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Generating a four-photon polarization-entangled cluster state
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We propose a scheme to generate a four-photon polarization-entangled cluster state by using only linear
optical elements and four-photon coincidence detection. The scheme requires two single-photon states and one
two-photon polarization entangled state as input resources. Then, we consider the realistic implementation of
the scheme by using the spontaneous parametric down-conversion as photon resources. It is shown that under
certain conditions, the four-photon polarization cluster state can be generated with a high fidelity, and the
scheme is feasible by current experimental technology.
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Entangled state of two or more particles is not only a keylinear polarizations, and subscripté =1,2,3,4 denote the
ingredient for the tests of quantum nonlocallty-3], but  spatial modes of photons.
also a basic resource in achieving tasks of quantum informa- The paper is organized as follows. At first, we explain the
tion processing, such as quantum cryptograjtlyquantum scheme for generation of four-photon polarization entangled
dense coding5] and quantum teleportatid]. Most of the ~ cluster state in an ideal situation, in which a two-photon
research in quantum information processing is based oRolarization entangled state and two single-photon resources
guantum entanglement of two qubits. Recently, there is mucRe used as input states. Then, we consider the realistic
interest in quantum entanglement of many qubits. It has bemplementation of the scheme by using the spontaneous
come clear that for the system shared by three and morarametric down-conversion as photon resources. It is shown
parties there are several inequivalent classes of entanglé@at under certain conditions, the four-photon cluster state
states[7]. In Ref. [8], Briegel et al. introduced a class of can be generated with a high fidelity, and the scheme is fea-
entangled states, i.e., the cluster states. It has been showiile by current experimental technology. The experimental
that cluster states can be regarded as a resource for GHZheme is based on postselection strategy, which has been
states[8] and are more immune to decoherence than GHzISed to demonstrate quantum information processing and
states[9]. In Ref.[10], the proof of Bell's theorem without 9generate multiphoton GHZ state and W stit8-20.
the inequalities was given for cluster states, and a new Bell In the following we present a detailed analysis of the pro-
inequality is considered, which is maximally violated by Posed scheme. The experimental setup is shown in Fig. 1,
four-qubit cluster state and is not violated by the four-qubitwhich requires two single-photon states and one two-photon
GHZ state. On the other hand, cluster states have been showglarization entangled state as input resources, and consists
to constitute a universal resource for quantum computatio®f two polarization beam splitters PB8=1,2), three half

assisted by local measurement oflyt]. wave plates HWP(i=1,2,3, and four photon det(_actoBi
Recently, experiments with entangled photons open 4i=1,2,3,4. The EPR source generates the input state
broad field of research. Entangled photon states can be used ~

to test Bell's inequalityf 12] or to implement quantum infor-
mation protocols, such as quantum teleportafit®], quan-

tum dense codinfl4] and quantum cryptography5]. Sev- 1 [V [TAFBS: a

eral schemes have been proposed for generation of U | DD2

multiphoton polarization entangled GHZ state and W state HWP, 4 HWP,

[16]. The experimental realization of GHZ states by means PR 3|1,

of three or four photons was experimentally observed and 4)l#,

used to verify quantum nonlocalifyl7-19. More recently, 7 HWP,

the W state of three photons has also been observed in an 5 ] c

experiment{ 20]. However, no scheme is proposed for gen- L] DDs

eration of polarization entangled cluster state. The aim of this FBS,

paper is to propose an experimentally feasible scheme for d D

preparing a four-photon polarization entangled cluster state D,

of the form([8] FIG. 1. The schematic diagram of the proposed scheme for gen-
1 eration of the four-photon cluster state. EPR denote entangled two

|Cluste) = §(|H>1|H)2|H>3|H>4+ [H)1[H)2[V)3V)4 photon state (|H);|H),+[V);|V),). PBS denotes polarization beam

splitter, which transmits the horizontal polarization and reflect ver-
+ (V) VYo HDal HY 4 = (VY1 VYo VDa| VL) 1 tical polarization. HWPdenote the haE wave plate, which_imple-
ViVIH)alHYa = ValViVIsVIa), - (2) ments transformatiofH) — (|H)+|V))/2, V) — (JH)—=|V)) /2. D;
whereH andV denotes, respectively, horizontal and verticalare photon number detectors.
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Wepr=(|HY1|H)+[V)1[V)5) V2. In order to inject two further laser pulse ool PDC
photons into the arrangement of linear optical devices, we “j ype- 1
use two single-photon source®;=|H); and W,=|H),.

These single-photon input modes 3 and 4 are horizontally

<.
polarized. Thus the input state of the system is Beam splitter 3 F
K

1
E(|H>1|H>2+ |V>1|V>2)|H>3|H>4 (2) type-1 PDC

Now let the modes 1, 2, and 3 pass through the half wave
plates HWR, HWP,, and HWR, respectively. The transfor-
mation of the HWPRis given by

FIG. 2. This scheme input state for the four-photon polarization
entangled cluster state. Type-l PDC denotes the type-l phase-
matched parametric down conversion, and type-ll PDC denotes the
1 type-Il phase-matched parametric down conversimulenotes the
[H); — TE(\H)V +|V)ir), setup shown in Fig. 1.
!

1 present scheme. The main difficulty of the scheme in respect

V), — ?(|H>i' = [Vyir). (3) toan experimental demonstration consists in the reql_Jirement

V2 of single-photon sources and two-photon polarization en-

After passing these half wave plates, the state of the syste}ﬁngled state as Input states. The. complete technology  of
becomes these resources is yet to be establisfgt. Moreover, the

scheme needs a synchronized arrival of many photons into

1 input ports of experimental setup, which will be experimen-
Z(|H>1/|H>z+ IH) 1/ V)2 + V)1 [H)2 = (V)1 V) ([H) 3 tally challenging. Currently, the best accessible optical
source in laboratory is spontaneous parametric down-

+[V)a)(IH)ar + [V)ar). (4)  conversion. In Fig. 2, we consider realistic implementation

of the presented scheme by using the spontaneous parametric
down-conversion as input photon resources. A laser pulse
with angular frequencyw is divided into two by a beam
splitter. Transmitted pulses of the frequeney is used to
pump a type-ll phase-matched parametric down conversion
crystal[17-19, which is arranged to emit polarization en-
tangled photon state into the two input modes 1 and 2 with

1 the same photon polarization. The generated $tje, can
Z(|H>a|H>c + |H>a|V>d + |V>b|H>c - |V>b|V>d)(|H>b be written as follows:

Next the modes "land 3 are mixed at the polarization beam
splitter PBS, and the modes 2 and 4re mixed at the po-
larization beam splitter PBSSince polarization beam split-
ter transmit the horizontal polarization and reflect vertical
polarization, the two polarization beam splitters RB&d
PBS, transform state4) into

+V)a)([H)g +[V)o), ©)

which can be rewritten as follows:

[W)12= (1= Y2){[0)]0)z + y1(|HY1[H)2 + [V)4|V),)
L + 7’%[|2H>1|2H>2 +[H)1|V)1[H)o|H)2 + [2V)4]2V),
2 UFDalHDLIH)H)a + [H)a V) Vg +0(M1}, (8)

+ [V)a| Vo H)e[H)g = [V)alV)pIV) e[ V)g + [H)alH)p[H) e V) where y? corresponds to the rate of one-photon-pair genera-
tion per pulse of the pump field. We assume thats small,
+[H)a[V)a|H)[H)q + [H)a| VYalH) [ Ve + [H)alH)p H) e Vg so that we neglect the terms with more than four photons.
+|HY o VYol HY o Vog + [HDa VDol VD Vg + [HDu Vol HY e H)g The reflected pulses of the frequeney is used to pump a
_ type-1 phase-matched parametric down conversion crystal
+ |[H)p| V)| H)e| V) + [V)alV)plH) o V) = [H)p| V)b H) el V)g [22], which is arranged to produce down converted photon
= [H)u V)V Vig = V)l Vol H)a VD) - (6)  pairs into the two modes 3 and 4. The generated $tate,

. . . can be written as follows:
Since we consider only those terms, which correspond to the

four-photon coincidence detectidone photon in each of the R
four beamy the statg6) of the system is projected into [¥)34= V1 = 12{|0)5]0)4 + 5| H)g|H)4 + ¥3[ [2H)5|2H)4
1 +0(%)1}, 9
[Wo) = S(H)HelH)d H)g + [H)d e V)l V) ’
_ where we again assume thgtis small and neglect the terms
+[V)aV)oH)elH)g = V)a V)b V) V)a) () \ith more than four photons. Thus the input state of the
which is expected cluster stath). The success probability of realistic scheme i$¥),, V)3, Using such input state and

obtaining photons in statg) is 0.25. four-photon coincidence detection, the output state of the
Now we consider the experimental realization of thesetup shown in Fig. 1 is projected into
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9= | Z2(H) )Y * [ HVV) e
o \’W \“E al b c d al bl V/clV/d c
1 HWP,
+ |V>a|V>b|H>c|H>d - |V>a|v>b|v>c|v>d) b
+ 72|H>a|v>bH>c|V>d:| ) (10) 4 a
o . PBS
which is superposition of a cluster state and a product state.
In order to quantify how close the stat®#0) comes to the
cluster statd7), we need calculate the fidelity 5
. 2% 2 -
F=[(W |V )P=——""5= (12) FIG. 3. The schematic diagram of the proposed scheme for gen-
y% + 2)’% ﬁ +9 eration of the seven-photon cluster state. PBS denotes polarization
,y% beam splitter. HW[Pdenote the half wave plate.

It is obvious that the fidelity increases with decreasing ratictain conditions, the four-photon cluster state can be gener-
¥/ y1. If we sety,/ y1<0.1, once the four coincidence event ated with a high fidelity. The scheme is feasible by current
is observed, we can prepare the cluster state with a fidelitgxperimental technology.
larger than 0.995. Finally, it should be pointed out that, X four-photon

In addition, in order to obtain the efficiency of realistic polarization cluster stated) are prepared, we can generate
scheme, we calculate the success probability of producing e cluster state of +1 photons by using linear optical
four-photon coincidence event as follows: elements. The procedure is given in the Appendix.

P=(1- )41 - v5(75+2y2)l4. (12)

If we choose parameter,/ y;=0.1 (the fidelity of scheme is ) )

F~0.995, the success probability i9=0.503x 1071 In this appendix, we demonstrate how to generate cluster
—ﬁ)2(1—0.01y§)y‘1‘. In the current experiments for generat- states of 8l+1 photons. For simplicity, we qnly demonstrate
ing multiphoton entanglement by using the spontaneoug‘ow to generate a seven-photon polarl_zatlon entangled qlus-
parametric down-conversiofl7—19, the photon pair gen- ter state. The fIrS’F step of the scheme is to prepare a pair of
eration rate per pulseﬁ is of the order of 3 1074 Using four-photon _polar_lzatlon entangled cluster stafés which
stimulated parametric down-conversion, the photon pair genc@n be rewritten in the forrfg]

eration rate per pulse can be four times higher than by spon-

APPENDIX

taneous parametric down-conversion. If we chogge3 1

X 1074, the success probability 5=4.5x 1071°. The gzéhera- Z(|H>1 + V102 ) ([H)2 + V)20 ) (IH)s + [V)s04)

tion rate for the four photon polarization entangled cluster

state should bg@=4.5x 1072 per second for a laser pulse X([H)g+[V)a) (A1)

with a 100 MHz repetition rate. In practice, to implement the
presented scheme experimentally, we need to pay attention &nd
errors caused by the generation of three-photon pairs and

dark counts of photon detectors. Since the photon pair gen- 1

eration rate per pulsg is of the order of < 1074, the three- 4_1(|H>5 +[V)s506 ) (IH)s + [V)ea7 ) (|[H)7 + [V)705,)
photon pair generation ra@(y?) is 3x 107 lower than two-

photon pair generation rat@(yj). Moreover, the scheme is X([H)g+[V)s), (A2)

based on the four-photon coincidence detection, the dark
counts of current photon detectors are quite low for CurrenWhereaiYZ:|H>i<H|—|V>i<V|. The modes 4 and 5 are injected
coincidence measuremefit7—19, so that the errors caused into two input ports of the setup shown in Fig. 3. After pass-

by the generation of three-photon pairs and dark counts ohg through the polarization beam splitter, the state of the
photon detectors is negligible. The scheme is feasible bgystem becomes

current experimental technology.

In conclusion, an ideal scheme is firstly proposed for the
generation of the four-photon polarization entangled cluster —(|H); + |V),0, ) (|H), + [V),03 ) (|H)3 + [V)304 ) (|H)a
states by using two single-photon resources, a two-photon 16 ' ' '
polarization entangled state, linear optical devices and a 4+ |v),)(|H), + V)06, (|H)s + [V)so7 ) ([H)7 + V)70 ,)
four-photons coincidence detection. Then we consider the ’ ’ ’
realistic implementation of the proposed scheme by using the X ([H)s+[V)g). (A3)
spontaneous parametric down-conversion as photon re-
sources of the proposed scheme. It is shown that under ceFhen modeb pass through the half wave plate HYP
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1
1—6(|H>1 + V102 ) ([H)2 +[V)203) ([H)3 + [V)304 )

X <|H>a + %(|H>C - |V>c)> (ir(“")c +|V)o) + |V>affe,z)
V2 V2

X(|H)g + V)go7 ) ([H)7 + [V)705 ) ([H)g + [V)g).

If the detectorD. detect one horizontal polarization photon,
the state(A4) is projected into

(A4)

1
EOHM + V0102 ) ([H)2 + V)03 ) ([H)3 + V)30 )

X(|H)a + [V)a0s ) ([H)g + [V)s07 ) ([H)7 + [V)7035)
X([H)g+[V)a), (A5)

PHYSICAL REVIEW A 71, 032308(2009

which is seven-photon polarization cluster stgd¢ If the
detectorD, detect one vertical polarization photon, the state
(A4) is projected into

1
$(|H>l + V)10 ) ([H)2 + (V)03 ) ([H)3 + [V)304 )

X([H)a= V)a0s ) ([H)s + VD607 ) (IH)7 + [V)703 )
X(H)g+[V)g), (A6)

which can be transformed into EGA5) by local operation.
The success probability of the scheméje‘ance theN four-
photon polarization cluster states are prepared, it is obvious
that the above procedure can be used to generate
(3N+1)-photon polarization cluster state. The success prob-
ability of cluster state generation is 1¥2.
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