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We propose a unified scheme to generateW states, Greenberger-Horne-Zeilinger(GHZ) states, and cluster
states of four distant atoms, which are trapped separately in leaky cavities. The proposed schemes require
linear optical elements and photon detectors with single-photon sensitivity. The quantum noise influences the
fidelity of the generated states. Further, based on the four-photon coincidence detection, we propose another
scheme to generate theW states and GHZ states of four distant atoms. The scheme is insensitive to the
quantum noise, but cannot be used to generate the cluster states.
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I. INTRODUCTION

Quantum entanglement is one of the most striking fea-
tures of quantum mechanics[1,2]. The recent surge of inter-
est and progress in quantum information theory allows one to
take a more positive view of entanglement and regard it as an
essential resource for many ingenious applications such as
quantum cryptography[3], quantum dense coding[4], and
quantum teleportation[5]. Most of the research is based on
two-qubit entanglement. Since the Greenberger-Horne-
Zeilinger (GHZ) state was introduced to test quantum non-
locality without inequality[6], there has been much interest
in the classification of multiparticle entangled states. It has
become clear that for the system shared by three parties there
are two inequivalent classes of entangled states, i.e., the
GHZ state and theW state[7]. For entangled states of four or
more parties, Briegel and Raussendorf introduced a new
class of entangled state, i.e., the cluster state[8]. The GHZ
and W classes have found applications in testing quantum
nonlocality without inequality[6,9] and realizing quantum
information processing[10]. By employing the cluster class,
the concept of the one-way quantum computer was intro-
duced, which describes a realization of quantum computation
which goes beyond the usual network picture[11]. These
works motivated an intensive research in the generation and
the manipulation of entangled states of many qubits. How-
ever, how to design and realize quantum entanglement is
extremely challenging due to the coupling with an environ-
mental degree of freedom. Various quantum systems have
been suggested as possible candidates for engineering quan-
tum entanglement. Among them the cavity QED system is an
almost ideal system to generate entangled states and to per-
form small scale quantum information processing[12]. In the
context of cavity QED, a number of theoretical methods
were proposed to generate GHZ andW states[12,13]. In
particular, the generation of the GHZ state of three particles
has been demonstrated experimentally in high-Q cavities
[14]. Schemes of this type are based on the controlling of an
effective interaction between atoms, which are intended to be
entangled. Since most of these schemes require a high-Q

cavity field, decoherence caused by cavity decay can be ne-
glected.

Conditioned measurements offer a promising way to gen-
erate entangled states. In Ref.[15], authors use photon de-
tection on leaky cavities to implement the teleportation of
atomic states and generate the Einstein-Podolsky-Rosen
(EPR) state between two distant atoms. In Ref.[16], Fidio
and Vogel proposed a scheme for preparing theW state of
three trapped atoms in leaky cavities. In Ref.[17], we pro-
posed a scheme for generating GHZ states of many distant
atoms trapped in different cavities. Recently several efficient
schemes are proposed to engineer two-atom entanglement by
using two-photon coincidence detection[18]. However, no
proposal is proposed for generating cluster states of many
distant atoms. The aim of the present paper is to propose
schemes to generate quantum entanglement of four distant
atoms.

The paper is organized as follows. In Sec. II, based on the
photon detectors with single-photon sensitivity, we present a
unified scheme to generate theW states, GHZ states, and
cluster states of four distant atoms. In the scheme, the pho-
tons, which leak out of the four cavities, are emitted into a
symmetric eight-port device[19] to become entangled and
detected by four single-photon detectors. Based on the pho-
ton detection of the output modes, the atom-cavity-system
state is projected into the expected entangled states. The dis-
advantage of proposed schemes is to require a single-photon
detector to distinguish zero photons, one photon, and more
than one photon. The quantum noise influences the fidelity of
the generated states. In Sec. III, by using four-photon coin-
cidence detection, we propose another scheme to generate
the W states and the GHZ states of four distant atoms. The
scheme is insensitive to the quantum noise, but cannot be
used to generate the cluster states of the four distant atoms.
Finally the conclusions are given in Sec. IV.

II. GENERATION OF THE W STATES, GHZ STATES,
AND CLUSTER STATES BASED ON THE

SINGLE-PHOTON DETECTORS

The experimental setup is shown in Fig. 1(a), which con-
sists of four three-level atoms confined separately in four
optical cavities, and a symmetric eight-port device and four*Electronic address: xzou@tet.uni-hannover.de
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single-photon detectors. An extended introduction to the
symmetric multiport device is given in Ref.[19]. The action
of the symmetric eight-port device can be described by the
unitary operatorU. The matrix element ofU is given by

Ukl =
1

ÎN
g4

sk−1dsl−1d, s1d

whereg4=expsip /2d and indicesk, l denote the input and
exit port. The matrix elementUkl gives the probability
amplitude for single photon entering via inputk and leav-
ing the device by outputl sk, l =1, . . . ,4d. Referencef19g
has shown how to construct a symmetric eight-port device
from mirrors, beam splitters, and phase shifters. Each of
the three-level atomssindex jd has a ground stateugjl, a
metastable stateusjl, and an excited stateuejl fsee Fig.
1sbdg. The lifetime of the atomic levelsusjl and ugjl are
assumed to be comparatively long so that spontaneous de-
cay of these states can be neglected. Theusjl⇔ uejl transi-
tion is driven by the classical field and theugjl⇔ uejl tran-
sition is driven by the quantized cavity field. Both the
classical laser field and the cavity field are assumed to be
detuned from their respective transition by the same
amount. In the case of large detuning the excited stateuejl
can be eliminated adiabatically to obtain the effective in-
teraction Hamiltoniansin the interaction pictured,

Hj = iVsajs+j − aj
†s−jd, s2d

with the operatorss+j = usjlkgju ands−j = ugjlksju. aj
† andaj are

the creation and annihilation operators of thej th cavity field.
Here we assumed that the effective coupling constants of all
the atoms coupled with their cavities is the same, denoted by
V. In order to investigate the quantum dynamics of the sys-
tem, it is convenient to follow a quantum trajectory descrip-

tion f20g. The evolution of the system’s wave function is
governed by a non-Hermitian Hamiltonian

Hj8 = Hj − ik jaj
†aj , s3d

as long as no photon decays from the cavity. Here 2k j is the
decay rate of thej th cavity field, which is assumed to be for
all four cavities the same:k j =k. If a single-photon detector
Dj s j =1,2,3,4d detects a photon, the coherent evolution ac-
cording toHj8 is interrupted by a quantum jump. This corre-
sponds to a quantum jump, which can be formulated with the
operatorsbj on the joint state vectors of four atom-cavity
systems

b1 =
1

2
sa1 + a2 + a3 + a4d, b2 =

1

2
sa1 + ia2 − a3 − ia4d,

b3 =
1

2
sa1 − a2 + a3 − a4d, b4 =

1

2
sa1 − ia2 − a3 + ia4d.

s4d

In the preparation stage the initial state of each atom-cavity
system isusjlu0l j s j =1,2,3,4d, i.e., each atom is initially in
the metastable state and the cavity is in the vacuum state.
Now we switch on the Hamiltonian(2) in each atom-cavity
system for a timet. If no photon is emitted from the cavity,
the j th atom-cavity system is governed by the interactionHj8.
In this case the atom-cavity state evolves to the entangled
state

uCl j = ausjlu0l j + bugjlu1l j , s5d

with

a =

cossVktd −
sinsVktdk

2Vk

ÎFcossVktd −
sinsVktdk

2Vk
G2

+
sin2sVktdV2

Vk
2

,

b =
sinsVktdV

VkÎFcossVktd −
sinsVktdk

2Vk
G2

+
sin2sVktdV2

Vk
2

,

Vk = ÎV2 − k2/4. s6d

The probability that no photon is emitted during this evolu-
tion becomes

Psingle= e−ktHFcossVktd −
sinsVktdk

2Vk
G2

+
sin2sVktdV2

Vk
2 J .

s7d

We assume that the interaction Hamiltonians2d is applied to
each atom-cavity system simultaneously, so that the prepara-
tion of the atom-cavity statesuCl j ends at the same time.
This concludes the preparation stage of the protocol. The
probability that this stage is equal to the probability that no
photon decays during the preparation stage. This quantity is
given byPsuc=Psingle

4 .

FIG. 1. (a) The schematic setup for generatingW states, GHZ
states, and cluster states of four distant atoms based on the single
photon detection.F4 is a symmetric eight-port device[19] and Di

are photon detectors.(b) The relevant level structure with ground
statesugl, usl, and excited stateuel.
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Now we consider the detection stage and demonstrate the
generation ofW states, GHZ states, and cluster states. In this
stage, we assume that we have prepared the four atom-cavity
systems in the form

uFs0dl = uCl1uCl2uCl3uCl4, s8d

where the stateuCl j is given by Eq.s5d. When the states8d
has been prepared, we turn off the laser pulse and wait for
the one or two of four detectorsD1, D2, D3, andD4 to click.
We assume that photons are detected at the timet. This as-
sumption is posed to calculate the system’s time evolution
during this time interval in a consistent way with the “no-
photon emission Hamiltonian”s3d. Notice that, in the detec-
tion stage, we turn off the laser pulses, the atom-cavity in-
teraction termHj of Eq. s3d is set to zero. In this case, the
state of thej th atom-cavity system at the timet evolves
into

uCstdl j = exps− iH j8tduCl j =
1

Îa2 + b2e−2kt
sausjlu0l j

+ be−ktugjlu1l jd. s9d

The probability that no photon decay takes place during this

evolution is given bysa2+b2e−2ktd. At the time t, the joint
state of the total system becomes

uFstdl = uCstdl1uCstdl2uCstdl3uCstdl4. s10d

The detection of one photon with the detectorDl sl
=1,2,3,4d corresponds to a quantum jump, which can be
formulated with the operatorbl on the joint stateuFstdl. In
order to generate theW states, we consider the events that
one of the four detectors registers one photon and the other
three detectors do not register any counts. For simplicity, we
assume that the detectorD1 detects one photon, and the de-
tectorsD2, D3, andD4 do not detect any photon. In this case,
the combined state of the four atom-cavity systems is pro-
jected into

uC1l = b1uFstdl

=
1

2
sug1lu0l1uCstdl2uCstdl3uCstdl4 + uCstdl1ug2l

3u0l2uCstdl3uCstdl4 + uCstdl1uCstdl2ug3lu0l3uCstdl4

+ uCstdl1uCstdl2uCstdl3ug4lu0l4d, s11d

with the success probabilityb2s1−e−2ktd. By tracing over the
cavity field, we obtain the state of four atoms

rW =
1

sa2 + b2e−2ktd3Ha6uW4lkW4u + b6e−6ktug1lug2lug3lug4lkg1ukg2ukg3ukg4u +
a4b2e−2kt

4
fsug1lus2lus3lug4l + us1lug2lus3lug4l

+ us1lus2lug3lug4ldskg1uks2uks3ukg4u + ks1ukg2uks3ukg4u + ks1uks2ukg3ukg4ud + sug1lus2lug3lus4l + us1lug2lug3lus4l + us1lus2lug3lug4ld

3skg1uks2ukg3uks4u + ks1ukg2ukg3uks4u + ks1uks2ukg3ukg4ud + sug1lug2lus3lus4l + us1lug2lug3lus4l + us1lug2lus3lug4ldskg1ukg2uks3uks4u

+ ks1ukg2ukg3uks4u + ks1ukg2uks3ukg4ud + sug1lug2lus3lus4l + ug1lus2lug3lus4l + ug1lus2lus3lug4ldskg1ukg2uks3uks4u + kg1uks2ukg3uks4u

+ kg1uks2uks3ukg4udg +
a2b4e−4kt

4
fsug1lug2lug3lus4l + us1lug2lug3lug4ldskg1ukg2ukg3uks4u + ks1ukg2ukg3ukg4ud + sug1lug2lus3lug4l

+ us1lug2lug3lug4ldskg1ukg2uks3ukg4u + ks1ukg2ukg3ukg4ud + sug1lus2lug3lug4l + us1lug2lug3lug4ldskg1uks2ukg3ukg4u + ks1ukg2ukg3ukg4ud

+ sug1lug2lug3lus4l + ug1lus2lug3lug4ldskg1ukg2ukg3uks4u + kg1uks2ukg3ukg4ud + sug1lug2lus3lug4l + ug1lus2lug3lug4ldskg1ukg2uks3ukg4u

+ kg1uks2ukg3ukg4ud + sug1lug2lug3lus4l + ug1lug2lus3lug4ldskg1ukg2ukg3uks4u + kg1ukg2uks3ukg4udgJ , s12d

whereuW4l is theW-type entangled states of the four atoms

uW4l =
1

2
sug1lus2lus3lus4l + us1lug2lus3lus4l + us1lus2lug3lus4l

+ us1lus2lus3lug4ld. s13d

If the time t@k−1, e−kt<0 and we can only retain the first
term uW4lkW4u of Eq. s12d and neglect all the other terms.
This shows the obvious physical result that theW state is
created in the event that only one photon is registered during
the timet@k−1. During this period, the event that two, three,
or four photons are registered has to be dropped.

In order to quantify how close the state(12) comes to the
W state, we calculate the fidelity

F = kW4urWuW4l =
a6

sa2 + b2e−2ktd3 . s14d

The fidelity increases with increasing detection time and in-
creasing ratioua /bu.

Now we show how to generate GHZ states and cluster
states of four distant atoms. For this purpose, we consider the
events that both of the four detectors detect one photon, re-
spectively, and the other two do not detect any photon. If
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detectorsD2 andD4 detect one photon andD1 andD3 do not
detect any photon, the state of the total system becomes pro-
jected into

uC24l = b2b4uFstdl

=
1
Î2

sug1lu0l1uCstdl2ug3lu0l3uCstdl4

+ uCstdl1ug2lu0l2uCstdl3ug4lu0l4d, s15d

with success probabilityb4s1−e−2ktd2. If detectorsD1 andD3

detect one photon andD2 andD4 do not detect any photon,
the state of the total system becomes projected into

uC13l = b1b3uFstdl

=
1
Î2

sug1lu0l1uCstdl2ug3lu0l3uCstdl4

− uCstdl1ug2lu0l2uCstdl3ug4lu0l4d, s16d

which can be transformed into Eq.s15d by local operations.
Thus we only consider the states15d. By tracing over the
cavity field, we obtain the state of four atoms

rGHZ =
1

sa2 + b2e−2ktd2Fa4uGHZ4lkGHZ4u + b4e−4ktug1lug2l

3ug3lug4lkg1ukg2ukg3ukg4u+
a2b2e−2kt

2

3sus1lug2lug3lug4lks1ukg2ukg3ukg4u + ug1lus2lug3lug4l

3kg1uks2ukg3ukg4u+ ug1lug2lus3lug4lkg1ukg2uks3ukg4u

+ ug1lug2lug3lus4lkg1ukg2ukg3uks4udG , s17d

with

uGHZ4l =
1
Î2

sug1lus2lug3lus4l + us1lug2lus3lug4ld. s18d

We calculate the fidelity

F = kGHZ4uruGHZ4l =
a4

sa2 + b2e−2ktd2 , s19d

which again increases with increasing detection time and in-
creasing ratioua /bu.

If detectorsD1 andD2 detect one photon andD3 andD4
do not detect any photon, or vice versa, the state of the total
system becomes projected into

uC12l =
1

2
seip/4ug1lu0l1ug2lu0l2uCstdl3uCstdl4

− eip/4uCstdl1uCstdl2ug3lu0l3ug4lu0l4+ e−ip/4ug1l

3u0l1uCstdl2uCstdl3ug4lu0l4d − e−ip/4uCstdl1ug2l

3u0l2ug3lu0l3uCstdl4, s20d

with the probability b4s1−e−2ktd2. If detectorsD1 and D4

detect one photon andD2 andD3 do not detect any photon,

or vice versa, the state of the total system becomes projected
into

uC14l =
1

2
suug1lu0l1ug2lu0l2uCstdl3uCstdl4 − uCstdl1uCstdl2ug3l

3u0l3ug4lu0l4+ i ug1lu0l1uCstdl2uCstdl3ug4lu0l4d

− i uCstdl1ug2lu0l2ug3lu0l3uCstdl4d, s21d

which can be transformed into Eq.s20d by local operations.
The success probability of the outcome isb4s1−e−2ktd2. By
tracing over the cavity field of the states20d, we obtain the
state of four atoms

rC =
1

sa2 + b2e−2ktd2Fa4uC4lkC4u + b4e−4ktug1lug2lug3lug4lkg1u

3kg2ukg3ukg4u+
a2b2e−2kt

2
sus1lug2lug3lug4lks1ukg2ukg3ukg4u

+ ug1lus2lug3lug4lkg1uks2ukg3ukg4u+ ug1lug2lus3lug4lkg1ukg2u

3ks3ukg4u + ug1lug2lug3lus4lkg1ukg2ukg3uks4udG , s22d

with

uC4l =
1

2
sug1lug2lus3lus4l − us1lus2lug3lug4l + i ug1lus2lus3lug4l

− i us1lug2lug3lus4ld. s23d

Using the local operation, we can transform the states23d
into the normal cluster state

1

2
sug1lug2lus3lus4l − us1lus2lug3lug4l

+ ug1lus2lus3lug4l − us1lug2lug3lus4ld. s24d

We calculate the fidelityF=kC4uruC4l, which is equal to the
Eq. s19d.

We now give a brief discussion on the influence of photon
losses on the scheme. In the generation process, the domi-
nant noise is the photon loss, which includes the contribution
from channel attenuation and the inefficiency of the single-
photon detectors. All these kinds of noise can be considered
by an overall photon loss probabilityh [15]. For simplicity,
we only consider the influence of the noise on the prepara-
tion of the cluster state. In this case, the effective state of the
four atoms is actually described by

rloss=
1

N
Hsa2 + b2e−2ktd2rC +

1

2
ha2b2s1 − e−2ktd

3s4b2e−2ktug1lug2lug3lug4lkg1ukg2ukg3ukg4u

+ us1lug2lug3lug4lks1ukg2ukg3ukg4u + ug1lus2lug3lug4l

3kg1uks2ukg3ukg4u + ug1lug2lus3lug4lkg1ukg2uks3ukg4u

+ ug1lug2lug3lus4lkg1ukg2ukg3uks4ud +
3

2
h2b4
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3s1 − e−2ktd2ug1lug2lug3lug4lkg1ukg2ukg3ukg4uJ , s25d

with

N = sa2 + b2e−2ktd2 + 2s1 − hda2b2s1 − e−2ktd+ hb4s1 − e−2ktd

3F2e−2kt +
3

2
hs1 − e−2ktdG . s26d

The first termrc of Eq. s25d is the expected state, which
comes from the event that the two photons have been emitted
from the cavities and two photons are detected at the detec-
tors D1 and D2. The second termsor the third termd of Eq.
s25d is noise contributions caused by the photon loss. It
comes from the event that the three photonssor four pho-
tonsd have been emitted from the cavities, but only two pho-
tons have been detected at the detectorsD1 andD2.

In order to quantify how close the state(25) is to the
cluster state we calculate the fidelityF=kC4urlossuC4l=a4/N.
The recalculated fidelity does not increase with increasing
detection time. But this fidelity still increases with increasing
ratio ua /bu.

III. GENERATION OF THE W STATES AND GHZ
STATES BASED ON THE FOUR-PHOTON COINCIDENCE

DETECTION

In this section, we will present another unified scheme to
generate theW states and GHZ states of four distant atoms.
The scheme is based on the four-photon coincidence detec-
tion, and is insensitive to the quantum noise. But the scheme
is not used to generate the cluster states of the four distant
atoms.

The experimental setup is shown in the Fig. 2(a), and the
atoms have the level structure shown in Fig. 2(b). Each of
the four-level atoms(index j) has the Zeeman sublevelsucjl,

ugjl, usjl and an excited stateuejl s j =1,2,3,4d. The lifetime
of the atomic levelsucjl, ugjl, and usjl are assumed to be
comparatively long so that spontaneous decay of these states
can be neglected. The transitionsuejl⇔ ugjl anduejl⇔ usjl are
coupled to two degenerate cavity modesajH and ajV with
different polarizationH and V. The transitionuejl⇔ ucjl is
driven by the classical field. We assume that the classical
laser field and the cavity field are detuned from their respec-
tive transition by the same amount. In this case of large
detuning the excited stateuejl can be eliminated adiabatically
to obtain the effective interaction Hamiltonian(in the inter-
action picture):

Hj = VsajHucjlkgju + ajH
† ugjlkcju + ajVucjlksju + ajV

† usjlkcjud,

s27d

whereajH andajV are the annihilation operators of theH and
V polarization modes of thej th cavity. Here we assumed that
the effective coupling constants of the atoms coupled with
their cavity modes are same, which are described byV. The
evolution of the system’s wave function is governed by a
non-Hermitian Hamiltonian

Hj8 = Hj − iksajH
† ajH + ajV

† ajVd, s28d

as long as no photon decays from the cavity. Here we assume
that four cavities have the same loss ratek for all the modes.
If a single-photon detectorDjH or DjV s j =1,2,3,4d detects a
photon, the coherent evolution according toHj8 is interrupted
by a quantum jump. This corresponds to a quantum jump,
which can be formulated with the operatorsbjH or bjV on the
joint state vectors of four atom-cavity systems

b1H =
1

2
sa1H + a2H + a3H + a4Hd,

b2H =
1

2
sa1H + ia2H − a3H − ia4Hd,

b3H =
1

2
sa1H − a2H + a3H − a4Hd,

b4H =
1

2
sa1H − ia2H − a3H + ia4Hd,

b1V =
1

2
sa1V + a2V + a3V + a4Vd,

b2V =
1

2
sa1V + ia2V − a3V − ia4Vd,

b3V =
1

2
sa1V − a2V + a3V − a4Vd,

FIG. 2. (a) The schematic setup for generatingW states and
GHZ states of four distant atoms based on the four-photon coinci-
dence detection.(b) The relevant level structure with ground states
ugl, usl, ucl, and excited stateuel.
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b4V =
1

2
sa1V − ia2V − a3V + ia4Vd. s29d

In the preparation stage the initial state of each atom-cavity
system isucjlu0l jHu0l jV s j =1,2,3,4d, i.e., each atom is ini-
tially in the Zeeman levelucjl and the cavity modes are pre-
pared in the vacuum states. Now we switch on the Hamil-
tonian (27) in each atom-cavity system for a timet. If no
photon is emitted from the cavity, thej th atom-cavity system
is governed by the interactionHj8. In this case the atom-
cavity state evolves to the entangled state

uCl j = aucjlu0l jHu0l jV − ibsugjluHl j + usjluVl jd, s30d

with

a =

cossVktd −
sinsVktdk

2Vk

ÎFcossVktd −
sinsVktdk

2Vk
G2

+
2 sin2sVktdV2

Vk
2

,

b =
sinsVktdV

VkÎFcossVktd −
sinsVktdk

2Vk
G2

+
2 sin2sVktdV2

Vk
2

,

Vk = Î2V2 − k2/4. s31d

The probability that no photon is emitted during this evolu-
tion becomes

Psingle= e−ktHFcossVktd −
sinsVktdk

2Vk
G2

+
2 sin2sVktdV2

Vk
2 J .

s32d

We assume that the interaction Hamiltonians27d is applied
to each atom-cavity system simultaneously, so that the
preparation of the atom-cavity statesuCl j ends at the same
time. This implements the preparation stage of the protocol.

Now we consider the detection stage. In this stage, the
joint state of three atom-cavity systems becomes prepared in
the form

uFs0dl = uCl1uCl2uCl3uCl4, s33d

where the stateuCl j is given by Eq.s30d. We assume that
photons are detected at the timet and the joint state of the
total system evolves into

uFstdl = uCstdl1uCstdl2uCstdl3uCstdl4, s34d

with

uCstdl j =
1

a2 + 2b2e−2kt saucjlu0l j + be−ktfugjluHl j + usjluVl jdg.

s35d

If the detectorsD1H, D2H, D3H, andD4V detect one photon,
respectively, the state of the total system becomes projected
into theW state:

uDickl1 =
1

2
sug1lug2lug3lus4l + ug1lug2lus3lug4l + ug1lus2lug3lug4l

+ us1lug2lug3lug4ld. s36d

The success probability of scheme isPcoin=2b8s1
−e−2ktd4/9.

If the detectorsD1H, D3H, D2V, andD4V detect one photon,
respectively, orD1V, D3V, D2H and D4H detect one photon,
respectively, the state of the total system becomes projected
into the GHZ state

uDickl1 =
1
Î2

sug1lus2lug3lus4l − us1lug2lus3lug4ld. s37d

The success probability of scheme isPcoin=b8s1−e−2ktd4/4.
We now give a brief discussion on the influence of photon

losses on the scheme. Since the scheme is based on the four-
photon coincidence detection, this requires that each of the
four detectors has to detect the photon. If one photon is loss,
a click from each of the detectors is never recorded and the
scheme fails. Therefore the photon loss has no influence on
the fidelity of the generated states, but decreases the success
probability Pcoin by a factors1−hd4.

IV. CONCLUSION

In summary, we have proposed schemes for creating
quantum entanglement of four distant atoms, which are
trapped separately in different optical cavities. Based on the
photon detectors with single-photon sensitivity, a unified
scheme was presented to generate theW states, the GHZ
states, and cluster states of four distant atoms. The disadvan-
tage of the scheme is to require the single-photon detector to
distinguish zero photons, one photon, and more than one
photon. The detection inefficiency influences the fidelity of
the generated states. Based on the four-photon coincidence
detection, the scheme was presented to generate theW states
and GHZ states of four distant atoms. They are insensitive to
the detection inefficiency, which has no influence on the fi-
delity of the generated states, but decreases the success prob-
ability. But the scheme cannot be used to generate the cluster
states.

Finally, we should mention that, in the proposed schemes,
we consider the case of the large detuning on the excited
state transition and neglect the effect of the spontaneous
emission from the excited states of atoms. Taking into ac-
count that the adiabatic transition time increases with the
detuning, it is not obvious that the large detuning eliminates
the noise contribution caused by the spontaneous emission.
The influence of the spontaneous emission on the schemes
needs to be further studied.
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