momentuml5n21, atomic
excited-state lifetimes are also of the order of 1022 s @10#.
So, assuming atomic velocities of approximately 103 m/s,
the cavity system sketched in Fig. 1 must be confined to an
area about 1 m2 in order for the whole operation required for
the accomplishment of each step to be realized around half
the radiative lifetimes of circular Rydberg atoms.
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APPENDIX

Returning to Sec. II, let us consider that atoms 3 and 4
have been detected in the excited and ground states, respec-
tively. One can show that, for the accomplishment of the
teleportation process, the new coefficientsg1 and g2 must
satisfy exactly the relation~16!, while the coefficientsg3 and
g4 must satisfy the relation~17! with tan(A2Vt3) changed
into 2cot(A2Vt3). So, by selecting the velocities
of atoms 1 and 3 across cavityCI in a way thatt15t3
5p/4V, we obtain g25g1 /@2cos

2(A2p/4)# and g4

52g3cos(A2p/4)/@A2sin2(A2p/4)#. To prepare the atomic
entangled state satisfying the relation betweeng1 and g2,
similarly to what we have done previously~Sec. IV!, we
must send atom 1, initially prepared in the excited states,
across cavityC, initially in the vacuum state. Subsequently,
atom 2, initially prepared in the excited state, is sent across
the same cavity. However, both atoms now have to be se-
lected to present the same atom-field interaction time
t5p/4V. After the interaction of atom 2 withC, it has to be
sent across an additional cavity, sayC8, initially prepared in
the one-photon field state and placed betweenC andCII .
The interaction time between atom 2 andC8 also has to be
t5p/4V. After this, two pointer atoms have to be consid-
ered, 1 and 2, together with an additional Ramsey-type ar-
rangementR182C82R28 , whereRj8 ( j51,2) represents aux-
iliary microwave zones that are sandwichingC8. Finally, the
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pointer atoms 1 and 2 are sent across the Ramsey-type ar-
rangementsR12C2R2 andR182C82R28 , respectively. In
both arrangements the microwave zones and the detuning
between pointer atom and cavity are set so that the system
ends up in the superposition state~11!. By detecting both
pointer atoms~and here an additional state-selective ioniza-
tion detector has to be considered together with the arrange-
mentR182C82R28) in their excited states, atoms 1 and 2
are left in the entangled state~22! ( j51), with g1 and g2

satisfying the relationg25g1 /@2cos
2(A2p/4)#. By applying

a 180° rotation around thex axis to both atoms~through
zonesR3 and R4), we finally obtain the entangled state
uC&12, satisfying the required relation betweeng3 andg4.

To obtain the atomic entangled state obeying the relation
betweeng3 andg4, atom 3, initially prepared in the excited
state, is sent acrossC, initially prepared in the one-photon
field state. Subsequently, atom 4, initially prepared in the
ground state, is also sent acrossC. Both atoms have to be
selected to present the same atom-field interaction time
t5p/4V. After the interaction of atoms 3 and 4 withC, a
pointer atom has to be send across the Ramsey-type arrange-

mentR12C2R2, with the auxiliary microwave zones and
the detuning between pointer atom and cavity set so that the
system ends up in the superposition state~11!. By detecting
this pointer atom in its excited state, atoms 3 and 4 are left in
the entangled state~22! ( j52), with g3 andg4 satisfying the
relation ~19!. Finally, we have to apply a 180° rotation
around thex axis to both atoms to obtain the entangled state
uC&34, satisfying the required relation betweeng3 andg4.

It is worth noting that the velocity of atom 2 across cavi-
tiesC andC8 and the velocity of atom 4 acrossC have been
selected so that the interaction times between the atoms and
the cavity modes aret5p/4V. However, as considered in
Sec. II, the interaction times of atoms 2 and 4 with cavity
CII are given byt5p/2V. So, as opposed to the situation
discussed in Sec. IV, here cavityCII is the one whose length
must be two times the length of cavitiesC andCI . Finally,
by considering that atoms 3 and 4 have been detected in
their excited and ground states, respectively, the probability
to achieve the teleportation of the cavity modeuF& I from
CI to CII is around 0.45~by choosingt35t45p/4V).
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