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We discuss the generation and monitoring of durable atomic entangled state via Raman-type
process, which can be used in the quantum information processing. ©2002 American Institute of
Physics. @DOI: 10.1063/1.1521262#
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The problem of creating entangled states in atomic s
tems has attracted a great deal of interest~see Ref. 1 and
references therein!. In particular, the entangled states ha
been engineered through the use of cavity quan
electrodynamics2 and the technique of ion traps.3

An interesting proposal has been made recently4 ~for fur-
ther discussion, see Refs. 5 and 6!. It was shown that a pure
entangled state of two atoms in an optical resonator can
obtained through the exchange by a single photon. Since
excitation of the system either is carried by a cavity pho
or is shared between the atoms, the absence of the ph
leakage from the resonator can be associated with the p
ence of atomic entanglement. This entanglement can be
served in the process of continuous monitoring of the ca
decay.4 The importance of this scheme is caused by the
that its realization seems to be easily available with pres
experimental technique. The result can also be general
on the multi-atom systems.6

With respect to practical realization, it seems to be m
convenient if the existence of atomic entanglement wo
manifest itself via a certain signal photon rather than via
absence of photons, as in Ref. 4. This implies that th
should be at least two different modes interacting with
atoms such that the photon of one of them provides the
relation between the atoms, while the photon of the ot
mode can freely leave the resonator to signalize the ris
atomic entanglement.

In this letter we discuss a way to obtain a durable ma
mum entangled state of atoms in an optical resonator, wh
can be monitored through the detection of signal photon

Consider the Raman-type process in a three-level a
shown in Fig. 1. Here 1↔2 and 2↔3 are the dipole transi
tions corresponding to the pump and Stokes modes, res
tively, while the dipole transition between levels 1 and 3
forbidden because of parity conservation. We assume tha
two identical atoms of this type are located in a high-qua
cavity tuned to resonance with 1↔2 transition, while the
Stokes photons can leak away freely~Fig. 2!.

Assume that initially both atoms are in the ground st
~level 1! and there is a single cavity photon, so that the init
state is

uc0&5u1,1&u1P&uVS&. ~1!

Here unP& denotes then-photon state of the cavity~pump!

a!Electronic mail: can@fen.bilkent.edu.tr
5070003-6951/2002/81(26)/5072/3/$19.00
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mode anduVS& denotes the vacuum state of the Stokes fie
Then, the absorption of the cavity photon by atomic syst
should lead to the state

uc1&5
1

&
~ u2,1&1u1,2&)u0P&uVS&, ~2!

which manifests the entanglement of atoms excited to le
2. This atomic entanglement is similar to that discussed
Ref. 4 and has a very short lifetime, defined by the atom-fi
coupling constants for the allowed transitions. The decay
the excited atomic state~2! can either return the system int
the initial state~1! or turn ~2! into the state

uck&5
1

&
~ u3,1&1u1,3&)u0P&u1Sk&, ~3!

whereunSk& denotes the state ofn Stokes photons with fre-
quencyvSk. This state again manifests the maximum atom
entanglement. Since the cavity walls are supposed to
transparent for the Stokes photons and 3↔1 is the dipole-
forbidden transition, the atomic entanglement described
Eq. ~3! would exist for a very long time, determined by th
weak interaction between the atoms excited to level 3 an
certain dissipative environment. The creation of this atom
entanglement manifests itself by the Stokes photon that
be detected outside the cavity.

It should be noted that, in addition touc1& anduck&, the
following maximum entangled states

uf1&5
1

&
~ u2,1&2u1,2&)u0P&uVS&,

FIG. 1. Scheme of Raman-type process in an atom. Solid arrows show
allowed transitions. Wavy lines show the pump and Stokes photons.
2 © 2002 American Institute of Physics
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FIG. 2. Scheme of creation of a du
rable two-atom entanglement. Atom
is trapped in a cavity, while atom 2 ca
pass through the cavity. Wavy line
show the cavity and leaking out Stoke
photons.
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ufk&5
1

&
~ u3,1&2u1,3&)u0P&u1Sk&,

also contribute into the base states of the system under
sideration. Both of them are stable states, but they canno
achieved in the process of evolution beginning with the i
tial state~1! ~see Ref. 6!. Therefore, they can be discarded

To describe the quantum dynamics of the system,
note that the upper atomic level 2 can be adiabatic
removed7 ~also see Ref. 8 and references therein!. In this
case, the two-photon transitions in effective two-level ato
described by the effective interaction Hamiltonian

H int5(
k

(
f 51

2

lk$R31~ f !aSk
1 aP1H.c% ~4!

should be considered. Herelk denotes an effective couplin
constant has been defined in Ref. 7 andRi j ( f ) is the atomic
operator corresponding to the transitionj→ i in the f th atom.
Under the influence of Eq.~4!, the initial state~1! is directly
transformed into~3!, so that the intermediate entangled sta
~2! can be omitted. Then, the time-dependent wave func
of the system takes the form

uC~ t !&5C0~ t !uc0&1(
k

Ck~ t !uck&, ~5!

where the time-dependent coefficients are defined by
Schrödinger equation together with the initial condition

uC~0!&5uc0&, C0~0!51, Ck~0!50. ~6!

Taking into account that the total Hamiltonian has the fo

H5H01H int ,

H05vPaP
1aP1(

k
vSkaSk

1 aSk1v31(
f 51

2

R33~ f !,

we get the following system of linear differential equation

iĊ05vPC01(
k

lk&Ck ,

~7!
iĊk5~vSk1v31!Ck1lk&C0 .

Here v315E32E1 denotes the energy difference betwe
levels 3 and 1 connected by the two-photon transition. Th
Downloaded 08 May 2013 to 139.179.14.46. This article is copyrighted as indicated in the abstract.
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Eqs. ~7! together with the initial conditions~6! completely
determine the evolution of the state~5!. Using the standard
methods,9 it is easy to show that the system evolves from t
initial state~1! into the final state

uC~ t !&→(
k

Jkuck&,

corresponding to the maximum atomic entanglement
scribed by Eq.~3!. Here

Jk5
2 ilk&

g/22 i ~vSk1v312vP2D!
,

and

g52pp~vSk!lk
2uvSk1v315vP

is the parameter describing the rapidity of the exponen
evolution to the entangled atomic state,p(vk) denotes the
density of states corresponding to the Stokes field, and

D52PH E
2`

` p~vSk!lk
2dvk

vk1v312vP
J

is a small frequency shift~P denotes the principle value o
the integral!. Thus

uC~ t !&5e2gt/2e2 i (vP2D)tuc0&

2(
k

ilk&

g/22 i ~vSk1v312vP2D!

3@e2 i (vSk1v31)t2e2gt/2e2 i (vP2D)t#uck&,

and the system evolves exponentially to the maximum
tangled atomic state~3!. In fact, this is a durable maximum
entangled atomic state because the direct single-photon
sition 3↔1 is forbidden. The lifetime of this entangled sta
is defined by the slow nonradiative processes only.

Let us stress that the two advantages of the abo
considered three-level two-photon process in compari
with the previous scheme4,5 are, on the one hand, the dur
bility of the entangled state, and, on the other hand,
simple monitoring of entanglement via detection of a Stok
photon. We think that the quantum information processing
the system under consideration can be arranged in the s
way as in Ref. 10.
 Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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The above long-life atomic entanglement can be int
preted as the long-distance entanglement as well within
following experimental scheme. Assume that one of the
oms is trapped in the cavity that supports a single-pho
Fock state of the pump mode. The second atom pa
through the cavity as shown in Fig. 2. Time of the propa
tion of the atom through the cavity, defined by the velocity
the atom, should be long enough to provide the preparin
the entangled state~3! with high probability. The creation o
this state is signaled by detection of the Stokes photon. T
the measurement of the state of the moving atom at
distance from the cavity determines the state of the trap
atom.

Concerning the practical realization of the abov
discussed scheme, we should stress that the observatio
single-atom Raman-type process in an optical cavity
been reported recently.11 In this work, the85Rb atom was
used. The excited state 2 corresponds to 5P3/2 level, while
the ground 1 and intermediate 3 states are the 5S1/2 hyperfine
levels separated by frequencyv3153 GHz, while Stokes
field has the wavelengthlS5780 nm. In this case, the life
time of the stateu3& is at least ten times longer than that f
the excited state 2.

Let us stress that the obtained result can be genera
to the multi-atom case in the same way as for the conv
tional single-photon process in two-level atoms.6 The in-
crease of the number of atoms should lead to a speedin
of the evolution to the entangled atomic state because of
Dicke-type process caused by the photon exchange betw
the atoms~see Ref. 12!.
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