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Schemes are presented for realizing quantum controlled phase gate and preparing an N -qubit W -like state, which

are based on the large-detuned interaction among three-state atoms, dual-mode cavity and a classical pulse. In particular,

a class of W states that can be used for perfect teleportation and superdense coding is generated by only one step.

Compared with the previous schemes, cavity decay is largely suppressed because the cavity is only virtually excited

and always in the vacuum state and the atomic spontaneous emission is strongly restrained due to a large atom–field

detuning.

Keywords: phase gate, W states, cavity QED

PACS: 03.67.–a, 31.30.J–, 42.50.–p DOI: 10.1088/1674-1056/20/6/060306

1. Introduction

It is known that concatenation of a sequence of
the quantum controlled phase gate and single-qubit
gates is universal for quantum computation.[1] In gen-
eral, it is easy to implement single-qubit gates. Thus
the realization of two-qubit gates become the key to
performing a quantum algorithm. In the past decades,
a variety of systems were explored for the realiza-
tion of practical quantum controlled gate, such as
trapped ion,[2] nuclear magnetic resonance,[3,4] and so
on. However, the decoherence, as a result of the cou-
pling between the environment and the qubit system
concerned, induces the gate infidelity far above the
threshold value 1%.[5] The cavity QED system is a
promising alternative for quantum information pro-
cessing. In particular, the strong-detuned interaction
between the cavity mode and atoms is widely con-
cerned about since it can reduce the decoherence. For
example, the scheme based on Ref. [6] has already
been realized experimentally with a microwave cavity
and long living Rydberg atoms.[7]

On the other hand, quantum entanglement lies
at the heart of quantum information processing and
universal quantum computation. It not only gives

the possibility for test of quantum mechanics against
local hidden theory,[8,9] but also plays a principal
role in many quantum applications such as quantum
teleportation,[10] quantum computation,[11] and quan-
tum cryptography.[12] Also, very recently, Piani and
Watrous proved that all the entangled states are use-
ful for channel discrimination.[13] Most of the previ-
ous researches in quantum information processing fo-
cused on two-particle entanglement, while recent in-
vestigations show that multiparticle entangled states
are valuable physical resources in distributed quantum
computation[14] and multiparty quantum communica-
tion protocols.[15−18]

In this paper, we present schemes for implement-
ing the two-qubit quantum controlled phase gate and
generating an N -qubit W -like state based on the large-
detuned interaction among three-state atoms, dual-
mode cavity and a classical pulse. Our proposals have
the following significant advantages. First, atomic
spontaneous emission plays a neglected role because
the excited state is not populated. Secondly, there is
no transformation of quantum information between
atoms and cavity fields due to the large detuning.
Thirdly, cavity decay can be effectively suppressed
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since the cavity fields are always in the vacuum state.

2. The fundamental model

Assume that N identical 3-state atoms, with two
low levels |g〉, |f〉 and a high level |e〉, simultaneously
interact with a bimodal cavity field and a classical
pulse, as shown in Fig. 1.

Fig. 1. Configuration of the atomic level structure and

relevant transitions. The states |g〉 and |f〉 correspond to

two low levels while |e〉 is a high level. The transition

|f〉 ↔ |e〉 of each atom is driven by the cavity field and

the classical pulse with the detuning ∆1 and ∆2, while the

transition of |g〉 ↔ |e〉 is driven by the cavity field with

the detuning ∆1, η1 and η2 represent the coupling rate of

the atom to cavity mode and Ω is the Rabi frequency of

the classical pulse.

The cavity mode a (b) with coupling strength η1

(η2) couples to the transition |gj〉 ↔ |ej〉 (|fj〉 ↔ |ej〉)
of the j-th atom, while the laser field with Rabi fre-
quency Ω drives the transition |fj〉 ↔ |ej〉. The
Hamiltonian for the whole system is (setting ~ = 1)

H = ω1a
†a + ω2b

†b +
N∑

j=1

{ωeg|ej〉〈ej |+ ωfg|fj〉〈fj |

+ [η1|ej〉〈gj |a + η2|ej〉〈fj |b
+Ω|ej〉〈fj |e− i ωLt + H.c.]}, (1)

where ωlg (l = e, f) denotes the atomic transition
frequency, ωi (i = 1, 2) is the frequency of the cav-
ity modes a and b, ωL indicates the classical pulse
frequency. For the sake of convenience, we assume
ηi (i = 1, 2) and Ω to be real. The interaction Hamil-
tonian in the interaction picture can be written as

HI =
N∑

j=1

(η1|ej〉〈gj |a ei ∆1t + η2|ej〉〈fj |b ei ∆1t

+Ω|ej〉〈fj |e−i∆2t) + H.c., (2)

where ∆1 = ωeg − ω1 = ωef − ω2, ∆2 = ωef − ωL.
In the case of ∆1 À ηi (i = 1, 2) and ∆2 À Ω, the
high level |e〉 can be adiabatically eliminated and the
Hamiltonian HI is reduced to[19−22]

HII =
N∑

j=1

[
− η2

1

∆1
|gj〉〈gj |a†a

− η2
2

∆1
|fj〉〈fj |b†b− Ω2

∆2
|fj〉〈fj |

−λ0(|fj〉〈gj |ab† + |gj〉〈fj |a†b)
−λ1(|fj〉〈gj |a e− i δt + |gj〉〈fj |a†ei δt)

−λ2(|fj〉〈fj |b e− i δt + |fj〉〈fj |b† ei δt)
]
, (3)

where δ = ∆2 − ∆1, 1/∆12 = (1/2)(1/∆1 + 1/∆2),
λ0 = η1η2/∆1, λ1 = η1Ω/∆12, λ2 = η2Ω/∆12. In the
case of δ À η2

1/∆1, η2
2/∆1, Ω2/∆2, λ0, λ1, λ2, the

time averaging method can be used again.[19−23] The
effective Hamiltonian is then given by

Heff =
N∑

j=1

[
−

(
η2
1

∆1
+

λ2
1

δ

)
|gj〉〈gj |a†a

−
(

η2
2

∆1
b†b +

Ω2

∆2
− λ2

1

δ
aa† − λ2

2

δ

)
|fj〉〈fj |

−
(

λ0 +
λ3

δ

)
(|fj〉〈gj |ab† + |gj〉〈fj |a†b)

]

+
N∑

j,k=1,j 6=k

λ2
1

δ
S−j S+

k

+
N∑

j,k=1,j 6=k
j<k

2λ2
2

δ
|fj〉〈fj ||fk〉〈fk|, (4)

where λ3 = η1η2(Ω/∆12)2, S+
j = |fj〉〈gj |, S−j =

|gj〉〈fj |. The first and second terms in Eq. (4) are
the Stark shifts for the level |g〉 and |f〉, respectively,
which are evoked by the cavity mode and the classical
pulse. The third term describes the interaction be-
tween both cavity modes assisted by the atoms. The
last two terms mean the coupling between atoms j

and k mediated by the cavity mode and the classical
pulse. If both cavity modes are initially in the vacuum
state, the effective Hamiltonian becomes

Heff =
N∑

j=1

(
− Ω2

∆2
+ λ′1 + λ′2

)
|fj〉〈fj |

+
N∑

j,k=1,j 6=k

λ′1S
−
j S+

k

+
N∑

j,k=1,j 6=k
j<k

2λ′2|fj〉〈fj ||fk〉〈fk|, (5)
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where λ′1 = λ2
1/δ, λ′2 = λ2

2/δ.

3. Implementation of the quan-

tum controlled phase gate

Now we show in detail how to implement a quan-
tum controlled phase gate based on Eq. (5) for N = 2.
In this case there are only two atoms in the cavity.
Given that the two low levels |f〉 and |g〉 of each atom
represent two logical states of a qubit, the time evo-
lutions of the four logical states for two-qubit, under
the Hamiltonian (5), are as follows:

|gj〉|gk〉 → |gj〉|gk〉, (6)

|fj〉|gk〉 → e− i(−Ω2/∆2+λ′1+λ′2)t[cos(λ′1t)|fj〉|gk〉
− i sin(λ′1t)|gj〉|fk〉], (7)

|gj〉|fk〉 → e− i(−Ω2/∆2+λ′1+λ′2)t[cos(λ′1t)|gj〉|fk〉
− i sin(λ′1t)|fj〉|gk〉], (8)

|fj〉|fk〉 → e− i(−2Ω2/∆2+2λ′1+4λ′2)t|fj〉|fk〉. (9)

With the choices of λ′1t = π, λ′2t = π/2, Ω2/∆2 =
π/2, one has

|gj〉|gk〉 → |gj〉|gk〉,
|fj〉|gk〉 → |fj〉|gk〉,
|gj〉|fk〉 → |gj〉|fk〉,
|fj〉|fk〉 → −|fj〉|fk〉. (10)

Apparently, only if both atoms are initially in |f〉, the
state of two-atom system acquires the phase π; other-
wise, the state of two-atom system acquires the phase
0. Thus we have realized the desired quantum con-
trolled phase gate, which is a well-known two-qubit
universal logic gate.

4. Generation of multiparticle en-

tanglement

In the following, we present an efficient scheme
for preparation of two, three, or four particles entan-
glement, then extend it to n particles case.

Assume there are two atoms in the cavity and
they are initially in the state |fj〉|gk〉. With the choice
of λ′1t = π/4 for Eq. (7), a maximally entangled two-
atom state

|fj〉|gk〉 → 1√
2
(|fj〉|gk〉 − i |gj〉|fk〉) (11)

will be obtained, where a common phase factor
e− i(−Ω2/∆2+λ′1+λ′2)t has been discarded.

Assume that there are three atoms in the cav-
ity and there are initially in the state |fj〉|gk〉|gj〉,
the state evolution of the three-atom system based
on Eq. (5) for N = 3 is given by

|fi〉|gk〉|gj〉 → e− i(−Ω2/∆2+λ′2+3λ′1/2)t

{(
2
3
ei 3λ′1t/2 +

1
3
e− i 3λ′1t/2

)
|fi〉|gk〉|gj〉

+
(
− 1

3
ei 3λ′1t/2 +

1
3
e− i 3λ′1t/2

)
(|gi〉|fk〉|gj〉+ |gi〉|gk〉|fj〉)

}
. (12)

With the choice of 3λ′1t/2 = π/3, a maximally entan-
gled three-particle W state is prepared, i.e.,

|fi〉|gk〉|gj〉 → 1√
3
[ei π/6|fi〉|gk〉|gj〉 − i |gi〉|fk〉|gj〉

− i |gi〉|gk〉|fj〉], (13)

where we have discarded the common phase factor
exp[− i(−Ω2/∆2 + λ′2 + 3λ′1/2)t].

Recently, Agrawal and Pati have shown there is
a class of W states that can be used for perfect tele-
portation and superdense coding.[24] Such a nonmaxi-
mally entangled three-qubit W state can be obtained
by setting interaction time 3λ′1t/2 = arcsin(−3/4) in

Eq. (12), i.e.,

|fi〉|gk〉|gj〉 → i
[√

2
2

ei σ|fi〉|gk〉|gj〉+
1
2
|gi〉|fk〉|gj〉

+
1
2
|gi〉|gk〉|fj〉

]
, (14)

where we have set a common phase factor
e− i(−Ω2/∆2+λ′2+3λ′1/2)t = i, σ = arctg (−1/

√
7)− π/2.

Assume that there are four atoms in the cav-
ity and they are initially in the state |fi〉|gk〉|gj〉|gl〉,
the state evolution of the four-atom system based on
Eq. (5) is
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|fi〉|gk〉|gj〉|gl〉 → e− i(−Ω2/∆2+2λ′1+λ′2)t
{(

3
4
e2 i tλ′1 +

1
4
e−2 i tλ′1

)
|fi〉|gk〉|gj〉|gl〉

+
(
− 1

4
e2 i tλ′1 +

1
4
e−2 i tλ′1

)
(|gi〉|fk〉|gj〉|gl〉+ |gi〉|gk〉|fj〉|gl〉+ |gi〉|gk〉|gj〉|fl〉)}. (15)

With the choice of 2λ′1t = π/2, a maximally entangled four-particle W state is gained, i.e.,

|fi〉|gk〉|gj〉|gl〉 → 1√
4

i{|fi〉|gk〉|gj〉|gl〉 − |gi〉|fk〉|gj〉|gl〉 − |gi〉|gk〉|fj〉|gl〉 − |gi〉|gk〉|gj〉|fl〉}, (16)

where a common phase factor e− i(−Ω2/∆2+2λ′1+λ′2)t has been discarded.
Generally, if N atoms in the cavity are initially in the state |f1〉|g2〉 · · · |gN 〉, the evolution of the state

proceeds as follows:

|f1〉|g2〉 · · · |gN 〉 → e− i(−Ω2/∆2+λ′2+Nλ′1/2)t

{(
N − 1

N
ei Nλ′1t/2 +

1
N

e− i Nλ′1t/2

)
|f1〉|g2〉 · · · |gN 〉

+
(
− 1

N
ei Nλ′1t/2 +

1
N

e− i Nλ′1t/2

)
(|g1〉|f2〉|g3〉 · · · |gN 〉

+ |g1〉|g2〉|f3〉|g4〉 · · · |gN 〉+ · · ·+ |g1〉 · · · |gN−1〉|fN 〉)
}

. (17)

With the choice of an appropriate interaction time,
one can obtain an N -particle W -like state.

5. Discussion and conclusion

Now, we give a simple discussion for the gener-
ation of N -qubit W state. According to Eq. (17), a
maximal entanglement W state can be prepared when
the condition∣∣∣∣

N − 1
N

ei Nλ′1t/2 +
1
N

e− i Nλ′1t/2

∣∣∣∣

=
∣∣∣∣−

1
N

ei Nλ′1t/2 +
1
N

e− i Nλ′1t/2

∣∣∣∣ (18)

is satisfied, which leads to sin (Nλ′1t/2) =
±√N/2. Taking into account that the inequality
|sin(Nλ′1t/2)| ≤ 1 must be met, a maximally entan-
gled W state can be gained only for N ≤ 4 by choosing
the proper interaction time, whereas a nonmaximally
entangled W -like state is always obtained for N ≥ 5.
Then, we briefly address the approximation condi-
tion of the fundamental model. The required atomic
level configuration and transitions can be achieved in
neutral atoms trapped in a solid-state system cav-
ity. For instance, we can take the cesium atom as
our choice.[25] The ground states |g〉 and |f〉 can be
achieved by |F = 3,M = 1〉 and |F = 3,M = −1〉 of
62S1/2, the upper state corresponds to |F = 3,M = 0〉
of 62P1/2. With the choices of η1 = 2η2, ∆1 = 10η2,
∆2 = 11η2 and Ω = 1.05η2, the large-detuned condi-
tions ∆1 À ηi (i = 1, 2), ∆2 À Ω and δ À η2

1/∆1,

η2
2/∆1, Ω2/∆2, λ0, λ1, λ2 can be satisfied. For solid-

state system, strong-coupling and Lamb–Dicke limits
can be easier to achieve.[26] In the past few years,
much attention has been paid to superconducting
devices such as artificial defects into photonic crystal
microcavities,[27,28] superconducting electrical circuits
QED,[29] and Cooper pair box, since these solid-state
artificial atoms are relatively easy to scale up and
have been demonstrated to have relatively long deco-
herence time.[30] Recently, for the photonic crystals
and nanocavities, cavity quality factors of up to 2 mil-
lion have been realized while maintaining very small
mode volumes and both spontaneous-emission modi-
fication (the Purcell effect) and strong-coupling phe-
nomena have been demonstrated.[31−33] All of these
technological progresses provide possibility for the
experimental implementation of the schemes. Com-
pared with Ref. [34], there are some advantages in
our schemes: (i) the influence of cavity decay on the
success probability is greatly suppressed since cavity
fields are always in the vacuum state; (ii) the influ-
ence of the atomic spontaneous emission is strongly
restrained because two logical states of a qubit is
encoded by long-live two ground states, and the ex-
cited state is not involved due to the large-detuned
condition during the evolution.

In summary, we have presented the protocols for
realizing quantum controlled phase gate and gener-
ating multiparticle entanglement based on the large-
detuned interaction among three-state atoms, dual-
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cavity and a classical pulse. In particular, a class of W

states that can be used for perfect teleportation and
superdense coding is generated by only one step. On
account of no transformation of quantum information
between the atoms and the cavity, the schemes are in-

herently robust to some decoherence processes includ-
ing cavity decay and atomic spontaneous emission,
which allow that the quality of the cavity is greatly
reduced and efficient decoherence time is greatly pro-
longed.
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