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A scheme is proposed for generating entangled W states with four cavity modes. In this scheme, we send a V-type

three-level atom through two identical two-mode cavities in succession. After the atom exits from the second cavity,

the four cavity modes are prepared in the W state. On the other hand we can obtain three-atom W states by sending

three V-type three-level atoms through a two-mode cavity in turn. The present scheme does not require conditional

measurement, and it is easily generalized to preparing 2n-mode W states and n-atom W states.
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Entanglement is at the heart of quantum in-

formation theory and has many applications in

quantum information processing, including quantum

cryptography,[1] dense coding,[2] and teleportation.[3]

In recent years a large number of new entangled states

have been proposed, particulary GHZ states,[4] and

the W states.[5,6] Dür et al
[6] have shown that there

are two inequivalent kinds of tripartite entanglement

states, i.e. the GHZ class and the W class, under

stochastic local operation and classical communica-

tion. The W state has some interesting properties.

For example, it retains bipartite entanglement when

any one of the three qubits is traced out, and thus

it is much more robust than the GHZ states. W

states can be used to test quantum nonlocality with-

out Bell inequality.[7] More recently it has been shown

that multiqubit W states lead to stronger nonclassi-

cality than Greenberger-Horne-Zeilinger states (The

N -qubit states of the W class, for N > 10, lead to

more robust violations to local realism than the GHZ

states.).[8]

W states can be generated in the ion trap

system,[9] and cavity quantum electrodynamics

(QED).[10−12] In Ref.[11], Guo and Zhang have pro-

posed a scheme for preparing three-mode W state of

cavity fields via cavity (QED). In this scheme, an ap-

propriately prepared two-level atom is sent through

three resonant single cavities in turn. After the atom

exits from the last cavity, the three cavity fields are en-

tangled in the W state. This scheme can also be used

for preparing three atoms in the entangled W state. In

this paper we present an alternative scheme for gen-

erating entangled four-mode W states. Our scheme is

based on the resonant interaction of a two-mode cav-

ity with a V-type three-level atom.[13−16] On the other

hand we can obtain three-atom W states by sending

three V-type three-level atoms through a two-mode

cavity in turn. As far as preparing W states of cavity

modes is concerned, compared with Ref.[11] the ad-

vantage of our scheme is that we require few cavities.

This scheme can be easily generalized to generating

2n-mode entangled W states and n-atom entangled

W states.

We first consider a three-level V-type atom inter-

acting with a two-mode cavity field. The three levels

of the atom are denoted by |1〉, |2〉 and |3〉, separately,

with |1〉 and |2〉 being two upper levels and |3〉 be-

ing the lower level. The transitions |1〉 ←→ |3〉 and

|2〉 ←→ |3〉 are coupled to the cavity modes A and B,

respectively. The transition between levels |1〉 and |2〉
is dipole forbidden. The Hamiltonian for the system

is (assuming ~=1)[14−16]

H0 = ω1 |1〉 〈1|+ ω2 |2〉 〈2|+ ω3 |3〉 〈3|+ ωAa
†a+ ωBb

†b, (1)

Hi = g1(a
† |3〉 〈1|+ a |1〉 〈3|) + g2(b

† |3〉 〈2|+ b |2〉 〈3|). (2)
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Here a†(b†) and a(b) are, respectively, the creation

and annihilation operators for the cavity mode A(B)

with frequency ωA(ωB). ωi is the energy of the level

|i〉 (i = 1, 2, 3), and g1 and g2 are the corresponding

coupling constants.

We work on condition that

ωA = ω1 − ω3, ωB = ω2 − ω3, (3)

so the free Hamiltonian H0 commutes with the in-

teraction Hamiltonian Hi. Then in the interaction

picture, the Hamiltonian can be written as

HI = g(a† |3〉 〈1|+ a |1〉 〈3|+ b† |3〉 〈2|
+b |2〉 〈3|), (4)

where we assume g1 = g2 = g. The time evolution of

this system is determined by Schrödinger’s equation

i[d |ψ(t)〉 /dt] = HI |ψ(t)〉 . (5)

With the help of a Ramsey field we prepare the

upper two levels of the three-level atom in linear su-

perposition state before it has entered into the first

cavity field. The two identical cavities are initially in

the vacuum state. We may express the initial state of

the system as

∣

∣

∣
ϕ(0)

〉

= [cos θ |1〉

+ sin θeiφ |2〉] |0A, 0B〉1 |0A, 0B〉2 , (6)

where φ is the relative phase between two atomic

states.

After the atom is sent through the first bimodal

cavity, the atom-cavity field system evolves into the

state

|ϕ〉 = {cos θ[cos(gt1) |1〉 |0A〉1 |0B〉1 − i sin(gt1) |3〉 |1A〉1 |0B〉1]
+ sin θeiφ[cos(gt1) |2〉 |0A〉1 |0B〉1 − i sin(gt1) |3〉 |0A〉1 |1B〉1]} |0A〉2 |0B〉2 , (7)

where t1 is the interaction time.

After the atom passes through the second cavity the state of the whole system is

| Ψ〉 = cos θ{cos(gt1)[cos(gt2) |1〉 |0A〉1 |0B〉1 |0A〉2 |0B〉2
−i sin(gt2) |3〉 |0A〉1 |0B〉1 |1A〉2 |0B〉2]− i sin(gt1) |3〉 |1A〉1 |0B〉1 |0A〉2 |0B〉2}
+ sin θeiφ{cos gt1[cos(gt2) |2〉 |0A〉1 |0B〉1 |0A〉2 |0B〉2
−i sin(gt2) |3〉 |0A〉1 |0B〉1 |0A〉2 |1B〉2]− i sin(gt1) |3〉 |0A〉1 |1B〉1 |0A〉2 |0B〉2}, (8)

where t2 is interaction time between the atom and the second cavity. Choose θ =
π

4
, φ = 0, gt1 =

π

4
and

gt2 =
π

2
, then expression (8) will become

|Ψ〉 = −1

2
i |3〉 [|1A〉1 |0B〉1 |0A〉2 |0B〉2 + |0A〉1 |1B〉1 |0A〉2 |0B〉2

+ |0A〉1 |0B〉1 |1A〉2 |0B〉2 + |0A〉1 |0B〉1 |0A〉2 |1B〉2]. (9)

Thus after the atom exits from the second cavity, the four cavity modes are entangled in the W state. From

expression (9) we can know that the probability of successfully obtaining W state is 1.

We can generalize the idea to generating multi-mode W states. Sending a V-type three-level atom through n

identical two-modes cavities in turn, and choosing appropriately interaction time such that gt1 =
π

4
, and gti =

π

2
(i = 2, . . . , n) yield 2n-mode W state

∣

∣

∣
ψ(n)

〉

=
−1

N
i |3〉 (|1A〉1 |0B〉1 |0A, 0B〉2...n + |0A〉1 |1B〉1 |0A, 0B〉2...n

+ · · · |0A, 0B〉1...n−1 |1A〉n |0B〉n + |0A, 0B〉1...n−1 |0A〉n |1B〉n , (10)

where N is a normalization factor, |0A, 0B〉1...n−1 denotes that the first (n− 1) identical two-mode cavities are

in the vacuum states, and |0A, 0B〉2...n denotes that all identical two-mode cavities are in the vacuum states

except the first one.
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We now describe the process of preparing three V-type three-level atoms in entangled W states. We assume

that the first atom is initially prepared in the state
1√
2
(|1〉1 + |2〉1). We then send the atom through a two-mode

cavity initially in the vacuum states |0A〉 |0B〉. When the atom exits from the cavity the state of the system is

given by

|ψ1〉 =
1√
2
[(cos(gτ1) |1〉1 |0A〉 − i sin(gt1) |3〉1 |1A〉) |0B〉

+ |0A〉 (cos(gt1) |2〉1 |0B〉 − i sin(gt1) |3〉1 |1B〉], (11)

where τ1 is the interaction time. We choose the atomic speed carefully such that gτ1 = arcsin(
√

2/3) is fulfilled.

Then we have

|ψ1〉 =
1√
2

[(

√

1

3
|1〉1 |0A〉 − i

√

2

3
|3〉1 |1A〉

)

|0B〉+ |0A〉
(

√

1

3
|2〉1 |0B〉 − i

√

2

3
|3〉1 |1B〉

]

,

=
1√
2

[

√

1

3
(|1〉1 + |2〉1) |0A〉 |0B〉 − i

√

2

3
|3〉1 |1A〉 |0B〉 − i

√

2

3
|3〉1 |0A〉 |1B〉

]

. (12)

Then a second atom, initially prepared in the state |3〉2 , is sent through the cavity. After the atom emerges

from the cavity the state of the system is

|ψ2〉 =
1√
2

{

√

1

3
(|1〉1 + |2〉1) |3〉2 |0A〉 |0B〉 − i

√

2

3
|3〉1 [cos(gτ2) |3〉2 |1A〉 |0B〉

−i sin(gτ2) |1〉2 |0A〉 |0B〉]− i

√

2

3
|3〉1 [cos(gτ2) |3〉1 |0A〉 |1B〉

−i sin(gτ2) |2〉2 |0A〉 |0B〉]
}

, (13)

with the choice gτ2 =
π

4
, we have

|ψ2〉 =
1√
2

{

√

1

3
(|1〉1 + |2〉1) |3〉2 |0A〉 |0B〉 − i

√

2

3
|3〉1

[

√

1

2
|3〉2 |1A〉 |0B〉

−i

√

1

2
|1〉2 |0A〉 |0B〉

]

− i

√

2

3
|3〉1

[

√

1

2
|3〉2 |0A〉 |1B〉 − i

√

1

2
|2〉2 |0A〉 |0B〉

}

=
1√
2

{

√

1

3
(|1〉1 + |2〉1) |3〉2 |0A〉 |0B〉 −

√

2

3
|3〉1

[

√

1

2
(|1〉2 + |2〉2) |0A〉 |0B〉

]

−i

√

2

3
|3〉1

[

√

1

2
|3〉2 |1A〉 |0B〉+

√

1

2
|3〉2 |0A〉 |1B〉

]}

. (14)

We then sent a third atom, initially in the state |3〉3, through the cavity. After an interaction time t3 the

whole system is in the state

|ψ3〉 =
1√
2

{

√

1

3
(|1〉1 + |2〉1) |3〉2 |3〉3 |0A〉 |0B〉 −

√

2

3
|3〉1

[

√

1

2
(|1〉2 + |2〉2) |3〉3 |0A〉 |0B〉

]

−i

√

2

3
|3〉1

[

√

1

2
|3〉2 (cos(gτ3) |3〉3 |1A〉 |0B〉 − i sin(gτ3) |1〉3 |0A〉 |0B〉)

+

√

1

2
|3〉2 (cos(gτ3) |3〉3 |0A〉 |1B〉 − i sin(gτ3) |2〉3 |0A〉 |0B〉

]}

. (15)
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Choosing gτ3 =
π

2
, we obtain

|ψ3〉 =
1√
3
[|ϕ〉1 |3〉2 |3〉3 − |3〉1 |ϕ〉2 |3〉3

− |3〉1 |3〉2 |ϕ〉3] |0A〉 |0B〉 , (16)

where

|ϕ〉j =

√

1

2
(|1〉j + |2〉j) (j = 1, 2, 3). (17)

In this way the three atoms are prepared in the W

state by using the cavity again in the vacuum state.

We note that this method can be generalized to

preparing entangled W states for n atoms. Assume

that the first atom initially is in state
1√
2
(|1〉1 + |2〉1),

the remaining n−1 atoms initially are in the state |g〉j
(j = 2, . . . , n), which are sequentially sent through

the initially empty two-mode cavity. Choose the in-

teraction time appropriately, then the n atoms will be

prepared in the W state.

We now address the experimental feasibility of the

scheme. A cavity with a quality factor Q = 4.2× 1010

is experimentally achievable,[17] In the present case,

the cavity field frequency is ν = 51GHz. Thus the life-

time of photon is TC =
Q

2πν
≃ 130×10−3 s. The three

atomic levels |1〉, |2〉 and |3〉 are Rydberg levels, and

the radiative lifetimes are on the order of Tat = 30ms.

Set g = 2π×25kHz, then we will have t1 =
π

4g
= 5µ s,

t2 =
π

2g
= 10µs, and the total travelling time for the

atom to pass through two identical cavities is about t

= 10 × 15 = 150µ s. All these parameters satisfy the

requirements for our scheme.

In conclusion, we have proposed a scheme for gen-

erating W states with four cavity modes. It is based

on resonant interaction of two two-mode cavities with

a V-type three-level atom. In our scheme the cav-

ity modes are initially in vacuum states. Since the

atom resonantly interacts separately with two cav-

ity modes, the required interaction time is very short.

The scheme can be generalized to preparing 2n-mode

W states and three-atom W states.
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