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Quantum entanglement swapping is one of the most promising ways to realize the quantum connection
among local quantum nodes. In this Letter, we present an experimental demonstration of the entanglement
swapping between two independent multipartite entangled states, each of which involves a tripartite
Greenberger-Horne-Zeilinger (GHZ) entangled state of an optical field. The entanglement swapping is
implemented deterministically by means of a joint measurement on two optical modes coming from the two
multipartite entangled states respectively and the classical feedforward of the measurement results. After
entanglement swapping the two independent multipartite entangled states are merged into a large entangled
state in which all unmeasured quantum modes are entangled. The entanglement swapping between a
tripartite. GHZ state and an Einstein-Podolsky-Rosen entangled state is also demonstrated and the
dependence of the resultant entanglement on transmission loss is investigated. The presented experiment
provides a feasible technical reference for constructing more complicated quantum networks.
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Multipartite entangled states play essential roles in quan-
tum computation and quantum networks. Cluster states, a
type of multipartite entangled states, are basic quantum
resources for one-way quantum computation [1,2]. Based
on a prepared large scale cluster state, one-way quantum
computation can be implemented by measurement and
feedforward of the measured results [3—6]. It has been
demonstrated that a local quantum network can be built by
distributing a multipartite entangled state among quantum
nodes [7-10]. If we have two space-separated local quantum
networks built by two independent multipartite entangled
states, respectively, how can we establish entanglement
between the quantum nodes in the two local quantum
networks? It has been proposed that a large scale cluster
state can be generated by the fusion of small scale cluster
states, which is completed by means of linear optical elements
[11]. The shaping of a larger cluster state to a smaller one
according to the requirement for one-way quantum compu-
tation has been demonstrated [12]. Another feasible method
of merging two multipartite entangled states into one larger
multipartite entangled state is quantum entanglement swap-
ping [13], which has been proposed to build a global quantum
network of clocks that may allow the construction of a real-
time single international time scale (world clock) with
unprecedented stability and accuracy [14].

Quantum teleportation enables transportation of an
unknown quantum state to a remote station by using an
entangled state as the quantum resource. Up to now, long
distance quantum teleportation of single photons over
100 km has been experimentally demonstrated [15-17].
Quantum entanglement swapping, which makes two
independent quantum entangled states become entangled
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without direct interaction, is an important technique in
building quantum communication networks [18-26].
Quantum entanglement swapping is also known as quan-
tum teleportation of entangled states [24]. It was originally
proposed and demonstrated in discrete-variable optical
systems [18,19], and then it was extended to continuous-
variable systems [22-26]. Recently, entanglement swap-
ping between discrete and continuous variable systems has
been demonstrated [27], which shows the power of hybrid
quantum information processing [28]. The entanglement
swapping among three two-photon Einstein-Podolsky-
Rosen (EPR) entangled states has been used to generate
a Greenberger-Horne-Zeilinger (GHZ) state [29]. However,
quantum entanglement swapping between two multipartite
entangled states, each of which involves more than two
subsystems, has not been demonstrated.

In this Letter, we present the first experimental demon-
stration of deterministic entanglement swapping between
two multipartite entangled states of light. Two multipartite
entangled states A and B, consisting of m (m > 2) and n
(n > 2) optical modes, respectively, are merged into a larger
multipartite entangled state C as shown in Fig. 1(a). In
order to establish entanglement between the two multipartite
entangled states, optical mode A; is sent to the multipartite
entangled state B through a quantum channel. A joint
measurement on modes A; and B, is implemented and then
the measured results are fed forward to the remaining optical
modes of state B. The feedforward schemes of measurement
results in classical channels depend on the types of quantum
correlation of the multipartite entangled state, which are
more complex than that for the traditional entanglement
swapping between two EPR entangled states. By quantum
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entanglement swapping, two multipartite entangled states  and the requirement is easy to be fulfilled in experi-
consisting of m and n quantum nodes, respectively, can be ~ ments [25].

merged into a new larger multipartite entangled state The X-squeezed and p-squeezed states are produced by
consisting of m + n — 2 quantum modes, since two modes  nondegenerate optical parametric amplifiers (NOPAs)
(A; and Bj) have been measured [Fig. 1(a)]. pumped by a common laser source, which is a continuous

As an example, we experimentally demonstrate the = wave intracavity frequency-doubled and frequency-
entanglement swapping between two independent tripartite  stabilized Nd: YAP/LBO (Nd-doped YAIO; perorskite -
GHZ entangled states consisting of three quantum modes  lithium triborate) laser. The output fundamental wave at
Ay, Ay, Az and By, By, Bj, respectively [Fig. 1(b)]. Each of 1080 nm wavelength is used for the injected signals of
the tripartite entangled state of optical field is obtained by ~ NOPAs and the local oscillators of homodyne detectors.
combining three squeezed states of light with —5.90 dB The second-harmonic wave at 540 nm wavelength serves as
squeezing and 9.84 dB anti-squeezing on two optical beam the pump field of the NOPAs, in which through an
splitters with transmissivity of 1/3 and 1/2, respectively intracavity frequency-down-conversion process a pair of
[30]. The amplitude and phase quadratures of an optical  sjgnal and idler modes with the identical frequency at
mode & are expressed by &, = &+ a"and p, = (@ —a%)/i, 1080 nm and the orthogonal polarizations are generated.
respectively. The correlation variances between the ampli-  Each of the NOPAs consists of an a-cut type-II potassium
tude and phase quadratures of three modes A (B;), A; (B;)  titanyl phosphate (KTP) crystal and a concave mirror. The
and Az (B;) of a tripartite entangled state are expressed by front face of the KTP crystal is coated for the input coupler
Az(JACAI(BI) - JACAZ(BZ)) =A? (J%AZ(Bz) - )ACA3(B3)) = A? (JACAI(BI)_ and the concave mirror serves as the output coupler, which
Rayy) =2¢72 and  A*(Pa(s,) + Pays,) + Pays,)) = i mounted on a piezoelectric transducer to actively lock the
3¢™%", respectively, where the subscripts correspond to  cavity length of NOPAs on resonance with the injected
different optical modes and r is the squeezing parameter  signal at 1080 nm. The transmissivities of the front face of
(r =0 and r = +oo correspond to no squeezing and the  the KTP crystal at 540 nm and 1080 nm are 21.2% and
ideally perfect squeezing, respectively). We have suggested ~ 0.04%, respectively. The end face of the KTP crystal is cut
that all three squeezed states have identical squeezing  to 1°along the y-z plane of the crystal and is antireflection

(a) Multipartite entangled state A Multipartite entangled state B Multipartite entangled state C
A A Joint B B
* f measurement ﬁ
o o W B
y
& g B o
ot 4 Nl et
(b) (©)

Power splitter

GHZ state A GHZ state

Lossy channel

A GHZ state B
X

FIG. 1. Schematic of principle and experimental setup. (a) Schematic of entanglement swapping between two multipartite entangled
states A and B. The joint measurement is performed on optical modes A; and B; coming from two multipartite entangled states A and B,
respectively. The measurement results are fedforward to the remained quantum modes of multipartite entangled state B. Then a new
multipartite entangled state C is obtained after entanglement swapping. (b) The schematic of the experimental setup for the entanglement
swapping between two tripartite GHZ entangled states. (c) The schematic of the experimental setup for the entanglement swapping between
atripartite GHZ state and an EPR entangled state. The lossy channel is simulated by a half wave plate and a polarization beam splitter. EOM,
electro-optic modulator; HD, homodyne detector. The power splitter is used to split the output photocurrent from the homodyne detector.
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coated for both 1080 nm and 540 nm [32]. The trans-
missivities of the output coupler at 540 nm and 1080 nm are
0.5% and 12.5%, respectively. In our experiment, NOPAs
are operated at the parametric deamplification situation
[32,33]. Under this condition, the coupled modes at +45°
and —45° polarization directions are the X-squeezed and
P-squeezed states, respectively [33].

The joint measurement is performed on modes A; and B
by a beam splitter and two homodyne detectors. The
measurement results are fed forward to the remaining modes
in multipartite entangled state B through classical channels,
in which G(%,, — X,) and G(p4, + pp,) are fed forward to
the amplitude and phase quadratures of mode B,, and
G(&4, — %p,) is fed forward to the amplitude quadrature
of mode B3, respectively, where G is the gain in the classical
channels [30]. The displacement operations are performed
by using electro-optical modulators (EOMs) and highly
reflecting mirrors (1:99 beam splitters). After entanglement
swapping, a new larger multipartite entangled state consist-
ing of four quantum modes (C,, C,, C3, and Cy) is obtained.

The quantum entanglement swapping between a tripar-
tite GHZ state (m = 3) and an EPR state (n = 2) is also
realized, where a new multipartite entangled state D
involving three quantum modes (D, D, and D;) is
obtained [Fig. 1(c)]. The EPR entangled state is prepared
by coupling two squeezed states of light on an optical beam
splitter with transmissivity of 1/2. The joint measurement
results on modes A, and E,, G(X,, —ig,) and G(p,,+
Pk, ), are fed forward to the amplitude and phase quad-
ratures of mode E, through classical channels [30].

The gain in classical channels is an essential exper-
imental parameter in entanglement swapping [23-25]. The
optimal gain G = 0.95 for classical channels is applied in
the experiment, which reduces the demand for the initial
squeezing at the maximal extent. Here, the unit gain is not
selected because if G = 1 the required squeezing level for
obtaining the resultant entangled state is higher than that of
G =0.95 [30].

Figure 2 shows the measured quantum correlation
variances of the output states. The quantum entanglement
among the output modes of multipartite entangled state C is
verified by the inseparability criteria for a four-mode GHZ
entangled state, which are [34]

A*(%¢, —%¢,) + A% (Pe, + P, + 91Pc, + %2bc,) < 4.
A*(%¢c, —X¢,) + A% (g3Pc, + P, + Pe, + 9abc,) < 4.
A*(R¢, —X¢,) + A% (gspc, + gePc, + Pc, + Pe,) < 4.
(1)
where ¢g; (i =1,2,...,6) is the optimal gain used to
minimize the correlation variances at the left-hand sides
of Eq. (1). The value 4 at the right-hand sides of Eq. (1) is the

corresponding boundary for inseparability. When all corre-
lation variances at the left-hand sides of Eq. (1) are smaller
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FIG. 2. The measured correlation noises of the output modes.
(a)—(f) are the correlation noises for the multipartite entangled
state C, which are A%(X¢, —%¢,) = —5.57 £0.12 dB, A*(pc,+
be,+ qibe, + gabe,) =358 £0.13dB,  A(ic, - f¢,) =
-2974+0.13 dB, Az(g3ﬁcl + [3C2 + [A7C3 + g4i7c4) = -3.61t
0.13 dB, Az(fccs—5cc4):—5.59i0.10dB, Az(gsﬁcl + gePc,+
Pe, + Pe,) = —3.71 £0.13 dB, respectively. (g)—(j) are the cor-
relation noises for the multipartite entangled state D, which are
A*(Xp, —Xp,) = —2.93+0.11 dB, A*(pp, + pp, + 97Pp,) =
-3.61 £ 0.09 dB, Az(chz—ch}):—S.59i0.13dB, Az(ggﬁD]+
Pp, + bp,) = —3.43 £0.12 dB, respectively. The red and black
lines correspond to the shot noise level and correlation noises,
respectively. Measurement frequency is 3 MHz, parameters of the

spectrum analyzer: resolution bandwidth is 30 kHz, and video
bandwidth is 300 Hz.

than 4, four modes C;, C,, C3, and C, are entangled. From
the measured results shown in Figs. 2(a)-2(f), we can
calculate the combinations of correlation variances at the
left-hand sides of the three inequalities, which are 2.10+
0.06,2.65+0.08, and 2.06+0.06 with g; =0.90, g, = 0.84,
g3 =94 =094, and g5 = g¢ = 0.88, respectively. The
satisfaction of the inseparability criteria of the four-mode
GHZ state confirms the success of quantum entanglement
swapping between two tripartite GHZ entangled states of
light.

The inseparability criteria for a three-mode GHZ
entangled state established in the entanglement swapping
between the tripartite entangled state and the EPR
entangled state are given by

A*(xp, — &p,) + A*(Pp, + Pp, + 91Pp,) < 4.
A?(xp, — &p,) + A%(gsPp, + Pp, + Pp,) < 4. (2)

where g; (j =7, 8) is the optimal gain used to minimize
the correlation variances at the left-hand sides of Eq. (2).

240503-3



PRL 117, 240503 (2016)

PHYSICAL REVIEW LETTERS

week ending
9 DECEMBER 2016

From the measured results shown in Figs. 2(g)-2(j), we
obtain the values at the left-hand sides of Eq. (2), which are
2.27+0.06 and 1.85+0.05 with g; =0.94, g3 = 0.93,
respectively. The values are smaller than 4 and thus
demonstrate the success of entanglement swapping
between the tripartite entangled state and the EPR
entangled state.

We also consider the feasibility of completing entangle-
ment swapping in a real quantum communication network.
In quantum communication, the losses and noises in
quantum channels lead to decoherence of quantum states
and the distributed entanglement will degrade (even dis-
appear) by the unavoidable decoherence. We simulate the
loss in real quantum channels by using a half wave plate
and a polarization beam splitter as shown in Fig. 1(c). The
positive partial transposition (PPT) criterion is a necessary
and sufficient condition for judging the existence of
quantum entanglement among N Gaussian optical beams,
when the state has the form of bipartite splitting with only a
single mode on one side like (1|N —1) [35-37]. We
characterize the features of quantum entanglement reduc-
tion when an optical mode is transmitted over a lossy
channel with the PPT criterion.

The PPT values are symplectic eigenvalues of a partially
transposed matrix. At the level of quadrature operators, the
partial transposition with respect to mode k (k =1, 2, 3)
corresponds to the change of sign of phase quadrature,
Dr = —Px- Symplectic eigenvalues of covariance matrix
are defined as positive roots of polynomial [y”*) —iuQ| =0,
where |A| denotes the determinant of matrix [37]. y'®) =
TyTT is the partially transposed matrix of the quantum
state, where 7 is a diagonal matrix with all diagonal

We consider a bipartite splitting of a three-mode Gaussian
state with covariance matrix y such that one party holds
mode k and the other party possesses the remaining two
modes. If the smallest symplectic eigenvalue y,; obtained
from the polynomial is below 1, the state is inseparable with
respect to the k|ij splitting.

As shown in Fig. 3, the output optical modes are
entangled if the channel efficiency is larger than 0.24 at
the present squeezing level, where the optimal gain in
classical channel is chosen to be G = 0.85 according to the
requirement of the PPT criterion. If we consider trans-
mission in a fiber with a loss of 0.2 dB/km, the achievable
transmission distance will be about 30 km. Since the optical
mode D; comes from the network B while D, and D3 come
from the network A, the PPT value of (D|D,D;) is more
sensitive to loss than other two PPT values. The output
entangled state will be more robust against loss in a
quantum channel when the squeezing of resource states
increases. For example, when the squeezing is —10.9 dB,
which has been realized by H. Vahlbruch et al. [38], the
obtained entanglement will be quite robust against loss
(dashed-line in Fig. 3). The PPT values in Figs. 3(b) and
3(c) are smaller than the boundary even when the trans-
mission efficiency in the quantum channel is zero, and this
is because the optical modes D, and D3 come from the
same local network and they are entangled initially.

In summary, we experimentally demonstrate quantum
entanglement swapping between two multipartite GHZ
entangled states. After the quantum entanglement swap-
ping of multipartite entangled states, the quantum modes,
more than two in two multipartite entangled states that
never interacted directly, become entangled. In the experi-
ment, GHZ entangled states are used as the quantum
resources for entanglement swapping. In principle, this
method may also be extended to construct large scale
cluster states, which are very useful for quantum compu-
tation. Of course, because quantum correlation in cluster
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The distributed entanglement in a lossy channel. (a)~(c) The PPT values PPT), , PPTp, and PPT,, represent the different

splittings for the (D|D,D3), (D,|DD3), and (D3| D, D,), respectively, which measure the inseparability of one mode with the other two
modes. The PPT values in a lossy channel (blue lines) are all below the boundary (red lines) when channel efficiency is higher than 0.24.
The dashed lines are the obtained PPT values with —10.9 dB squeezing, which shows that the obtained tripartite entanglement can be
robust against loss in the quantum channel. The black dots represent the experimental data. Error bars represent £1 standard deviation
and are obtained based on the statistics of the measured noise variances.
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states is different from that in GHZ states, the correspond-
ing feedforward scheme needs to be designed according to
different requirements.

The entanglement swapping between a tripartite GHZ
state and an EPR entangled state through a lossy channel
equivalent to an optical fiber of 30 km is achieved at present
squeezing level. The robustness of the distributed entan-
glement over lossy channels depends on the initial squeez-
ing of multipartite entangled states. Squeezing over 15 dB
has been experimentally generated [38], the use of which
will increase the distance of the entanglement swapping
significantly. The robustness of the distributed entangle-
ment over lossy channels can also be improved by using the
existent techniques. For example, the noiseless linear
amplification [39—41], can be used in the system to improve
the quality of entanglement swapping in a lossy channel.
When the quantum channel is a noisy channel, the noise of
which is higher than the vacuum noise, a correlated noisy
channel can be used to remove the effect of noise on
entangled states [42]. Since a local quantum network can be
established by distributing a multipartite entangled state to
different quantum nodes, the presented scheme can be used
to merge two space-separated local quantum networks into
a large quantum network.
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