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The cluster states and Greenberger-Horne-Zeilinger (GHZ) states are two different types of multipartite
quantum entangled states. We present the first experimental results generating continuous variable
quadripartite cluster and GHZ entangled states of electromagnetic fields. Utilizing two amplitude-
quadrature and two phase-quadrature squeezed states of light and linearly optical transformations, the
two types of entangled states for amplitude and phase quadratures of light are experimentally produced.
The combinations of the measured quadrature variances prove the full inseparability of the generated four
subsystems. The presented experimental schemes show that the multipartite entanglement of continuous
variables can be deterministically generated with the relatively simple implementation.

DOI: 10.1103/PhysRevLett.98.070502 PACS numbers: 03.67.Mn, 03.65.Ud, 42.50.Dv

In recent years the investigation of a continuous variable
(CV) quantum communication network (QCN) has at-
tracted extensive interest along with the development of
the experimental performances of quantum information
based on CV tripartite Greenberger-Horne-Zeilinger
(GHZ) entanglement [1–3]. A variety of complicated CV
QCNs exploiting multipartite GHZ entangled states of
more than three subsystems have been theoretically pro-
posed [4–7]. In addition, another type of CV multipartite
entangled states, CV cluster states, have been theoretically
introduced [8]. Successively, Menicucci et al. prove that
the universal quantum computation (QC) can be achieved
with CV cluster states as long as a non-Gaussian measure-
ment can be performed [9]. In the study of quantum
information for discrete variables, the five-photon GHZ
states [10] and four-photon cluster states [11] have been
experimentally demonstrated and successfully applied in
open-destination teleportation and one-way quantum com-
puting, respectively. However, the realization of CV cluster
and quadripartite GHZ states still remain an experimental
challenge. The CV quantum resources, such as squeezed
and entangled states of light, emerge from the nonlinear
optical interaction of a laser with a crystal in an uncondi-
tional fashion. The unconditionalness of the CV implemen-
tations makes the CVapproach to be particularly suited for
further experimental demonstration of the general prin-
ciples of GHZ-state QCN and cluster-state QC.

In this Letter, we present the experimental schemes to
produce CV quadripartite entangled cluster state and GHZ
state. Using a pair of nondegenerate optical parametric
amplifier (NOPA) we obtained two amplitude-quadrature
squeezed states and two phase-quadrature squeezed states,
simultaneously. Then, only by means of linearly optical
transformation of these squeezed lights under certain phase
relations, the CV quadripartite cluster state and GHZ state
of electromagnetic field are generated from the system,
respectively. The results measured with the balanced-
homodyne detectors to the variances of amplitude and

phase quadratures demonstrated that the combinations
containing both conjugate variables of all four modes
satisfy the criteria of the full inseparability of multimodes
[12].

It has been theoretically and experimentally demon-
strated that the two coupled modes of the original signal
and idler modes with orthogonal polarizations from a
NOPA are the phase-quadrature and the amplitude-
quadrature squeezed states of light, respectively [13–15].
For a NOPA operating at deamplification (the pump light
and the injected signal light are out of phase), the super-
posed mode at�45� polarizing direction is the amplitude-
quadrature squeezed state and that at �45� is the phase-
quadrature squeezed state [13,16]. The schematic of the
experimental system is shown in Fig. 1. The pump laser
(Nd:YAP/KTP) is a homemade cw intracavity frequency-
doubled and frequency-stabilized Nd-doped YAlO3 perov-
skite laser with a frequency-doubling crystal KTP (potas-
sium titanyl phosphate) inside the cavity. The second
harmonic wave output at 540 nm and the fundamental
wave output at 1080 nm from the laser are used for the
pump fields and the injected signals of the two NOPAs
(NOPA1 and NOPA2), respectively. The two NOPAs were
constructed in identical configuration, both of which con-
sist of an �-cut type-II KTP crystal and a concave mirror.
The front face of the KTP was coated to be used as the
input coupler and the concave mirror as the output coupler
of the squeezed states, which was mounted on a piezo-
electric transducer (PZT) for locking actively the cavity
length of NOPA on resonance with the injected signal at
1080 nm. Through a parametric down-conversion process
of type-II phase match, the quadrature squeezed states of
light at 1080 nm were produced. The output optical field
from NOPA1 (NOPA2) is split by the polarizing beam
splitter PBS1 (PBS2) to the amplitude-quadrature squeezed
state a2 (a3) and the phase-quadrature squeezed state a1

(a4) (see the inset of Fig. 1). The half-wave plate P1 and P2

are used for orienting the polarizations of the light beams
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toward PBS1 and PBS2, respectively. The quadrature am-
plitudes (Xai) and phase (Yai) of the four squeezed modes
ai (i � 1, 2, 3, 4) are expressed by [15,17]

 Xa1�4� � e�rX�0�a1�4�; Ya1�4� � e�rY�0�a1�4�;

Xa2�3� � e�rX�0�a2�3�; Ya2�3� � e�rY�0�a2�3�:
(1)

Here, r is the squeezing parameter, which depends on the
strength and the time of parametric interaction in NOPA,
and we have assumed that r for the four squeezed state is
identical for simplicity and the requirement is easy to be
reached in the experiments if the two NOPAs were con-
structed in identical configuration and the intracavity
losses of the four modes were balanced. The values of r
can be from zero to infinite (r � 0 no squeezing, r!�1
ideal squeezing and the ideal limit cannot be achieved
experimentally since it requires infinite energy). X�0�ai and
Y�0�ai stand for the quadrature amplitudes and phases of the
injected signal fields into NOPAs. In the calculation we
normalized the shot noise limit (SNL) of each submode of
quadripartite entangled state to 1

4 and thus the SNL of total
four submodes to 1. In experiments we made all injected
quadratures equal. BSi (i � 1, 2, 3) is the 50% beam
splitter and PZTi (i � 1, 2, 3) is the piezotransducer. At
first interfering modes a2 and a3 on BS1 with the phase
difference of �=2 which was controlled by PZT1 and a
feedback photoelectronic circuit, we obtained modes a5

and a6. Then, combining modes a1 and a5 on BS2 and a4

and a6 on BS3 the final four output modes bi (i � 1, 2, 3, 4)
were produced. It has been theoretically demonstrated in
Ref. [8] [see Eqs. (4) of Ref. [8] ] that the four modes bi are
in the cluster state if the interfering phase difference of a1

and a5 is 0 and that of a4 and a6 is �=2; however, they are
in the quadripartite GHZ state if both phase differences are
controlled at 0. The calculated correlation variances of
quadrature components of modes bi for cluster and GHZ
state are respectively
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FIG. 1 (color online). Schematic of the experimental setup.
Nd:YAP/KTP-laser source; NOPA1�2-nondegenerate optical
parametric amplifier; P1–2-�=2 wave plate; PBS1–2-polarizing
optical beam splitter; PZT1–3-piezoelectric transducer;
BS1–3-50% optical beam splitter; BHD1–4-balanced-homo-
dyne-detectors; �=� -positive/negative power combiner; SA-
spectrum analyzer. Inset: a1, a4 and a2, a3 are phase-quadrature
(Y quadrature is squeezed) and amplitude-quadrature (X quad-
rature is squeezed) squeezed states, respectively. b1, b2, b3, and
b4 combine a quadripartite cluster or GHZ states.
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The superscript C and G designate the cluster and GHZ
state, respectively. gCi and gGi are the gain factor (arbitrary
real parameter). In experiments we may adjust the elec-
tronic gains of photocurrents to optimize the correlation
variances. Calculating the minimum values of the expres-
sions in Eqs. (2) and (3) we got the optimized gain factors

 gCopt1 � gCopt4 �
3e4r � 3

3e4r � 1
; (4)

 gCopt2 � gCopt3 �
2e4r � 2

e4r � 3
; (5)

for cluster state and

 gGopt � gGopt1 � gGopt2 � gGopt3 � gGopt4 �
e4r � 1

e4r � 1
; (6)

for GHZ state, respectively.
The four modes bi and the four local oscillation beams at

1080 nm deriving from the pump laser (not shown in
Fig. 1) are sent to the four sets of the balanced-homodyne
detectors (BHD1–4), respectively, for measuring the fluc-
tuation variances of the amplitude or phase quadratures of
mode bi. The measured photocurrent variances of each
mode are combined by the positive (� ) or negative
(�) power combiner according to the different require-
ments of the correlation variances in Eqs. (2) and (3), then
are sent to a spectrum analyzer (SA) for recording the
desired variety correlation variances.

The experimentally measured squeezing degrees of the
output fields from NOPA1 and NOPA2 equal to 3:5�
0:1 dB below the SNL (the corresponding squeezing pa-
rameter r equals to 0:40� 0:01). During the measurements
the pump power of NOPAs at 540 nm wavelength is
�200 mW below the oscillation threshold of 255 mW
and the intensity of the injected signal at 1080 nm is
10 mW.

Adjusting the electronic gains to the optimal values
the measured correlation variances of h�2�YCb1�
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state are 1:3� 0:1 dB, 1:1� 0:1 dB, 1:2� 0:1 dB, 1:0�
0:1 dB, 1:2� 0:1 dB, and 1:2� 0:1 dB below the
SNL, respectively, which are shown in Fig. 2. The
measured correlation variances of h�2�YGb1 � Y

G
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state are 1:2� 0:1 dB, 1:2� 0:1 dB, 1:2� 0:1 dB, 1:1�
0:1 dB, 1:3� 0:1 dB, and 1:1� 0:1 dB below the SNL,
respectively (see Fig. 3). The optimal gains used in the
measurements are gCopt1 � 0:267, gCopt2 � 0:578, and
gGopt � 0:446.

Based on the same method of concluding the full in-
separability criteria of multipartite CV GHZ entanglement
in Ref. [12] we derived the sufficient requirements of full
inseparability for the quadripartite cluster state. When the
following three inequalities are satisfied simultaneously
the four submodes bi are in a fully inseparable cluster
entangled state:

 

FIG. 2 (color online). The measured correlation variances of
the cluster state at 2 MHz. (a) h�2�YCb1 � Y

C
b2�i; (b) h�2�XCb1�

XCb2 � g
C
opt2X

C
b3�i; (c) h�2�XCb3 � X

C
b4�i; (d) h�2��gCopt2Y

C
b2�

YCb3 � Y
C
b4�i; (e) h�2�gCopt1X

C
b1 � X

C
b2 � 2XCb3�i; (f) h�2��2YCb2�

YCb3 � g
C
opt1Y

C
b4�i. (1) The corresponding shot noise limit. (2) The

correlation noise power. The measurement parameters of SA:
RBW (resolution bandwidth)-30 kHz; VBW (video bandwidth)-
30 Hz.

 

FIG. 3 (color online). The measured correlation variances of
the GHZ state at 2 MHz. (a) h�2�YGb1 � Y
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shot noise limit. (2) The correlation noise power. The measure-
ment parameters of SA are same as Fig. 2.
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Substituting the measured correlation variances into the
left sides of IC, IIC, and IIIC in Eq. (7) we have IC �
0:83� 0:01, IIC � 0:85� 0:02, and IIIC � 1:94� 0:02;
all of them are smaller than the normalized SNL. It means
the obtained modes are in a fully inseparable cluster en-
tangled state.

From Ref. [12] we can directly write out the criteria of
the full inseparability for quadripartite GHZ state:
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Similarly we get IG � 0:84� 0:02, IIG � 0:85� 0:01,
and IIIG � 0:84� 0:02 from the experimental results. It
shows that all three inequalities in Eq. (8) are satisfied and
thus the quadripartite GHZ entanglement of the four opti-
cal modes are demonstrated experimentally.

For achieving the measurements of a variety of the
correlation variances under same experimental conditions
the pump laser has to operate stably in the whole experi-
mental process. The resonating frequencies of the laser and
the two NOPAs must be locked in a longer term. In
addition, 9 sets of the phase-locking system are, respec-
tively, used for locking the relative phases between the
pump laser and the injected signal beam of the two NOPAs
to �, the phase difference between bi and local oscillation
beam in the four sets of BHDi to 0 (for amplitude mea-
surement) or �=2 (for phase measurement), and the inter-
ference phases between two combined beams on BS1, BS2,
and BS3 to 0 or �=2 according to the different require-
ments for generating cluster or GHZ state mentioned
above. The standard sideband frequency locking [18] and
the interference feedback [19] technologies are utilized in
the frequency and the relative phase locking, respectively.

For conclusion, we have experimentally produced the
CV quadripartite cluster and GHZ entangled states for the
first time to the best of our knowledge. In this experiment
we definitely identified and applied both amplitude and
phase squeezed states produced from a NOPA simulta-
neously, which provides a new scheme to obtain two CV
quadrature squeezed states from an implement. The inves-
tigation has demonstrated the possibility to generate and
manipulate two types of CV quadripartite entanglement
using two-mode squeezed states and linear optics, which is
the necessary base for realizing quantum computation and
more complicated quantum communication network.
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