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Quantum teleportation of an entangled state
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We consider the teleportation of entangled two-particle and multiparticle states and present a scheme for the
teleportation that may be suitable for both entangled atomic states or field states insidg daghies.
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[. INTRODUCTION 22]. The teleportation of a coherent state of the radiation
field [23] and the teleportation of a superposition of chiral
The notions of coherent superposition and entanglemeramplitudes have also been reporied].
in quantum mechanics lie at the conceptual foundation of All these schemes are for the teleportation of single-qubit
quantum mechanics as evident through fundamental contrbtates. In many potential applications of quantum computing,
butions like bell inequalitied1] and Greenberger-Horne- such as factorizing a very large numg&b] or searching an
Zeilinger (GHZ) equalities[2]. These alternative concepts unordered quantum databgs6], one needs the system of
are finding interesting and useful applications in the field ofmany-qubit states. It is therefore an interesting question
quantum computing and quantum information. whether we can teleport a multiqubit state. In this paper, we
One of the key problems in quantum communication isPresent a scheme for the teleportation of a two-partivie-

how to transmit a quantum state from one observer to andubit) entangled state from a pair of high-cavities to an-
other and keep the received state exactly the same as th@iher pair of highQ cavities using methods based on cavity
sent without necessitating the movement of an informatiorfluantum electrodynamics. This scheme is then generalized
carrier. This can be accomplished in two steps. First, thdor the teleportation of thé&l-qubit field state.
sender “disassembles” information of a quantum state into
two parts, one of which is sent through a quantum channel
run by the nonlocal correlation between two entangled quan-
tum entities, and the other of which is sent through a classi-
cal channel. Second, the receiver “reconstructs” the state on In this section, we consider the teleportation of a two-
the basis of information from both the quantum and classicatjubit entangled state of the radiation field in two separated
channels. Because in this process a quantum state to be tramggh-Q cavitiesA; andA, to another pair of higl cavities

mitted is destroyed in one place and later reconstructed i€, andC,. The entangled state of the radiation field is as-
another place, this transmission is termed as teleportation @umed to be
a quantum state. Bennedt al.[3] proposed a scheme for the

Il. QUANTUM TELEPORTATION OF AN ENTANGLED
STATE

teleportation of an unknown quantum state from one ob- 1
server to another through dual Einstein-Podolsky-Rosen A AL)) = c 1
(EPR and classical channels. (AL A) p1%=0 papel PLoP2)- W)

Since this proposal was made, a number of experimen-
tally feasible schemes have been suggested for the teleporta-
tion of two-level atomic statepd—13 and field state§l14— lw(arA> P——r [ Toceiving lwara2>
16] for two-dimensional states td-dimensional statefsl7]. /\/\/\,, Seation Station f\/\/\,,
Most of these schemes rely on methods based on cavit
guantum electrodynamics in which two identical high-

4-bit classical information

cavities are initially prepared in an entangled state. Quanturr Bi G
teleportation was experimentally verified by producing pairs B, G,
of entangled photons through the process of parametric

down-conversion[18]. Recently, a scheme has been pre- hv®.co>
sented that exploits the cavity decay for the teleportation of Q

the atomic state of an atom trapped in a leaky ca\i§j. In e

addition to these schemes of discrete variables, much
progress has also been made for the quantum teleportation of FiG. 1. Quantum teleportation of the two-qubit state
states of dynamical variables with continuous spef@-  |y(A1A,))=31 | oCn n,IN1.N2). [#(B1Cy)) and |#(B,Cy))

n,,n
are two entanglletzzi states. Cavitidg andB, belong to the sending
station while cavitiesC; andC, belong to the receiving station. A
*Permanent address: Applied Physics Division, Pakistan Institutéour-bit piece of classical information transmitted from the sending
of Nuclear Science and Technology, P.O. Nilore, Islamabad, Pakistation to the receiving station enables the receiver to reconstruct

stan. the original state.
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It may be pointed out that this scheme also corresponds té/e then have

the teleportation of entangled two-level atomic states be-

cause the atomic entanglement can be transferred to the two 1

cavities by passing them through the two cavities with Itﬂ(BleClCz»:§[|031,052,1c1,1c2)+IOBl,lsz,lcl,Ocz)
pulse. As usual, the teleportation of stél¢ can be carried

out in three steps, as shown in Fig. 1. N +|18,,08,,0c,,1c,) * |18,,18,,0¢c,,0c,)]-
In the first step, we consider the other two sets of cavities,
B,, C; andB,, C,, prepared in entangled states: 4
1 It is important to note here that for the teleportation of a
|#(B1C1)) = E(|0B1-101>+|1811001>): (2 two-qubit quantum state we do not need to prepare an en-

tangled state of four qubits. Instead, we need two entangled
1 states of two qubits each. The combined state of the fields in
|4(B,C,))= 5(|0821102>+|13210c2>)- 3 ':1: cavitiesA, A,, B4, B,, C;, andC, is therefore given

1
|4(A1A2B1B,C1Co)) =3 . %:_0 Cpyp,| P, [P2)A,
1P2™
% (|0s,,08,,1c,.1c,) +108,.18,.1c,.0c,) +[18,,08,.0c, . 1c,) +118s,.18,.0c,.0c,)). ©)

Next we define the basis states for theA,B,B, system:

41, .1,00(A1A2B1B2)) =3 (|0 04,15, 15,) +€712|04 , 14,15 ,05)

+€'™11, 0n 0p 15 ) +€™11712]1, 1, 05 ,0p)), (6)

1, 1,01(A1A2B1B2)) =3 (|0a,,0n,,15,,08,) + e 7Tj2|0A111A2!1811182>

+€'711, ,0,,08,,08,) +€71712|1, |15 05 ,15,)), (7)

|91, 1.00A1A2B1B2)) =3 (|0a .08 .05, 15,) + €720 15 05 .05 )

+e ™11, 00,15 ,1p,) € TITID|1, 1y 15 05))), )

[ #1,1,1.1(A1AB1B2)) =3 (|04 04,05 ,08,) +€ 71204 ,14 .05 ,15)

+e711, 00,150, +€T1TI2|1, 1y 15 ,15.)), 9)

wherej,,j,=0,1. We therefore have 16 basis states. The combined|gtétgA,B,B,C,C,)) can be rewritten as a linear

superposition of the basis Staﬂeﬁil,jz,kl,kz(AlAzBle)> of the A;A,B;B, system as follows:

1

|'/I(A1A2315201C2)>Ij ]_2_0 |4i,.1,00(A1A2B1B2))(Cool Oc, 0c,) + Cose' ™7 Oc,, 1c,) + C18' ™1 1c, . Oc,)
127

+C1€ 2|1 1)) + |4, 1,01(A1A2B1B2))(CodlOc . 1c,) + Cose'™2(0c ,0c,)
+Cye'™11c  1c,) + Cre U112 1¢ 0c )

+[,.,1.0(A1A2B1B2))(Cod Lc,.0c,) + Cor€ ™7 1 ,1c,) + C1o€' ™10 ,0c,)
+C11€ "17I2]0c L 1e ) + [, ,11(A1A2B1B2))(Cod 1c, 1c,) + Cos€' ™2 1c ,0c,)

+C18'™1|0c , 1c,) + Cye'mI1712]0¢ ,0c ). (10)
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In the second step, we make a measurement of thtotal number of photons inside the cavities, and the second
A1A,B1B, system. A detection of th&;A,B,B, system in  determiningj, and j, via the relative phase. It is clear
the statel¢;, j, k, k,(A1A2B1B>)) projects the field state in that the cavities in statéy;, j,00(A1A2B1B5)) have two

the cavitiesC,C, into photons, those in stateg l//jl,jz,o,l(AlAzBle)) and
. |¢jl,j2,1,o(A1AzBle)> have one or three photons, while in

|4(C1Cy)) = > ei'fr(jlpl+j2p2)cp1p2|(k1+pl)mod2>cl state|zpjlyl-2’111(A1AzBle)> they have zero, two, or four
P1,p2=0 photons.
There are a number of ways to determine the number of
X|(kz+ pz)modd)c, (19 photons inside the cavities. We propose the use of Ramsey
) ) . . interferometry. In this scheme, we consider two-level atoms
The field state in the cavitie§,C, has thus been projected pitia|ly prepared in ground statfh) that are off-resonant
to a state that has all the information about the amplitudeith the ragiation field inside the cavities. The cavities are
Cplpz- placed between two classical microwave fiel@®®amsey
In the third and final step of the quantum teleportation, azonesR; andR,) driving the |a)— |b) transition. When an
manipulation of the cavitie€,C, needs to be done to bring atom passes from the first o with a microwave field
state(11) to from (1). In the following sections we give the tuned at frequency,,, it is prepared in a coherent super-

details of these three steps. position of states|@)+|b))/v2. This atom is then passed
through the two selected cavities with the same interaction
A. Preparation of entangled states time 6 in each cavity. During the passage through the cavi-

ties, a phase shift proportional to the photon nunsiarthe
two cavities is introduced as a phase of the statg27]. The
resulting state of the atom then becomes

In the first step, we prepare two pairs of cavitgs,C,
andB,,C, in entangled state®) and(3). This can be done
by passing a two-level atom initially in the excited state
through the two resonant cavities. The interaction times of an 1
atom with two cavities are chosen to be such that we have a —[la)+€'s’b)]. (13
7/2 pulse in the first cavity and & pulse in the second V2
cavity [6]. Initially, the two cavitiesB; andC, are taken in a . )
vacuum and the two-level atom is taken in an excited statd e atom is then passed through the second Fyneagain
|a>_ When the atom has undergoneﬂﬁ pu'se in the first resonant W|th(1)ab. The interaction time and the Coupllng
cavity, the second cavity is still empty and the atom-fieldparameters are chosen such that— (|a)+[b))/v2 and
system is in a state that corresponds to a linear superpositidh)— (|&)—[0b))/v2. The final atomic state is
with equal weights ofa) and |b) atomic states correlated to <ol o
zero and one photon, respectively, in cauy as " cogsp/2)[a)—i sin(s0/2)|b)]. (14)

1 The complete atom-field state is entangled and rather com-
|4(B1C1))=—(|b,1g ) +[a,0s))®(0c ). (120  plicated. We have therefore not reproduced it here. It is,
V2 however, clear that a measurement of the atom in &iatr
o ) ] ) |b) would reduce the fields inside the cavities to states with

If the atom is still in an excited stata) after leaving cavity only an appropriate number of total photons in the two cavi-

B, in its vacuum state, it will, with unit probability, be trans- tjeg.

ferred to|b) by the « pulse in cavityC, and leave a photon  The first atom is sent through the two cavitiés and B,

in the second cavity. If it emits a photon in caviB; and  \jith the interaction time@= = in each cavity. It follows

exits it in Iev§I|b>, |t_W|II be unaf_fected by its coupling Wlt_h from Eq.(13) that if the atom is found in the excited staa

the vacuum in cavityC, and will leave the second cavity the total number of photons in the two cavities is even, i.e.,

empty. Thus the atom always exits from second ca@ifyin o 2. This impliesk; =1, k,=0 ork,=1, k,=1. If the atom

state ), while the field is left in the entangled stat8). s detected in statéb), then the total number of photons in
Similarly, we prepare another pair of cavitid,C,, in en-  the two cavities is odd ankh =0, k,=0 ork,=0, k,=1. In
tangled state3). the next step we make a measurement in the cavitiesnd
B, only with the same interaction time. A detection of an
B. Measurement of ¢ j, i, ,(A1A2B1B5)) atom in either the excited state) or the ground statéb)

Pmpletely determines the valueslof andk, according to

The second step of the teleportation is the measurement ’ }
e following sequence:

the Bell stategy; i, k, k,(A1A2B1B5)) of the A;A;B,B,
system. The subscripis, j,, k;, andk, have the values 0 |a)|a):>|¢j i 11(A1A;B1By)),
and 1. Among thesek; andk, can be determined by the rie
number of photons inside the four cavities, whileandj,

can be determined from the relative phase of the states. Thus
the statg lﬂjl,jz,kl,kz(AlAzBlew can be determined in two

sets of measurements, the first determirkp@ndk, via the b)la)=| ‘ﬁilyizvoll(AlAZBlBZ»’

la)|b)=| ¥y,.i,1.0(A1A:B1B2)),
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D) [bY={44;, j,0,0(A1A2B1B2)). |45, .i,00(A1A2B1B5))

_1 i

For the determination of phase factgssandj, we make 2(|0A1’0A2'1Bz>+e 2|0A1'1Az'082>
measurements in the cavities;, and A, only after first _ aimis _ain(istin)
evacuating the cavitieB, andB,. However, during the pro- €100, 15,) € 114, 1a,,06,))®{0,)-
cess of “emptying” the cavitiesB; and B,, the relative (18
phase between the component states in the resulting state o
|,/,j1’].2'k1’k2(A1A2|3132)> may change. There are a number BY a similar procedure, the photon can be removed from the

of ways to remove the photons from the caviti®sandB,. fca\?ty B, and(;[he r?SL:Ir;"n% calwtytﬂeld sta’:cet;/]v i rlave_ ph?ste
Here we consider two two-level atoms initially in their actors according to the final outcome of the atomic state.

ground stateth). One of the atoms is sent through the cavity Here we summarize the final outcome depending upon the
B, and the other through cavit,. After the passage, the sequence of atom states for the removal of photons from

atomic internal statega) and |b) are mixed by a classical cavity B, and cavityB,:

field such that [a)—(|a)+[b))/V2 and [b)—(|a) |a>|a>_>%(|0A1'0A2>+eiwj2|0Al’1A2>+eiwj1|1A1’0A2>
—|b))/v2. A subsequent detection of these atoms in states

|ay or |b) introduces phase factors. To see this clearly, we +eimliiti2|1, 1, ))®|0g.,05.),

takek, =k,=0 for the sake of simplicity. Similar arguments v v

will, however, apply for other values &f; andI§2. First we |a>|b>_>%(|0A1’0A2>_eiwj2|0A1’1A2>+ei77j1|1A1’0A2>
consider the passage of atoms through caBifyonly. The

initial state is therefore —e'”(11+'2)|1A1,1A2>)®|Osl,052>,
|¢jl,j2,O,O(AlAZBle)>®|aton’> |b>|a>—>%(|0A1,0A2>+eiﬂ-j2|0Al,1A2>_eiﬂ-jl|lAl,0A2>

. —em0at2|1, 1, ))®|0g,,0,),
=2(]0a,,0n,,15,,15 ) +€72|04 .14, 15,,0,) b b

+ei"j1|1A1,0A2,031,182> |b>|b>_}%(loAl’OA2>_ei 7TjzloAl’lAz)_ei 7Tjl|1A1'OAz>
o ) im(i1+i0)
+eI‘IT(jl+J2)|1A1,1A2,081,OBZ>)®|b>. (15) +e| J1Tl2 |1A1'1A2>)®|OB]_’OBZ>' (19)

This completes the procedure of evacuating caviliesand
The removal of a photon frorB, followed by mixing of the  B,. The resulting state can have different but known phase

atomic levels by the classical field yields factors between the constituent states. The net effect is
equivalent to a transformation to a different basis. Next we
|41, 1,00(A1A2B1B)) ®|atom make measurements in the cavitids and A, in order to
J1:12:0,

determine the phase factgrsandj,. For simplicity’s sake,

we assume that the first two atoms are detected in fate
=%[(|OA1,OA2,031,132) ~ We now remove photons from cavities, andA; by a

similar procedure, i.e., by sending two-level atoms in their

o 1 ground stateb) followed again by a classical field that mixes
+€'72/0, ,1n,,08,,08,)) ® 5(|a}+|b)) the levels such thafa)—(|a)+|b))/v2 and |b)—(|a)
—|b))/V2:

+(e ™11, ,00,05.,1,
1110, O, 1s;) |45, 5,00(A1A;B1B,)) ®|atom)

o 1
i = _ 1 o
+e 2| 1A1,1A2,051,032>)® 7 (|a) |b>)] (16) _ _(|OA2> +e 71']2| 1A2>)
2V2
The detection of the atom in levid) gives X[(1+e™)|a)—(1—e")[b)] ©[04,,08,,0p,)-

(20

Lo A;A,B,;B
iy iz 00 ArA2B1B2) If the atom is detected ifa) then j;=0, and if atom is

o o detected inb) thenj;=1. The resulting cavity field state is
=7(10a,,0n,,15,) + €720, ,14,,08,) + €114 ,0n,,15,)

e 1 -
+e'”(11+12)|1A1,1A2,OBZ))®|051), (17 |l/fj2,0,0(/'\1'6\25152)>:E(|0A2>+eI 12[1p,))

whereas the detection of the atom in lej®l gives ®|OA1’051'052>' (22)
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Finally, we send the atom through the cavity and repeat respect to the first and second atom, respectively, fhen
the same procedure. If the atom is found in stajethen =1 andj,=1 and the state ihﬂl,lkl,kz(AlAzBle»-

j2=0, and if the atom is detected jb) thenj,=1. So by A determination of the entangled state of the field inside
making measurements only in cavitidg and A, by first  the cavities A;, A,, B;, and B,, say, in state
removing one phpton from cayite(l and then removipg one |¢jl,j2,kl,k2(A1AzBle)>a projects the state of the field in
photon from cawtyAz, detection _of the_ atom in different cavitiesC, andC, into the state#(C,C.)) as given by Eq.
states yields the different values pfand], as (11). In the final step of the teleportation, we transform this

|a)[a)la)a)—i1=0, j5=0=|uoox, k,(AABBy),  StAteinto the original stai).
la)a)|a)[b)—j1=0, j2=1=[do1k, K, (A1A:B1B2)), C. Transformation
_ _ The transformation of state/(C,C,)) given by Eq.(11)
[a)|a)[b)la)—j1=1, [2=0=|¢1 0k, k,(A1A2B1B2)), into that given by Eq(1) involves two steps. One is the
removal of phases expfj;) and expij,) and the other is an
[a)[a)|b)[by—j1=1, jo=1=[d1 1k K, (A1A:B1B2)). appropriate transformation of photon numbers.

First we consider the transformation of phase only. For
If we have other sequences of detection of the first twathe sake of simplicity, we tak&; =0 andk,=0. We then
atoms, then by doing the same process detection of the atohave
in different states gives the different valuesjefandj, as

shown below: |#4(C1C2))=Cod Oc,,0c,) + Co€' ™70 . 1c,)
[a)|b)[a)|a)—j1=0, j2=1=|o1k, k,(A1A2B1B2)), +C108' ™11 ,0c,) + Cri€ ™12 10 L1c ).

@) b)la)lb)—1=0, jo=0=| o0k, k,(ArAB1B2)), (22

i) If j;=0 andj,=0, then the statey/(A;A,)) is recov-
|a)|b)[b)a)—j1=1, [2=1=|¢1 1k, i,(A1A2B1Bo)), ere(d)_ 1 2 BU(AA))

, _ (ii) If j,=0 andj,=1, then
[a)|b)[b)|b)—j1=1, [2=0=|¢1 0k, k,(A1A2B1B2)),

|#(C1C2))=CoolOc,.0c,) + Cose'™| Oc,.1c,)+Cidllc,.0c,)

Ib)a)la)|la)—j1=1, j2=0=|¢1 0k, k,(A1A2B1B2)), :
+Cpe' |1 1) (23)

Ib)a)|a)|by—j1=1, jo=1=[d1 1k K, (A1A2B1B2)),
An atom in a superposition staf¢a)+|b)]/v2 is passed

[b)a)|b)[a)—j1=0, j2=0=[¢o ok, k,(A1A2B1B2)), through the cavityC, only in such a way that the ground
state|b) picks the phase exip@) (p being the number of
|b)|a)|b)|b)—j,=0, j,=1=] 0,1k, ky(A1A2B1By)), photons inside the cavit§,) while the excited stat@) does

not pick any additional phase. We then have
Ib)b)|a)|a)—j1=1, j2=1=|1 1k, k,(A1A2B1B2)),

1
Ib)|b)|a)|b)—j1=1, j2=0=[¢10x, .k,(A1A2B1By)), |4(C1Cr)) = 5(C00|0cl,0c2>_001|Ocl71c2>
[b)[b)|b)[a)—j1=0, j2=1=[wo1k, K, (A1A:B1B2)), +Cid1c,.0c,) ~Cullc . 1c,))|a)

b)|b)|b)|b)—j,=0, j,=0= (A1A,B1B5)). 1
b)[b)[b)|b)— 1 I2 | 0.0k, .k,(A1A2B1B2)) +5(C00|0C1’002>+C01|0C1,1C2>
We can summarize from the above equations that if the
order of detection of the first two atoms is the same as the +C10|1Cl,0c2)+C11| 1Cl,1C2>)|b>. (24
last two, then we havg,;=0 andj,=0 and the state is

[0,0x, k,(A1A2B1B2)). If the detection of atomic states is |t the atom is detected ifb) after the passage through cavity
the same for the first and third atom and detection of theC, then the statdi(A1A,)) is recovered. If the atom is
fourth atom is reversed with respect to the second atom, thedletected in stat@) then repeat the process until the atom is
j1=0 andj,=1 and the state i&f 1k, k,(A1A2B1B,)). If  detected inb).

the detection of the atomic states is the same for the second (iii) Forj;=1 andj,=0,

and fourth atom and detection of the third atom is reversed _

with respect to the first atom, thgp=1 andj,=0 and the |z//(ClCz)):COO|OCl,0C2>+C01|0c1,1C2)+C10e'”|1C1,OC2>
state is|z,//1,0k1,k2(A1AzBle)). If the order of detection of

atomic states for the third and fourth atom is reversed with +Cyee’”| 101'102>' (29
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We carry out the same process again, but this time we pas 2N-bit classical information

the atom through cavitfC; only. With the detection of the Sending Receiving

atom in statgb), we recover the required state. AVAVA . i S AVAVA
(iv) Forj;=1 andj,=1, [ W(ALAL-AN)> ® % B, ¢ AAA lvanas.an>

ly®,.Co> C2

|(C1C2))=CodlOc,,0c,) + Cos€'"|Oc,, 1c,)

+C10€'"1c,.0c,) + Cul1c, 1c,)-  (26)

|w(B.C>/

Again, the same procedure is repeated except that the ator
passes through both cavities. As before, the detection of the
atom in statelb) will recover the required state; otherwise,
we repeat the process until it is detected in siate

Next we consider the transformation of photon numbers
in the cavities. As phase is removed by the method dis- FIG. 2. Quantum teleportation of the N-qubit

| w(Br.Cx)>

cus_sed above, we talkg=j,=0 for simplicity’s sake: state|ap(AlAz...AN»:E,l,M2 YYYYY ny=0Cn; .. ngN1N2, Ny
(i) Fork,;=0 andk,=0, |#(B;C;)) areN entangled states. Caviti& (i=1,2, ... N) be-
long to sender while cavitie€; (i=1,2,... N) are with the re-
| $(C,Cy)) = Coo| Ocla002> + (301| 0c11102> + C10| 1Cl,oC2> ceiver. A 2N-_b|t piece of clags_lcal mfo_rmatlon transmitted f_rom the
sending station to the receiving station enables the receiver to re-
+C11| 101,1C2>, (27) construct the original state.

.- . . lll. TELEPORTATION OF THE N-QUBIT FIELD STATE
and the original state is recovered and we do nothing further.

(ii) Fork,;=0 andk,=1, After giving a scheme to teleport the two-qubit state, we
would like to generalize this scheme for tNequbit state as
|¢(C1C2)>:COO|OC11102>+C01|0C110C2>+Clo|1clalcz> showr_1 in F_lg. 2. Le'g us consider [d-qubit entangled field
state inN high-Q cavities as
+Cullc,Oc,). (28)

(AL AWY= 2 Cpn  nlni,...ny). (3D
In order to recover the original statd), we should inter- ' n) n,...NN=0 M- NT v

change the state between zero and one photon in c@yity : .

For this purpose, we pass a two-level atom in its ground statd/€ _want to teleport this entangled state iy (i

by through cavityC, with a = pulse followed by its passage — 1:2/*N) high-Q cavities ©0C; (i=1,2,...N) high-Q

through a classical field again withapulse(|a)—|b) and ~ Cavities. ,

Ib)—|a)) and finally through an empty cavig} such that In the first step of the teleportation of std&l), we need
the atom in excited stata) leaves the cavity in ground state N pairs of entangled cavities

|b) while leaving one photon inside the cavity and the atom 1

in ground stateb) leaves the cavity in the ground state with |4(BiC))=—(]0)g |1)c. +|1)g |0)c), (32

no photon inside the cavity. This leads to the field states in V2 : : ' :

the cavitiesC, and C, in the entangled statél) and the ) ) -
teleportation is compliete. wherei=1,2, ... N. TheseN entangled pairs of cavities can

(i) Fork;=1 andk,=0, _be_z _prep_ared as rr_lentioned earlier by passing two-level atoms
initially in the excited state through the two resonant cavities
_ and by setting ar/2 pulse and ar pulse, respectively, in the
|#(C1C2))=Codl1c,.0c,) + Coille, de,) + CadOc, Ocy) two cavities. As before, cavitieB; (i=1,2, ... N) are with
+C1q0c. .1 ). (29) thg sender and cavm('asi (i=1,2, o N) belopg to re-
v ceiver. We now define @' basis states in cavities

i AA,...AyB1B,...By as
We carry out the same procedure as above with the only

difference being that the atom is passed through cavity

(iv) Fork;=1 andk,=1, |‘/’j1 ..... in Koo, kN(Al---ANBl---BN)>
|#(C1C2))=Cod e, dc,) + Coille, Oc,) + CidOc, 1) : o |
1“2 00l -C1C, o1 -+Cyr¥C, 101¥Cy1-Cy = z S eXFi|7T(J1p1+12p2+...+leN)]
+C11|ocl,0c2>. (30) P1seees PN

><|p1>Al|p2>A2'"|pN>AN|(l_ p1— |<1)m0d2)Bl
Here we carry out the above procedure independently for the

two cavitiesC, andC,. X|(1=pa—kp)mod2)g, X+ X[ (1~ py—ky)mode,
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1 N o make measurements i, ,A,,...,Ay in order to determine

= > [e'“mpm|pm>Am j1:J2+---»)n- We remove one photon froM; by sending a

P1oPN=0 m=1 two-level atom in its ground stat) followed again by a
X |(1= P~ km)Mod2)g . (33)  Classical field that mixes the levels such thap—(|a)

+|b))/v2 and|b)— (]a) —|b))/v2. Detection of the atom in
|ay or |b) determines the value 9f . It is zero if the atom is
The combined state in the cavitifs...AyB;...ByC,...Cy,  0etected iria) and one if the atom is detected|). We then
in terms of basis states can be written as repeat thg process Wlth_ other caV|t|e§. .F|nally we send the
Nth atom in|b) from cavity Ay, after mixing and detection

|(A;...AyB;...BNCy...CY)) of the atom inja) or |b) determinegy . For each combination
1 1 L of the first step, while evacuatir, ,B,,...,.By, we get &
_ E 2 combinations in the second step. Finally, we have a total of
- 22N different combinations. Each combination had 2ut-

I JN=0 Kq,..., kKn=0 pq...., pn=0 X R
comes of atomic statesN-outcomes each for evacuation of

Pro.. pN|¢j1 _____ i oK I(N(Al...ANBl...B,\1)> B, andA,. We compare the firdil outcomes of any com-
bination among the total of?' with the lastN outcomes of
the same combination. When these are the same wég get
=0 and when they are reversed with each other we have
=1. For example, if all the firdl outcomes of a combination
We now make measurement of thé“2basis states of the among Z" combinations are similar to the lalstoutcomes
A;...A\B;...By system. It has B parametersiN parameters Of the same combination then we havejaual to 0. How-
correspond to the phase, while the remainiNg para- ever, if anynth outcome of the firsN outcomes is reversed
meters correspond to the photon numbers inside thwith respect to thenth outcome of the lasN then thatj,
cavities A;,...Ay,Ay,Bi,....By.  Thus the state =1.Ifall the outcomes of the first are reversed with all the
kN(Al---ANBl---BN)> can be determined in outcomes of the ladtl of that combination then we have all

two sets of measurements, the first determitkingks ... Ky j equal to 1. This completes the procedure of measuring the

via the total number of photons inside the cavities, and th&€! states|j, _jy k....ky(As---AnB1...By)). A determi-
second determining;,j,,...,jn Via the relative phase. For nation of Bell state|y; k.« (A1---AnB1...By))
the determination of photon numbers we use Ramsey inteprojects the state of the field in caviti€s,C,,...,Cy into
ferometry. We send an atom in ground stifethrough two  the entangled statey(C,...Cy)) as

cavitiesA; andB; and two Ramsey zond®, and R, with

x [T €™ mPm|(py,+km)mod2)c . (34)
m=1 m

i, e

interaction timed= 7 in each cavity. The atom is resonant 1

with the two Ramsey zones and off-resonant with the cavi-  |y(C,...Cy))= >  C, .,

ties. Detection of the atom in either the excited stajeor p.py=0 TN

the ground statelb) makes the probable outcomes of N

|IJIJ1 _____ jN'kl _____ kN(Al"'ANBl"'BN)> to N/2 of tOtal N Va.l' X H eiﬂjmpml(pm+ km)m0d2>cm-

ues. We then send a second atom in the ground state through m=1

A, andB, with the same interaction time, which reduces the (35)
probable outcomes by half. Similarly, we continue the pro-

cedure and send the last atom throughandBy, . A detec- In the third and final step of the quantum teleportation, a

tion of the atom in either thg excited std& or the ground manipulation of the cavitie€,,C,,....Cy needs to be done
state|b_> completely detgrmmes the values Ioj,kz,...,k_N to bring state|#(C;C,...Cy)) to form (A A,...A)).
according to the following outcomes. For examphg, iS  This transformation of state involves two steps. One is the
equal to 1 if the outcome of theth atom is[a), andk, is  yemoval of phases and the other is the appropriate transfor-
zero if the outcome of theth atom is|b). For example, if the mation of photon numbers.
outcome of each atom jb), except the last outcome, i.¢a), First we consider the transformation of phase only. It de-
then the Bell state if; . 00...{A1.--AxBy...B)). pends upon the value ¢f If all j are 0, then we have to do
For the determination of phase factors,j,,....jn we  nothing and the original state is recovered. However, if any
make a measurement in the cavitles A,,... Ay only after  j, amongN values ofj is 1 then it has an additional phase
evacuating the cavitieB{,B,,...,By. For this purpose we with it. For the removal of this phase we send a two-level
follow the same procedure used earlier for the two-qubitatom in a coherent superposition of sta@sand|b) through
state. We sendll two-level atoms initially in ground sta{e)  the cavityC, in such a way that ground stalig) picks the
one by one through the caviti®,,B,,...,By. After the phase. If the atom is detected |l) then the original state is
passage through the cavity, the atomic internal sfalesnd  recovered, otherwise we have to repeat the process until it is
|by are mixed by a classical field such thg)—(]a)  detected inb). If there arem values ofj that are equal to 1
+|b))/v2 and|b)—(|a)—|b))/v2. A subsequent detection out of N values ofj then we pass atoms in coherent super-
of these atoms in stat@) or |b) introduces phase factors position of statea) and|b) one by one from those cavities
yielding 2V possible outcomes of atomic states. Next weand detect the atoms in ground sthdge If all the j are 1 then
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we passN atoms in (a)+]|b))/v2 from all N cavities and the sender and the other particle to the receiver is sufficient
detect atoms in ground stafts). to teleport the entangled state of two qubits. This scheme is
Next we consider the transformation of photon numberdhen generalized for the teleportation of thequbit en-
in the cavities. This transformation depends upon the valuegngled state ifN high-Q cavities of the form(31). For this
of k. If all the k are 0 then we have to do nothing and thepurpose we need entangled states of two qubits each.
original state is recovered. However, if akyamongN val- ~ Sending one particle of each entangled state to the sending
ues ofk is 1, then we have to change 0 and 1 photon fromstation and the other particle of that state to the receiving
cavity C,. For this purpose we pass a two level-atom in itsstation is enough for the teleportation process.
ground statdb) through cavityC,, with a 7 pulse followed The proposed scheme of teleportation consists of three
by its passage through a classical field again with pulse.  steps. The first step involves preparation of quantum en-
Finally the atom passes through an empty ca@ty such tangled states of typ€) and(3) between two higlQ cavi-
that the atom in excited staja) leaves the cavity in ground ties. The second and third steps involve optical Ramsey in-
state|b) while leaving one photon inside the cavity and theterferometry and single-photon transfer. All these require
atom in ground statéb) leaves the cavity in ground state controlled interaction times between atoms and cavities, neg-
with no photon inside the cavity. This leads the field states irigible cavity loss, and no spontaneous decay during the
the cavitiesC;,C,,...,Cy in the entangled stai@1) and the ~ whole teleportation process. Controlling the interaction time
teleportation is complete. If there anevalues ofk that are  in the cavities can easily be achieved by properly setting,
equal to 1 out oN values then we repeat the same process afirough Stark field adjustment, the times during which atom
above by sendingn two-level atoms one by one in ground IS resonant with each cavif$]. About the spontaneous de-
state|b) from eachm cavity and proceed further as men- cay we propose the Rydberg atom in circular states with
tioned earlier until the completion of the process. If all khe principle quantum numbe#50. They have a long radiative
are 1 then we pasN atoms in the ground state from &l  lifetime (30 m9 and a very strong coupling to radiatif28].
cavities followed by a classical field that mixes and|b) as A negligible cavity loss is also required during the whole
|a)—|b) and|b)—|a) and finally throughN empty cavities. ~Process of teleportation. Cavity lifetimes for higheavities
The field state in the cavitie§;,C,,...,Cy have thus been should be long enough as all the interactions of atom with
projected to a state that has all the information about th&avities should be completed before the cavity dissipation.
amp”tUdeSCnl,nz _____ . This completes the transformation High-quality factors of such cavities and control of atomic

process and hence the teleportation of Khgubit state. beams during the whole teleportation process may pose limi-
tations on the suggested scheme.

IV. CONCLUSION
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