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The preparation of multipartite entangled states is the puésitg for exploring quantum information networks and quantum com-
putation. In this paper, we review the experimental progress in the preparation of cluster states and multi-color entangled states with
continuous variables. The preparation of lager scale multipartite entangled state provide valuable quantum resources to implement
more complex quantum informational tasks.
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Developing quantum information (QI) science has exhib-nework composed of many nodes and channels, quantum
ited unusual potentiality to realize qualitatively informa- memories usually constructed by atomic systems must be re-
tion processing with new modes which are unavailable inquired [26-30]. The quantum connectivity in information
the classical world [1-3]. Optical QI based on exploiting networks, such as distributing entanglement throughout a net-
discrete-variable (DV) of single-photon states (qubits) andwork with large size and teleporting quantum states between
continuous-variable (CV) of optical modes (qumodes) hasnodes, can be accomplished by the interaction of light and
an important role in the development of QI. So far, a va- atoms in quantum memories. Thus, it is necessary to prepare
riety of fundamental protocols for QI processing have beenmulti-color entangled states involvingftérent wavelengths
experimentally demonstrated [4-11]. To build practical QI at atomic transitions for storing information and transparency
systems applied in the real world we must establish QI netwindows of channels for transmitting quantum states with
works, and thus the study on the preparation of multipar-possibly low loss.

tite and multi-color entangled states, which are the neces- In this review article, we briefly introduce the physical
sary resources for QI networks, becomes the crucially preconception of multipartite optical CV cluster states and dif-
ceding task. The measurement-based one-way quantum corferent preparation methods. Then, we describe the graph
putation (QC) utilizing multipartite cluster states provides a and mathematic representations of CV eight-partite linear and
promising QI scheme, which has been extensively investitwo-diamond shape cluster states, deduce the inseparability
gated in both DV and CV regimes [8-20]. Recently, the opti- criterion inequalities for quantitating the CV entanglement,
cal cluster states of eight-photon [21,22], eight-qumode [23,and present the experimental set-up and results completed by
24] and up to 10000-qumodes [25] have been successfullpur group. Successively, we discuss the research progress in
produced. On the other hand, to develop a complete quantunthe generation of CV multi-color entangled states in sect. 2.
T The generations of two-color entanglement are summarized
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and the three-color CV entanglement for qumodes are ana-
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lyzed, in which the theoretical protocol and the experimentalwhich a virtual beam-splitter network was applied and a
demonstration achieved by our group are mainly introduced eight-mode Greenberger-Horne-Zeilinger (GHZ) entangled
state was obtained [35]. The advantage of this method is

1 Optical cluster state with continuous vari-  that the experimental setup is simpler than the initial scheme
ables of optical transformation. The challenge in this technique is

the manufacture of the necessary multi-pixel detector. When
1.1 Basic conception the number of entangled states increases the techfimudty

dalso increases correspondingly. Moreover the application of
:J;t_is also not convenient since every entangled modes are de-
tected simultaneously, and thus how to implement one-way
QC based on the feedforward of the measured results on an
individual mode needs to be reconsidered.
Currently a super large cluster state in the time domain
{f’a— Z ?b] -0, VYaegG, (1) with up to 10000 submodes has been experimentally pro-
beN, duced by the technique of time-domain multiplexing [25].

~ A A - A AR o When applying such a cluster state to implement QC, very
= T = - T
wherexa = (& +a')/2 andp, = (& - a')/2i represent the fast feedforward loops are required.

guadrature-amplitude and quadrature-phase operators of a
optical modea; respectively. The subscript(b) expresses
the designated moda (b). The modes ofr € G denote 1.3 Preparation of eight-partite CV cluster states

the vertices of the grapB, while the modes ob € N, are ) )
the nearest neighbors of mode For an ideal cluster state F'9ures 1(a) and (b) show the graph representations of CV

the left-hand side of eq. (1) tends to zero, which represent§ignt-partite linear (a) and two-diamond (b) shape CV clus-
a simultaneous zero eigenstate of the quadrature combind€' States, respectively, each node of which corresponds to an
tion [16]. The CV cluster quantum entanglements generate(g)ptlcal mode and the_ connegtlon lines between neighboring
by experiments are deterministic, but also are imperfect, thd!°des stand for the interaction between the connected two
entanglement features of which have to be verified and quan?0des. From eq. (1) and Figure 1, we can write the nullifiers
tified by the stficient conditions for the fully inseparability ©f the linear and the two-diamond shape CV cluster states,
of multipartite CV entanglement [31-34]. fBérent correla-  ESPECtively, which arg i — X2 = 611, P2 — X1 - X3 = dz,

tion combinations are given (left-hand side of eq. (1)) in a va-PLs ~ X2~ XLa = 013, PL4 = X3 = X5 = 014, PL5 — X4 — Xi6 =

riety of CV cluster multipartite entangled states, which reflect®L5: PLe=X5=XL7 = 016, PL7—XL6=XL8 = 017, PLa—XL7 = OLg

the complexity and rich usability of these quantum systems 0T the linear states; angb: — Xps ~ Xp4 = 6p1, P2 — %3 —

The expressions of the nullifiers forftirent graph states de- %04 = ‘5P2’ ﬁD?;_ )A(Dlj)A(DZ = obs, ﬁ?“_)A(D{_)A(DZj)A(% = Opa,
pend on the graph configuration. Pos — Xp4 — Xp7 — Xpg = Jps, Pps — Xp7 — Xpg = Je,
Po7 — Xps — Xps = b7, Pps — Xps — Xpe = dpg for the
two-diamond states, where the subscripisand Di (i =
1,2,...,8) denote the individual nodes of the linear and the
There are several fierent methods of preparing multipar- two-diamond shape cluster states, respectidglanddp; ex-
tite CV cluster states. The linearly optical transformation of press the excess noises resulting from the imperfect quantum
squeezed states on a specially designed beam-splitter netwotgkrrelations. When the variance @f (6p;) is smaller than
is the initially and frequently used method [23,31-33]. In the corresponding quantum noise limit (QNL) determined by
this way, the prepared cluster state is space-separated, whistacuum noises, the correlations among the combined optical
can be easily utilized to implement one-way QC. The draw-modes is within the quantum region, otherwise the quantum
back of this method is that with increasing of the entangledcorrelations do not exist.
modes the complexity of the experimental setup is also subse- The schemes of generating CV multipartite entangled
guently increased. Using this method, space-separated foustates commonly used in experiments are to achieve a linearly
mode and eight-mode CV cluster states are prepared experdptical transformation of input squeezed states on a specific
mentally in two labs, respectively [23,31-33]. beam-splitter network [15]. Assumirgg &nd Uy represent
Successively, the technique of the optical frequency comtihe input squeezed states and the unitary matrix of a given
is applied in the preparation of CV cluster states, with whichbeam-splitter network, respectively, the output optical modes
the lager scale cluster states can be prepared in principle [34&fter the transformation are given by = 3, Uga, where
However, in this way, these entangled modes are not easilyhe subscriptsandk express the designated input and output
separated and thus the schemes of utilizing them to implemodes, respectively. In our experiment, four quadrature-
ment quantum information need to be redesigned. amplitudex:squeezed states, = e + ie" p (m =
Recently a new method of using spatial entanglement tal, 3,5,7), and four quadrature-phasgs@ueezed states,
prepare multipartite entangled state has been presented, &, = e”>“<§1°) +ie™" f)ﬁ,o) (n=2,4,6,8), are applied, when:eﬁo’

Cluster state is a type of multipartite quantum entangle
graph states corresponding to some mathematic graphs [1
16]. The CV cluster quadrature correlations (so-called nulli-
fiers) can be expressed by [14-16]

1.2 Preparation methods
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(BHDs), which are applied to measure the quantum fluctu-

@ Pm—gm—gm—m——m———3¢ ations of the quadrature-amplitude and the quadrature-phase
= ~ of the output optical modes [31]. The second-harmonic wave
7N 7N at 540 nm wavelength serves as the pump field of the four
(b) 3\ /4 _5\ /6 NOPAs, in which through an intracavity frequency-down-
2 7 conversion process a pair of signal and idler modes with the

identical frequency at 1080 nm and the orthogonal polariza-

Figurel (Coloronline) Graph representation of eight-partite cluster states. . .
(@) Linear cluster state [23]; (b) two-diamond shape cluster state. Each clus'Elorls are generated [7,37]. Each of NOPAs consists of an

ter node corresponds to an optical mode. The connected lines between neigH‘—'CUt typg-ll KTP crystal and a concave mirror [37]-_ Since
boring nodes stand for the interaction among these nodes [24]. the amplitude and the phase quadratures of the signal and

the idler modes are entangled each other, the two coupled

andg” denote the quadrature-amplitude and the quadratureModes of them ai45° polarization directions both are the
phase operators of the corresponding vacuum field, respegdueezed states [31,38]. In our experiment, the four NOPAs
tively, r is the squeezing parameter to quantify the squeezing'® operated at the parametric deampllflcat{on situation, Fhat
level,r = 0 andr = +co correspond to the two cases of no S the phase _ﬁerence bet_ween_ the pump field a_nd the in-
squeezing and the ideally perfect squeezing,respectively. Thigcted signal is (@ + 1) (nis an integer). Under this condi-
unitary matrix for generating the CV eight-partite linear clus- tion, the coupled modes a#5° and—45°polarization direc-

ter state by combining eight squeezed states on optical beaPnS are the quadrature-amplitude and the quadrature-phase
splitters equals to squeezed states, respectively [31,38]. When the transmis-

sions of the seven beam splitters are chosehlas 25/34,

4o i ¥ 5 g g o T2 =T3=2/5T4=T5=1/3,T6 = T7 = 1/2, the
i/f Vlé ‘/11_0 :11_73 :/Il_os eight output optical modd.%,— (j=1,2,...,8) are in a eight-
V2 V3 V10 V170 +vio2 0 00 partite CV linear cluster state. The quadrature-amplitude and
0 L Ziv2 -6 V10 5 g 0 quadrature-phase of eashare measured by eight BHDs, re-
V3 V5 VB VAL spectively. The nullifiers of the eight output modes depend
0 0 % f}% % 0 00 on the squeezing parameters of the resource squeezed states.
U= 0 0 0 YIB=3v8iN2 o g @ For our experimental system all four NOPAs have the identi-
V34 VITO V5 cal configuration and are operated under identical conditions.
0 0 O L‘/si_f ng_ss % % 0 Each of NOPAs is also adjusted to produce two balanced
00 0 =58 V8 i - squeezed states. Thus, the eight initial squeezed states own
V102 V170 V10 V3 V2 the same squeezed parametdn this case we can easily cal-
0 0 0 -5 iv38 -1 1 -1 culate the excess noises of the nullifiers for the eight-partite

linear CV cluster state consisting of the eight output mdﬁ;les
The unitary matrix in eq. _(2) expresses an (_)ptlcal (j = 1,...,8), which ares.; = \/ﬁe—r)z(lo), Sl = V3e” [3(20),
transformation on a beam-splitter network consisting of =, _ 5 10 1 A0 2 1 A0)
seven beam splitters and can be decomposed Whto O3 = Eade \/;e X3 0L = e Pt \/;e Pe™ +
= Fol7(-DFGFals(-DF;Br(1/2)FeB (1 DFB(L/3F7 850 55 = \[Herpd - [2e750 - Lev0,
B35(1/3)F2B;4(2/5)F6B3,(2/5)F3B;5(25/34), whereFy de- 0
notes the Fourier transformation of moklewhich corre- 66 = \Ee‘f pé) - %e_r
sponds to a 90rotation in the phase spacBj(T;) stands  — y2e p?, respectively.
for the linearly optical transformation on the jth beam-splitter
with the transmission ofj (j = 1,2,...,7), where By =
VI-T, B = VT, Bk = =VT, and B =
¥ V1-T, are elements of beam-splitter matrix(—1) = €™ -i
corresponds to a 180@otation of modek in the phase space. wTe
Figure 2 shows the schematic of the experimental set-uj (/
for preparing the eight-partite CV linear cluster state. The o
four %-squeezed and foyrSqueezed states are produced by *
four NOPAs pumped by a common laser source, which is € T—»x
CW intracavity frequency-doubled and frequency-stabilized L ) X b -
Nd:YAE/LBO (Nd-doped YAIQy perorskitdithium tribo- Figure 2 (Color online) Schematic of experimental setup for CV eight-
rate) with both outputs of the fundamental and the secondpariite cluster state generatio: transmission ficient of beam splitter,
harmonic waves [36]. The output fundamental wave at 108Q8oxes including i are Fourier transforms (9tations in phase space)i
nm wavelength is used for the injected signals of NOPAsis a-90° rotation, and-1 is a 180 rotation, BHD: balanced homodyne
and the local oscillators of the balanced homodyne detectorgetector.

ﬁg)), o7 = —‘/ée_rf(gm andéis =

T7 ¥

a; == Cavity mirror
5 KTP

a;
H NOPA1 ,
NOPA4
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The unitary matrix of the two-diamond cluster staig
equals toUgU_, with U = diag-1,-i,i,1,1,i,—i,-1},
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NOPAs at 540 nm wavelength 4s 180 mW, which is below
the oscillation threshold of 240 mW, and the intensity of the

thus the two-diamond shape cluster state can be preparddjected signal at 1080 nm is 10 mW. The phaséedénce
from the linear cluster state via local Fourier transforms andon each beam-splitters are locked according to the require-
phase rotations. The excess noise terms of the nullifiers oments. The light intensity of the local oscillator in all BHDs

the two-diamond shape cluster state are expresseégby

—%e‘ff((lo) + \/ge"f(go), Sp2 = %e‘rf((lo) - \/ée—rxg’), 6p3 =
VBB, dos = e B0 + 2o 0 + \[Her0,
605 = e PO~ 26RO + Ze 80, 5 = V3ETRY,
Sp7 = \/ge‘rf)go) - Vize‘fﬁg)), and 6pg = \/ge‘ff)(so) +
%e‘f f)g)), respectively. According to the inseparability cri-

teria for CV multipartite entangled states proposed by va

ity criterion inequalities for CV eight-partite linear and two-
diamond shape cluster states, which are given by egs. (3a
(3g) and eqs. (4a)—(4i), respectively.

V(pr1 — X2) + V(P2 — X1 — gusXis) < 1, (3a)
V(P2 — graXis — X3) + V(P — X2 — guaXia) <1, (3b)
V(PL3 — graXiz — Xa) + V(PLa — X3 — gisXis) <1, (3c)
V(PLa — gLaXis — Xis) + V(PLs — X4 — gueXie) < 1, (3d)
V(Pus — guaXia — Xie) + V(PLe — X5 — 0u7k7) <1, (3e)
V(Pre — 9LsXis — K17) + V(PL7 — X6 — duskis) < 1,  (3f)
V(PL7 — greXie — Xis) + V(PLs — %7) < 1, (39)

and

V(Pp1 — Xo3 — Op1¥p4) + V(Pps — Xp1 — 9p2Xp2) < 1, (4a)
V(Pp2 — Xb3 — 9p1¥p4) + V(Pp3 — Xp2 — gp2Xp1) < 1, (4b)
V(Pp1 — 9osXp3 — Xpa) + V(Ppa — Xp1 — OpaXp2 — IpsXps)
<1, (4c)
V(Pp2 — 9psXp3 — Xpa) + V(Ppa — 9oaXs — Xp2 — Ups5Xps)
<1, (4d)
V(Pp4 — 9osXp1 — GpeXp2 — Xps) + V(Pps — Xpa — gpeXp7
- OpeXps) < 1, (4e)
V(Pps — 9psXp4 — Xp7 — IpaXps) + V(Pp7 — Xps — Ip3Xoe)
<1, (4f)
V(Pps — OpsXpa — GpaXp7 — Xpsg) + V(Pps — Xos — Gp3Xps)
<1, (49)
V(Pps — Xp7 — gp2Xps) + V(Pp7 — Ip1Xps — Xpe) < 1, (4h)
V(Pos — gp2Xp7 — Xos) + V(Pps — Gp1Xps — Xps) < 1, (4)

is set to approximately 5 mW. The measured QNL is approx-
imately 20 dB above the electronics noise level, which guar-
antees that the results of the homodyne detections are almost
not afected by electronic noises.

The correlation variances measured experimentally are
shown in Figure 3 for the linear cluster and Figure 4 for the
two-diamond cluster. They ak§pL1 — X2) = (-2.67+0.06)
dB, V(PrL2—X1—Xi3) = (-2.65+0.13) dB,V(PLa—X2—KXL4) =
(-2.52+0.20) dB,V(PLa — X3 — Xi5) = (-2.69+ 0.09) dB,

Loock and Furusawa [39], we can deduce the inseparabirl\/(pw_ Xa = Re) = (~2.68:+0.08) dB, V(6 — s — i) =

(—2.56i 010) dB,V(ﬁU — X6 — )’ZLg) = (—222i 009) dB,
V(PLs — %7) = (-2.21+ 0.09) dB andV(Pp1 — Xos — Xpa) =
(-2.61 + 0.10) dB, V(Pp2 — Xp3 — Xpa) = (—2.57 + 0.09)

dB, V(f)Dg - )’ZD]_ - )’ZDZ) = (—239i 006) dB,V(ﬁD4 - )’ZD]_ -

Xp2 — Xps) = (=2.58+ 0.09) dB,V(Pps — Xp4 — Xp7 — Xps) =
(—2.61+0.09) dB,V(pPps — Xp7 — Xpg) = (—2.52+ 0.10) dB,
V(f)D7 —Xp5— )’ZDG) = (—2.59i 009) dB,V(ng —Xp5— )’ZDG) =
(-2.58 + 0.10) dB, V(Pps4 — OpsXp1 — OpeXp2 — Xps) =
(-1.57 + 0.09) dB, V(Pps — Xpa — OpeXp7 — UpeRps) =
(-1.53+ 0.09) dB. From these measured results we can cal-
culate the combinations of the correlation variances in the
left-hand sides of the inequalities (3a)—(3g) and (4a)—(4i),
which are 068+ 0.02, 083+ 0.02, 082+ 0.02, 081+ 0.02,
0.82+0.02,087+0.02,075+0.02, for the linear cluster and
0.84+0.02,085+0.02,096+0.02,097+0.02,095+0.02,
0.96+0.02, 096+ 0.02, 083+ 0.02, 083+ 0.02 for the two-
diamond cluster, respectively. All these values are smaller
than the normalized boundary. This indicates that the pre-
pared two types of CV cluster states satisfy the inseparabil-
ity criteria for verifying multipartite CV entanglement, so the
spatially separated eight-partite entangled states of qumodes
are experimentally obtained. In the experiment we detected
the correlation variances undgr s = 1, gp1-ps = 1 and

gos = g2 = 0.60 + 0.02 (@°™ is the optimal gain factor).
For our system, the total transmissidfi@ency of squeezed
beams are about 87% and the detectiffitiency is about
90%, which leads to thefléicient squeezing parameter as be-
ing re = 0.30 which is smaller than the initially measured
squeezing parameter. When the gain factors exggptre
taken as 1 and onl D%t is utilized, all inequalities in egs. (3)
and (4) are satisfied.

2 The research progress on the generation of

where left-hand sides and right-hand sides of these inequaly, yIti-color entanglement

ities are the combination of variances of nullifiers and the

boundary, respectively.

2.1 Two-color entanglement

The experimentally measured initial squeezing degrees of

the output fields from four NOPAs are.80 + 0.07) dB be-

Non-degenerate optical parametric oscillators (NOPOSs)

low the QNL which corresponds to the squeezing parameteabove the oscillation threshold are the most successful de-
r = 0.50+0.02. During the measurements the pump power ofvices for the experimental generation of the multi-color CV
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entangled optical beams [40—46]. Two-color entangled opNOPO2. The three-color entanglement among signal and
tical beams at dierent frequency regions have been experi-idler beams produced by NOPO2 and the retained signal
mentally prepared by means of above-threshold NOPOs wittbeam from NOPOL1 is theoretically demonstrated and the op-
various pump lasers and nonlinear crystals [40—44]. Theimal operation conditions of the cascaded NOPOs system
first measurement of squeezed-state entanglement of the twisre numerically analyzed in ref. [49]. Following the theoret-
beams between bright fields of trulyfidirent frequencies ical design we have achieved the experimental generation of
produced in a NOPO operating above threshold was reportethree-color CV entangled state by using the cascaded NOPOs
by Villar et al. [40]. They used a 532 nm laser to pump system for the first time [46]. Through the special selections
a NOPO and record noise spectra of the generated beants the pump laser and the nonlinear crystals in the two NO-
with the synchronous analysis cavity, the squeezing in the inPOs, the wavelength of one of the obtained three-color entan-
tensity diference as well as the sum of phase between theled beams is 852 nm which can be tuned to a transition fre-
twin beams were measured simultaneously [40]. Succesguency of Cs atoms thus can be used for the storage of quan-
sively, the quantum entanglement of amplitudd.25 dB) tum information. The wavelengths of other two beams are
and phase quadratures);60 dB) between two intense opti- 1550 nm matched for optimal transmission in optical fibers
cal beams with a total intensity of 22 mW and a frequencyand 1440 nm close to the fiber window with comparatively
difference of 1 nm has been experimentally verified by thelow transmission losses. The produced three-color CV en-
authors, in which the quantum correlation noise was meatangled states are suitable to be applied in the future quantum
sured by two sets of unbalanced Mach-Zehnder interferomeinformation networks containing both atomic storage unitand
ters [41]. Jing et al. [42] observed CV entanglement betweeroptical fiber transmission line.
the bright beams emitted above threshold by an ultra-stable Figure 5 shows the principle schematic of the three-color
NOPO, classically phase locked at a frequendyedence  entanglement generation system, which consists of NOPO1
of 161827324 MHz. The measured amplitudefeience  and NOPO2. The coherent optical field at 795 nm from
squeezing and the phase-sum squeezingd@B and-1.35 3 continuous-wave Ti: Sapphire laser (MBR110, Coherent
dB, respectively [42]. Recently, bright two-color CV entan- | tq ) is frequency-doubled by a second harmonic generator
gled optical beams at 800 nm and 1500 nm has been eXPe[SHG) to obtain the light at 398 nnad) for pumping the
imentally generated by Li et al. [44]. In the experiment, a NOPO1 to create a pair of intense optical beamsiiday),
phase-insensitive optical parametric amplifier with a singleTpe generated idler beara°(“) drives the NOPO2 to achieve
injection beam at 1500 nm was utilized. Without locking the the cascaded intra-cavity optical parametric down-conversion
relative phase between the signal and pump fields, the ampliyng to produce the output fields andas. Both NOPO1
tude quadrature ffierence squeezing ef3.30 dB and phase  and NOPO2 are in a Fabre-Perot cavity configuration con-
quadrature sum squeezing-63.35 dB were observed, which  gjsting of two concave mirrors with a 50-mm radius curva-
satisfy the entanglement criterion [44]. ture. For obtaining the desired frequencies twiedéent non-
linear crystals are chosen respectively for the two NOPOs,
which are 1 mmx 2 mmx 10 mn? PPKTP for NOPO1 and
1 mmx2 mmx10 mn? PPLN (periodically poled lithium nio-
During past years, to satisfy the requirements of the develbate) for NOPO2. The temperature of two nonlinear crystals
oping QI networks the generation schemes of multi-colorare controlled by an electronic temperature-controller with
CV entangled states via intra-cavity nonlinear processes havthe precision of @1°C (YG-IIS-RA, Yuguang Ltd.). It has
been theoretically proposed [47-49]. In 2009, the first CV been theoretically shown by Tan et al. [49] that the three final
three-color entangled state was experimentally produced byutput light beamsa,, az andas) have strong intensity corre-
an above-threshold NOPO at a low temperature-28°C lation. On the other hand, the frequency constraint among the
[45]. The three entangled sub-modes produced in this exthree optical modes translates into a constraint for the phase
periment are the output signal, idler and reflected pumpvariations, so the phase fluctuations of the optical mades
modes from a NOPO above the threshold, the wavelengthanda, (as andas) should be anti-correlated each other, the
are 1062102 nm, 106®15 nm and 53251 nm, respec- sum of their phase fluctuations should be correlated with the
tively. For developing practical CV QI networks with both phase fluctuation of the pump field. Three M-Z interferome-
nodes and fiber transmission lines, it is important to prepareers with unbalanced arm lengths are applied to measure the
multi-partite entangled states consisting of optical sub-modesioise powers of the phase and the amplitude quadratures for
at variously designated wavelengths. the three resultant subharmonic modesagfas anda, as

For reducing the influence of the phonon noise on the rewell as to determine the corresponding QNLs [41,50]. The
flected pump field and improving the wavelength selectiv-noise powers measured simultaneously by the three M-Z in-
ity of the system, we proposed a generation system of C\terferometers are combined by the positive or negative power
three-color entangled optical beams, in which two cascaded@ombiners and then the combined correlations variances of
NOPO1 and NOPO2 are utilized [46,49]. The idler optical the amplitude and the phase quadratures are analyzed by a
beams produced by NOPOL1, is used for the pump light ofspectrum analyzer.

2.2 Three-color entanglement
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795 nm 3 Conclusion
SHG Ti:Sapphire
We have reviewed the experimental progress in the prepara-
398 nm a,

tions of cluster states and multi-color entangled states. The

746nm NOPO2 1550 nm . i .
. (NoPo1) a multipartite ent_angled states are the essential resources to
°_< a, 1440nm construct a variety of CVQI networks. The complexity and
a, A 8520m versatility of CV multipartite entanglement for qumodes not
U only offer richly potential applications in QC and QI, but also

Figure 5 (Color online) Principle schematic of the three-color entangle-

provide the basic and handleable entangled quantum states
ment generation system.

which can be an important tool for further studying and un-
derstanding quantum entanglement phenomena as well as the
The measured correlation variances of the noise powers afinusual conventions of quantum mechanics.
the amplitude and the phase quadratures among the three re-
sultant optical beams at 85 nm, 155060 nm and 14406
nm are shown in Figures 6(a)—(f), where the traces (i) an
the traces (ii) stand for the QNLs and the correlation vari-
ances, respectively. From Figure 6 we h&§&Xs — X)) =
(-4.1+0.1) dB, (6%(g"Y2 + Y3 + Ya)) = (1.1 + 0.1) dB,
(3%(X2 — X)) = (-32+ 0.1) dB, (6%(Y2 + g™'Y3 + Ya)) =
(=05 + 0.1) dB, (6°(X2 — X4)) = (=32 + 0.1) dB and 1
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