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Scheme for preparation of theW state via cavity quantum electrodynamics
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We present an experimental scheme of preparing the tripartiteW state via cavity quantum electrodynamics.
The discussion of this scheme indicates that it can be realized by current technologies. Also, this scheme can
be directly generalized to prepare the generaln-qubit W states.
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Entanglement is at the heart of quantum informat
theory ~QIT! which can bring secure schemes of cryptog
phy @1#, super fast computation@2#, and other applications
@3#. In recent years, there have been many efforts to cha
terize qualitatively and quantitatively the entanglement
multiparticle systems. Particularly, in case of tripartite e
tanglement, Du¨r et al. @4# have shown that there are tw
inequivalent classes of tripartite entanglement states,
Greenberger-Horne-Zeilinger~GHZ! @5# class and theW
class, under stochastic local operation and classical com
nication. Especially, theW state has some interesting prope
ties @4#; for example, it retains bipartite entanglement wh
any one of the three qubits is traced out.

On the other hand, generation and manipulation of
tanglement states are also important tasks of QIT. The te
nology to produce entangled photons by spontaneous p
metric down-conversion@6# is quite mature, and bipartite
entanglement, i.e., the Einstein-Podolsky-Rosen~EPR! -type
entanglement has been realized in some systems@7#. Several
experiments to produce GHZ-type tripartite entanglem
have been reported@8#. However, although some theoretic
schemes have been proposed@9#, there is no report of experi
mental realization of theW state. In this paper, we present
scheme that is feasible with current cavity quantum elec
dynamics technology@10,11# to produce theW state.

The W state can be written in this form@4#,

uC&5
1

A3
~ u001&1u010&1u100&). ~1!

It is such a superposition state that only one of the th
particles is excited.

Our proposed implementations consist of microwa
cavities, Ramsey zones@10–12#, and a set of two-level at
oms. The atoms are described by the basis statesug& ~ground
state! and ue& ~excited state!, which correspond to the logic
qubit statesu0& and u1&, respectively. There is never mor
than one photon in a cavity so that the state of cavity fi
can be described in terms of the basis statesu0& andu1&. The
evolution of the cavity field and the atom in the cavity
described by the Jaynes and Cummings Hamiltonian@14,10#
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H5\vegsz1\vS a†a1
1

2D2 i
\V

2
f ~x!~s1a2s2a†!,

~2!

wherea anda† are the photon annihilation and creation o
erators in the cavity mode, andsz , s1 , ands2 are Pauli
matrices of the atomic pseudospin. The cavity mode f
quencyv is equal to thee⇔g transition frequencyveg . V/2
is the atom-field coupling constant which depends on
properties of the system of atom and cavity. In this sche
we consider the casef (x)51 in Eq. ~2! @10#.

Under domination of the Hamiltonian in Eq.~2!, the
atom-field system evolutes as following:

U~ t !5S cos~Vt/2! sin~Vt/2!

2sin~Vt/2! cos~Vt/2!
D , ~3!

where the basis states are

ug,1&5S 1

0D , ue,0&5S 0

1D .

This process is known as the Rabi rotation. Here, we n
that the stateug,0& will not be changed and the stateue,1&
will not appear in this process.

We now first outline the process~depicted in Fig. 1! of
preparing three atoms into aW state. The cavityC is initially
set in stateu0&. The first atomA1 in excited state is sent into

FIG. 1. Temporal sequence of theW state preparation. Spac
lines of A1 , A2 , A3, andC in a position versus time diagram. Th
gray diamonds indicate a resonant Rabi rotation~with the angles
written in the text!. The open squares represent the detection eve
The open circles represent classical Ramsey pulses.
©2002 The American Physical Society02-1



it-

rs

lo

-

-

e
ry
-
s.
n

i-

-

ee
e

-
l-

ding
pre-
e
ut

of
of
is
is
e

g
e

for

t it
re

g a

BRIEF REPORTS PHYSICAL REVIEW A 65 054302
the cavity and we letVt152p22arcsin(A2/3). WhenA1
flies out of the cavity, the second atomA2 in ground state is
sent into the cavity withVt25p/2. The third atomA3 in
ground state is sent into the cavity afterA2 flies out with
Vt35p. The evolution of the atom-field system can be wr
ten as follows:

ue&1ug&2ug&3u0&C→SA2

3
U gL u1&2

1

A3
ue&u0& D

1,C

ug&2ug&3

→ 1

A3
~ ug&ug&u1&2ug&ue&u0&

2ue&ug&u0&)1,2,Cug&3

→ 21

A3
~ ug,g,e&1ug,e,g&

1ue,g,g&)1,2,3u0&C . ~4!

Then the three atoms are entangled in aW state. After proper
Ramsey rotations~betweenug& and ue&) @12# on each atom,
respectively, the three atoms can be detected by detecto

In the final detection we use the basis states

ue&5S 1

0D , ug&5S 0

1D ,

which are eigenstates of Pauli operatorsz with eigenvalues
11 and21, respectively. Cabello has discussed the non
cal correlations of three particles in theW state@13#. It is
shown in @13# that there exists a Bell theorem without in
equalities

P~zi521,zj521!51, ~5!

P~xj5xkuzi521!51, ~6!

P~xi5xkuzj521!51, ~7!

P~xi5xj5xk!5
3

4
, ~8!

whereP(zi521,zj521) means the probability of two qu
bits ~although we cannot tell which one! giving the result
21 when measuringsz on all three qubits, andP(xj
5xkuzi521) (iÞ j , j Þk andkÞ i ) is the conditional prob-
ability of sx j andsxk having the same result given that th
result of szi is 21. However, the hidden-variable theo
predicts thatP(xi5xj5xk)51 contradicts the quantum pre
diction in Eq. ~8!. To test the quantum predictions in Eq
~5!–~8!, the three atoms’ pseudospins can be detected aloz
direction or x direction. When an atom is measured inz
direction, the Ramsey rotation isReg50, andReg5p/2 if
the atom is measured alongx direction. To be specific, the
p/2 pulse can perform the transformationsug&→(ug&
1ue&)/A2 andue&→(2ug&1ue&)/A2.

Cabello has also given the Bell inequality involving tr
and bipartite correlations for theW state@13#
05430
.
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28<^A1A2A3&2^A1B2B3&2^B1A2B3&2^B1B2A3&

22^A1A2&22^A2A3&22^A1A3&<4, ~9!

which is violated by theW state@for instance, by choosing
Ai5szi and Bi5sxi , state ~1! gives the value 5 for the
middle term in Eq.~9!# but not by the GHZ state. To test this
inequality, two Ramsey rotationsReg50 andReg5p/2 are
needed for measurements ofsz andsx , respectively.

Second, we describe the process~depicted in Fig. 2! of
preparing the three-cavity entangledW state. The three cavi
tiesC1 , C2, andC3 are all initially in stateu0& while atomA
is in stateue&. Sequentially atom A passes through the thr
cavities C1 , C2, and C3, and the Rabi rotation angles ar
Vt152arcsin(1/A3), Vt25p/2, andVt35p, respectively.
After the atom flies out fromC3, the three cavities are en
tangled in aW state. This evolution can be written as fo
lows:

ue&Au0&1u0&2u0&3→SA2

3
U eL u0&1

1

A3
ug&u1& D

A,1

u0&2u0&3

→ 1

A3
~ ue&u0&u0&1ug&u0&u1&

1ug&u1&u0&)A,1,2u0&3

→ 1

A3
ug&A~ u001&1u010&1u100&)1,2,3.

~10!

It is necessary to address the practical matters regar
the experimental realization of the proposed scheme. To
pare the three-atomW state, we only need to preserve th
coherence of the cavity field before the third atom flying o
of the cavity. The length of the cavity is of the order
centimeter and the velocity of the atom is of the order
100 m/s, so the staying time of the atom in the cavity
about 0.1 ms. In fact, the atom-cavity interaction time
only a few tens ofms. It is reported that the cavity can hav
a photon storage time ofTr.1 ms ~corresponding toQ
533108) and the radiative lifetime of the circular Rydber
state can reach 30 ms@10#. All these parameters satisfy th
requirements of our scheme.

The current technology also satisfies the requirement
preparing the three-cavityW state similarly. However, one
obvious disadvantage of three-cavity entanglement is tha
is a little difficult to detect the state. Auxiliary atoms a
needed to interact with the three cavities, respectively.

FIG. 2. Proposed experimental arrangement for generatin
three-cavityW state. CavitiesC1 , C2, and C3 each support the
same modeveg .
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It has been shown that any unitary operation on multi
bit can be fulfilled by arrangement of element gates@15#,
e.g., two-bit quantum gates such as controlled-NOT ~CNOT!
and single-qubit rotation gate. We can construct the netw
~depicted in Fig. 3! composed of element gates to produ
the W state.

R1 , R2, andR3 in Fig. 3 are such unitary transformation

R15
1

A3
S A2 21

1 A2
D ,

FIG. 3. Quantum logic circuit for preparation of theW state
from direct product stateu0&u0&u0&. The denotations are the same
in Ref. @15#.
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R25S cos~p/8! 2sin~p/8!

sin~p/8! cos~p/8!
D ,

R35S cos~p/8! sin~p/8!

2sin~p/8! cos~p/8!
D .

It is obvious that this logic circuit is rather difficult to b
realized by current technology in most systems for Q
However, in above atom-cavity system, the auxiliary st
ug,0& is not changed in Rabi oscillation. So the scheme
simplified in a degree.

In summary, we have proposed a scheme to prepare th
atom and three-cavity entangledW states, and it can be rea
ized experimentally. Furthermore, it is not difficult to gene
alize this scheme to prepare generaln-qubit W states@4#.
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