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In quantum networks, residual states remaining after information processing can be valu-
able resources. Efficiently recycling these states to extract resources such as genuine multi-
partite entanglement and Einstein-Podolsky-Rosen pairs is essential for optimizing network
performance. Our work demonstrates a tripartite entanglement distillation scheme using
an eight-photon quantum platform, showcasing entanglement activation phenomena unique
to multipartite systems. We successfully generate a three-photon genuinely entangled state
from two bi-separable states through local operations and classical communication, illustrat-
ing multipartite entanglement activation. Furthermore, we extend our scheme to generate
a three-photon state capable of extracting Einstein-Podolsky-Rosen pairs from two initial
states lacking this capability, revealing a new entanglement activation phenomenon. Our
findings offer not only practical applications for quantum networks but also a deeper theo-
retical understanding of multipartite entanglement structures.

Introduction. — In the future, quantum devices would form a global network, connect-
ing remote clients through entanglement ', likely facilitated by photon transmission *. Clients
harness entanglement to carry out various information processing tasks, including quantum key
distribution >, quantum teleportation 7, and blind quantum computing ®. Upon task completion,
residual states would remain among different network nodes. Effectively recycling and convert-
ing these residual states into valuable quantum resources is key to enhancing network efficiency.
Among these resources, Einstein-Podolsky-Rosen (EPR) pairs and genuine multipartite entangle-

ment (GME), which respectively stand for the basic unit and global structure of entanglement, are



the most crucial resources for multipartite quantum tasks °~'!.

12,13

Entanglement distillation , which transforms several less-entangled states into higher-

entangled ones, is a primary technique for recycling resources. However, existing bipartite en-

tanglement distillation schemes 13

may prove inadequate for handling general residual states
in quantum networks, where quantum tasks generally involve multiple nodes. Moreover, com-
pared with bipartite systems, certain distinguishing properties of multipartite entanglement could
promise novel resource recycling approaches '%!7. Entanglement activation, which shows that cer-
tain entanglement resources can be created by collecting multiple states without these resources,

is a unique feature in multipartite systems '8!

Unlike in the bipartite systems, entanglement
activation promises one to harvest something useful out of “nothing”. To take advantage of ac-
tivated entanglement resources, developing an effective multipartite distillation scheme is critical

for resource recycling in quantum networks.

Multipartite entanglement distillation demands sophisticated multiphoton entanglement ma-
nipulation techniques. The spontaneous parametric down-conversion (SPDC) system stands out as
the most mature quantum platform for preparing and manipulating multiphoton entangled states

in multipartite quantum tasks %°.

However, the inherent probabilistic nature of the SPDC pro-
cess gives rise to double-pair emission noises, which would introduce spurious contributions to
experimental results. Such noise is a particularly notorious problem in entanglement distillation

experiments and becomes more intricate as the photon number increases '+ 1°.

In this work, by delicately designing the entanglement distillation network into a crossed
structure, we realize a tripartite entanglement distillation scheme which can filter out unwanted
double-pair emission noises. Applying this scheme, we experimentally realize the entanglement re-
cycling for multiphoton states and demonstrate two entanglement activation phenomena as sketched
in Fig. 1. We first experimentally generate a three-photon genuinely tripartite entangled state from
two copies of three-photon states without GME, demonstrating GME activation. In addition to
GME, we define the stochastic localizable entanglement (SLE) to describe the ability to extract
EPR pairs from given multipartite states through local operations and classical communication
(LOCC) 2122, Through experimentally applying an additional single-photon measurement to the
tripartite distillation scheme, we observe that SLE can also be generated by collecting two copies
of states without SLE, showing a new entanglement activation phenomenon. To confirm our ex-
perimental findings, we theoretically derive the existence criterion for SLE and certify the SLE

activation phenomenon.
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Figure 1: Schematic of two types of entanglement activation in tripartite systems. Red dots
represent photons, and overlapping shaded areas indicate entanglement shared among subsystems.
a, Genuine multipartite entanglement activation. GME can be activated by collecting two bi-
separable tripartite states to form a new tripartite state. One can further perform tripartite distil-
lation to recycle the resources. We use the common overlap of three shaded areas in deep blue
to represent GME. b, Stochastic localizable entanglement activation. For some tripartite states,
any LOCC localization protocol, such as measuring some subsystem, results in bipartite separable
states shared between two subsystems. These resultant bipartite separable states, represented by
two shaded areas without overlap, contain no resources for quantum networks. Similar to GME
activation, when two copies of such tripartite states are collected, SLE can be activated and entan-

glement localization becomes possible.
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Figure 2: Schematic of tripartite distillation scheme and experimental setup. Blue and red
areas represent the processes of preparing initial states, and orange areas represent distillation
operations. a, Schematic of the tripartite entanglement distillation scheme. b, Schematic of the
state preparation and distillation network for tripartite Werner states. ¢, Detailed experimental
setup. Each to-be-distilled Werner state is independently prepared with two EPR sources. Three
stepper motors are employed to drive a PBS and two HWPs to prepare different components of
the Werner state. PBS3;, PBS,, and PBS; are employed to realize the distillation operation by
overlapping photons from two to-be-distilled states. The QWP-HWP-QWP combination after PBS
is used to compensate for phase loss between two photons after interference on PBS. C-BBO:
combination of S-barium borate crystals; SC-YVO,: YVOy crystal for spatial compensation; TC-
YVO,: YVO, crystal for temporal compensation, HWP: half-wave plate; QWP: quarter-wave
plate.



Experimental Scheme and Setup. — Based on previous advancements in entanglement dis-

12,13

tillation , we develop a tripartite distillation scheme, shown in Fig. 2. The initial states of the

distillation scheme, p; and p-, are prepared in three-qubit Werner states

s = p | GHZYCHZ | + (1 p) 2, 1)
where [GHZ3) = (|000) + [111))/v/2 and & is the three-qubits maximally mixed state. Werner
states can reflect the influence of unpredictable noise on quantum resources in networks and have a
clear entanglement structure which would benefit the experimental demonstration of entanglement
activation. By encoding |0) and |1) in the horizontal and vertical polarizations of photons, |H)
and |V'), the entanglement distillation can be achieved using the parity check function of polar-
izing beam splitter (PBS, transmitting |H) and reflecting |V')) '*!4. The overview of distillation
procedures is shown in Fig. 2a. After the distribution of two initial states, labeled by a;-b;-c; and
as-bs-co, to Alice, Bob, and Charles, each of them introduces the two photons to a PBS and only
keeps events where photons are emitted from both outputs of the PBS. Subsequently, each client
performs the Pauli-X measurement on one of the two output photons, such as as-bs-c4, and com-
pares measurement outcomes with others. If an even number of states |—) = (|H) — |V))/v/2 is
registered, they keep the remaining photons, as-bs-cs; otherwise, one of them applies the phase-flip
operation to the remaining photon. After these procedures, the distilled state will acquire higher
entanglement than the initial states.

Figure 2b sketches the Werner state preparation and entanglement distillation network within
the linear optical platform. Each Werner state is prepared from two EPR pairs, generated via SPDC
processes. Taking p; as an example, two photons from EPR; and EPR; are overlapped on PBS; to
prepare a four-qubit GHZ state |GHZ,) = (|H,, Hy, H, Hy,) + |Va, Vi, Vo, Vi, )) /+/2. Based on this
state, three stepper motors are employed to prepare the three-qubit GHZ state and the maximally
mixed state. One stepper motor randomly inserts a PBS into the light path of photon t; with a
probability that depends on the parameter p of the target Werner state. When the PBS is in the
light path, the heralding photon t; will be projected to |[+) = (|H) + |V'))/+/2 and photons a;-
b;-c; will be triggered to the |GHZs3) state. When the PBS is out of the light path, the other two
stepper motors will randomly insert two half-wave plates into the light paths of photons a; and b;
to prepare the maximally mixed state %. The movements of three stepper motors are not recorded,
so that we can achieve the mixture of these two components in Eq. (1) and prepare the desired

Werner state 2>24,

In practice, SPDC processes lead to the same-order double-pair emission events, where some



EPR sources yield two photon pairs while some yield no photons. Such events may also be reg-

1415 To filter out such

istered and deviate the experiment from a faithful distillation procedure
events, the subsequent entanglement distillation network is delicately designed in a crossed struc-
ture. Therein, the heralding photons t; and t, ensure that both EPR; and EPR, sources generate
exactly one photon pair; the arrangement of distillation PBSs makes sure that the double-pair
emission of EPRs; or EPR3 cannot let all detectors respond, and the corresponding event is thus
not recorded. This filtering strategy proves to be effective when preparing any component of the

Werner state by introducing half-wave plates.

The detailed experimental setup is depicted in Fig. 2c. Four EPR sources are realized by
successively targeting a beam of the pulsed ultraviolet laser through four sandwich-like combina-
tions of 3-barium borate crystals >-2°, The pump laser is set with the central wavelength of 390
nm, repetition rate of 80 MHz, pulse duration of 150 fs, and pump power of 500 mW. For down-
converted photons, to remove frequency distinguishability while maintaining a high counting rate,
band-pass filters with the full width at half maximum of AXA = 4 nm are applied. As a result, the
average counting rate of each EPR pair is 199,000 per second, and the average fidelity is 0.965.
Photons from different EPR sources are finely adjusted to achieve temporal and spatial overlaps
on distillation PBSs, leading to the Hong-Ou-Mandel-type interference. Consequently, fidelities of
|GHZ3) states prepared on a;-b;-c; and as-bs-co reach 0.833 and 0.837, respectively; the interfer-
ence visibilities of PBS3, PBS,, and PBS5 used for distillation operation reach 79.6%, 78.8%, and
78.1%, respectively.

Results. — For Werner states, their GME can be determined using the entanglement witness
16

W = %Hg — |GHZ3)XGHZ3/, (2)
which is equivalent to deciding whether the fidelity F' = (GHZ;| p |GHZ3) exceeds 0.5. Besides,
the preparation of GHZ states is crucial for many multiparty quantum information tasks. Thus, we
adopt F’ as the target quantity to demonstrate the performance of our distillation scheme. Fig. 3a
presents GME distillation results with Werner states of various values of p. Due to imperfections in
state preparation, the prepared states deviate from the ideal Werner states, as depicted by blue and
red lines in Fig. 3. Such imperfections also appear in real-world noisy quantum networks. Despite
the deviation, the distillation operation exhibits significant improvements in fidelities, demonstrat-
ing the effectiveness of the distillation scheme. Taking states with p = 0.6 as an example, we
generate a state with a fidelity of 0.612(31) from two less-entangled states with fidelities of 0.544
and 0.532.
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Figure 3: Experimental results. Blue solid lines are fidelities between ideal Werner states and
|GHZs) state. Red solid lines are fidelities of initial states simulated using the knowledge of noises
in state preparation. Blue and red shadowed regions represent ranges of entanglement activation. a,
Experimental results of the tripartite GME distillation. The blue and red dashed lines are calculated
in the assumption of perfect distillation. Due to unpredictable noises in the state preparation and
distillation, experimental results have certain deviations from simulated lines. The phenomenon
of GME activation is demonstrated by states with p = 0.5, where the fidelity exceeds the GME
threshold after distillation. b, Experimental results of the tripartite SLE distillation. The blue
and red dash-dotted lines are calculated in the assumption of perfect distillation and localization
with Pauli- X measurement. Triangles are fidelities of two-photon states extracted by individually
localizing two initial states. Diamonds are fidelities of two-photon states extracted by tripartite
distillation followed by localization. For two-photon states after the localization operation, their
y-coordinate values represent fidelities with the EPR pair. States with p = 0.5 show that the local-
ization operation can extract EPR pairs from noisy states without GME. States with p = 0.4 and
p = 0.36 show the existence of states that can be used to extract EPR pairs only with the assistance
of tripartite distillation. The right column of the inset provides another interpretation of our exper-
iment procedure, a larger localization operation followed by the bipartite entanglement distillation.
During the entire experiment, the operations of Charles are equivalent to a two-photon entangled
measurement, which is independent of Alice and Bob. This entangled measurement localizes the
whole state into a four-photon and bipartite entangled state. Based on the measurement result of
Charles, Alice and Bob perform a bipartite entanglement distillation on their remaining state to
extract the EPR pair.



For states with p = 0.5, the fidelities of the two initial states are 0.463 and 0.464, suggesting
the possible absence of GME. After distillation, the fidelity is increased to 0.572(23), exceeding
the GME threshold of 0.5 by more than three standard deviations. Since the distillation scheme
employs solely LOCC protocols, which cannot generate GME from bi-separable states, this result
provides experimental evidence for the activation of GME. To establish this conclusion rigorously,
it is crucial to ensure the absence of GME in initial states, as noise in state preparation can sig-
nificantly weaken the effectiveness of the entanglement witness ’. For this purpose, we perform
state tomography on two initial states. The tomographic data is shown in Supplementary Infor-
mation. Based on the tomographic data and knowledge of the noise, we conduct two additional

tests, namely, the GME concurrence 2%

and the tripartite positive partial transposition criterion
30.31 The results suggest the absence of GME in initial states, confirming the occurrence of GME
activation. For the states with p = 0.4 and p = 0.32, although clear improvements in fidelities are
also observed after distillation, their fidelities do not exceed 0.5. This shows that the activation of

GME only exists in a narrow range.

In addition to GME, a multipartite state can possess other types of resources, like the ability
to extract EPR pairs between different quantum network nodes. Such ability can be regarded as a

basic property for an arbitrary multipartite mixed state defined as follows.

Definition (Stochastic Localizable Entanglement). A multipartite state p possesses stochastic SLE
on subsystems A and B if and only if there exists a protocol with LOCC and post-selection on

measurement results that transforms p into a bipartite entangled state shared between A and B.

A direct corollary of this definition is that, similar to GME, SLE cannot be generated from
any state without SLE through LOCC, as its definition already considers all possible LOCC proto-
cols. Although lacking GME, some states in our experiment possess SLE, such as two initial states
with p = 0.5, which means we can localize their entanglement into some subsystems and extract
useful resources like EPR pairs. For an ideal three-photon Werner state, measuring one photon
in Pauli-X basis is one of the optimal entanglement localization approaches. In our experiment,
by projecting photons of Charles to |+) or |—) state, fidelities between the remaining two-photon
states and EPR pair both exceed the bipartite entanglement threshold 0.5, as shown by two triangles
of p = 0.5 in Fig. 3b.

Entanglement localization can be assisted by the tripartite distillation. As indicated by two
triangles at p = 0.4, the localization operation fails to extract EPR pairs from both initial states

with p = 0.4. Nevertheless, by adding the tripartite distillation operation on two initial states

8



before the localization operation, the fidelity between the final two-photon state and the EPR pair
exceeds 0.5. This process is indicated by the green arrow followed by the blue arrow. Therefore,
we experimentally observe that the tripartite distillation enables the ability to extract EPR pairs.

Considering the deviation between experimentally prepared states and the ideal Werner state,
measuring in Pauli-X basis may not be the optimal way to localize entanglement. Therefore,
the failure of a specific localization operation cannot deny the existence of SLE, which should
consider all possible localization protocols. To verify SLE of a given state, we derive a criterion in
Methods section to reduce the search over all LOCC protocols to a much smaller set of localization
operations, which only involves projective measurements. With this criterion, for initial states
with p = 0.36, we confirm the absence of SLE using their tomographic data. After distillation
and localization, we observe the fidelity between the remaining two-photon state and EPR pair
exceeds 0.5. Considering that LOCC cannot create SLE, the experimental result indicates a new

entanglement activation phenomenon.

Observation (SLE Activation). SLE can be activated by collecting multiple copies of a state with-
out SLE.

Inspired by this experimental observation, we adopt the ideal Werner state to theoretically

prove the existence of SLE activation, shown in Supplementary Information.

Discussion and Outlook. — In this work, we have constructed a tripartite entanglement
distillation network in an eight-photon linear optical platform, demonstrating two multipartite en-
tanglement activation phenomena. SLE activation is first proposed and experimentally observed
in this work, which provides a new direction for recycling resources. An essential consequence of
SLE activation is that the amount of resources extracted from a given multipartite state may depend
on the order of operations. For example, for states with SLE activation, performing entanglement

localization before distillation may even destroy all entanglement resources.

Concepts of SLE and SLE activation also provide new viewpoints for understanding entan-
glement structure in multipartite systems. SLE extends concepts of entanglement of assistance *
and localizable entanglement >3 and provides the object for these two quantifiers. Although SLE
seems to represent a lower level of multipartite entanglement, Ref. ** found a genuine multipartite
entangled state, which has no SLE according to our criterion and shows the independence of SLE
and GME. In the context of higher-dimensional multipartite states, SLE is not equivalent to the

ability to extract EPR pairs due to the existence of bound entanglement *°. Thus, it is worth further

9



modifying the definition of SLE to adjust various tasks. It has been proved that, for multipartite
states with specific properties, GME can always be activated by collecting sufficient copies °.
Finding the conditions for SLE activation is still an intriguing open problem.
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Methods

Genuine multipartite entanglement. — Genuine multipartite entanglement represents the global en-
tanglement among all subsystems and is the highest level of multipartite entanglement 7. Specifi-
cally, an N-partite state p is said to be genuinely multipartite entangled iff it cannot be decomposed

as
=2 D PPy ©
gC[N] 1
where ¢ denotes a nontrivial subset of the N parties, g = [N]| — ¢ is the complementary of g,

{p},}4.i is a probability distribution satisfying 3 ;p, = 1 and p; > 0, p} and p} are quantum
states defined on systems g and g. When N = 2, this definition reduces to the definition of
bipartite entanglement.

Certification of SLE. — By definition, certificating SLE of a given state needs to ensure an LOCC

10



operation with post-selection, i.e., a stochastic LOCC (SLOCC) operation, which can extract local

bipartite entanglement from the state. An N-partite SLOCC operation can be written as

i i i i \T
A(P):Z(K1®"'®KN):0(K1®“‘®KN)a 4)
where K = K! ® --- @ K} is the Kraus operator satisfying >, KTK? < I. As searching over
all SLOCC operations is extremely challenging, we use the following theorem to reduce it into an
easier search problem.

Theorem (SLE Verification Criterion). An N-partite state p possesses SLE on subsystems A and
B if and only if there exists a pure tensor state [¢p) = Q) a5 |1y) defined on the complementary

set AB, such that pap = % is an entangled state.

Proof. If pap defined above is entangled, one can perform POVM measurements { |, )(1,|, I —
|1y )1y}, on all the other subsystems. After measurement, p4p is kept only when other sub-
systems get results of {|1,)(1y|},. Through this SLOCC protocol, one successfully produces

PAB = tr&i‘pf;‘)m))’ where [¢)) = &),ca5[¥y), from p and the entanglement of pap shows that p
indeed has SLE.

By definition, if p has SLE on subsystems A and B, there exists an SLOCC operation with
separable Kraus operators { K’ = Ky ® K ® - - - }; such that
trap(20; K'pK™) _ 3 trp(K'pK™) 5)
tr(zj ijKfT> i tr(Ej ijKjT>
is an entangled state on A and B. As the set of separable states is convex, there exists at least one
Kraus operator K = ) K, such that

g€[N]

tryp (KpKt)  (Ba® Kp)trgg K@geﬁ Kg) p <®geﬁ KJ)} (Ka® Kp)t

tr (KpKT) - tr (KpKT) ©

is an entangled state. As SLOCC cannot activate bipartite entanglement, this means that
trag [(@ geas IS, g) p <® gean &K, g )] is an unnormalized entangled state. According to the singu-

vf,g ><ugg where \/)\f;’ > 0is

the singular value of K, {|u;, )}; and {|v;, )}; are sets of mutually orthogonal states. Substituting

o . . g
lar value decomposition, we can decompose K, as Ky, = > .1/ g

11



the singular value decomposition, we have

tragm ®Kg p ®Kg

gc€AB gEAB
_ g \Jg /g |09 ® ig ® g
= 220 | 1L v oprley) (gl | o | & [ )
geﬁigng geﬁ geﬁ geﬁ
— ig ig ig
= I ) | @ il || & )|
QEE ig QEE geﬁ QEE

v;"> = 0ij. As [[,cam Mg > 0, if the state in Eq. (7) is

)7 (@

where we use the property of <vf,“’

entangled, at least one element in the summation, (@g A <uff’ “;g >> ,1s entangled.

This concludes our proof.
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