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The preparation of multipartite entangled states is the prerequisite for exploring quantum information networks and
quantum computation. In this Letter, we present what we believe is the first experimental demonstration of an eight-
partite spatially separated continuous variable (CV) cluster state of optical modes. Via the linearly optical trans-
formation of eight squeezed states of light, the eight-partite cluster entangled state with amplitude and phase
quadrature correlations are prepared. The generated eight entangled photonic qumodes are spatially separated,

which provides valuable quantum resources for implementing CV quantum information protocols.

Society of America
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In a one-way quantum computation (QC) model, the
quantum bits (qubits) and quantum modes (qumodes) are
first initialized in a multipartite cluster entangled state,
then a variety of quantum logical operations can be
achieved via the single-qubit (qumode) projective mea-
surement and the classical feed forward of the measured
outcomes, where the order and choices of measurements
are determined by the required algorithm [1-3]. In
contrast to the probabilistic generation of photonic
qubits in most cases, continuous variable (CV) cluster
states of qumodes are produced in an unconditional
fashion and thus the one-way QC with CV cluster en-
tangled states of optical modes can be implemented
deterministically [4-13].

Following the theoretical proposals on one-way CVQC,
the principally experimental demonstrations of various
one-way QC logical operations over CVs were achieved
using bipartite and four-partite cluster entangled photo-
nic qumodes, respectively [6-9]. To develop a more com-
plicated QC, larger-cluster states with more numbers of
entangled qubits (qumodes) are desired. In this Letter, we
present what we believe is the first experimental produc-
tion of a CV eight-partite cluster state for photonic
qumodes. The initial resource quantum states are eight
quadrature squeezed states of light, which are trans-
formed by a specially designed beam-splitter network to
the eight-partite cluster state. The entanglement feature
among the obtained eight space-separated photonic qu-
modes is confirmed by the fully inseparability criteria
of CV multipartite entangled states [14].

The CV cluster quadrature correlations (so-called nul-
lifiers) can be expressed by P, = D ,en, &b = Sas Va € G
where 2, = (@ +a")/2 and p, = (4 -a")/2i stand for
quadrature-amplitude and quadrature-phase operators
of an optical mode @, respectively [5,15]. The subscript
a (b) expresses the designated mode @ (b). The modes
of a € G denote the vertices of the graph G, while the
modes of b € N, are the nearest neighbors of mode a.
4, express the excess noises resulting from the imperfect
quantum correlations. For an ideal cluster state, the nul-
lifiers trend to zero, which stands for a simultaneous zero
eigenstate of the quadrature combination [5].
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Figure 1(a) shows the graph representation of a CV
eight-partite linear cluster state. Each node corresponds
to an optical mode and the connection lines between
neighboring nodes stand for the interaction between
the connected two nodes. The scheme of generating
CV multipartite entangled states commonly used in
experiments are to achieve a linearly optical trans-
formation of input squeezed states on a specific beam-
splitter network [16]. Assuming &, and Uy stand for
the input squeezed state and the unitary matrix of a given
beam-splitter network, respectively, the output optical
modes after the transformation are given by by =
>, Unb;, where the subscripts ! and k express
the designated input and output modes, respectively.
In our experiment, four quadrature-amplitude -
squeezed states, d,, = e 4+ ietrp (m =1,3,5,7),
and four quadrature-phase p-squeezed states,

a, = 20 +iepP (n = 2,4,6,8), are applied, where
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Fig. 1. (Color online) (a) Graph representation of the eight-

partite linear cluster state. (b) Schematic of experimental setup
for preparing a CV eight-partite cluster state. T transmission
efficient of beam splitter, Boxes including ¢ are Fourier trans-
forms, —7 is a -90° rotation, and -1 is a 180° rotation. BHD,
balanced homodyne detector; and LO, local oscillator.
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50](.0) and f)](.o) denote the quadrature-amplitude and the

quadrature-phase operators of the corresponding va-
cuum field, respectively. In this case, 7 is the squeezing
parameter, r = 0, and = 4 correspond to no squeez-
ing and the ideally perfect squeezing, respectively. The
unitary matrix U;, for generating the CV eight-partite lin-
ear cluster state deduced with the method given in [16] is

3 B

4 4 A 0 0 0
V2 3 V1o 1o V12
=L 1 _1L  =i¥3 =iv5 0O 0
V2 M3 V10 V10 V102
i -iv2 -6 -J/10
0O %5 & vm 0 00
V2 83 /i
0 0 NG «/1170 1«/310 0 0 0 )
V16 -3V3 V2
0 0 0 V34 170 lx/ﬁ 0 0
ivV/10 -iv6 2 1
00 0 T % B s 0
0 0 0 =6 V3 i =i =i
V102 V170 V10 V3 V2
0 0 0 -iv6 V3 -1 1 -1
102 170 V10 3 V2

The unitary matrix can be decomposed into a beam-
splitter network consisting of seven beam-splitters U;, =
F817( 1)F"F413( 1)FT _8(1/2)FSBI2 (1/2)FBg;(1/3)F7

B35(1/3)F3B5,(2/5)F¢Bg3,(2/5)F3sB;-(25/34), where F
denotes the Fourier transformation of mode k, which cor-
responds to a 90° rotation in phase space; B,fl (T;) stands
for the linearly optical transformation on the jth beam-
splitter with the transmission of T ( 7=123...7),

where (Bi),, = V1-T, (Bf), =T, B, =+/T, and
(B), = ¥v1-T, are elements of beam-splitter matrix.
I(-1) = &" corresponds to a 180° rotation in phase
space.

Figure 1(b) shows the schematic of the experimental
set-up for preparing the CV eight-partite linear cluster
state. The four Z-squeezed and four p-squeezed states
are produced by four polarization nondegenerate optical
parametric amplifiers (PNOPAs) pumped by a common
laser source, which is a CW intracavity frequency-
doubled and frequency-stabilized Nd:YAP/LBO
(Nd-doped YAIOg perorskite/lithium triborate) [17]. The
output fundamental wave at 1080 nm wavelength is used
for the injected signals of PNOPAs and the local oscilla-
tors of the balanced homodyne detectors (BHDs). The
second-harmonic wave at 540 nm wavelength serves
as the pump field of the four PNOPAs, through which
an intracavity frequency-down-conversion process a pair
of signal and idler modes with the identical frequency at
1080 nm and the orthogonal polarizations are generated
[18]. Each of PNOPAs consists of an a-cut type-II KTP
crystal and a concave mirror [18]. The front face of
the KTP was coated to be used for the input coupler
and the concave mirror, which served as the output cou-
pler of the squeezed states, is mounted on a piezo-electric
transducer for locking actively the cavity length of PNO-
PA on resonance with the injected signal at 1080 nm. The
transmissions of the input coupler at 540 and 1080 nm are
99.8% and 0.04%, respectively. The transmissions of the
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output coupler at 540 and 1080 nm are 0.5% and 5.2%,
respectively. The finesses of the PNOPA for 540 and
1080 nm are 3 and 117, respectively. In our experiment,
the four PNOPAs are operated at the parametric deam-
plification situation, [i.e., the phase difference between
the pump field and the injected signal is (2n + 1)z (n is
an integer)]. Under this condition, the coupled modes at
+45° and -45° polarization directions are the quadrature-
amplitude and the quadrature-phase squeezed states,
respectively [10,19].

When the transmissions of the seven beam-splitters are
chosen as T;, =25/34, Ty =T3=2/5, Ty =T5 = 1/3,
T¢ = T7 = 1/2, the eight output optical modes are in a
eight-partite CV linear cluster state. For our experimental
system all four PNOPAs have the identical configuration
and are operated under the same conditions. So, the eight
initial squeezed states own the same squeezed parameter
7. In this case, the excess noises of the nullifiers for the

eight-partite linear CV cluster state are &; = +/2 e"xgo) ,
0 0 0 (0
= V3e Y, 53—\/—9 % - \/;e i Sy=se P4

[
\/ et \/},Ze_7x<0> 5= \/’ 81,0 \/; 30 36 3,
5= [ D LD, 7=~ VBea) and 5y =2

j)éo), respectively.

According to the inseparability criteria for CV multi-
partite entangled states proposed by van Loock and
Furusawa [14], we deduced the inseparability criteria
for the CV eight-partite linear cluster state, which are

V(D1 -%2) + V(De -2 - 23) <1, (2a)
V(e =& - T3) + V(D3 — T2 - &) < 1, (2b)
V(Ds =&z = T4) + V(Dy - T3 - &5) < 1, (20)
V(Dy = &3 = T5) + V(D5 — T4 - T6) < 1, 2d)
V(D5 - %4 = T6) + V(D6 — X5 - %7) <1, (Ze)
V(D — &5 = &7) + V(D7 - Ts — ¥g) < 1, 20

V(D7 - &6 - Tg) + V(Ds - 37) <1, (28)

where the left-hand sides and right-hand sides of these
inequalities are the combination of variances of nullifiers
and the normalized boundary, respectively. When all var-
iance combinations at left-hand sides are smaller than 1,
the eight qumodes are in an eight-partite cluster state.
The experimentally measured initial squeezing degrees
of the output fields from four PNOPAs are 4.30 + 0.07 dB
below the quantum noise level, which corresponds to
the squeezing parameter » = 0.50 £ 0.02. For our system,
the total transmission efficiency of squeezed beams are
about 87% and the detection efficiency is about 90%,
which lead to the efficient squeezing parameter is
7, = 0.30. During the measurements, the pump power
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Fig. 2. (Color online) Measured noise powers of an eight-
partite linear cluster state. The upper and lower curves in all
graphs are the normalized quantum noise level and correlation
variances of nullifiers, respectively. (a-h) are noise powers of
V(h1 - %2), V(D2 —%1 -23), V(D3 —%2 —Fy), V(Dy-T3-s),
V(D5 — &4 = %), V(Do — T5 — &7), V(D7 — X — &), and V(Ds — Z7),
respectively. The measurement frequency is 2 MHz,
the resolution bandwidth is 30 kHz, and the video bandw1dth
is 100 Hz.

of PNOPAs at 540 nm wavelength is kept at ~180 mW,
which is below the oscillation threshold of 240 mW,
and the intensity of the injected signal at 1080 nm is
10 mW. The phase difference on of the each beam-
splitters is locked according to the above-mentioned
requirements. The light intensity of the local oscillator
in all BHDs is set to ~5 mW.

The correlation variances measured experimentally

are shown in Fig. 2. They are V(P;-4») =
-2.67 £ 0.06 dB, V(py — &y — i) = -2.65 £ 0.13 dB,
V@g—i‘z—i‘4)=—252i020 dB, V(f)4—§73—i'5)=
-2.69 £ 0.09 dB, V(D5 — &y — &g) = —-2.68 £+ 0.08 dB,

V@G - @5 - @7) == —256 + 010 dB, V@'y - ‘%6 - ‘%8) =
-2.22+0.09dB, and V(pg-a7)=-2.21+0.09 dB.
From these measured results we can calculate the
combinations of the correlation variances in the left-hand
sides of the inequalities (2a)—(2g), which are 0.68 £ 0.02,
0.83 £0.02, 0.82+0.02, 0.81+0.02, 0.82+0.02
0.87 £0.02, and 0.75 4 0.02, respectively. Since all of
these values are smaller than the boundary, the prepared
eight photonic qumodes satisfy the inseparability criteria
and form an eight-partite cluster entangled state.

In conclusion, the eight-partite cluster state of
optical qumodes provide the necessary resources for
implementing a more complex one-way CVQC. Recently,
a novel hybrid quantum information processing (QIP)
protocol, which combines the advantages of both optical
qubits and qumodes, has been theoretically proposed
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[20]. The hybrid system will offer a better QIP capacity
with unitary fidelity and high success rate [21]. For prac-
tical applications, the high-performance quantum optical
devices ideally integrated on a single optical chip should
be developed. The recent improvements in the fabrica-
tion of optoelectronics and integrated optics open a door
to the prospect of optical on-chip QIP.
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