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Generation of hyperentangled four-photon cluster state via
cross-Kerr nonlinearity∗
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We propose a scheme for generating a hyperentangled four-photon cluster state that is simultaneously entangled in
polarization modes and spatial modes. This scheme is based on linear optical elements, weak cross-Kerr nonlinearity, and
homodyne detection. Therefore, it is feasible with current experimental technology.
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1. Introduction
Quantum entanglement is an important concept in quan-

tum mechanics. It is a key ingredient in the field of quan-
tum information processing,[1–7] such as quantum teleporta-
tion,[8,9] quantum key distribution (QKD),[10] and quantum
secure direct communication (QSDC).[11] Recently, grow-
ing attention has been focused on the so-called hyperen-
tanglement.[12–14] Hyperentanglement is a new form of entan-
glement, which involves simultaneous entanglements of more
than one degree of freedom; for example, simultaneous po-
larization entanglement and spatial-mode entanglement. It
can be applied to increase the level of security and simpli-
fying quantum logic, which are offering significant advan-
tages in quantum communication and quantum information
processing.[15–17] Hyperentanglement plays a very important
role in assisting the complete Bell-state analysis,[18,19] which
is the completion of the most fundamental quantum commu-
nication processes involving bipartite entanglement. There
has been much progress in terms of hyperentangled state.
In 2010, Sheng et al. proposed a complete hyperentangled-
Bell-state analysis scheme for quantum communication.[18] In
2012, Wang et al. generated and completely analyzed the
hyperentangled Bell state for photons, assisted by quantum-
dot spins in optical microcavities.[19] In 2013, Deng et al.
presented a hyperentanglement concentration for two-photon
four-qubit systems with linear optics.[20]

Currently, cross-Kerr nonlinearity has been well studied,
both experimentally and theoretically. Nemoto et al. pre-
sented a pioneering cross-Kerr nonlinearity in quantum infor-
mation processing.[21] In their paper, they constructed a quan-
tum nondemolition detector (QND) based on the cross-Kerr
nonlinearity. After their work, a series of studies have been

done on the cross-Kerr nonlinearity, for example, Bell state
analysis, entanglement purification, entanglement concentra-
tion, controlled-NOT (CNOT) gate construction,[22–25] and so
on.[26–30]

The cluster state[31] is a kind of entangled state
that is harder to be destroyed by local operations than
the Greenberger–Horne–Zeilinger (GHZ) state and the W
state.[32] Several physical systems have been proposed to pre-
pare cluster states, such as cavity quantum electrodynamics
(CQED) system and ion-trap system.[33–35] However, many
schemes have focused on cluster states in a single degree of
freedom.[36,37] Few schemes are proposed to generate hyper-
entangled cluster states. In this paper we present a scheme for
generating a hyperentangled four-photon cluster state, which
is based on weak cross-Kerr nonlinearity, linear optical ele-
ments, and homodyne detection.

This paper is organized as follows. In Section 2, we in-
troduce the cross-Kerr nonlinear interaction between two light
modes. In Section 3, we introduce the CZ gate and the parity
analyzer with weak cross-Kerr nonlinearity. In Section 4, we
present a scheme for preparation of the hyperentangled four-
photon cluster state. A brief discussion and conclusion are
given in Section 5.

2. Cross-Kerr nonlinearity
The cross-Kerr nonlinear interaction between a signal

beam S and a probe beam P is shown in Fig. 1. The Hamilto-
nian for the interaction is

Ĥ =−h̄χ n̂sn̂p, (1)

where χ is the coupling strength, n̂s and n̂p are the photon
number operators of the signal mode and the probe mode, re-
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spectively. If the signal mode is in a Fock state |n〉s and the
probe mode is in a coherent state |α〉p, then the combined sys-
tem (signal mode + probe mode) evolves as follows:

e iχ n̂sn̂pt |n〉s|α〉p→ |n〉s|α e inθ 〉p, (2)

where θ = χt and t is the interaction time. From expression (2)
we can see that the state of the signal mode is unaffected, while
the state of the probe mode picks up a phase shift that is pro-
portional to the number of photons in the signal mode.[38] The
phase shift of the probe mode can be measured by homodyne
detection.[39] In this way, we can determine the state of the sig-
nal mode without destroying it by measuring the probe mode.
This is a kind of non-destructive measurement.

n>s n>s

α>p αeinθ>p

corss Kerr 

nonlinearity

Fig. 1. The cross-Kerr nonlinear interaction between a signal beam and
a probe beam.

3. The controlled-Z gate and the parity analyzer
In our scheme for generating a hyperentangled four-

photon cluster state, besides the cross-Kerr nonlinear interac-
tion, there are also some other ingredients, for example: the
controlled-Z (CZ) gate and the parity analyzer (PA). Let us
first introduce the CZ gate and the parity analyzer.

The CZ gate with weak cross-Kerr nonlinearity is shown
in Fig. 2. We suppose that the input photons are prepared in
the state

|ϕ1〉bc = a|HH〉bc +b|HV 〉bc + c|V H〉bc +d|VV 〉bc, (3)

where |a|2 + |b|2 + |c|2 + |d|2 = 1, H and V represent hori-
zontal and vertical polarizations, respectively. The controlling
photon b passes through a balanced Mach–Zehnder (MZ) in-
terferometer made up of two PBSs, while the target photon c
passes through a balanced MZ interferometer made up of two
BSs. The Pauli operator σz acts on one arm. The input pho-
tons b and c, respectively, interact with the probe mode (in a
coherent state |α〉 ) via the cross-Kerr nonlinearities, the state
then evolves as follows:

|ϕ1〉bc⊗|α〉 = (a|HH〉bc +b|HV 〉bc

+c|V H〉bc +d|VV 〉bc)⊗|α〉 → |φ〉

=

√
R1T2

2
(a|HH〉bc +b|HV 〉bc)|α e−iθ 〉

+

√
T1R2

2
(c|V H〉bc−d|VV 〉bc)|α e iθ 〉

+[

√
T1R2

2
(a|HH〉bc−b|HV 〉bc)

+

√
R1T2

2
(c|V H〉bc +d|VV 〉bc)]⊗|α〉, (4)

where R and T represent reflection and transmission coeffi-
cients, respectively. We perform the homodyne detection on
the quadrature X of the probe mode. If we find that the probe
mode is in the coherent state |α e±iθ 〉, we do a feed-forward
operation on photon c and obtain the following state

|ϕ2〉bc =
√

R1T2(a|HH〉bc +b|HV 〉bc)

+
√

T1R2(c|V H〉bc−d|VV 〉bc). (5)

On the other hand, if we find that the probe mode is in the co-
herent state |α〉, we carry out a single photon operation σz on
photon c and obtain the the following state

|ϕ3〉bc =
√

T1R2(a|HH〉bc +b|HV 〉bc)

+
√

R1T2(c|V H〉bc−d|VV 〉bc. (6)

When the conditions
√

T1R2 =
√

R1T2 and T1 = R2 = 1/2 are
satisfied, we obtain a nearly deterministic CZ gate; that is, the
success probability is p = 4T1R2 = 1.

b

|α>

c

−θ θ

PBS1

BS1

BS2

PBS2

HD

σz σz σzφ

classical

feedforward

Fig. 2. The controlled-Z gate. PBS: polarization beam splitter; BS:
beam splitter; HD: homodyne detection.

The schematic diagram of the PA is shown in Fig. 3. The
input photons are prepared in the spatial mode

1
2
(|b1〉b + |b2〉b)⊗ (|c′1〉c + |c′2〉c). (7)

−θθ HD|α>

b1

b2

c′1

c′2

Fig. 3. The parity analyzer (PA). θ , −θ : cross-Kerr nonlinearity. b1
(b2), c′1 (c′2): the spatial modes of photons.

The function of the PA can be described as
1
2
(|b1〉b + |b2〉b)⊗ (|c′1〉c + |c′2〉c)⊗|α〉 →

1
2
(|b1〉b|c′1〉c + |b2〉b|c′2〉c)|α〉

+
1
2
(|b1〉b|c′2〉c|α e iθ 〉+ |b2〉b|c′1〉c|α e−iθ 〉). (8)
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If the probe mode picks up no phase shift, we get the even
parity state

1√
2
(|b1〉b|c′1〉c + |b2〉b|c′2〉c). (9)

If the probe mode picks up a ±θ phase shift, we get the odd
parity state

1√
2
(|b1〉b|c′2〉c + |b2〉b|c′1〉c). (10)

4. Preparation of the hyperentangled four-
photon cluster state
In the following, we present the scheme for generating

the hyperentangled four-photon cluster state in detail. The
schematic diagram is shown in Fig. 4.

We suppose that the input photons are prepared in the
state

|ϕ(p)
1 〉 =

1√
2
(|HH〉ab + |VV 〉ab)

⊗ 1√
2
(|HH〉cd + |VV 〉cd), (11)

where H and V denote horizontal and vertical linear polariza-
tions, respectively. Let us first apply a CZ gate on photons b
and c. The unitary transformation of the CZ gate can be de-
scribed as

|HH〉bc→ |HH〉bc, |HV 〉bc→ |HV 〉bc,

|V H〉bc→ |V H〉bc, |VV 〉bc→−|VV 〉bc. (12)

θ −θ 2θ −2θ|α> HD

c′1

c′2

a

b

c

d

CZ

BS1

BS2

BS3

BS4

BS5(BS6)

PA

a1

a2

b1

b2

c1

c2

d1

d2

Fig. 4. The schematic diagram for generating a hyperentangled four-photon cluster state. BS: beam splitter; HD: homodyne detection;
θ , −θ , 2θ , −2θ : cross-Kerr nonlinearities; CZ: controlled-Z gate; PA: parity analyzer. The probe light is initially in a coherent state
|α〉, while photons a and b (c and d) are initially in the polarization entangled states.

After carrying out the CZ gate on photons b and c, we
obtain the four-photon cluster state in the polarization mode

|ϕ(P)
2 〉 =

1
2
(|HHHH〉abcd + |HHVV 〉abcd

+ |VV HH〉abcd−|VVVV 〉abcd). (13)

Then, we let photons a, b, c, and d pass through the beam
splitters BS1, BS2, BS3, and BS4, respectively. The functions
of the four beam splitters can be described as

a→ 1√
2
(|a1〉a + |a2〉a), b→ 1√

2
(|b1〉b + |b2〉b),

c→ 1√
2
(|c′1〉c + |c′2〉c), d→ 1√

2
(|d1〉d + |d2〉d). (14)

The four-photon state in the spatial mode will evolve as

|ϕ(s)
1 〉 = |abcd〉abcd →

|ϕ(s)
2 〉 =

1
4
(|a1〉a + |a2〉a)⊗ (|b1〉b + |b2〉b)

⊗(|c′1〉c + |c′2〉c)⊗ (|d1〉d + |d2〉d). (15)

The photons in the spatial mode b1, b2, c′1, and c′2 pass through
a parity analyzer (PA). If the photons b and c are in the even
parity state, the state of the four-photon spatial mode will
evolve as

|ϕ(s)
2 〉 → |ϕ

(s1)
3 〉

=
1

2
√

2
(|a1〉a + |a2〉a)⊗ (|b1〉b|c′1〉c + |b2〉b|c′2〉c)

⊗(|d1〉d + |d2〉d). (16)

On the other hand, if the photons b and c are in the odd parity
state, we obtain the following four-photon state in the spatial
mode

|ϕ(s2)
3 〉 = 1

2
√

2
(|a1〉a + |a2〉a)⊗ (|b1〉b|c′2〉c
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+ |b2〉b|c′1〉c)⊗ (|d1〉d + |d2〉d). (17)

When we have the four-photon state |ϕ(s1)
3 〉, we let the pho-

tons in the spatial modes c′1 and c′2 pass through BS5, which
can realize the following transformation

|c′1〉c→
1√
2
(|c1〉c + |c2〉c),

|c′2〉c→
1√
2
(|c1〉c−|c2〉c). (18)

Otherwise, when we have the four-photon state |ϕ(s2)
3 〉, we let

the photons in the spatial modes c′1 and c′2 pass through BS6.
The beam splitter can accomplish the following transforma-
tion

|c′1〉c→
1√
2
(|c1〉− |c2〉), |c′2〉c→

1√
2
(|c1〉+ |c2〉). (19)

After the transformation, both the states |ϕ(s1)
3 〉 and |ϕ(s2)

3 〉will
change into

|ϕ(s1)
3 〉(|ϕ(s2)

3 〉)→

|ϕ(s)
4 〉=

1
4
(|a1〉a + |a2〉a)⊗ [|b1〉b(|c1〉c + |c2〉c)

+ |b2〉b(|c1〉c−|c2〉c)]⊗ (|d1〉d + |d2〉d). (20)

After obtaining the state |ϕ(s)
4 〉, we let the photons in the spa-

tial modes a1, b1, c1, and d1 interact with a coherent state via
the cross-Kerr nonlinearities. Suppose the photons in the spa-
tial modes a1, b1, c1, d1 induce, respectively, phase shifts θ ,
−θ , 2θ , −2θ in the coherent state, that is

U |a1〉a|α〉= |a1〉a|α e iθ 〉,
U |b1〉b|α〉= |b1〉b|α e−iθ 〉,
U |c1〉c|α〉= |c1〉c|α e i2θ 〉,
U |d1〉d |α〉= |d1〉d |α e−i2θ 〉, (21)

then the state of the combined system will evolve as follows:

|ϕ(s)
4 〉|α〉 → |φ2〉

=
1
4
(|ϕ(s0)

4 〉|α〉+ |ϕ(s1)
4 〉|α e iθ 〉+ |ϕ(s−1)

4 〉|α e−iθ 〉

+ |ϕ(s2)
4 〉|α e i2θ 〉+ |ϕ(s−2)

4 〉|α e−i2θ 〉

+ |ϕ(s3)
4 〉|α e i3θ 〉+ |ϕ(s−3)

4 〉|α e−i3θ 〉), (22)

where

|ϕ(s0)
4 〉 = 1

2
(|a1b1c1d1〉abcd + |a1b1c2d2〉abcd

+ |a2b2c1d1〉abcd−|a2b2c2d2〉abcd),

|ϕ(s1)
4 〉 = 1√

3
(|a1b2c1d1〉abcd−|a1b2c2d2〉abcd

+ |a2b1c1d2〉abcd),

|ϕ(s−1)
4 〉 = 1√

3
(|a2b1c1d1〉abcd−|a1b2c2d1〉abcd

+ |a2b1c2d2〉abcd),

|ϕ(s2)
4 〉 = 1√

2
(|a1b1c1d2〉abcd + |a2b2c1d2〉abcd),

|ϕ(s−2)
4 〉 = 1√

2
(|a1b1c2d1〉abcd−|a2b2c2d1〉abcd),

|ϕ(s3)
4 〉 = |a1b2c1d2〉abcd ,

|ϕ(s−3)
4 〉 = |a2b1c2d1〉abcd . (23)

With the help of the homodyne detection on the quadrature P,
if the probe mode does not have a phase shift, the state |φ2〉
will collapse into

|ϕ(s0)
4 〉 = 1

2
(|a1b1c1d1〉abcd + |a1b1c2d2〉abcd

+ |a2b2c1d1〉abcd−|a2b2c2d2〉abcd). (24)

This is a four-photon cluster state in the spatial mode. Thus, by
combing Eq. (13) with Eq. (24), we generate a hyperentangled
four-photon cluster state in the following form

|ϕ(ps)
5 〉 = 1

4
(|HHHH〉abcd + |HHVV 〉abcd

+ |VV HH〉abcd−|VVVV 〉abcd)

⊗(|a1b1c1d1〉abcd + |a1b1c2d2〉abcd

+ |a2b2c1d1〉abcd−|a2b2c2d2〉abcd). (25)

5. Discussion and conclusion
Now, we discuss the probability of getting the four-

photon cluster state in the spatial mode |ϕ(s0)
4 〉 Eq. (24) from

the state |φ2〉 Eq. (22) with the homodyne detection on the
quadrature P. The state (22) are made of a spatial mode and a
coherent beam mode, so with the homodyne detection on the
quadrature P of the coherent beam, the state |φ2〉 will change
into

|φ2(p)〉= 〈p|φ2〉=
3

∑
m=−3

cm|ϕ(sm)
4 〉, (26)

where

c0 =
1
2

f0 e iτ0 , c±1 =

√
3

4
f±1 e iτ±1 ,

c±2 =

√
2

4
f±2 e iτ±2 , c±3 =

1
4

f±3 e iτ±3 , (27)

fm =

(
1
π

)1/4

exp
[
− 1

2
(p−

√
2αsinmθ)2

]
,

τm =
√

2α

(
p− 1√

2
sinmθ

)
cosmθ . (28)

The density operator of the combined system can be written as

ρ = |φ2〉〈φ2|. (29)

And the reduced density operator of the spatial mode will be

ρr = Trα(ρ) =
∫ +∞

−∞

〈p|φ2〉〈φ2|p〉d p
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=
∫ +∞

−∞
∑
mn

cmc∗n|ϕ
(sm)
4 〉〈ϕ(sn)

4 |d p. (30)

Therefore, the probability of getting the four-photon cluster
state in a spatial mode |ϕ(s0)

4 〉 is

P0 = 〈ϕ(s0)
4 |ρr|ϕ(s0)

4 〉=
∫ +∞

−∞

|c0|2 d p =
1
4
. (31)

So far, we have fully presented our scheme. Let us now
discuss its experimental feasibility. Our scheme is based on
the cross-Kerr nonlinearity. However, we know that natural
cross-Kerr nonlinearities are extremely weak. If the signal
mode is in a single photon state, then the phase shift of the
coherent probe field is very small, and this creates a consid-
erable challenge in experiments. Hofmann, Banacloche and
Shapiro pointed out these problems in their work.[40,41] Fortu-
nately, much effort has been made for the large phase shift with
weak cross-Kerr nonlinearity. Hofmann et al. showed that a
phase shift of π can be achieved with a single two-level atom
in a one-sided cavity.[42] Feizpour et al. showed that weak
measurement could be used to amplify optical nonlinearities
at the single-photon level, such that the effect of one properly
postselected photon on a classical beam may be as large as
that of many unpostselected photons.[43] Hoi et al. showed
that they could get giant cross-Kerr effect for propagating mi-
crowaves induced by an artificial atom.[44] That is to say, if
we can choose appropriate Kerr media and effective measure-
ment, the weak cross-Kerr nonlinearity can be efficiently en-
hanced. The non-destructive measurement is also a crucial in-
gredient in our scheme. With weak cross-Kerr nonlinearity,
we can implement non-destructive measurements with a high
precision. This scheme is also influenced by the quantum CZ
gates, and we have introduced a nearly deterministic CZ gate
with a simple structure.

In summary, we have presented a scheme for generating
the hyperentangled four-photon cluster state, the advantage of
this scheme is the achievement of the simultaneous entangle-
ment in polarization modes and spatial modes. In our scheme,
we first construct a controlled-Z (CZ) gate and a parity an-
alyzer (PA) by using the cross-Kerr nonlinearity, the homo-
dyne detection, and some linear optical elements (for exam-
ple, BS and PBS). It is interesting that the constructed CZ gate
is nearly deterministic. Then, by using the CZ gate and the
PA, combining with the cross-Kerr nonlinearity, the homodyne
detection, and some linear optical elements, we construct a
scheme for generating the hyperentangled four-photon cluster
state.
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[8] Bennett C H, Brassard G, Crépeau C, Jozsa R, Peres A and Wootters

W K 1993 Phys. Rev. Lett. 70 1895
[9] Chen L B 2002 Chin. Phys. 11 999

[10] Long G. L and Liu X. S 2002 Phys. Rev. A 65 032302
[11] Wang C, Deng F G, Li Y S, Liu X S and Long G L 2005 Phys. Rev. A

71 044305
[12] Barreiro J T, Langford N K, Peters N A and Kwiat P G 2005 Phys. Rev.

Lett. 95 260501
[13] Barbieri M, Cinelli C, Mataloni P and Martini F D 2005 Phys. Rev. A

72 052110
[14] Walborn S P, Souto Ribeiro P H, Davidovich L, Mintert F and Buch-

leitner A 2006 Nature 440 1022
[15] Raussendorf R and Briegel H J 2001 Phys. Rev. Lett. 86 5188
[16] Ekert A K 1991 Phys. Rev. Lett. 67 661
[17] Bennett C H and Wiesner S J 1992 Phys. Rev. Lett. 69 2881
[18] Sheng Y B, Deng F G and Long G L 2010 Phys. Rev. A 82 032318
[19] Wang T J, Lu Y and Long G L 2012 Phys. Rev. A 86 042337
[20] Ren B C, Du F F and Deng F G 2013 Phys. Rev. A 88 012302
[21] Nemoto K and Munro W J 2004 Phys. Rev. Lett. 93 250502
[22] Barrett S D, Kok P, Nemoto K, Beausoleil R G, Munro W J and Spiller

T P 2005 Phys. Rev. A 71 060302
[23] Sheng Y B, Deng F G and Zhou H Y 2008 Phys. Rev. A 77 062325
[24] Sheng Y B and Deng F G 2010 Phys. Rev. A 81 032307
[25] Sheng Y B, Zhou L, Zhao S M and Zheng B Y 2012 Phys. Rev. A 85

012307
[26] Zhang Z M, Khosa A H, Ikram M and Zubairy M S 2007 J. Phys. B:

At. Mol. Opt. Phys. 40 1917
[27] Zhang Z M, Yang J and Yu Y F 2008 J. Phys. B: At. Mol. Opt. Phys. 41

025502
[28] Yang J, Ren M, Yu Y F, Zhang Z M and Liu S H 2008 Acta Phys. Sin.

57 887 (in Chinese)
[29] Lai B H, Du G, Yu Y F, Zhang Z M and Liu S H 2010 Acta Phys. Sin.

59 1017 (in Chinese)
[30] Zhao L F, Lai B H, Mei F, Yu Y F, Feng X L and Zhang Z M 2010

Chin. Phys. B 19 094207
[31] Barreiro J T, Wei T C and Kwiat P G 2008 Nat. Phys. 4 282
[32] Dur W and Briegel H J 2004 Phys. Rev. Lett. 92 180403
[33] Ye L, Yu L B and Guo G C 2005 Phys. Rev. A 72 034304
[34] Zou X B and Mathis W 2005 Phys. Rev. A 72 013809
[35] Dong P, Xue Z Y, Yang M and Cao Z L 2006 Phys. Rev. A 73 033818
[36] Zhao C R and Ye L 2011 Sci. China: Phys. Mech. Astron. 54 479
[37] Su S L, Wang Y, Guo Q, Wang H F and Zhang S 2012 Chin. Phys. B

21 044205
[38] Kok P, Munro W J, Nemoto K, Ralph T C, Dowling J P and Milburn G

J 2007 Rev. Mod. Phys. 79 135
[39] Yurke B 1985 Phys. Rev. A 32 311
[40] Shapiro J H 2006 Phys. Rev. A 73 062305
[41] Banacloche J G 2010 Phys. Rev. A 81 043823
[42] Hofmann H F, Kojima K, Takeuchi S and Sasaki K 2003 J. Opt. B 5

281
[43] Feizpour A, Xing X X and Steinberg A M 2011 Phys. Rev. Lett. 107

133603
[44] Hoi I C, Kockum A F, Palomaki T, Stace T M, Fan B, Tornberg L,

Sathyamoorthy S R, Johansson G, Delsing P andWilson C M 2013
Phys. Rev. Lett. 111 053601

060306-5

http://dx.doi.org/10.1103/PhysRevA.65.042305
http://dx.doi.org/10.1103/PhysRevA.68.042319
http://dx.doi.org/10.1103/PhysRevA.64.022313
http://dx.doi.org/10.1103/PhysRevA.64.052308
http://dx.doi.org/10.1103/PhysRevA.63.022309
http://dx.doi.org/10.1103/PhysRevA.63.052311
http://dx.doi.org/10.1103/PhysRevA.62.062314
http://dx.doi.org/10.1103/PhysRevLett.70.1895
http://dx.doi.org/10.1088/1009-1963/11/10/305
http://dx.doi.org/10.1103/PhysRevA.65.032302
http://dx.doi.org/10.1103/PhysRevA.71.044305
http://dx.doi.org/10.1103/PhysRevA.71.044305
http://dx.doi.org/10.1103/PhysRevLett.95.260501
http://dx.doi.org/10.1103/PhysRevLett.95.260501
http://dx.doi.org/10.1103/PhysRevA.72.052110
http://dx.doi.org/10.1103/PhysRevA.72.052110
http://dx.doi.org/10.1038/nature04627
http://dx.doi.org/10.1103/PhysRevLett.86.5188
http://dx.doi.org/10.1103/PhysRevLett.67.661
http://dx.doi.org/10.1103/PhysRevLett.69.2881
http://dx.doi.org/10.1103/PhysRevA.82.032318
http://dx.doi.org/10.1103/PhysRevA.86.042337
http://dx.doi.org/10.1103/PhysRevA.88.012302
http://dx.doi.org/10.1103/PhysRevLett.93.250502
http://dx.doi.org/10.1103/PhysRevA.71.060302
http://dx.doi.org/10.1103/PhysRevA.77.062325
http://dx.doi.org/10.1103/PhysRevA.81.032307
http://dx.doi.org/10.1103/PhysRevA.85.012307
http://dx.doi.org/10.1103/PhysRevA.85.012307
http://dx.doi.org/10.1088/0953-4075/40/10/024
http://dx.doi.org/10.1088/0953-4075/40/10/024
http://dx.doi.org/10.1088/0953-4075/41/2/025502
http://dx.doi.org/10.1088/0953-4075/41/2/025502
http://wulixb.iphy.ac.cn/CN/Y2008/V57/I2/887
http://wulixb.iphy.ac.cn/CN/Y2008/V57/I2/887
http://wulixb.iphy.ac.cn/CN/Y2010/V59/I2/1017
http://wulixb.iphy.ac.cn/CN/Y2010/V59/I2/1017
http://dx.doi.org/10.1088/1674-1056/19/9/094207
http://dx.doi.org/10.1088/1674-1056/19/9/094207
http://dx.doi.org/10.1038/nphys919
http://dx.doi.org/10.1103/PhysRevLett.92.180403
http://dx.doi.org/10.1103/PhysRevA.72.034304
http://dx.doi.org/10.1103/PhysRevA.72.013809
http://dx.doi.org/10.1103/PhysRevA.73.033818
http://dx.doi.org/10.1007/s11433-011-4259-3
http://dx.doi.org/10.1088/1674-1056/21/4/044205
http://dx.doi.org/10.1088/1674-1056/21/4/044205
http://dx.doi.org/10.1103/RevModPhys.79.135
http://dx.doi.org/10.1103/PhysRevA.32.311
http://dx.doi.org/10.1103/PhysRevA.73.062305
http://dx.doi.org/10.1103/PhysRevA.81.043823
http://dx.doi.org/10.1088/1464-4266/5/3/359
http://dx.doi.org/10.1088/1464-4266/5/3/359
http://dx.doi.org/10.1103/PhysRevLett.107.133603
http://dx.doi.org/10.1103/PhysRevLett.107.133603
http://dx.doi.org/10.1103/PhysRevLett.111.053601
http://dx.doi.org/10.1103/PhysRevLett.111.053601

	1. Introduction
	2. Cross-Kerr nonlinearity
	3.  The controlled-Z gate and the parity analyzer 
	4. Preparation of the hyperentangled four-photon cluster state
	5. Discussion and conclusion
	References

