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Quantum networking relies on entanglement distribution between distant nodes, typically realized
by swapping procedures. However, entanglement swapping is a demanding task in practice, mainly
because of limited effectiveness of entangled photon sources and Bell-state measurements necessary
to realize the process. Here we experimentally activate a remote distribution of two-photon po-
larization entanglement superseding the need for initial entangled pairs and traditional Bell-state
measurements. This alternative procedure is accomplished thanks to the controlled spatial indis-
tinguishability of four independent photons in three separated nodes of the network, which enables
us to perform localized product-state measurements in the central node acting as a trigger. This
experiment proves that the inherent indistinguishability of identical particles supplies new standards
for feasible quantum communication in multinode photonic quantum networks.

I. INTRODUCTION

Distributing quantum entangled states among nodes
of a compound quantum network is the key process to
implement large-scale and long-distance quantum infor-
mation and communication processing [1–9]. An estab-
lished process to achieve this goal is provided by the so-
called entanglement swapping, that entangles quantum
particles which never mutually interact [10–17]. In this
procedure the particles are spatially distinguishable and
individually addressed by local operations and classical
communication. Two initial entangled pairs of particles
are thus required followed by Bell-state measurements
(BSM) performed on two particles chosen each from a
distinct pair, which finally leave the remaining two par-
ticles remotely entangled.

Implementation of entanglement swapping procedures,
realized with different physical systems, such as photons
[11, 18–21], atoms [22–24], diamond nitrogen-vacancy
centers [25], and quantum dots [26–28], has to face some
drawbacks. On the one hand, entangled photon pair
sources have typically limited efficiency, especially for
those generated at low rate by spontaneous paramet-
ric down conversion (SPDC) [29]. On the other hand,
BSM are usually challenging to be realized with high
performances [30–35]. One way to overcome these hur-
dles consists in obtaining technological improvements of
the employed devices to increase generation and detec-
tion efficiency [36]. Differently, one can think of a more
fundamental route aiming at designing alternative meth-

ods which exploit and control inherent properties of the
compound distributed system, such that their implemen-
tation is ultimately less demanding. In this work we fol-
low the latter route, individuating in the spatial indistin-
guishability (SI) of identical particles the basic quantum
property suited to the scope.

Identical subsystems (e.g., photons, electrons, atoms
of the same species) are typically the basic constituents
of compound quantum systems [37–40]. Moreover, pro-
posals with identical particles serving as quantum re-
source in optical and cold atom systems have been pro-
vided [41–49]. An operational framework to measure
spatially indistinguishable (individually unaddressable)
particles and generate entanglement is provided by spa-
tially localized operations and classical communications
(sLOCC) [49]. The sLOCC framework has been recently
utilized experimentally with photonic setups [50, 51], to
realize teleportation [50], phase discrimination [52] and
direct measurement of the exchange phase [53], avoiding
a physical particle exchange [54, 55]. It is thus natu-
ral to proceed along this path for realizing entanglement
distribution processes alternative to entanglement swap-
ping. Seeing the main issues of the standard entangle-
ment swapping protocol mentioned above, it would be
especially desirable to avoid the need for initial entan-
gled pairs and possibly simplify the type of required final
measurements. As suggested by recent theoretical studies
[56], such a change to experimental entanglement distri-
bution processes can be pursued by directly utilizing the
intrinsic SI of identical particles which leads the particles
in the intermediate node are not distinguishable. Pho-
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FIG. 1. Theoretical scheme. Sources I and II generate
two pairs of independent photons with opposite polarizations
↑ and ↓ which are sent to the spatially separated nodes R,
M and L. Spatial modes of the particles coming from Source
I (II) are adjusted to make them overlapping in nodes R,
M (M, L). By performing local counting in each node and
state measurements in the central node M, the photons in the
remote nodes R and L get entangled.

tons are particularly promising to this purpose due to the
possibility to control the spreading of their wave packets
towards separated sites, which in turn rules the degree of
their spatial overlap at the nodes of interest. Based on
this property, a method for achieving entanglement only
by means of adjusting the SI between single-photons has
been proved to be feasible [50].

Here we experimentally demonstrate heralded distri-
bution of two-photon polarization entanglement between
two remote nodes in a three-node quantum network with-
out requiring initial entangled pairs and BSM. We employ
four independent polarized photons whose wave packets
are sent to three spatially separated nodes of the net-
work and then measured by sLOCC. Suitably engineer-
ing the SI of photons in the nodes, we can perform lo-
calized product-state measurements (LPSM) in the cen-
tral node which act as a polarization entanglement cat-
alyst between the remote (extreme) nodes. Indeed, this
is achieved just because we are running the experiment
with indistinguishable particles. Besides its conceptual
novelty, the key advantage of this process is that it sim-
plifies the task of distributing entanglement, supersed-
ing the drawbacks encountered in the standard entan-
glement swapping with distinguishable particles during
the initial preparation and the final measurement stages.
The procedure, involving just single-photon sources, thus
supplies advance in multinode quantum information and
communication protocols.

II. THEORETICAL BACKGROUND

We consider a quantum network with three nodes,
named R, M and L, and four initially independent (un-
correlated) photons. The aim is to distribute polarization

entanglement between nodes R and L through an entan-
glement swapping-like procedure activated by controlling
SI of the photons in the three nodes and sLOCC mea-
surements.

Let us take two independent-photon sources, denoted
as Source I and Source II in Fig. 1. Each source emits two
uncorrelated photons with opposite pseudospins (e.g.,
polarizations) ↑ and ↓. One photon from Source I,
with pseudospin ↑, is sent towards two spatially sepa-
rated nodes R and M, giving the spatial mode |α〉 =
a |R〉 + b |M〉 (|a|2 + |b|2 = 1): the spatial wave function
can thus be written as a coherent superposition on the
basis of nodes R and M. The other photon from Source
I, with pseudospin ↓, is prepared in the spatial mode
|α′〉 = a′ |R〉+b′ |M〉 (|a′|2+|b′|2 = 1). Analogously, parti-
cles from Source II are prepared in |β〉 = c |M〉+d |L〉 with
pseudospin ↑, and |β′〉 = c′ |M〉 + d′ |L〉 with pseudospin
↓ (|c|2+ |d|2 = |c′|2+ |d′|2 = 1). Notice that |α〉, |α′〉, |β〉
and |β′〉 overlap in the central node M in which the parti-
cles cannot be distinguished in the spatial degree of free-
dom. As a result, the initial four-photon (unnormalized)
state, expressed in the no-label formalism [57, 58] (see
Appendix A for details), is |Ψ(4)〉 = |α ↑, α′ ↓, β ↑, β′ ↓〉.
The spatial overlaps in separated nodes are maximized
to optimally exploit the effects of SI. Via sLOCC, lo-
cally counting two photons in the shared central node M
and one photon in R and L (including classical commu-
nication of the outcomes), one obtains with a predicted
success probability of 6/25 (see Appendix B for details),
the post-selected state [56]

|Ψ(4)
PS〉 =

(

|ΨM,Ψ
+
RL〉+ |Φ+

M,Φ
+
RL〉 − |Φ−

M,Φ
−
RL〉

)

/
√
3,
(1)

where |ΨM〉 = |M ↑,M ↓〉 and |Φ±
M〉 = (|M ↓,M ↓〉 ±

|M ↑,M ↑〉)/
√
2 are Bell states in the M-subspace associ-

ated respectively to Bell states shared between R and L,
namely |Ψ+

RL〉 = (|R ↑,L ↓〉+|R ↓,L ↑〉)/
√
2 and |Φ±

RL〉 =
(|R ↑,L ↑〉 ± |R ↓,L ↓〉)/

√
2. Thus, two-photon polariza-

tion entanglement between remote nodes R and L is fi-
nally activated by distinguishing states |ΨM〉, |Φ+

M〉 (each
occurring with probability 1/3) on site M. Furthermore,
replacing photons with fermionic particles, the post-

selected global state in Eq. (1) would become |Ψ(4)
PS,f〉 =

|ΨM,Ψ
−
RL〉 (|Ψ−

RL〉 = (|R ↑,L ↓〉 − |R ↓,L ↑〉)/
√
2) with a

success probability of 2/9 [56], where states |Φ±
M〉 vanish

due to Pauli exclusion principle. We point out that here
the entangled state between R and L is obtained with cer-
tainty after postselection, with no further measurements
required. Note that here, the entangled state between R
and L could be determinately obtained.

Notice that these nodes remain unconnected during all
the process and their entanglement catalyst is a localized
state measurement in the central node M. This crucial
role of the node M is made possible by SI of identical par-
ticles, inherently establishing accessible quantum correla-
tions between separated couples of independent photons
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FIG. 2. Experimental setup. Two photons from the same
Source I (or II) with opposite spins respectively engineered
and sent to nodes R and M (or M and L). Each of nodes R
and L consists of one beam displacer (BD) and a polarization
analysis unit made of a quarter-wave plate (QWP), a half-
wave plate (HWP), and a polarized beam splitter (PBS). Two
photons before node M pass the beam splitter (BS) whose one
output is blocked by a shutter and the other output is manipu-
lated by a second BS and polarization analysis unit. Then, the
localized product-state measurement (LPSM) is performed in
node M by projecting two arms (1 and 2) on different product
states to activate entanglement distribution between R and L
nodes with coincidence count of the signals from single-photon
detectors (SPDs). And parts A, B and C are three movable
platforms for adjustments of delay.

with no need of initial entangled pairs [49, 50]. Also, we
shall prove below that one can discriminate among the
three M-subspace states by simple product-state mea-
surements, so eluding BSM.

III. EXPERIMENT

The setup of our experiment is displayed in Fig. 2. The
pulsed ultraviolet beam (central wavelength at 400nm)
consecutively passes through two beamlike type-II BBO
crystals, delivering two pairs of photons with indepen-
dent spatial wave functions via SPDC [59], respectively
noted as Source I and Source II. Both sources produce
two independent photons with opposite polarization |H〉
(horizontal, |↑〉) and |V 〉 (vertical, |↓〉) in the initially
product states |H〉 ⊗ |V 〉 (see Appendix C for experi-
mental verification). The four product photons are then
collected by single-mode fibers. In principle, four inde-
pendent single-photon sources could be used to start the
process. Here, the two BBO crystals are conveniently
employed to generate independent product photons not

requiring entangled pairs.

The four independent photons first pass the group of a
half-wave plate (HWP), a polarized beam splitter (PBS),
and another HWP at 45◦ to ensure unvaried polarization
(see dashed ellipse in Fig. 2). Each group independently
distributes the photon to remote nodes R, M (Source I),
and M, L (Source II). Two photons from the same Source
have a 3 mm vertical deviation and meet together after
a beam displacer (BD) in the detection node (i.e., spa-
tial overlap at every node). Polarization analysis units
(PAUs) perform spatial local operations (sLOs) at corre-
sponding nodes, while a coincidence device (CD) is used
to handle the classical communication (CC). In addition,
an interference filter (not shown) with the full width at
half maximum of 3 nm is placed before each single-photon
detector (SPD). This all-optical setup has been designed
to be as complicated as required to analyze the underly-
ing physics, but not more.

Firstly, the Hong-Ou-Mandel (HOM) interference [60]
is performed to characterize the degree of temporal indis-
tinguishability among photons. Results show that pho-
tons from two sources are generated with visibilities of
0.9734 ± 0.0032 and 0.9593 ± 0.0045, respectively. In-
distinguishability among three nodes is observed with the
interference dip of two photons overlapped via a beam
splitter in node M while the other sides (nodes R and L)
are treated as triggers, with a visibility of 0.8436±0.0405.
All the value of the above visibilities are calculated in-
cluding the limiting factors from accidental coincidence
counts and multi-photon excitation, see Appendix C for
more details. These procedures ensure the four indepen-
dent photons of network are all indistinguishable.

The desired photon state from Sources I and II is pre-
pared as |αH,α′V, βH, β′V 〉. By tuning the angle of the
corresponding HWP before the input PBS, we can change
the probability amplitudes of the photons. To maximize
the SI of the photons in nodes R, M, and M, L, we set
|α〉 = |α′〉 = (|R〉+|M〉)/

√
2, |β〉 = |β′〉 = (|M〉+|L〉)/

√
2.

This means a photon is sent to nodes R, M or L with bal-
anced probability, allowing maximal success probability
of entanglement activation between R and L (find more
details in Appendix D).

The theoretical analysis demands only one spatial
mode in the central node M to implement the local count-
ing. To satisfy this requirement, the two paths before
node M are combined together via the first beam split-
ter with one side blocked and the other sent for prod-
uct measurement, as shown in Fig. 2, allowing us to ex-
ploit the spatial indistinguishability of photon particles.
This local counting procedure requires to distinguish all
three possible two-qubit states in Eq. 1, which is fulfilled
by performing LPSM in node M to deal with this one-
node case. However, inherently different from LPSM, the
BSM, which is usually used to realize the standard en-
tanglement swapping with projecting the outputs on the
Bell states between two intermediate nodes, handles the
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FIG. 3. Heralded remote entanglement. Real and imaginary part of the reconstructed density matrix ρ between nodes R
and L after remote entanglement distribution. The predicted states between R and L are, respectively, |Ψ±

RL
〉 = (|RH,LV 〉 ±

|RV,LH〉)/
√
2 in panels a, b and |Φ±

RL
〉 = (|RH,LH〉 ± |RV,LV 〉)/

√
2 in panels c, d.

two-mode case in which there are two separated spatial
modes before the measurement stage [11, 18]. It is also
worth to mention that the hyperentanglement involving
multiple degrees of freedom is able to achieve complete
and deterministic Bell-state measurement [61]. Here, the
LPSM is realized by splitting the one spatial mode into
two outputs “1” and “2”, as shown in Fig. 2, and then
projecting two outputs on a product basis to distinguish
three states of Eq. 1 . Then we could activate the en-
tanglement between the remote and unconnected nodes
R and L via the LPSM.

The detailed process is introduced as follows. By plac-
ing another BS in the node M to split the beam into two
paths “1” and “2”, the state |ΨM〉 becomes (|H1, V2〉 +
|V1, H2〉 − i |H1, V1〉 + i |H2, V2〉)/2 considering the ef-
fect of the first BS. Because of the role of post-selection
measurement, the state |ΨM〉 effectively transforms into
|Ψ′

M〉 = (|H1, V2〉 + |V1, H2〉)/
√
2. Similarly, states |Φ±

M〉
would turn into |Φ′±

M 〉 = (|H1, H2〉±|V1, V2〉)/
√
2 (see Ap-

pendix E for details). The LPSM enables to distinguish
three states |Ψ′

M〉 and |Φ′±
M 〉 by setting appropriate prod-

uct measurements on the two outputs of M node, where
two of these three states vanish while the other one is
nonzero, e.g., measuring the product state |H1〉 ⊗ |V2〉
(or |V1〉 ⊗ |H2〉) in node M, the outputs of |Φ′∓

M 〉 are zero
while outcomes of |Ψ′

M〉 would exhibit coincidence at two
final detectors in M. Notably, the output signal of node
M is the twofold coincidence count of detectors placed on
paths “1” and “2” in LPSM, and then it is further used
to coincide with outputs from L and R. Thus, the three-
node coincidence from M, L and R (which is actually a
fourfold coincidence) is used for tomography of entangle-
ment distributed between nodes R and L. Additionally,

TABLE I. Experimental results of density matrices between
nodes R and L after entanglement distribution, consisting of
data of fidelity F and concurrence C.

state F error-bar C error-bar

|Ψ+

RL
〉 0.8392 0.0381 0.7416 0.0737

|Ψ−
RL

〉 0.8731 0.0228 0.7842 0.0473

|Φ+

RL
〉 0.8524 0.0231 0.7261 0.0766

|Φ−
RL

〉 0.8236 0.0371 0.7598 0.0903

if the two photons from one source (I or II) both arrive
at the node M where the three-node coincidence is not
available, this leads to the failure of activation of entan-
glement between node R and L even if the output of M
would still have count.

Placing node M on different bases, we separately pick
|Ψ′

M〉, |Φ′+
M 〉, and |Φ′−

M 〉. Depending on the outcome, two
remote and unconnected nodes R and L eventually share
entangled states |Ψ+

RL〉 = (|RH,LV 〉+|RV,LH〉)/
√
2 and

|Φ±
RL〉 = (|RH,LH〉 ± |RV,LV 〉)/

√
2.

On the other hand, the only distributed entangled state
|Ψ−

RL〉 reached for fermions, can be directly achieved in
our setup by adding a relative phase π on either R or
L node provided that |Ψ′

M〉 is measured in M. In the
actual experiment, the additional phase π is applied to
node R (implying |α′〉 = −a′ |R〉+ b′ |M〉). Node M is in
the measurement basis {|H〉 , |V 〉} to pick |Ψ′

M〉 and the
obtained state |Ψ−

RL〉 is given by the experimental density
matrix in Fig. 3b. Alternatively, if no additional phase
is added, |Ψ−

RL〉 can be produced by a local σz operation
on either R or L node after picking |Ψ′

M〉.
The experimental data of these outputs are given in

Fig. 3 and Tab. I (not subtracting accidental coincidence
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counts), reporting the fidelity F = Tr[
√
ρthρexp

√
ρth] (ρth

and ρexp being, respectively, the theoretical state and the
experimental state) and the concurrence C [62, 63] to
quantify the actual entanglement [64]. All the results are
higher than the classical fidelity limit 2/3 [65]. Thus, be-
cause of photon SI, the sLOCC procedure here performed
(local particle counting, product-state measurements and
coincidence) allows one to generate nonlocal entangled
states shared by remote nodes R and L.

IV. DISCUSSION.

We have reported the experimental realization of her-
alded entanglement distribution between separated dis-
tant nodes activated by controlling SI of four independent
photons in a three-node quantum network. The setup has
been suitably designed to efficiently realize the process
via sLOCC at nodes R, M, and L. Specifically, we have
implemented sLO and LPSM in a central node M and
single-photon counting in nodes R and L, where photons
have to be remotely entangled (together with coincidence
measurements, i.e., CC), experimentally confirming pre-
vious theoretical predictions [56].

Differently from standard entanglement swapping pro-
tocols with distinguishable particles and LOCC, neither
initial entangled photon pairs nor BSM are needed in our
quantum network when realizing the remote entangle-
ment distribution via sLOCC. The four initial photons
are independent, uncorrelated and remain unconnected
before arriving at the detection nodes. The polarization
entanglement catalyst between photons in remote nodes
R and L is the LPSM on two photons in the central node
M. We remark that the key quantum property allowing
such a process is the SI of the independent photon pairs
in the network nodes which inherently leads to accessible
quantum correlations (entanglement) [49, 50]. The same
process does not work if distinguishable (individually ad-
dressed) particles travel through the network, just giving
separable states at the nodes. This method for achiev-
ing dual-rail entanglement [66] with just single-photon
sources may possess significant potential in implementing
more scalable quantum internet since the technology of
on-demand single-photon sources are more reliable than
on-demand entanglement sources.

Compared with previous works where single-photon
sources are considered to implement entanglement distri-
bution between two spatial modes based on Fock states
with BSM [22, 67], here we have specifically engineered
and performed the LPSM, thanks to the possibility of
operating along the single-beam path in the central node
M, superseding the BSM procedure. This feature empha-
sizes how localized operations in the sLOCC framework
with indistinguishable particles are capable to activate
entanglement among remote nodes, resulting even more
advantageous. Despite the realized entanglement distri-

bution process is conditional due to the success probabil-
ity associated to the sLOCC, it overcomes the demanding
requirements of initial entangled pairs (whose joint prob-
ability can be estimated around 10−4 [26]) and complete
BSM. These results, showing both conceptual and practi-
cal advance, open new avenues of linear optical networks
for quantum information [68]. Also, recent theoretical
findings about noise-protected entanglement by SI [69–
72], together with an experiment of indistinguishability-
enabled coherence endurance [73], suggest that our en-
tanglement distribution protocol can be made robust (to
be studied elsewhere).

We highlight that the realized scheme is in principle
applicable to fermions, provided that a platform imple-
menting linear optics with electrons (or other fermions)
is employed. For instance, one may think of platforms
adopting quantum dots as sources of single electrons that
can be initialized in particular spin states [74], emitted
on demand [75] and directed to quantum point contacts
acting as electronic beam splitters [76, 77]. This kind of
experiments is left as a further route of investigation for
future works.

The four-photon three-node quantum network realized
in this work constitutes the basic setup straightforwardly
generalizable to multinode configurations. This exper-
iment hence has the role of a proof-of-principle which
may motivate the design of ameliorated protocols based
on the same mechanisms. SI of photons thus promises to
be further exploited in high-dimensional quantum com-
munication scenarios [48, 78], paving the way to new pos-
sible standards for large-scale quantum networks.

This work was supported by the National Key Re-
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No. 2017YFA0304100), National Natural Science Foun-
dation of China (Grants Nos. 11821404, 11774335,
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novation Program for Quantum Science and Technology
(No. 2021ZD0301200). R.L.F. acknowledges support
from European Union – NextGenerationEU – grant MUR
D.M. 737/2021 – research project “IRISQ”.

APPENDIX A: NO-LABEL FORMALISM AND

PROBABILITY AMPLITUDES

In the no-label approach, the global state is taken as
the set of one-particle states and is to be considered as
a whole entity, since the particles are in general un-
addressable individually [57]. Let us take the simple
case of a system of two identical particles, whose state
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vector describes one particle in the state |ϕ1〉 and one
in |ϕ2〉 (notice that there is no label associated to the
particles; we do not know which particle has a given
state). The global state is completely characterized by
enumerating the single-particle states and represented as
|Φ(2)〉 = |ϕ1, ϕ2〉. The physical predictions on the sys-
tem follow from the two-particle probability amplitudes
defined as

〈ϕ′
1, ϕ

′
2|ϕ1, ϕ2〉 := 〈ϕ′

1|ϕ1〉〈ϕ′
2|ϕ2〉+ η〈ϕ′

1|ϕ2〉〈ϕ′
2|ϕ1〉,

(S1)
where η = ±1 for bosons and fermions, respectively. No-
tice that each single-particle state contains all the rele-
vant degrees of freedom. For example, if the state |ϕi〉
(i = 1, 2) is characterized by a spatial degree of free-
dom (spatial wave function) ψi and a pseudospin σi, then
|ϕi〉 = |ψiσi〉 and the two-particle state is written as
|Φ(2)〉 = |ψ1σ1, ψ2σ2〉. Since different degrees of free-
dom are independent, the probability amplitudes (scalar
products) will clearly exhibit single-particle products of
corresponding degrees of freedom, that is

〈ϕ′
1, ϕ

′
2|ϕ1, ϕ2〉 = (〈ψ′

1|ψ1〉〈σ′
1|σ1〉)(〈ψ′

2|ψ2〉〈σ′
2|σ2〉)

+ η(〈ψ′
1|ψ2〉〈σ′

1|σ2〉)(〈ψ′
2|ψ1〉〈σ′

2|σ1〉).

The above definitions can be straightforwardly gener-
alized to a system of n identical particles [58]. If the
single-particle states are |ϕi〉 (i = 1, 2, . . . , n), the global
state is represented by listing the single-particle states,
that is: |Φ(n)〉 = |ϕ1, ϕ2, . . . , ϕn〉. For calculating the
transition (success) probabilities under different config-
urations, we need to compute scalar products between
states of n identical particles. These are obtained by the
n-particle probability amplitude defined as [58]

〈ϕ′
1, ϕ

′
2, . . . , ϕ

′
n|ϕ1, ϕ2, . . . , ϕn〉

:=
∑

P η
P 〈ϕ′

1|ϕP1
〉〈ϕ′

2|ϕP2
〉 . . . 〈ϕ′

n|ϕPn
〉, (S2)

where P = {P1, P2, ..., Pn} in the sum runs over all the
one-particle state permutations, η = ±1 for bosons and
fermions, respectively, and ηP is 1 for bosons and 1 (-1)
for even (odd) permutations for fermions. Notice that the
probability amplitude above are also useful to determine
the normalization constant of a global state of n identical
particles.

APPENDIX B: SUCCESS PROBABILITY AFTER

SLOCC POST-SELECTION

We give in the following the details about the calcula-
tions to determine the success probability after sLOCC

to obtain the state |Ψ(4)
PS〉 of Eq. (1) of the main text. The

original calculations are reported in Ref. [56]. The state

|Ψ(4)
PS〉 is the one effectively produced in our experiment.

The normalized initial four-boson global state |Ψ(4)
nor〉 =

1

N |α ↑, α′ ↓, β ↑, β′ ↓〉 can be explicitly written as

|Ψ(4)
nor〉 =

1

5
|(R +M) ↓, (R +M) ↑, (M + L) ↓, (M + L) ↑〉.

(S3)
The basis for sLOCC, corresponding to counting two par-
ticles in the shared intermediate node M and one particle

in each mode R and L, is B =
{ |R σ,M τ,M σ′,L τ ′〉

Nτσ′

}

(σ, τ, σ′, τ ′ =↓, ↑) where Nτσ′ =
√

1 + 〈τ |σ′〉. The four-
boson post-selected state, after sLOCC projection onto
B, is then

|Ψ(4)
PS〉 =

1√
6
(|R ↓,M ↑,M ↑,L ↓〉+ |R ↓,M ↑,M ↓,L ↑〉

+ |R ↑,M ↑,M ↓,L ↓〉+ |R ↑,M ↓,M ↓,L ↑〉).
(S4)

The sLOCC (success) probability to obtain the state

above is given by P = |〈Ψ(4)
PS |Ψ

(4)
nor〉|2 = 6/25, where we

have used a sum of expressions of the kind of Eq. (S2)
with η = 1 and n = 4.

APPENDIX C: SOURCES OF FOUR

INDISTINGUISHABLE PHOTONS

Two photons emitted from a spontaneous parametric
down conversion procedure (see Fig. S1a) share a polar-
ized product state |H〉 ⊗ |V 〉 in which there is no quan-
tum correlations, as experimentally verified in Fig. S1b.
Therefore, each source employed in the setup generates
independent single photons.

The premise of our experiment is the indistinguisha-
bility among initially producted photons, which directly
determines the quality of final entanglement shared by
nodes R and L. Therefore, we should adjust the spa-
tial overlap of the particles to make them all identical
and coherent through HOM interference. As displayed in
Fig. S2, photons from the yellow and pink SMFs are emit-
ted from Source I a and photons from purple and orange
SMFs are from Source II c, where the other SMFs are
depicted with different colors just for the sake of clarity.
Taking the two photons with opposite spins from Source
I as example, they separately pass the respective PBS,
HWPs and PBSs with a vertical distance of 3 mm, and
meet together at the detection node after the BDs. The
followed HWP at 22.5◦ is used to project the photons
on (|H〉+ |V 〉)/

√
2. Finally the photons are collected at

two parts after passing PBS for coincidence, where an
interference filter (not shown) with the full width at half
maximum of 3 nm is placed before collection.

By adjusting the delay of the pink photon, we could
measure the HOM dip to claim the temporal indistin-
guishability as shown in Fig. S2b, with the visibility
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a

b

Source I

Source II

FIG. S1. a. The two independent photons from spontaneous
parametric down conversion procedure. b. The correspond-
ing density matrix of |H〉 ⊗ |V 〉 with fidelity of 99.9± 0.01%
[50].

of 0.9734 ± 0.0032, where the visibility is calculated
as V = (Cmax − Cmin)/(Cmax + Cmin), and Cmax(Cmin)
corresponds to the maximum (minimum) of coincidence
counts (all coincidence results do not subtract acciden-
tal coincidence counts and all error bars are estimated as
standard deviations of photon counts assuming a Poisson
distribution). Similarly, for Source II in Fig. S2c, the
corresponding visibility of the HOM dip has the value of
0.9593 ± 0.0045 in Fig. S2d.

The further step is to ensure the indistinguishabil-
ity among the four independent photons. As shown in
Fig. S3, photons at the side with a movable platform C
are meeting at the beam splitter for interference, whilst
photons on the other side are just for trigger. By adjust-
ment of the delay through C, the corresponding inter-
ference dip with visibility 0.8436 ± 0.0405 is reported in
Fig. S3b. At this stage, an overall source of four indistin-
guishable independent photons just based on the identity
of uncorrelated photons coming from Sources I and II is
confirmed.

APPENDIX D: CALCULATION OF PHOTONS’

BALANCED SENDING PROBABILITY

We introduce the method to optimize the balance of
the sending probability of each single photon to the
nodes. Here, for Source I, we mark (π/2 − θ1)/2 as

a b

c d
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FIG. S2. The experimental Hong-Ou-Mandel (HOM) inter-
ference setup and results of the photon pairs. a. HOM ex-
perimental setup of photons from Source I; b. The HOM
dip corresponding to Source I, where the red points are the
experimental dots and the black solid line is the theoretical
curve. c. Interference setup of photons from Source II; d.

The HOM dip of the photon pair from Source II, where the
orange points are the experimental dots and the black solid
line is the theoretical curve.

the angle of the HWP tuning the horizontally polar-
ized photon (the red spin in the main text Fig. 2), and
θ2/2 as the HWP tuning the vertically polarized photon
(the blue spin in the main text Fig. 2). For Source II,
the angles of the corresponding two HWPs are noted as
(π/2−φ1)/2 (the purple spin in the main text Fig. 2) and
φ2/2 (the orange spin in the main text Fig. 2). Thus the
desired global state |αH,α′V, βH, β′V 〉 is in the form of
|(cos θ1R + sin θ1M)H , (sin θ2R + cos θ2M)V , (cosφ1L +
sinφ1M)H , (sinφ2L + cosφ2M)V 〉. Then, the post-
selected state can be written as (omitting the normal-
ization)

|Ψ(4)
PS〉 =t1 |MH ,MV ,RV ,LH 〉+

t2 |MV ,MH ,RH ,LV 〉+
t3 |MH ,MH ,RV ,LV 〉+
t4 |MV ,MV ,RH ,LH 〉 ,

(S5)

where

t1 = sin θ1 cosφ2 sin θ2 cosφ1,

t2 = cos θ2 sinφ1 cos θ1 sinφ2,

t3 = sin θ1 sinφ1 sin θ2 sinφ2

t4 = cos θ2 cosφ2 cos θ1 cosφ1.

(S6)
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FIG. S3. a. The experimental setup to detect the four-photon
indistinguishability. Four photons respectively pass the PBS,
HWP and PBS, and the following HWPs at 45◦ for a fixed
polarization. Differently from the main experiment illustrated
in the manuscript, the beam displacers (BDs) are useless in
this case. The HWPs 2 and 3 are placed at 0◦, while HWPs 1
and 4 are at 45◦ for a higher coincidence count rate. One side
(with moving plate C) is used to perform interference, where
the two HWPs are both set as 22.5◦ to project the photons
in (|H〉+ |V 〉)/

√
2, with one output of the beam splitter sent

to PBS for coincidence. The other side (without C) is for
trigger. b. The corresponding four-photon interference dip
through adjustment of plate C.

The state above can be finally recast as (omitting the
normalization)

|Ψ(4)
PS〉 = |ΨM, t1RV ,LH + t2RH ,LV 〉+

|Φ+
M, t3RV , LV + t4RH ,LH 〉−

|Φ−
M, t3RV ,LV − t4RH ,LH 〉 ,

(S7)

with |ΨM〉 = |MH ,MV 〉 and |Φ±
M〉 = (|MH ,MH 〉 ±

|MV ,MV 〉)/
√
2.

Now, if each photon is sent to the nodes with a bal-
anced probability, which means the angles of θ1, θ2, φ1
and φ2 all equal to π/4, the spatial wavefunctions of pho-
tons from the same source are completely overlapped, i.e.,
the degree of indistinguishability of photons are maximal,
and the final state is obtained with a maximal probabil-
ity. Otherwise, the spatial wavefunctions are partially

overlapped which leads to get the final state with a lower
probability.

APPENDIX E: DETAILED EXPLANATION OF

THE LOCALIZED PRODUCT-STATE

MEASUREMENT

Here we describe the details of LPSM in the mode M.
Firstly, we describe the transformations of three states
|ΨM〉, |Φ+

M〉 and |Φ−
M〉 due to the utilization of two

50:50 beam splitters (BS). Writing the operation matrix
of the BS as 1√

2
( 1 i
i 1 ) , which depicts the mapping be-

tween two outputs and two inputs of the BS, the state
|ΨM〉 = |H,V 〉 becomes |H, iV 〉 after the first BS. When
impinging the second BS with the labels of two out-
put paths, the state is transformed to be (|H1, i

2V2〉 +
|iH2, iV1〉+ |H1, iV1〉+ |iH2, i

2V2〉)/2 which could be sim-
plified as (|H1, V2〉+ |V1, H2〉 − i |H1, V1〉+ i |H2, V2〉)/2.
Since we perform the product-state measurement be-
tween the path 1 and path 2 and the signals of two
corresponding detectors are handled by the coincidence
device, the cases in which two photons are located in
the same path, i.e., the states |H1, V1〉 and |H2, V2〉, are
discarded in this post-selection measurement. In other
words, only the coincidence count coming from the sig-
nals of two detectors placed on path 1 and path 2 is valid.
Thus, the measurement-induced state on node M could
be written as |Ψ′

M〉 = (|H1, V2〉 + |V1, H2〉)/
√
2. Under

the same framework, the states |Φ±
M〉 are transformed

to the measurement-induced states |Φ′±
M 〉 = (|H1, H2〉 ±

|V1, V2〉)/
√
2.

Based on the above description, the effort to distin-
guish the three states |ΨM〉 and |Φ±

M〉 is transformed
to distinguish the measurement-induced states |Ψ′

M〉 and
|Φ′±

M 〉. Here, we choose an appropriate LPSM on M node,
in which two of three states |Ψ′

M〉 and |Φ′±
M 〉 vanish while

the other one is nonzero, as explicitly described in the
main text. In particular: (i) measuring the product state
|H1〉 ⊗ |V2〉 (or |V1〉 ⊗ |H2〉) on node M, the outputs of
|Φ′∓

M 〉 are zero while the outcomes of |Ψ′
M〉 would exhibit

coincidence at the two final detectors in M; (ii) projecting
on |r1〉⊗|l2〉 (or |l1〉⊗|r2〉), where |r〉 = (|H〉+ i |V 〉)/

√
2

and |l〉 = (|H〉 − i |V 〉)/
√
2, we pick up |Φ′+

M 〉 since |Φ′−
M 〉

and |Ψ′
M〉 vanish; (iii) the state |Φ′−

M 〉 is filtered out by
measuring the product state |d1〉 ⊗ |c2〉 (or |c1〉 ⊗ |d2〉),
where |d〉 = (|H〉+ |V 〉)/

√
2 and |c〉 = (|H〉 − |V 〉)/

√
2.
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