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Scheme for teleportation of unknown single qubit state
via continuous variables entangling channel*
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A new scheme for quantum teleportation of single quantum bit state with using continuous variables entangling

channel is presented. In our scheme two entangled light fields are employed. An outstanding characteristic of this

scheme is that one atomic state is transmitted directly to another atom without using the third atom as the mediate.
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1. Introduction

Over the past few years, quantum teleporta-
tion, originally proposed by Bennett et al. in 1993,
has aroused much interest due to its important ap-
plications in quantum calculation!!! and quantum
communication.?=1% In the original scheme, quan-
tum teleportation is such a process that an unknown
quantum state is transmitted from a sender to a re-
ceiver through a quantum channel with the help of
some classical information. Since then, teleportation
schemes for a variety of quantum states have been
proposed, such as superposition of atom states or
atomic Dicke states,'1:12] T states,['3] partially en-
tangled states,['¥ field states,['"~18) etc. The quan-
tum channel is, generally speaking, composed of en-
tangled qubits such as entangled Bell state,l?! three-
particle entangled state,”) etc. In Ref. [19] was inves-
tigated the teleportation based on dissipative chan-
nel. In Ref. [10] was proposed a scheme for quantum
teleportation without quantum entanglement chan-
nel, which is based on a single photon detection tech-
nique. Experimental realization of quantum telepor-
tation has also been demonstrated in optical system,
nuclear magnetic resonance,??) and trapped ions."]

In the present letter, we give a new scheme for
quantum teleportation of single qubit state using con-
tinuous variables entangling channel. In this scheme
we employ two entangled light fields. By the interac-
tion of atoms with light field in cavity, we can transmit
one atomic state directly to another atom without us-

ing the third atom as a medium.

2. Model

We consider a three-level atom interacting with
a single-mode cavity field and driven by a classical
field. The atomic states are denoted by |g), |e), and
|i). The transition frequency between states |e) and |i)
is highly detuned from the cavity frequency, and thus
the state |7) is not affected during the atom—cavity
interaction. The Hamiltonian ((h = 1)) is[¥]

H = %oz+wca+a+g(o+a+a,a+)
§ oy o), )
where ot = |e){(g|, o= = |g){e|, and o, = |e)(e| —

lg)(g], with |e) and |g|) being the excited state and
the ground state of the atom, a™ and a are the cre-
ation operator and the annihilation operator for the
cavity mode, g is the atom—cavity coupling strength,
and {2 is the Rabi frequency of the classical field. We
assume that wg = w. Then the interaction Hamilto-
nian, in the interaction picture, is

Hy=g(e o a+eo_at)+ 2oy +0_), (2)

where § = w. — wy is the detuning between the
atomic transition frequency and cavity frequency, here
we set 6 = 0. We make a unitary transformation
H] = TH{T = e"im%u/4[H1ei™u/4 the transformed
interaction Hamiltonian is represented as

H| = gcﬁ(az —ioy) + ga(oz +ioy) + Lo.. (3)
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Making wuse of the rotating wave approxima-

tion, which is equivalent to the transformation

e~ 126t0: [lle= 1200 the transformed interaction
Hamiltonian H{ becomes
H{ = g( t+a)o, — %(mreﬂm —og_e 1290
+ o, (4)

Assuming that 2(2 >> ¢, we can neglect the fast os-
cillating terms. Then H] reduces to

HI’:%( * 4+ a)o, + Qo.. (5)

Go on making the anti-transformation, Hy = T+ H|T,
then we will obtain

leg( * +a)o, + Ro,. (6)

The evolution operator for Hj is represented as

,» _ i at(at
U=¢e 1tH1:e 1Qto'me igt(a +a)az/2. (7)

3. Teleportation of single qubit
state

Suppose that the quantum channel is composed of
two light cavities, which are prepared in the entangled
state

[¥)e = (lan])e + | = ah| = a)2)/VN,  (8)
|

0N

— o igit(af +a1)oe1 o~ igt(aF +as)ons |4(0))
)

where N is normalized constant, and « is assumed to
be a real number. This kind of light entanglement
state has been prepared theoretically.?2 Now there
are two atoms 1 and 2, of which atom 1 belongs to a
sender Alice, atom 2 to a receiver Bob. We assume
the state of atom 1 to be teleported by Alice to Bob

is an unknown quantum state

[¥)1 = (ale)r +blg)), (9)

where @ and b are unknown coefficients, and |a|? +
|b|> = 1. The initial state of the whole system is given
by

¥(0)) = —=(ale)1 +blg)1) @ [g)2

® (Je)ila)s + [ = ah| — a)a).

EH

(10)

Step 1 Alice and Bob send atoms 1 and 2 into
their cavities, respectively, at the same time, each
atom being driven by a classical field. The evolu-
tion operator of each atom and cavity field is given
by Eq. (7). By selecting the interacting time and the
parameters {2 and g to satisfy the condition 2t = mm,
and gt/2 = «, with m being a large positive even in-
teger, we can obtain the evolution of the system as
follows:

Ul []2 |,¢(0)> — e i Qtame— igt(a1++a1)aml/2e— i Qtozle— igt(a2++a2)aw2/2 |w(0)>

(11)

where the same coupling parameters {2 and g between atoms and light fields have been used. Computing

Eq. (11) carefully, we can obtain

1
2/N

l¥(8) =

[a(le)1lg)z2 + [g)1le)2) + b(1g)1lg)2 + le)r]e)2)]]0)1]0)2

+ L(a = b)(le)1 — |9)1)(l9)2 — le)2)|2a)1|2)2

4N

+ ﬁ@ +b)(le)1 + [91)(19)2 + le)2)] — 2001 | — 2a)s

1
+
4V N
1
+

4N
1

4N
1

4N

We define the even and the odd coherence states as

+

+

™) = (120)i £ | - 2a);)/ /N1,

(a+b)(le)1 +19)1)(|9)2 — le)2)| — 2a)1]0)2.

(a—="b)(le)r —9)1)(19)2 + [e)2)|2a)1]0)2
(a+0d)(le)1 +19)1)(l9)2 — [€)2)|0)1]2ar)2

(a=b)(le)r — 19)1)(|g)2 +[e)2)|0)1] — 2c)2

(t=1,2),
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where N; is normalized constant. The state of the whole system is then represented in terms of |<pzi> by

[6(0) = 5 lalehla)2 +lghle)2) + lghla)z + lehle)2)] o) 0):
+ Il (alg)a + le)a) + g1 0lg)a + ale)a)l il )
+ ol (blgh2 = ale) + laha(—algl — He))l il )
+ lleh (~bla)a = ale)2) + lgh (~alg)a = He)2)lo hly ")
+ Sl (alghe +ela) + o) (blg)s + ale)a)le il )

8V N
N VN
4/N
VNy
4N
N VNL
4/N
N VN1
4N

Step 2 Alice and Bob perform a Bell-like measurement operation on the state of their cavities and inform

[le)1(alg)z — ble)2) + [g)1(Blg)2 — ale)a)e™)a[0)2

+

[le)1(=blg)2 + ale)2) + |g)1(=alg)2 + ble)a)|v™)1]0)2

[le)1(alg)z — ble)2) + [g)i(blg)2 — ale)2)[0)1]o™ )

[le)1(blg)2 — ale)2) + |g)1(alg)2 — ble)2)[0)1]@ )2 (14)

each other of the results. The Bell-like measurement for field states (odd and even coherent states) has been
studied in Ref. [23]. After measurement, two atoms stay in the entangled states.

Step 3 After Alice’s receiving the information about the operation accomplishment, Alice then performs
a measurement operation on the state of atom 1, and informs Bob.

Step 4 According to Alice’s measurement result, Bob then performs a unitary operation on the state of
atom 2 or not, so that he obtains the wanted state.

Table 1. Measurement results and the transformations made by Bob in teleportation process.

the measurement result the measurement result the ransformation
on light fields made on atom 1 made the states of the atom 2 operated
by Alice and Bob by Alice by Bob
le)1 alg)2 +ble)2 o
10)1]0)2 -
l9)1 blg)2 + ale)2 I
le)1 alg)z + ble)2 o
e Hled)e
l9)1 blg)2 + ale)2 I
_ le)1 blg)2 + ale)2 I
lei)iles )2
l9)1 alg)2 + ble)2 O
le)1 blg)2 + ale)2 I
o7 ale )2
l9)1 alg)2 + ble)2 o
o= 1|0 ) le)1 alg)2 + ble)2 o
®, 1P, )2
! 2 l9)1 blg)2 + ale)2 I
le)1 alg)2 — ble)2 020
le)1l0)2
l9)1 blg)2 — ale)2 oz
le)1 —blg)2 + ale)2 o
97110}
|9)1 —alg)2 + ble)2 0z0z
le)s alg)z — ble)2 00z
[0)1]¢F )2
l9)1 blg)2 — ale)2 o:
le)1 blg)2 — ale)2 o:
[0)1]07 )2
l9)1 alg)2 — ble)a 020
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For example, in step 2, supposing that Alice and
Bob obtain the measurement result |0)1|0), the state
of the whole system collapses into

[W') = a(le)1lg)2 + [g)1le)2)
+ b(19)119)2 + le)1le)a. (15)

In step 3, supposing that the measurement result is
le)1, the state of atom 2 then becomes into

[v"") = alg)2 + ble)a. (16)

Thus the whole teleportation process ends. The other
cases are represented in Table 1.

4. Preparation of entangled co-

herent state

In the following we propose a scheme for the
preparation of entangled coherent state. Supposing
that there are a pair of distant entangled atoms (atom
1 and atom 2) and distant light cavities (cavity 1 and
cavity 2), we send atom 1 and atom 2 into light cavity
1 and cavity 2, respectively. The evolution of the atom
1(2) interacting with a single-mode cavity field and

driven by a classical field is governed by (see Eq. (7))

U1 — e*iQta’mlefigt(a;rJral)r;Il/27 (17&)

U, = e—iQtazge—igt(u;+a2)am2/2. (17b)

We select the interacting time ¢ and the parame-
ter {2 such that the condition 2t = 27 is satisfied,

and assume that the initial state of the system is
[(0)) = (l9)1l9)2 + le)1le)2) ® [0)1]0)2/v2, ie., two
cavities are in the vacuum state and the state in which
two atoms stay is the entangled state, we can obtain
the state of the system after interaction time ¢ as fol-

lows:

(1)) = UrUz[(0))

1
= S 5(ahlale + 1= a)il —a)2)lghlo);

— L (apalads + | — a)a| — a)a)lg)iled

42
1
—m(|a>1|a>2 + = a)i| —a)a)le)ilg)e
1
+m(|a>1|a>2 + = a)i| —aj)a)le)ile)z,

(18)

where o« = gt/2. After measuring the states of the
two atoms, we will obtain the entangled state of two
cavity fields as follows:

1
|the) = ﬁ(\ah\ah +l—ahl—a)p),  (19)

where N is a normalized constant.

Finally, we compare this scheme with the other
schemes. The scheme presented in this paper has
some advantages: 1) the continuous variable entan-
gling channel is used; 2) it operates without the help
of any other atoms. The state of atom 1 is directly
transmitted to atom 2; 3) it can be realized in exper-

iment.
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