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We propose two schemes for generating Greenberger–Horne–Zeilinger and W states of three distant atoms. In the

present schemes, the atoms are individually trapped in three spatially separated optical cavities coupled by two optical

fibres. Performing an adiabatic passage along dark states, the population of cavities and fibres excited is negligible under

certain conditions. In addition, the spontaneous decay of atoms is also efficiently suppressed based on our proposals.

Furthermore, the discussion about the entanglement fidelity is given and we point out that our schemes work robustly

with small fluctuations of experimental parameters.
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1. Introduction

Entanglement, as one of the most unique and fun-
damental features of quantum mechanics, plays a sig-
nificant role in the quantum information field. It is an
essential ingredient for testing fundamental quantum-
mechanical principles, but it also provides promis-
ing and wide practical applications in quantum in-
formation processing.[1−11] To date, the entanglement
of bipartite systems has been well understood and
generated in various quantum systems,[12−16] while
entanglement in multi-qubits is more complicated
and fascinating than in two qubits. For the three-
particle case, there are two classes of tripartite en-
tanglement states: the Greenberger–Horne–Zeilinger
(GHZ) state[17,18] and the W state.[19] These two
classes are inequivalent in the sense that they can-
not be converted to each other under stochastic lo-
cal operations and classical communication. It is
known that the GHZ state gives the maximal vio-
lation of correlation function Bell inequalities[20,21]

and the W state has the maximal bipartite entangle-
ment among all three qubit states. These two classes

have found applications not only in testing quan-
tum nonlocality without inequality, but also in real-
izing quantum information processing, including mul-
tiqubit quantum teleportation,[22−24] quantum dense
coding,[25,26] quantum cloning machine,[27−30] quan-
tum secret sharing[31−33] and so on.

For decades, various quantum systems have been
suggested as being possible candidates for perform-
ing quantum state preparation and quantum infor-
mation processing and a large number of theoreti-
cal and experimental schemes were proposed for gen-
erating GHZ state and W state of photons,[34−38]

atoms,[39−49] ions,[50,51] superconducting qubits,[52,53]

semiconductor quantum dots,[54] etc. Among them,
the cavity quantum electrodynamics (QED) is one
of the most popular systems to engineer quantum
entanglement.[55−60] It provides a promising avenue
for achieving varieties of novel ideas, by utilizing the
strong coupling between a high-fitness optical cavity
and atoms. A quantum electrodynamic model involv-
ing a large-detuned single-mode cavity field and N

identical two-level atoms was investigated by Guo et
al.,[42] and its application to the generation of mul-
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tiparticle entanglement states was analysed. Subse-
quently, Zou et al.[43,44] proposed several schemes to
generate GHZ state and W state for three distant
atoms trapped separately in leaky cavities, utilizing
linear optical elements and high efficient multiphoton
coincidence detection. More recently, Gonta et al.[45]

proposed two schemes for deterministically realizing
four-partite entangled GHZ and W states by using
Rydberg atoms within the framework of cavity QED.
Their schemes are based on the resonant interaction of
a chain of atoms with a bimodal cavity that supports
two independent modes of the photon field.

On the other hand, the adiabatic passage[61−64]

has become a useful tool for realizing quantum infor-
mation processing. It has several advantages in quan-
tum state engineering since the decoherence due to
spontaneous emission from the excited states can be
compressed and it is robust to some experimental pa-
rameter errors. Lately, based on the techniques of adi-
abatic passage, a large number of schemes have been
proposed for the entanglement generation.[65−75] For
example, the proposals for atom–photon, atom–atom
and photon–photon entanglement preparation were
investigated in Ref. [65] by fractional adiabatic pas-
sage. Moreover, several robust schemes for determin-
istically generating or transferring three-dimensional
entanglement of distant atoms were investigated via
adiabatic passage, in which the atomic spontaneous
emission and the decays of fibre and cavities were suc-
cessfully avoided.[70,76]

In view of all the above mentioned, in the present
paper, we propose two schemes for deterministically
generating three-particle GHZ state and W state for
three atoms trapped in distant cavities connected by
optical fibres. The present schemes are different from
the previous schemes of generating GHZ state and
W state. In Ref. [71], schemes for generating GHZ
state of three distant atoms was proposed. The evo-
lution through adiabatic passage was first performed
between the first and second atoms, then the sec-
ond atom and the third atom underwent transition
through another adiabatic passage to obtain the GHZ
state. While in our scheme, we just utilize one dark
state for preparing the GHZ state. In Ref. [69],
schemes for generating W states of spatially separated
atoms were proposed based on the stimulated Raman
adiabatic passage (STIRAP) or fractional STIRAP
techniques. In their schemes, the atoms fall through
the cavity with a certain velocity and then meet the
laser beams. While in our schemes, the atoms are
trapped in distant cavities for the following prepara-
tion of entangled states. Based on the adiabatic pas-

sage along dark states, our schemes have the following
characteristics. (i) The atomic excited states are un-
populated during the whole interaction process, hence
the proposals are robust to the atomic spontaneous
emission. (ii) Under certain conditions, the proba-
bilities with which cavity modes and fibre modes are
excited can be negligible, thus the decays of fibre and
cavities are effectively eliminated. (iii) Taking advan-
tage of adiabatic passage, the schemes are insensitive
to small fluctuations of experimental parameters.

2. Model and Hamiltonian

The framework of our scheme is shown in Fig. 1.
Three atoms are trapped in three distant optical cav-
ities (cavities 1–3), which are connected by two fibres
(fibres 1 and 2). Figures 1(a) and 1(b) display the con-
figurations of atoms for preparing GHZ state and W
state, respectively. In what follows we will present our
models in detail and obtain the effective Hamiltonian.

2.1.GHZ state

For implementing our proposal to achieve three-
partite GHZ state, we choose cavity 1 and cavity 3 as
single mode optical cavities whose cavity modes are
denoted as a1l and a3r, respectively and cavity 2 are
selected as double-mode optical resonant cavity with
cavity modes a2l and a2r. Two Λ-type atoms are indi-
vidually trapped in cavities 1 and 3. The states |0〉 and
|1〉 are two ground levels of the atom and |e〉 is an ex-
cited level. In cavities 1 and 3, the atomic transitions
|1〉1 ↔ |e〉1 and |0〉3 ↔ |e〉3 are dispersively driven by
two classical fields with time-dependent Rabi frequen-
cies Ω1(t) and Ω3(t), respectively. The cavity modes
with coupling strengths g1l and g3r interact with the
atomic transitions |0〉1 ↔ |e〉1 and |1〉3 ↔ |e〉3, re-
spectively. A tripod-type four-level atom is trapped
in cavity 2 and the atomic transition |a〉2 ↔ |e〉2
is dispersively driven by a classical field with the
time-dependent Rabi frequency Ω2(t). The transi-
tion |e〉2 ↔ |1〉2(|0〉2) is coupled with cavity mode
a2l (a2r) with left-circular (right-circular) polarization
whose coupling strength is g2l (g2r). The energy dif-
ferences between the atomic transitions |0〉i ↔ |e〉i
(i = 1, 2), |1〉j ↔ |e〉j (j = 2, 3) and the relevant cav-
ity mode, which are denoted as ∆1, ∆2 and ∆3, are
of the frequency detuning and they satisfy the corre-
sponding two-photon resonance conditions as shown
in Fig. 1(a). Without loss of generality, we assume
that all the Rabi frequencies and coupling rates are
real in this paper.
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Fig. 1. Schematics of our model system and the level configuration of each atom for realizing (a) GHZ state,

(b) W state.

Then, in the interaction picture, in the dipole and
rotating wave approximation, the interaction Hamil-
tonian of the atom–cavity system can be written as
(~ = 1)[77,78]

Hac
GHZ =

∑
n=1,2,3

(−∆n|e〉n〈e|) + (Ω1(t)|e〉1〈1|

+ Ω2(t)|e〉2〈a|+ Ω3(t)|e〉3〈0|+ g1la1l|e〉1〈0|
+ g2la2l|e〉2〈1|+ g2ra2r|e〉2〈0|
+ g3ra3r|e〉3〈1|+ H.c.), (1)

where H.c. denotes the Hermitian conjugate. Next, we
assume that the large-detuning condition is satisfied,
i.e., |∆n| À |Ωn|, |g1l|, |g2l|, |g2r|, |g3r| (n = 1, 2, 3). In
such a case, the excited state |e〉n of an atom is only
virtually excited in the process of atom–field interac-
tion and can be eliminated adiabatically. By applying
the standard quantum optical technique,[79] the effec-
tive Hamiltonian describing the atom–cavity system
reads

Heff1
GHZ

=
Ω1(t)2

∆1
|1〉1〈1|+ Ω2(t)2

∆2
|a〉2〈a|+ Ω3(t)2

∆3
|0〉3〈0|

+
g2
1l

∆1
a†1la1l|0〉1〈0|+ g2

2l

∆2
a†2la2l|1〉2〈1|

+
g2
2r

∆2
a†2ra2r|0〉2〈0|+ g2

3r

∆3
a†3ra3r|1〉3〈1|

+
(

g1lΩ1(t)
∆1

a1l|1〉1〈0|+ g2lΩ2(t)
∆2

a†2l|1〉2〈a|

+
g2rΩ2(t)

∆2
a†2r|0〉2〈a|+

g3rΩ3(t)
∆3

a3r|0〉3〈1|

+ H.c.
)

, (2)

where the first seven terms on the right-hand side in
Hamiltonian (2) represent cavity and classical field
induced atom level shifts, respectively. By using
other two lasers coupling the corresponding atom lev-
els , these energy level shifts can be straightforwardly
compensated.[80] The Hamiltonian (2) can be further
simplified into

Hac
GHZ

= Ωe1(t)a1l|1〉1〈0|+ Ωl
e2(t)a

†
2l|1〉2〈a|

+ Ωr
e2(t)a

†
2r|0〉2〈a|+ Ωe3(t)a3r|0〉3〈1|+ H.c., (3)

where Ωe1(t) = g1lΩ1(t)/∆1, Ωl
e2(t) = g2lΩ2(t)/∆2,

Ωr
e2(t) = g2rΩ2(t)/∆2 and Ωe3(t) = g3rΩ3(t)/∆3 are

the effective Rabi frequencies for the corresponding
Raman transitions |0〉1 → |e〉1 → |1〉1, |a〉2 → |e〉2 →
|1〉2, |a〉2 → |e〉2 → |0〉2 and |1〉3 → |e〉3 → |0〉3, re-
spectively.

In our scheme, three cavities are connected
via two optical fibres, in the short fibre limit
(2Lη̄)/(2πc) ¿ 1, only one (resonant) mode of a fi-
bre will interact with the cavity mode, where L is the
length of the fibre, η̄ is the decay rate of the cavities
fields into a continuum of fibre modes. The interaction
Hamiltonian Hcf

GHZ can be approximated to[81]

Hcf
GHZ

= ηA[bA(a†1l + a†2l)] + ηB[bB(a†2r + a†3r)] + H.c. (4)
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Here, we should point out that the polarizations of fi-
bre modes bk

A and bk
B have been chosen as the left and

the right circulares, respectively. ηk
A(B) is the coupling

strength between fibre mode k and the corresponding
cavity mode, and the relative phase ϕ between two
cavity modes, which originates from the propagation
of the field through the fibre of length, has been used
in the cavity modes.

Lastly, in the interaction picture, the total Hamil-
tonian of this cavity–fibre–cavity system can be writ-
ten as

HGHZ

= Hac
GHZ + Hcf

GHZ

= Ωe1(t)a1l|1〉1〈0|+ Ωl
e2(t)a

†
2l|1〉2〈a|

+ Ωr
e2(t)a

†
2r|0〉2〈a|+ Ωe3(t)a3r|0〉3〈1|

+ ηA[bA(a†1l + a†2l)] + ηB[bB(a†2r + a†3r)] + H.c. (5)

2.2.W state

For implementing our proposal to achieve a three-
partite W state, three atoms are individually trapped
in three single-mode optical cavities separately, which
are connected by two optical fibres. The ith atomic
transition |0〉i → |e〉i (i = 1–3) is resonantly cou-
pled with the ith cavity mode ai. Three classical
fields drive the transitions |1〉1 → |e〉1, |a〉2 → |e〉2
and |1〉3 → |e〉3 resonantly with coupling coefficients
Ω1(t), Ω2(t) and Ω3(t) respectively. For the coupling
between the cavity fields and the fibre modes, we have
taken the short fibre limit (2Lη̄)/(2πc) ¿ 1, which is
similar to the previous discussion. Subsequently, un-
der the dipole and rotating wave approximation, it is
straightforward to write the total effective Hamilto-
nian for our cavity–fibre–cavity system as[77,78,81]

HW =Hac
W + Hcf

W, (6a)

Hac
W =

3∑

i=1

(giai|e〉i〈0|) + Ω1(t)|e〉1〈1|

+ Ω2(t)|e〉2〈a|+ Ω3(t)|e〉3〈1|+ H.c., (6b)

Hcf
W = ηA[bA(a†1 + a†2)] + ηB[bB(a†2 + a†3)] + H.c.,

(6c)

where gi is the coupling coefficient between cavity
mode i and atom i and cavity mode a2 interacts syn-
chronously with fibre modes bA and bB.

3. Generation of GHZ state

In this section we show how to deterministi-
cally prepare the three-partite GHZ state, |ΨGHZ〉 =
(1/
√

2)(|0〉1|0〉2|0〉3+|1〉1|1〉2|1〉3). Consider at the ini-
tial time that the system is in the state |Ψ(0)GHZ〉 =
|0〉1|a〉2|1〉3|000〉c|00〉f , where |0〉1|a〉2|1〉3 means that
atoms 1, 2, 3 are in the states |0〉1, |a〉2, |1〉3, respec-
tively, |n1n2n3〉c denotes the photon numbers in the
mode of cavities 1-3, |m1m2〉f represents m1 photons
in the mode of fibre 1, m2 photons in the mode of fibre
2. Dominated by Hamiltonian (5), the system state
evolution remains in the subspace with one excitation
number spanned by the basis vectors

|ψ1〉 = |0〉1|a〉2|1〉3|000〉c|00〉f ,
|ψ2〉 = |0〉1|1〉2|1〉3|01l0〉c|00〉f ,
|ψ3〉 = |0〉1|1〉2|1〉3|000〉c|1l0〉f ,
|ψ4〉 = |0〉1|1〉2|1〉3|1l00〉c|00〉f ,
|ψ5〉 = |1〉1|1〉2|1〉3|000〉c|00〉f ,
|ψ6〉 = |0〉1|0〉2|1〉3|01r0〉c|00〉f ,
|ψ7〉 = |0〉1|0〉2|1〉3|000〉c|01r〉f ,
|ψ8〉 = |0〉1|0〉2|1〉3|001r〉c|00〉f ,
|ψ9〉 = |0〉1|0〉2|0〉3|000〉c|00〉f . (7)

In this subspace, there exists a dark state with a null
eigenvalue for the Hamiltonian HGHZ,

|Ψ(t)〉GHZ
dark

=
1

D0
(ηAηBΩe1Ωe3|ψ1〉 − ηBΩe1Ωe3Ω

l
e2|ψ3〉

+ ηAηBΩe3Ω
l
e2|ψ5〉 − ηAΩe1Ωe3Ω

r
e2|ψ7〉

+ ηAηBΩe1Ω
r
e2|ψ9〉), (8)

where

D0 =
√

η2
Aη2

BΩ2
e1Ω

2
e3 + η2

BΩ2
e1Ω

2
e3Ω

l2
e2 + η2

Aη2
BΩ2

e3Ω
l2
e2 + η2

AΩ2
e1Ω

2
e3Ω

r2
e2 + η2

Aη2
BΩ2

e1Ω
r2
e2. (9)

In our calculation, we assume that |ηA|, |ηB| À |Ωe1|, |Ωl(r)
e2 |, |Ωe3|, thus the dark state |Ψ(t)〉GHZ

dark is approxi-
mately given as

|Ψ(t)〉GHZ
dark =

1
D

(Ωe1Ωe3|ψ1〉+ Ωe3Ω
l
e2|ψ5〉+ Ωe1Ω

r
e2|ψ9〉), (10)
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where D =
√

Ω2
e1Ω

2
e3 + Ω2

e3Ω
l2
e2 + Ω2

e1Ω
r2
e2. Under the

adiabatic condition, the initial state |Ψ(0)〉GHZ = |ψ1〉
undergoes the evolution determined by Eq. (10). For
realizing the generation of GHZ state, we can appro-
priately design the pulse shapes such that

lim
t→−∞

Ωl
e2(t)

Ωe1(t)
= 0, lim

t→−∞
Ωr

e2(t)
Ωe3(t)

= 0, (11a)

lim
t→+∞

Ωe1(t)
Ωl

e2(t)
= 0, lim

t→+∞
Ωe3(t)
Ωr

e2(t)
= 0, (11b)

and adiabatically transfer the initial state |ψ1〉 into
equal probability amplitude superposition states of
|ψ5〉 and |ψ9〉, with |ψ(t)〉t→+∞ = (1/

√
2)(|ψ5〉+|ψ9〉),

which is a product state of the three-atom entangled
state, the cavity mode state and the fibre mode state.
It is a maximally entangled state, i.e., the GHZ state.
In order to accomplish the generation of this entan-
gled state, here the pulse shapes of the laser fields are
assumed to be Gaussian,[82,83]

Ω1,2,3(t) = Ω0exp
[
− (t− T/2− t1,2,3)2

2τ2

]
, (12)

where Ω0 is the amplitude of Ω1,2,3, T is the total
adiabatic time and τ is the laser beam waist. In our
following simulation, we set g1l = g2l(r) = g3r = g,
∆1 = ∆2 = ∆3 = ∆. The system parameters are cho-
sen as g = 1 GHz, Ω0 = 0.2g, T = 100/g, τ = 14/g,
t1 = t3 = −10/g, t2 = 10/g and ∆ = 15g. In or-
der to show clearly expression (12) of pulse shapes,
we plot the time dependences of Rabi frequencies of
the laser fields and the time evolutions of the popu-
lation in Fig. 2. It is obviously seen from Fig. 2(b)
when t → +∞, the populations of |ψ5〉 and |ψ9〉
are both equal to 50%, which means that the GHZ
state |ΨGHZ〉 can be deterministically achieved via
adiabatic evolution. In the present scheme, the fi-
delity for generating the GHZ state is higher than
99.99% (FGHZ = 〈ΨG|ψ(t)〉) when the dimensionless
time gt > 100 and t = 10−7 s can be considered to
be +∞ here. The plots of pulse shapes are shown in
Fig. 2(a), where at the beginning the lasers which act
on atoms 1 and 3 are switched on first simultaneously.
During the evolution, the laser intensities are slowly
changed (increasing Ω2 and decreasing Ω1(3) adiabat-
ically) so that the condition Ω2 À Ω1(3) is fulfilled at
the end for realizing the GHZ state.

Fig. 2. (a) Time dependences of the Rabi frequencies

of the laser fields for generation of GHZ state, (b) time

evolutions of the populations of corresponding system

states. The system parameters are set to be Ω0 = 0.2g,

T = 100/g, τ = 14/g, t1 = t3 = −10/g, t2 = 10/g,

g = 1 GHz and ∆ = 15g.

4. Generation of W state

In this section we show how to determinis-
tically prepare a three-partite W state, |ΨW〉 =
(1/
√

3)(|0〉1|0〉2|1〉3 + |0〉1|1〉2|0〉3 + |1〉1|0〉2|0〉3). Sup-
pose at the initial time, atom 1 is in the state |0〉1,
atom 2 is in the superposition state (

√
2|a〉+ |1〉)/√3,

atom 3 in the state |0〉3, all the cavity modes and
fibre modes are in the vacuum state |000〉c|00〉f ,
i.e., |ΨW(0)〉 = (1/

√
3)|0〉1|1〉2|0〉3|000〉c|00〉f +

(2/
√

3)|0〉1|a〉2|0〉3|000〉c|00〉f . If we consider that
atom 2 is in the state |a〉2 initially, then dominated
by Hamiltonian (6), the system state evolution will be
restricted to the subspace with one excitation number
spanned by the basis vectors

|ψ1〉 = |1〉1|0〉2|0〉3|000〉c|00〉f ,
|ψ2〉 = |e〉1|0〉2|0〉3|000〉c|00〉f ,
|ψ3〉 = |0〉1|0〉2|0〉3|100〉c|00〉f ,
|ψ4〉 = |0〉1|0〉2|0〉3|000〉c|10〉f ,
|ψ5〉 = |0〉1|e〉2|0〉3|000〉c|00〉f ,
|ψ6〉 = |0〉1|a〉2|0〉3|000〉c|00〉f ,
|ψ7〉 = |0〉1|0〉2|e〉3|000〉c|00〉f ,

050308-5



Chin. Phys. B Vol. 20, No. 5 (2011) 050308

|ψ8〉 = |0〉1|0〉2|1〉3|000〉c|00〉f ,
|ψ9〉 = |0〉1|0〉2|0〉3|010〉c|00〉f ,
|ψ10〉 = |0〉1|0〉2|0〉3|001〉c|00〉f ,
|ψ11〉 = |0〉1|0〉2|0〉3|000〉c|01〉f . (13)

In this subspace, the corresponding dark state of
Hamiltonian (6) is

|Ψ(t)〉Wdark =
1

K0

(
g1

Ω1
|ψ1〉 − |ψ3〉 − g2

Ω2
|ψ6〉

+
g3

Ω3
|ψ8〉+ |ψ9〉 − |ψ10〉

)
, (14)

where

K0 =

√
g2
1

Ω2
1

+
g2
2

Ω2
2

+
g2
3

Ω2
3

+ 3. (15)

In our following calculation, we assume that the con-
dition gi À Ωi(t) (i = 1, 2, 3) is always satisfied in the
whole adiabatic progress, which means that the popu-
lation of cavity modes in excited states can be dropped
safely. Thus the dark state |Ψ(t)〉Wdark is approximately
given as

|Ψ(t)〉Wdark

=
1
K

(
g1

Ω1
|ψ1〉 − g2

Ω2
|ψ6〉+

g3

Ω3
|ψ8〉

)
, (16)

where K =
√

g2
1/Ω2

1 + g2
2/Ω2

2 + g2
3/Ω2

3 . The initial
state |ψ6〉 will undergo the evolution determined by
Eq. (10). For realizing the generation of W state, we
can appropriately design the pulse shapes such that

lim
t→−∞

Ω1(t)
Ω2(t)

= 0, lim
t→−∞

Ω3(t)
Ω2(t)

= 0, (17a)

lim
t→+∞

Ω2(t)
Ω1(t)

= 0, lim
t→+∞

Ω2(t)
Ω3(t)

= 0, (17b)

where we have set g1 = g2 = g3 = g. The initial state
|ψ6〉 can evolve into equal probability amplitude su-
perposition states of |ψ1〉 and |ψ8〉. On the other hand,
when atom 2 is initially in the state |1〉2, the system
state |0〉1|1〉2|0〉3|000〉c|00〉f will remain unchanged
with the evolvement of time. Consequently, based
on our above discussion, the W state |ψ(t)〉t→+∞ =
(1/
√

3)(|0〉1|0〉2|1〉3+|0〉1|1〉2|0〉3+|1〉1|0〉2|0〉3) can be
achieved via adiabatic passage. It is seen that the
pulse shapes of the laser fields are the key points for
accomplishing the generation of this entangled state.
Here they are also assumed to be Gaussian,[82,83]

Ω1,2,3(t) = Ω0exp
[
− (t− T/2− t1,2,3)2

2τ2

]
. (18)

We have chosen the system parameter as follows:
Ω0 = 0.2g, T = 100/g, τ = 12/g, t1 = t3 =

−10/g, t2 = 10/g and g = 1 GHz for generating
W state. In Fig. 3, we plot the time dependences
of Rabi frequencies of the laser fields and the time
evolutions of the population for the initial condition
|Ψ(0)〉 = |ψ6〉 = |0〉1|a〉2|0〉3|000〉c|00〉f . It is obvi-
ously seen from Fig. 3(b) when t → +∞, the sys-
tem state will evolve into |Ψa〉 = (1/

√
2)(|ψ1〉+ |ψ8〉).

In addition, we have already pointed out for the
initial state |0〉1|1〉2|0〉3|000〉c|00〉f , the system state
does not change under the time evolution dominated
by Hamiltonian (6) since it is decoupled from the
laser interaction. Therefore, the W state |ΨW〉 =
(1/
√

3)(|0〉1|0〉2|1〉3+|0〉1|1〉2|0〉3+|1〉1|0〉2|0〉3) can be
deterministically achieved via adiabatic evolution. In
the present scheme, the fidelity for generating the W
state is higher than 99.99% (FW = 〈ΨW|ψ(t)〉), when
the dimensionless time gt > 100 and t = 10−7 s can
be considered to be +∞ here. In Fig. 3(a), we show
the pulse shapes of the laser fields. In order to realize
the W state, we turn on the lasers which act on atoms
1 and 3 simultaneously at the beginning, and in the
evolution process, slowly change the laser intensities
(increasing Ω2 and decreasing Ω1(3) adiabatically) so
that at the end Ω1, Ω2 and Ω3 can meet the conditions
for realizing W state, which is similar to the previous
scheme proposed for the generation of the GHZ state.

Fig. 3. (a) Time dependences of the Rabi frequencies of

the laser fields for the generation of W state, (b) time

evolutions of the populations of corresponding system

states. The system parameters are set to be Ω0 = 0.2g,

T = 100/g, τ = 12/g, t1 = t3 = −10/g, t2 = 10/g and

g = 1 GHz.
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5. Discussion and conclusion

In the previous section, we have put forward two
schemes to generate GHZ state and W state of three
distant atoms, respectively. It is noticed that the influ-
ences of atomic spontaneous emission from the excited
states, photon leakage out of the fibre and cavity are
not taken into account in our discussion. In the next
content, we will consider more practical situations and
study the effects of these factors on the fidelity of re-
alizing entanglement states. To accomplish the GHZ
state, we have used the large-detuning condition, adi-
abatically eliminated the excited state[84] and set the
spontaneous emission rate to be zero. Meanwhile, the
effect of photon loss out of the cavity can also be ig-
nored based on our scheme. This is because utiliz-
ing the adiabatic passage along dark state, the cav-
ity modes are never appreciably populated and always
kept in vacuum states in the whole process. However,
it is noted that the terms related to |ψ3〉 and |ψ7〉 in
expression (8) have been dropped for our above simu-
lations since we assume that |ηA|, |ηB| À |Ωe1|, |Ωl(r)

e2 |,
|Ωe1|. In fact, the fibre modes may be excited, that
is to say, there is a probability with which the states
(|0〉1|1〉2|1〉3|000〉c|1l0〉f + |0〉1|1〉2|1〉3|000〉c|01r〉f)/

√
2

are populated. Then, due to the fibre de-
cay they may evolve into (|0〉1|1〉2|1〉3|000〉c|00〉f +
|0〉1|0〉2|1〉3|000〉c|00〉f)/

√
2 after the photon emits out

of fibre, which will cause error for achieving GHZ
state. Considering the effect of photon leakage out
of fibre, the fidelity can be written as

FGHZ

= 1− γf

∫ T

0

(ηBΩe1Ωe3Ω
l
e2)

2 + (ηAΩe1Ωe3Ω
r
e2)

2

D2
0

dt,

(19)

where D0 is given in expression (9); γf denotes the
decay rate of fibre mode; we assume γfA = γfB = γf ;
T is the total adiabatic time on the order of 100 ns,
i.e., T = 100 ns in our following simulations. Figure
4(a) exhibits the effects of fibre loss on the fidelity
FGHZ for different values of Ω0, Ω0 = 0.2g, Ω0 = 0.5g

and Ω0 = 1.0g, where we set ηA = ηB = η = 0.6g. In
Fig. 4(b) we show the curves for fidelity FGHZ versus
η/g for different decay rates of fibre modes, γf = 0.05g,
γf = 0.1g and γf = 0.2g, where Ω0 = 0.5g. The other
parameters are the same as those in Fig. 2. It is seen
from Fig. 4(a) that when Ω0 ≥ 0.5g, even if there
exists a relatively large fibre decay rate γf = 0.3g,
we can still obtain GHZ state with high fidelity

(FGHZ > 99%). Figure 4(b) indicates that with the
increase of fibre–cavity coupling strength, the fidelity
increases and when η/g ≥ 0.5, FGHZ will be more
stable with its value larger than 99%. It is noticed
that based on the present scheme, we do not demand
the condition g À Ω0, which will facilitate the exper-
imental achievement of the generation of GHZ state.
Next we will discuss the influence of various deco-
herence process on the fidelity of realizing W state.
Based on our scheme, the effect of atomic spontaneous
emission from the excited states and photon leakage
out of fibre can be greatly eliminated and even ig-
nored because the atomic excited states and the fibre
modes are not populated in the whole process via
adiabatic passage along dark state. While the photon
losses in cavities may have a greater influence on the
fidelity of achieving W state. In the present scheme,
we set |ΨW(0)〉 = (1/

√
3)|0〉1|1〉2|0〉3|000〉c|00〉f +

(2/
√

3)|0〉1|a〉2|0〉3|000〉c|00〉f . There is a probabil-
ity with which at the initial time, the system is in the
state |0〉1|a〉2|0〉3|000〉c|00〉f . In our above simulations,
it is noted that we have dropped the terms related to
|ψ3〉, |ψ9〉 and |ψ10〉 in expression (14) since we assume
that the atom–cavity coupling strengths gi (i = 1, 2,
3) are much larger than the Rabi frequencies Ωi (i = 1,
2, 3). In fact, it is an ideal situation. In the practical
experimental circumstance, if gi À Ω0i(t) (i = 1, 2, 3)
cannot be satisfied perfectly, the cavity modes may be
excited and the effect of photon losses out of cavities is
not negligible any more. That is to say, there is a prob-
ability with which the states (|0〉1|0〉2|0〉3|100〉c|00〉f +
|0〉1|0〉2|0〉3|010〉c|00〉f + |0〉1|0〉2|0〉3|001〉c|00〉f)/

√
3

are populated. Then, due to the cavity decay
they may evolve into |0〉1|0〉2|0〉3|000〉c|00〉f after the
photons are emitted out of cavity, which will re-
duce the fidelity of achieving W state. We assume
κ1 = κ2 = κ3 = κ, where κi (i = 1, 2, 3) are the
decay rates of the cavity fields, which leads to an er-
ror of κ

∫ T

0
(3/K2

0 )dt, where K0 is given by Eq. (15).
Hence, for |ΨW(0)〉 = (1/

√
3)|0〉1|1〉2|0〉3|000〉c|00〉f +

(2/
√

3)|0〉1|a〉2|0〉3|000〉c|00〉f , the fidelity of accom-
plishing W state can be written as

FW =
2
3

(
1− κ

∫ T

0

3
K2

0

dt

)
+

1
3
, (20)

where T is the total adiabatic time on the order of
100 ns, i.e., T = 100 ns in our following simulations.
Figure 4(c) exhibits the effects of cavity loss on the
fidelity FW for different values of Ω0: Ω0 = 0.2g,
Ω0 = 0.3g and Ω0 = 0.4g. In Fig. 4(b) we plot curves
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for fidelity FW versus the ratio of maximal values of
Rabi field to the atom–cavity coupling strength Ω0/g

for different decay rates of cavity modes, κ = 0.01g,
κ = 0.02g and κ = 0.04g. The other parameters are
the same as those in Fig. 3. It is seen from Fig. 4(d)
that if κ reaches 0.04g, the fidelity reduces a little

bit quickly when Ω0/g > 0.4. Therefore, in order
to obtain a high fidelity W state, the condition of
gi À Ω0i(t) (i = 1, 2, 3) are required (in experi-
ment, gi more than four times larger than Ω0i has
been realized[85−87] and the other parameters should
also been chosen appropriately.

Fig. 4. (a) Fidelities of realizing GHZ state each as a function of γf/g for Ω0 = 0.2g, Ω0 = 0.5g and Ω0 = 1.0g,

η = 0.6g; (b) fidelities of realizing GHZ state each as a function of η/g for γf = 0.05g, γf = 0.1g and γf = 0.2g,

Ω0 = 0.5g; (c) fidelities of realizing W state each as a function of κ/g for Ω0 = 0.2g, Ω0 = 0.3g and Ω0 = 0.4g; (d)

fidelities of realizing W state as a function of Ω0/g for κ = 0.01g, κ = 0.02g and κ = 0.04g. The other parameters

are the same as those in Fig. 2 (for (a) and (b)) and Fig. 3 (for (c) and (d)).

Besides the various decoherence processes dis-
cussed above, another challenge we may meet is that
based on our scheme for generating GHZ state and W
state, at the beginning, the lasers which act on atoms
1 and 3 are switched on first at the same time, i.e.,
t1 = t3 set in our simulations. In practical experimen-
tal situations, the requirement that they are turned
on simultaneously can not be precisely fulfilled. In
Figs. 5 (a) and 5 (b), we plot the curves for fidelity
FGHZ and FW versus corresponding ∆t, where we as-
sume t1 = t3 + ∆t, the other parameters are the same
as those in Figs. 2 and 3, respectively. It is shown in
Fig. 5 that when −1 ns≤ ∆t ≤ 1 ns, the fidelity can be
larger than 98.5% for generating both GHZ state and
W state based on the present schemes. As a result,
even though the ideal parameter conditions t1 = t3
could not be satisfied exactly in practical situations,
the entangled states ΨGHZ and ΨW can still be realized

with high fidelity.
In the following part, we will briefly discuss the

experimental feasibility of our scheme. The level con-
figurations of corresponding atoms can be realized by
choosing the hyperfine-split levels for the D lines of
cold alkali-metal atoms.[88,89] For instance, we can
choose the atom of 87Rb. The atomic levels and field
polarizations are shown in Fig. 6. On the other hand,
based on recent experiments in realizing high-Q cav-
ity and strong atom–cavity coupling,[90−93] we can set
the system parameters as follows: for GHZ state, g =
2π×160 MHz, Ω0 = 2π×35 MHz, ∆ = −2π×2.4 GHz,
T = 100 ns, τ = 14 ns, t1 = t3 = 10 ns, t2 = −10 ns,
η = 2π × 80 MHz and γf = 2π × 16 MHz, while for
W state, g = 2π × 160 MHz, Ω0 = 2π × 35 MHz,
T = 100 ns, τ = 12 ns, t1 = t3 = 10 ns, t2 = −10 ns,
κ = 2π × 8.4 MHz.
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Fig. 5. (a) The fidelity for the generation of GHZ state versus ∆t, where the pulse parameters are the same as

those in Fig. 2; (b) the fidelity for the generation of W state versus ∆t, where the pulse parameters are the same as

those in Fig. 3.

Fig. 6. The level configurations of atoms for the generation of GHZ state (a) and W state (b), σ−, σ+ and π denote

left circular, right circular and line polarizations (light), respectively.

In conclusion, we have proposed two schemes for
deterministically generating three-particle GHZ state
and W state for three atoms, which are separately
trapped in three distant cavities connected by two
optical fibres. By using a sequence of pulsed laser
field, our atom–cavity–fibre systems are always in the
dark states. In the whole process, the influences of
atomic spontaneous emission, photons leakage out of
fibres and cavities are effectively compressed via adi-
abatic passages. Furthermore, we make an estima-
tion on the fidelities of realizing the GHZ state and W
state by considering different parameters and point

out that our schemes are insensitive to small fluctu-
ations of experimental parameters. As a result, the
present schemes provide efficient approaches to realiz-
ing multi-particle entanglement and it is expected that
our present proposal would be a theoretic supplement
to the progress of quantum network science.
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