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We propose a scheme for generating an entangled state for three atoms trapped in separate optical
cavities that are coupled to each other through two optical fibers based on coherent driving and dissi-
pation, which are induced by the classical fields and the decay of non-local bosonic modes, respectively.
In our scheme, the interaction time need not be controlled strictly in the overall dynamics process,
and the cavity field decay can be changed into a vital resource. The numerical simulation shows that
the fidelity of the target state is insensitive to atomic spontaneous emission, and our scheme is good
enough to generate the W state of distant atoms with a high fidelity and purity. In addition, the
present scheme can also be generalized to prepare the N -partite W state of distant atoms.

Keywords steady-state entanglement, dissipative dynamics, laser manipulation

PACS numbers 42.50.-p, 42.50.Pq, 03.67.-a, 03.67.Bg

1 Introduction

Quantum entanglement, is a very important resource
because of its potential application in quantum infor-
mation sciences. It was originally proposed by Einstein,
Podolsky, and Rosen [1], and later interpreted with two
spin-1/2 particles by Bohm [2]. During the the past few
decades, a variety of physical systems have been chosen
to investigate the controlled entangled states. Among
these are trapped ions [3], neutral atoms [4], spins in
nuclear magnetic resonance (NMR) [5], cavity quantum
electrodynamics (QED) systems [6], Josephson junctions
[7], and quantum dots (QDs) [8]. Compared with bipar-
tite entanglement, multipartite entanglement has a more
significant importance in its fundamental aspects, such
as violation of non-locality [9–11] and many vital ap-
plications in quantum computation [12] and quantum
communication, such as quantum teleportation [13–15],
quantum state sharing [16], quantum secret sharing [17],
and so on. There usually exist two inequivalent classes of
multipartite entangled states, i.e., Greenberger–Horne–
Zeilinger (GHZ) state [18] and W state [19]. They can-
not be obtained from the states of the other even un-
der stochastic local operation and classical communi-
cation. Recently, it is shown that the correlation be-

tween two qubits selected from a W state violate the
Clauser–Horne–Shimony–Holt (CHSH) inequality more
than the correlation between two qubits in any quantum
state [20]. In addition, W states have many interesting
features: their entanglement is not only maximally per-
sistent and robust under particle loss, but also immune
against global dephasing, and rather robust against bit
flip noise.

Neutral atoms are good candidates for quantum infor-
mation processing (QIP), since they are suited to store
the information in stationary nodes. In particular, when
they are excited to the Rydberg states, which leads to
strong and long-range van der Waals or dipole-dipole in-
teractions. These interactions offers an interesting per-
spective for applications in quantum information [21–
23]. Nevertheless, the interaction between system and
environment is unavoidable, which degrade the coher-
ence of the system. Overcoming the decoherence is a
formidable physical challenge both in experiments and
in theory. From this perspective, it seems rather con-
flicting that dissipation also can be used as a powerful
resource to realize QIP. However, The recent surge of
interest and progress in quantum information theory al-
lows one to take a more positive for the view of dissipa-
tion and regard it as an essential resource. Several works
for entanglement gneration utilizing dissipation-assisted
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have been considered with many quantum optical and
solid state systems, such as cavity and circuit QED sys-
tem [24–41], atomic ensembles [42–44], ion traps [45–47],
plasmonic systems [48–50], and optical lattices [51, 52].
Particularly, Busch et al. [26] showed that two atoms
in an optical cavity can be cooled to a maximally en-
tangled state by employing level shifts induced by laser
fields. Reiter and coworkers [27, 28] proposed a scheme
for dissipative preparation of entanglement via engineer-
ing the decay process. Moreover, several schemes for dis-
sipatively preparing multipartite entangled state are also
investigated [53–57]. However, most of the previous the-
oretical schemes [26–28, 53–55] concentrate on the case
in which two atoms are trapped in a single cavity.

On the other hand, realizing entanglement and deter-
ministic quantum gates between separate subsystems is
of great importance for distributed quantum computa-
tion (DQC) [58], it is a basic requirement to perform
state transfer and quantum gate operation between sep-
arate nodes of a quantum network. The atom-cavity-
fiber system [59, 60] has been attracted much attentions
and have been an excellent platform for DQC due to the
application in long distance and large-scale QIP. For the
most of theoretical schemes focused on the traditional
coherent unitary dynamics requiring precise timing [61–
65], in which atomic spontaneous emission, cavity decay,
and fiber loss are three main and undesirable dissipative
factors, which would bring a detrimental effect in the
QIP.

In this paper, we explore the possibility of preparing
three-partite W state of distant atoms in an atom-cavity-
fiber system. The scheme is based on the competition
between coherent driving and collective dissipation for
bosonic mode induced by classical laser field and cav-
ity field decay. Interestingly, the dispersive atom-field
interaction and cavity-fiber coupling make our schemes
robust with respect to the atomic spontaneous and fiber
loss. In contrast with the unitary evolution schemes, the
operation time of our scheme need not be controlled ac-
curately. By suitable choice of system parameters, the
W -type steady entanglement can be obtained with a
high fidelity. In addition, the present scheme can also
be extended to prepare the N -partite W state of distant
atoms.

2 Dissipative preparation and stabilization of
entanglement

2.1 The basic model

We consider an atom-cavity-fiber coupling system con-
sisting of three distant cavities connected by two single-
transverse-mode optical fibers, as shown in Fig. 1(a). In

Fig. 1 (a) Schematic of the setup. The three distant W-
type atoms are trapped in separate cavities connected by two
optical fibers. (b) The level configuration of atoms. Each
atom is driven by two dispersive laser fields and simultane-
ously coupled to its own cavity mode, which is then reduced
to an effective two-level atom.

the short fiber limit (lῡ)/(2πc), where l is the length of
the fiber and ῡ is the decay rate of the cavity fields into a
continuum of fiber modes, only one fiber mode interacts
with the cavity mode. The atomic level configuration is
shown in Fig. 1(b). The energy of level |0⟩ is taken to be
0 as the energy reference point. The lower-lying level |1⟩
and the upper levels |e0⟩, |e1⟩, and |e2⟩ have the energy
ω′, ωe0, ωe1, and ωe2, respectively (ℏ = 1). The transi-
tions |1⟩ ↔ |e1⟩ and |0⟩ ↔ |e0⟩ are driven by the cavity
mode at frequency ωc, whereas the transitions |0⟩ ↔ |e1⟩
and |1⟩ ↔ |e2⟩ are driven by classical laser fields Ω1 and
Ω2, respectively. For this case, the Hamiltonian for the
whole system is written as

H = H0 +Hint +Hc,f , (1)

where

H0 =

3∑
i=1

(ωi
ca

†
iai + ω′|1⟩ii⟨1|+ ωe0 |e0⟩ii⟨e0|

+ωe1 |e1⟩ii⟨e1|+ ωe2 |e2⟩ii⟨e2|) +
2∑

k=1

ωk
b b

†
kbk,

Hint =

3∑
i=1

[(g0|e0⟩ii⟨0|+ g1|e1⟩ii⟨1|)ai

+(Ω1e−iω1t|e1⟩ii⟨0|+Ω2e−iω2t|e2⟩ii⟨1|)
]
+H.c.,

Hc,f =

2∑
k=i=1

ν
[
b†k(ai + ai+1)

]
+ H.c., (2)

where H0 is the energy of the system consisting of atoms,
cavity fields, and fiber modes; Hint denotes the atom-
cavity and atom-laser interaction Hamiltonian; and Hc,f
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describes the coupling between the cavity modes and
fibers; ai is the annihilation operator for the ith cav-
ity mode; bk is the annihilation operator for the kth
fiber mode; g0 and g1 are the atom-cavity coupling con-
stants; ω1 and ω2 are the frequencies of classical laser
fields; ωi

c and ωk
b denote the frequencies of the i cav-

ity mode and the k fiber mode, respectively; ν is the
cavity-fiber coupling strength. We adjust the frequency
of cavity mode ωi

c to resonate with the frequency of fiber
mode ωk

b and work under the two-photon resonance con-
dition (ω′ = ω1 − ωc). In the interaction picture with
respect to H0, Hint and Hc,f can be rewritten as

H ′
int =

3∑
i=1

[(g0ei∆0t|e0⟩ii⟨0|+ g1ei∆1t|e1⟩ii⟨1|)ai

+(Ω1ei∆1t|e1⟩ii⟨0|+Ω2e−i∆2t|e2⟩ii⟨1|)] + H.c.,

H ′
c,f =

2∑
k=i=1

ν
[
b†k(ai + ai+1)

]
+ H.c., (3)

where ∆0 = ωe0 − ω0, ∆1 = ωe1 − ωc − ω′, and ∆2 =
ωe2 − ω′ − ω2. In order to investigate the dynamics of

the system further, we introduce the non-local bosonic
modes

c1 =
1√
3
(a1 − a2 + a3),

c2 =
1

2
(a1 + b1 − b2 − a3),

c3 =
1

2
(a1 − b1 + b2 − a3),

c4 =
1√
12

(a1 +
√
3b1 + 2a2 +

√
3b2 + a3),

c5 =
1√
12

(a1 −
√
3b1 + 2a2 −

√
3b2 + a3), (4)

Then we can rewrite the whole Hamiltonian in the inter-
action picture as

H = H ′
0 +Hi, (5)

where

H ′
0 = νc†2c2 − νc†3c3 +

√
3νc†4c4 −

√
3νc†5c5, (6)

and

Hi =
1

2
g1

[
2
√
3

3
c1 + c2 + c3 +

√
3

3
(c4 + c5)

]
ei∆1t|e1⟩11⟨1| −

√
3

3
g1[c1 − (c4 + c5)]ei∆1t|e1⟩22⟨1|

+
1

2
g1

[
2
√
3

3
c1−c2−c3 +

√
3

3
(c4 + c5)

]
ei∆1t|e1⟩33⟨1|+

1

2
g0

[
2
√
3

3
c1+c2+c3+

√
3

3
(c4 + c5)

]
ei∆0t|e0⟩11⟨0|

−
√
3

3
g0[c1 − (c4 + c5)]ei∆0t|e0⟩22⟨0|+

1

2
g0

[
2
√
3

3
c1 − c2 − c3 +

√
3

3
(c4 + c5)

]
ei∆0t|e0⟩33⟨0|

+

3∑
i=1

(Ω1ei∆1t|e1⟩ii⟨0|+Ω2e−i∆2t|e2⟩ii⟨1|) + H.c.. (7)

In a rotating frame with respect to the H ′
0, the Hamiltonian Hi is transformed to

H ′
i =

1

2
g1

[
2
√
3

3
c1ei∆1t + c2ei(∆1−ν)t + c3ei(∆1+ν)t +

√
3

3
(c4ei(∆1−

√
3ν)t + c5ei(∆1+

√
3ν)t)

]
|e1⟩11⟨1|

−
√
3

3
g1[c1ei∆1t − (c4ei(∆1−

√
3ν)t + c5ei(∆1+

√
3ν)t)]|e1⟩22⟨1|

+
1

2
g1

[
2
√
3

3
c1ei∆1t − c2ei(∆1−ν)t − c3ei(∆1+ν)t +

√
3

3
(c4ei(∆1−

√
3ν)t + c5ei(∆1+

√
3ν)t)

]
|e1⟩33⟨1|

+
1

2
g0

[
2
√
3

3
c1ei∆0t + c2ei(∆0−ν)t + c3ei(∆0+ν)t +

√
3

3
(c4ei(∆0−

√
3ν)t + c5ei(∆0+

√
3ν)t)

]
|e0⟩11⟨0|

−
√
3

3
g0[c1ei∆0t − (c4ei(∆0−

√
3ν)t + c5ei(∆0+

√
3ν)t)]|e0⟩22⟨0|

+
1

2
g0

[
2
√
3

3
c1ei∆0t − c2ei(∆0−ν)t − c3ei(∆0+ν)t +

√
3

3
(c4ei(∆0−

√
3ν)t + c5ei(∆0+

√
3ν)t)

]
|e0⟩33⟨0|

+

3∑
i=1

(Ω1ei∆1t|e1⟩ii⟨0|+Ω2e−i∆2t|e2⟩ii⟨1|) + H.c.. (8)
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Under the conditions {∆0, |∆0 ±
√
3ν|} ≫ g0, {∆1,

|∆1 ±
√
3ν|} ≫ {g1,Ω1}, and ∆2 ≫ Ω2, the excited

states |e0⟩, |e1⟩, and |e2⟩ can be eliminated adiabatically.
H ′

i is reduced to an effective interaction Hamiltonian,

Heff = −[(λ1c1 + λ2c2e−iνt + λ3c3eiνt

+λ4c4e−i
√
3νt + λ5c5ei

√
3νt)|0⟩11⟨1|

−(λ1c1 − 2λ4c4e−i
√
3νt − 2λ5c5ei

√
3νt)|0⟩22⟨1|

−(λ1c1 − λ2c2e−iνt − λ3c3eiνt

+λ4c4e−i
√
3νt + λ5c5ei

√
3νt)|0⟩33⟨1|+ H.c.]

−
5∑

m=1

c†mcm[εm(|1⟩11⟨1|+ |1⟩33⟨1|)

+ηm(|0⟩11⟨0|+ |0⟩33⟨0|)]

−(ε1c
†
1c1 + 4ε4c

†
4c4 + 4ε5c

†
5c5)|1⟩22⟨1|

−(η1c
†
1c1 + 4η4c

†
4c4 + 4η5c

†
5c5)|0⟩22⟨0|

−
3∑

j=1

(µ|0⟩jj⟨0|+ δ|1⟩jj⟨1|), (9)

where

λ1 =

√
3g1Ω1

3∆1
, λ2 =

g1Ω1

4

(
1

∆1
− 1

ν

)
,

λ3 =
g1Ω1

4

(
1

∆1
+
1

ν

)
, λ4=

√
3g1Ω1

12

(
1

∆1
− 1√

3ν

)
,

λ5 =

√
3g1Ω1

12

(
1

∆1
+

1√
3ν

)
,

ε1 =
g21
3∆1

, ε2 =
g21

∆1 − 4ν
, ε3 =

g21
∆1 + 4ν

,

ε4 =
g21

∆1 − 12
√
3ν
, ε5 =

g21
∆1 + 12

√
3ν
,

η1 =
g20
3∆0

, η2 =
g20

∆0 − 4ν
, η3 =

g20
∆0 + 4ν

,

η4 =
g20

∆0 − 12
√
3ν
, η5 =

g20
∆0 + 12

√
3ν
,

µ =
Ω2

1

∆1
, δ =

Ω2
2

∆2
. (10)

Under the condition of ν ≫ λn (n = 2, 3, 4, 5), the
bosonic mode c1 is resonant with the three qubits, while
the bosonic modes c2, c3, c4, and c5 are largely disper-
sive with the three qubits, these high-frequency oscillat-
ing terms may be neglected. Besides, suppose that the
bosonic mode cm is initially in the vacuum state, the
bosonic modes c2, c3, c4, and c5 do not exchange energy

with the atoms, they would remain in the vacuum state
during the evolution, i.e., c†2c2 = c†3c3 = c†4c4 = c†5c5 = 0.
In this case the effective Hamiltonian Heff becomes

H ′
eff =−

3∑
j=1

[
(η1c

†
1c1|0⟩jj⟨0|+µ|0⟩jj⟨0|+ε1c

†
1c1|1⟩jj⟨1|

+δ|1⟩jj⟨1|) + (λ1c1|0⟩jj⟨1|+ H.c.)
]
, (11)

in which the first four terms represent the dynamics shifts
of atomic levels |0⟩j and |1⟩j , and the last two terms
describe the coupling between atomic operators |0⟩jj⟨1|
and the bosonic mode c1.

2.2 Preparation of three qubits W state

We suppose that the bosonic mode c1 is heavily damped
with the decay rate κ. Then the master equation of mo-
tion for the density matrix of the system is expressed
as
˙̂

ρ(t) = i[ ˆρ(t),H ′
eff ] +

κ

2
(2c1 ˆρ(t)c†1 − ˆρ(t)c†1c1 − c†1c1

ˆρ(t)).

(12)

If the initial state of the atoms is in ground state
|0⟩1|0⟩2|0⟩3, the state vector of the system can be ex-
panded in terms of the possible basis states |ψ(t)⟩ =∑6

n=1 dn|ϕn⟩, where dn is the probability amplitudes for
the corresponding basis states

|ϕ1⟩ = |0⟩1|0⟩2|0⟩3|0⟩c1,

|ϕ2⟩ = |ψT ⟩|1⟩c1,

|ϕ3⟩ = |ψT ⟩|0⟩c1,

|ϕ4⟩ =
1√
3
(|1⟩1|1⟩2|0⟩3+|0⟩1|1⟩2|1⟩3+|1⟩1|0⟩2|1⟩3)|2⟩c1,

|ϕ5⟩ =
1√
3
(|1⟩1|1⟩2|0⟩3+|0⟩1|1⟩2|1⟩3+|1⟩1|0⟩2|1⟩3)|1⟩c1,

|ϕ6⟩ =
1√
3
(|1⟩1|1⟩2|0⟩3+|0⟩1|1⟩2|1⟩3+|1⟩1|0⟩2|1⟩3)|0⟩c1,

(13)

in which |ψT ⟩ = 1/
√
3(|1⟩1|0⟩2|0⟩3 + |0⟩1|1⟩2|0⟩3 +

|0⟩1|0⟩2|1⟩3) is the maximal entanglement W state for
the three distributed atoms. The corresponding eigen-
values of these basis states are shown in Table 1. State
|ϕ1⟩ has the energy E1 = 3µ, while state |ϕ2⟩ has the cor-
responding energies E2 = 2η1 + 2µ+ ε1 + δ. The energy
offset between state |ϕ1⟩ and |ϕ2⟩ is δE = E2 − E1 =
2η1 + ε1 + δ − µ. Under the conditions δ = −2η1 and
{|δ|, |η1|} ≫ {|ε1|, |µ|, |λ1|}, |ϕ1⟩ is tuned on resonance
with |ϕ2⟩. Affected by the photon loss of bosonic mode
c1, it is easy to find that the state |ϕ2⟩ would be decayed
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Table 1 The eigenenergies of the basis states |ϕn⟩.

Eigenstate Eigenenergy

|ϕ1⟩ E1 = 3µ

|ϕ2⟩ E2 = 2η1 + 2µ+ ε1 + δ

|ϕ3⟩ E3 = 2µ+ δ

|ϕ4⟩ E4 = 2η1 + µ+ 4ε1 + 2δ

|ϕ5⟩ E5 = η1 + µ+ 2ε1 + 2δ

|ϕ6⟩ E6 = µ+ 2δ

to the state |ϕ3⟩ which is decoupled from the other states
(|ϕ4⟩, |ϕ5⟩, and |ϕ6⟩) due to large energy offsets and un-
affected by the photon loss of bosonic mode c1. With
the coherent driving and dissipation processes continu-
ing, the population of state |ϕ3⟩ is gradually accumulated
and tends to be stable.

2.3 Preparation of N -qubits W state

Up to now, based on our scheme, we have demonstrated
the generation of three-partite W state. Before ending
this section, we will briefly show that the present scheme
also can be extended to prepare the N−partite W state,
|ψT ⟩N = 1/

√
N(|1⟩1|0⟩2 . . . |0⟩N + |0⟩1|1⟩2 . . . |0⟩N +

. . . |0⟩1|0⟩2 . . . |1⟩N ). For realizing the N -partite W state
of atoms, we can choose N single-mode cavities couple
synchronously with each other via N−1 fibers. N atoms
are trapped inN cavities and driven by two classical laser
fields Ω1 and Ω2, respectively. The level configurations
of corresponding atoms are the same as in Fig. 1(b). Con-
sidering the periodic boundary conditions aN = a1 and
bN−1 = b1, and taking the advantage of bosonic transfor-
mation Aj = (1/

√
2N − 1)Σ2N−1

k=1 e−i[2π/(2N−1)]jkck[j =
1, 2, . . . , (2N − 1)], in which {aN , bN} ∈ Aj [66]. We

move to the rotation frame with respect to ΣN
n=1ωnc

†
ncn,

under the large detuning conditions, and the condition
that cavity-fiber coupling strength ν is much larger than
the effective atom-bosonic coupling strength λm(m =
2, 3, . . . , N), the terms that bosonic mode c1 resonantly
interact with the N atomic qubits can be retained. By
adjusting the systemic parameters appropriately, the N -
partite W state of distant atoms |ψT ⟩N can be generated
via bosonic mode decay. Note that we are not going to
further demonstrate the quantitative calculation as it is
just a tedious work similar to the three-party case.

3 Discussion

3.1 Numerical simulation

To demonstrate the feasibility of above theoretical analy-
sis, we assess the fidelity F (t) = Tr[(|ψT ⟩⟨ψT |⊗ Ic1) ˆρ(t)]

and purity P (t) = Tr[ ˆρ(t)2] of our scheme by numeri-
cally solving Eq. (12). In Fig. 2(a), we show the fidelity
of target state |ψT ⟩ when κ is chosen to λ1, 3λ1, and
5λ1. One can observe that the fidelity becomes close to
1 when the evolution time t ≃ 1200/g1. Thus the maxi-
mal entanglement W state can be achieved perfectly. At
the same time, as κ decreases, the fidelity exhibits os-
cillatory behavior before it reaches its maximum value.
This can be explained as follows. Since the target state
|ψT ⟩ is determined by the combined effect of the coher-
ent driving and dissipation, while the coherent driving
is the main reason for oscillatory behavior. When the
κ = λ1, optical Rabi oscillation between the weight of
qubits’ components |ϕ1⟩ and |ϕ2⟩ becomes obvious in the
dynamic processes of the system. As κ increases, the to-
tal photon number decreases gradually and the transition
|ϕ2⟩ → |ϕ1⟩ is suppressed. Thus the oscillatory behavior
disappears. In Fig. 2(b), the purity of the target state is

Fig. 2 Fidelity as a function of g1t for different of κ. Parameters are chosen as Ω1 = g1, Ω2 = 200g1, ∆1 = 100g1,
∆2 = −20Ω2, ∆0 = 40g0, η1 = 500λ1, and δ = −2η1.
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plotted as a function of the evolution time. The target
state can be stabilized with a purity of approximately
99%. It is note that the purity curve exhibits a valley in
the regime 0 < t < 300/g1. This valley occurs because
the coherent driving is dominant in the early stages of
evolution, thus leading the system to be in a mixture of
a variety of quantum states. With increasing evolution
time, the competition between the coherent driving and
dissipation drives the system to a dynamic equilibrium,
which is a mixture of specifc basis states.

The significant spontaneous emission of the current
system arises from three upper levels to the other two
levels. The corresponding dissipation terms are given as

L̂ ˆρ(t) =

3∑
j=1

4∑
k=1

[
γ(2L̂j,k

ˆρ(t)L̂†
j,k − L̂†

j,kL̂j,k
ˆρ(t)

− ˆρ(t)L̂†
j,kL̂j,k)

]
, (14)

where L̂j,1 = |0⟩jj⟨e0|, L̂j,2 = |0⟩jj⟨e1|, L̂j,3 = |1⟩jj⟨e1|,
and L̂j,4 = |1⟩jj⟨e2|. γ is the spontaneous emission rate.
These decoherence channels will not vanish, but trans-
form into other forms after the upper levels are adiabati-
cally eliminated. We suppose that the spontaneous emis-
sion rates for different decay channels are equal. The ef-
fective spontaneous emission effect in the Lindblad mas-
ter equation takes the form [38, 67]

R̂ ˆρ(t) =

3∑
j=1

4∑
k=1

[
γ(2R̂j,k

ˆρ(t)R̂†
j,k − R̂†

j,kR̂j,k
ˆρ(t)

− ˆρ(t)R̂†
j,kR̂j,k)

]
. (15)

with

R̂j,1 = − g0√
3∆0

|0⟩jj⟨0|c1,

R̂j,2 = −Ω1

∆1
|0⟩jj⟨0| −

g1√
3∆1

|0⟩jj⟨1|c1,

R̂j,3 = −Ω1

∆1
|1⟩jj⟨0| −

g1√
3∆1

|1⟩jj⟨1|c1,

R̂j,4 = − Ω2√
3∆2

|1⟩jj⟨1|c1. (16)

In Fig. 3, we plot the fidelity as a function of time λ1t
and atomic spontaneous emission rate γ/λ1 for the given
photon decay rate κ = 2λ1. The results show that the
fidelity decreases with increasing γ/λ1. This is because
atomic spontaneous emission might drive the system in
to other states which is decoupled from the target state.
However, the condition of large detuning could decrease
the effective spontaneous emission rate to guarantee our
scheme is insensitive to deviation of the negative dissipa-
tive factor. Hence the appropriate choice of detunings is

Fig. 3 Plot of fidelity for target state |ϕ3⟩ versus time g1t
and atomic spontaneous emission rate γ/λ1 at κ = 2λ1. Other
parameters are the same as in Fig. 2.

useful to obtain a higher fidelity of the target state in the
presence of atomic spontaneous emission, i.e., when the
parameters satisfy the condition |∆0|, |∆1|, |∆2|=40g0,
100g1, 20Ω2, the target state can be prepared with a fi-
delity changes from 99.96% to 94.29% corresponding to
the 0 ≤ γ ≤ 8λ1.

Before ending this section, let us briefly discuss the ex-
perimental feasibility of our scheme. Based on resent ex-
periments in realizing high-Q cavity [68], we can choose
g0 = g1 = Ω1 = 2.5 GHz, Ω2 = 25 GHz, ∆0 = 100
GHz, ∆1 = 2.5 × 103 GHz, ∆2 = −1.5 × 104 GHz,
κ = 10 MHz, and γ = 10 MHz as the basal system
parameters of our schemes. Similar to Ref. [69], we as-
sume the classical field Ω1 has a Gaussian subsection
function form Ω1e−[(t−τ1)/T ]2 (t ≤ τ1), Ω1(τ1 < t ≤ τ2),
and Ω1e−[(t−τ2)/T ]2 (t > τ2) where T = 2 GHz−1 is the
duration of the classical field. τ1 and τ2 are chosen to be
0.1π/λ1 and 3π/λ1, respectively. Using these parameters
the fidelity is higher than 80%. In addition, the condition
{|δ|, |η1|} ≫ {|ε1|, |µ|, |λ1|} should be satisfied by adjust-
ing g0 and Ω2, which ensure that the transitions between
target state and other states are largely detuned. More-
over, in our scheme, under the large detuning case, the
fiber modes bk is only virtually excited in the whole in-
teraction process, and the atom exchange energy with
one bosonic mode c1 which is independent of the fiber
mode hence the fiber loss rate can be approximately ne-
glected. Lastly, along with the progress of fiber-cavity
coupling techniques [70, 71], we believe that the W state
of distant atoms can be realized with high fidelity based
on our schemes.

3.2 The validity of scheme

Our scheme involves that three identical five-level atoms
trapped in three distant cavities which are connected by
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Fig. 4 (a) Time evolution of fidelities for the final state |11⟩ii from initial state |00⟩ii with effective Hamiltonian compared
with the full one. (b) The effects of effective atomic spontaneous emission and original atomic spontaneous emission on the
fidelities plotted in (a). The corresponding system parameters are chosen as g0 = Ω1=1, g1 = 2g0, Ω2 =

√
3g0, ∆0 = 20g0,

∆1 = ∆2 = 20
√
3g0, and γ = 0.1g0.

two optical fibers, it would be very difficult to simulate
the dynamical evolution of system with original Hamilto-
nian in Eq. (1) due to the whole dimensions beyond the
computational power of computational software. In order
to inspect the validity of above numerical simulations, we
extract a basic model from our original scheme, a single
atom i is coupled to the corresponding cavity mode, and
two classical laser fields Ω1 and Ω2, the full Hamiltonian
can be written as follows:

HI = [(g0ei∆0t|e0⟩ii⟨0|+ g1ei∆1t|e1⟩ii⟨1|)ai

+(Ω1ei∆1t|e1⟩ii⟨0|+Ω2e−i∆2t|e2⟩ii⟨1|)] + H.c.,
(17)

with the large-detuning conditions ∆0 ≫ g0, ∆1 ≫
{Ω1, g1}, and ∆2 ≫ Ω2, the excited states |e0⟩, |e1⟩,
and |e2⟩ can be eliminated adiabatically. HI is reduced
to an effective form

HI
eff =

[
g20
∆

|0⟩ii⟨0|a†iai +
Ω2

1

∆1
|0⟩ii⟨0|+

g21
∆1

|1⟩ii⟨1|a†iai

+
Ω2

2

∆2
|1⟩ii⟨1|+

(
g1Ω1

∆1
|0⟩ii⟨1|ai + H.c.

)]
. (18)

In Fig. 4(a), we plot the fidelity of ideal final state |11⟩ii
as a function of evolution time for the initial state |00⟩ii,
the blue solid line and red dash-dot line represent the
dynamical evolution for full Hamiltonian in Eq. (17) and
effective Hamiltonian in Eq. (18), respectively, which
shows a fast rabi oscillation induced by cavity field and
classical laser fields. In Fig. 4(b), we consider the ef-
fects of original atomic spontaneous emission and effec-
tive atomic spontaneous emission described by Lindblad
operator in Eq. (14) and Eq. (15), respectively, which

exhibits a behavior of asymptotically decaying rabi os-
cillation. From Fig. 4, one can see that the curves plotted
with the full Hamiltonian and effective Hamiltonian fit
well with each other, which can indirect proves that with
the effective processes to simulate the dynamical evolu-
tion of our scheme is valid.

4 Conclusion

In conclusion, we have proposed an efficient scheme to
prepare the distributed three-atom maximal entangle-
mentW state in the atom-cavity-fiber system via bosonic
mode decay. In our scheme, the population of target
state is gradually accumulated until the entire qubit pop-
ulation is driven to stabilization, so it is not necessary to
control the interaction time strictly. We also analyze the
effective influence of atomic spontaneous emission on the
fidelity of target state, and demonstrate the validity of
numerical simulation by extracting a basic model from
our original scheme. In addition, we have briefly shown
that the N -partite W state of distant atoms can be real-
ized. Finally, the experimental feasibility of our scheme
is discussed, we believe that our schemes may be use-
ful for the distributed quantum information processing
tasks in the near future.
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