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Generating large multiphoton entangled states is of main interest due to enabling universal photonic
quantum computing and all-optical quantum repeater nodes. These applications exploit measurement-
based quantum computation using cluster states. Remarkably, it was shown that photonic cluster states of
arbitrary size can be generated by using feasible heralded linear optics fusion gates that act on heralded
three-photon Greenberger-Horne-Zeilinger (GHZ) states as the initial resource state. Thus, the capability of
generating heralded GHZ states is of great importance for scaling up photonic quantum computing. Here,
we experimentally demonstrate this required building block by reporting a polarisation-encoded heralded
GHZ state of three photons, for which we build a high-rate six-photon source (547� 2 Hz) from a solid-
state quantum emitter and a stable polarization-based interferometer. The detection of three ancillary
photons heralds the generation of three-photon GHZ states among the remaining particles with fidelities up
to F ¼ 0.7278� 0.0106. Our results initiate a path for scalable entangling operations using heralded
linear-optics implementations.
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Introduction.—Quantum entanglement enables the
exploration of unique phenomena absent in the classical
world, such as nonlocality [1–3] and teleportation [4–6];
and it ultimately provides an advantage to quantum
systems over classical ones for various tasks [7,8], ranging
from metrology and sensing [9–13], to computation
[14–17]. Photonic quantum systems are among the lead-
ing physical platforms for large-scale quantum computers
[18]. A very promising architecture is based on the
concept of measurement-based quantum computing
(MBQC) that exploits entangled cluster states as resource
for universal quantum computing. A key advantage of this
scheme is the superior feasibility and error-correction
thresholds [19–21] with respect to gate-based models. For
generating photonic cluster states two main encoding
schemes exist: analog or continuous variable [22,23].
and digitial or discrete-variables approaches [24,25].
With advantages and disadvantages from both sides,
continuous-variable implementations are highly sensitive
to losses, degrading the quality of the quantum state. In
this regard, discrete-variable encoding constitutes an
appealing alternative, as even in the absence of determin-
istic entangling gates, there exist loss-tolerant schemes for

the generation of large entangled quantum states using
only probabilistic, but heralded, linear-optics quantum
gate operations [26,27].
Additional approaches exist that aim to generate dis-

crete-variable cluster states [28] directly by exploiting
quantum emitters [29–34]. However, this requires complex
control of atomic structures, solid-state materials, and
electro-magnetic fields, to name a few technological
challenges. In contrast, linear optics alone also provides
a path for the scalable generation of multiphoton cluster
states universal for quantum computation [19,27,35].
Thereon, a ballistic (without feed-forward requirements)
and loss-tolerant (where losses do not induce logical errors)
model for universal quantum computing, named fusion-
based quantum computation [36], exploits small resource
states made up of a handful of entangled particles [20], and
combines them into larger entangled states via boosted
(heralded, and at the expense of ancillary photons) entan-
gling gates called fusion operations [19].
The smallest building block in these protocols [27]

is the heralded three-photon Greenberger-Horne-Zeilinger
(GHZ) state [37,38]. Creating them requires the quantum
interference of six separable single photons [26], or a
minimum of ten photons from non-linear frequency con-
version processes [39,40]. The efficient generation of the
necessary input multiphoton states remained to date a major
challenge. In this regard, semiconductor quantum dots have
recently matured to a point where one handles the inter-
ference of single photons at scales of eight particles [41]
and even beyond with lost-photons boosted protocols [42],
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thus now reaching the necessary scales for these more
advanced experiments.
Here, we experimentally demonstrate a heralded three-

photon polarization-encoded GHZ state based on the
interference of six single photons. We employ a 28.7%
fiber-efficient quantum dot single-photon source, actively
demultiplexed to produce a source of six indistinguishable
photons with 547� 2 Hz detected rates. The high quality
of the source and interferometric apparatus enable produc-
ing heralded three-photon GHZ states at a detection rate
of 0.914� 0.006 Hz, and fidelities up to F ¼ 0.7278�
0.0106. Our results mark an important step for enabling
the realization of future fusion-based quantum computing
protocols.
High-rate multiphoton source.—We first describe our

source of multiphoton states. An InAs=GaAs quantum dot
coupled to a micropillar cavity is kept in a cryostat at ∼4 K,
and is resonantly driven using a standard crossed-polarized
excitation scheme. An efficient collection setup allows us to
measure 19.5 MHz of single photons with simultaneous
purity 1 − g2ð0Þ ¼ 0.981� 0.003 and indistinguishability
[43] I ¼ 0.941� 0.002, see Fig. 1, when pumped with π
pulses at 80 MHz repetition rate and using a detection
system of 85% efficiency, thus corresponding to a 28.7%
fiber-efficient single-photon source.
Subsequently, we utilize a time-to-space demultiplexer

composed of resonant-enhanced electro-optic modulators
(r-EOMs) and polarizing beam splitters (PBSs) arranged in

a tree structure [44,45], see Fig. 2(a). As a result, a number
of input time bins separated from each other by 12.5 ns are
deterministically routed towards, in this implementation,
eight different outputs, which thereon follow suitable fiber-
based temporal delays to result in a source of eight
indistinguishable single photons traveling simultaneously.
Figure 2(b) shows the measured multiphoton coincidence
rates using eight superconducting nanowire single-photon
detectors (SNSPDs) directly at the output of the demulti-
plexed source. In particular, the resulting six-photon source
is detected at a rate of 547� 2 Hz, and the eight-photon
source at 15.7� 0.4 Hz. We note that these are the highest
rates of multiphoton sources reported to date.
Heralded entanglement.—We use six single photons

from this source as input to a polarization-based interfer-
ometer, as depicted in Fig. 3(a), such that the detection of
three photons heralds an entangled GHZ state among the
other three [26], see Supplemental Material [46]. The six
input photons are labeled i1;…i6, and are first initialized in
horizontal polarization. When one, and only one, photon
propagates towards each of the heralding outputs o4, o5,
and o6, then the signal output photons o1, o2, and o3 are left

FIG. 1. Single-photon quality. (a) Normalized second-order
autocorrelation function gð2ÞðΔtÞ from a Hanbury Brown–Twiss
setup, and (b) at the output of a Hong-Ou-Mandel experiment at
π-pulse excitation. We measure the single-photon purity
1 − gð2Þð0Þ ¼ 0.981� 0.003, and two-photon indistinguishabil-
ity I ¼ 0.941� 0.002.

FIG. 2. Multiphoton source. (a) Resonant demultiplexer. Seven
synchronized r-EOMs—one driven at 40 MHz, two at 20 MHz,
and four at 10 MHz—and polarizing beam splitters, determin-
istically demultiplex eight consecutive time bins. Fiber-based
delays and translation stages are used to correct the initial
temporal mismatch of the time bins. (b) Measured coincidence
rates. Multiphoton rates at the output of the demultiplexer, up to a
number of n ¼ 8 photons.
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in a three-particle entangled state. Note that the successful
implementation of this protocol requires that all six photons
are highly indistinguishable from each other. To confirm
that this is the case, we measure all 15 cases of pairwise
indistinguishabilities among the six input photons, and find
an average indistinguishability of 0.923� 0.009 across all
combinations, see Fig. 3(b).
The heralded generation of the entangled quantum state

requires that no more than one photon is detected at each
heralding output. For example, without number resolution,
a pattern with four photons among the three heralding
spatial trajectories cannot be discerned from another pattern
with an exact number of three photons. In such cases, the
state produced at signal outputs is not solely the target GHZ
state, but it also contains other components with a different
number of photons. Therefore, only nonheralded (post-
selected) states are generated in the absence of number-
resolving detection. Our implementation makes use of
pseudo photon-number resolution (PPNR) at every herald-
ing output, o4;h; o4;v; o5;h; o5;v; o6;h; o6;v, by further split-
ting each of them into two new outputs and SNSPDs; where
h and v denote horizontal and vertical polarization,
respectively. Therefore, we use 18 SNSPDs in total: six
detectors to cover both polarizations of the three signal
outputs, and twelve detectors for implementing the polari-
zation and pseudo number-resolved measurement of the
three heralding outputs. At each PPNR stage (six in total),
we condition a measurement such that one of the detectors
clicks and the other one does not, which performs the
pseudo number resolution of one, and no more, photon.

The heralded generation of the target state occurs then by
imposing that each of the heralding stages measures at most
one photon.
The specific 3-GHZ state generated depends on the

polarization pattern that clicks at the heralding outputs. For
instance, the patterns fhhh; hvv; vhv; vvhg, where ijk
denotes the condition o4;i; o5;j; o6;k, herald the signal state

jGHZþi ¼ ðj000i þ j111iÞ= ffiffiffi

2
p

with an accumulated suc-
cess probability of 1=64, and j0i (j1i) denoting horisontal
(vertical) polarization. Conversely, the complementary
patterns fhhv; hvh; vhh; vvvg herald the state jGHZ−i ¼
ðj000i − j111iÞ= ffiffiffi

2
p

with an equal success probability.
Accordingly, the total success probability of generating a
three-GHZ state with this protocol is 1=32.
In our experiment, we start by measuring the witness

WGHZ¼3I=2−X1X2X3−ðZ1Z2þZ2Z3þZ1Z3Þ=2, whose
negative value verifies the presence of genuine three-particle
entanglement for GHZ states [47]. Figure 4 displays the
measured mean values of the involved observables, from
wherewe obtain hWGHZi ¼ −0.2613� 0.0335, confirming
three-partite entanglement by more than seven standard
deviations.
Moreover, given the high count rates of the available six-

photon source, we are also able to perform overcomplete
three-qubit quantum state tomography at the signal outputs,
with all heralding patterns simultaneously. That is, by using
18 SNSPDs, we reconstruct both jGHZþi and jGHZ−i
from the measurement of 33 ¼ 27 three-qubit observables
that result from all combinations of Z, X, Y Pauli matrices

(a) (b)

FIG. 3. Polarization six-photon interferometer. (a) Depiction of experimental setup. Three pairs of single photons
ði1; i6Þ; ði2; i5Þ; ði3; i4Þ probabilistically generate three bell pairs, together with other unwanted terms, after interfering on PBSs
1,2,3. Subsequently, a nonheralded six-photon entangled state, and further unwanted states, is probabilistically generated after PBSs 4,5.
The polarization and number-resolved detection at the output of the type I and type II fusion operation among outputs o4, o5, and o6
corrects for the unwanted terms and leaves the remaining photons at outputs o1, o2, and o3 in a probabilistic but heralded three-photon
GHZ state. Quarter-wave (QWP) and half-wave plates (HWP) together with extra PBSs are used to perform three-qubit quantum state
tomography. (b) Photons’ indistinguishability. We use the same six-photon interferometer to measure all 15 pairwise two-photon
indistinguishabilities, resulting in an average value of 0.923� 0.009 across all combinations.
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among the 3 signal qubits. Figure 5 shows the reconstructed
density matrices of the heralded entangled states, from
where we extract a fidelity ofFþ ¼ 0.7189� 0.0109 to the
jGHZþi state when using the corresponding four heralding
conditions, as well as F− ¼ 0.6995� 0.0116 to jGHZ−i
by using the respective other four heralding patterns. Note
that small terms are present in the imaginary part of the
density matrices, showing that the prepared states contain a
small relative phase between the state basis, which can be
compensated for via local unitaries. Taking this into
account, we obtain fidelities of F̄þ ¼ 0.7278� 0.0106
and F̄− ¼ 0.7083� 0.0120 to the GHZ states
ðj000i � eið0.04×2πÞj111iÞ= ffiffiffi

2
p

, respectively.
We measure both heralded states at a combined rate

of 0.914� 0.006 Hz. This value is expected considering:
∼80% throughput efficiency of the polarization interferom-
eter (affecting six photons), ∼85% throughput efficiency of

the pseudo number-resolving detection setup (three photons),
and ∼85% throughput given by multiple fiber mating con-
nections (six photons). Together with a 1=32 success prob-
ability of producing both GHZ states, results in an expected
rate of ð547HzÞ×0.86×0.853×0.856=32∼1Hz.
Discussion.—We have experimentally demonstrated

a building block for ballistic and all linear-optical
photonic quantum computing: the heralded three-photon
Greenberger-Horne-Zeilinger state. First, we developed a
high-rate (547� 2 Hz) source of six photons from a solid-
state quantum emitter, with an average pairwise indistin-
guishability of 0.923� 0.009. Subsequently, these photons
propagated through a polarization-based multimode inter-
ferometer, where the pseudo number-resolved detection of
three of them heralded the generation of three-GHZ states
among the remaining particles. Thanks to the high rate of the
generated multiphoton source, we were able to perform
three-qubit overcomplete quantum state tomography, reach-
ing fidelities up to F ¼ 0.7278� 0.0106. Moreover, the
efficient multiphoton source presented here reached an
eight-photon rate of 15.7� 0.4 Hz, readily enabling the
implementation ofmore complex experiments at scales soon
beyond ten photons.
Our results represent a significant advancement in the

active field of photonic quantum computing. We anticipate
that near-term future improvements will overcome limi-
tations of our present experiment. An important issue will
be the realization of photon detectors with true photon-
number resolution. Otherwise, the heralding events cannot
guarantee the presence of GHZ states with unity proba-
bility, even if all other elements are perfect in principle.
However, despite these constraints, our efforts to utilize
photon number resolving detectors (PNRDs) remain highly

FIG. 4. Entanglement witness. Measured mean values of the
observables forming WGHZ. We obtain hX1X2X3i ¼ 0.5629�
0.0252, hZ1Z2i ¼ 0.7971� 0.0166, hZ2Z3i ¼ 0.8151� 0.0191,
and hZ1Z3i ¼ 0.7846� 0.0199.

FIG. 5. Quantum state tomography of the heralded GHZ states. (a),(b) Real (left) and imaginary part (right) of the reconstructed
density matrices at the signal outputs o1, o2, and o3, see Fig. 3(a), when the heralding patterns produce either the jGHZþi or jGHZ−i
state. We collect 27 observables for an overcomplete quantum state tomography. To obtain the mean value of a particular observable, we
measure simultaneously 23 ¼ 8 polarization projections among the three signal outputs, times four heralding polarization combinations
that produce the same target state, times 23 ¼ 8 PPNR configurations for number-resolving the three heralding outputs. That is, a total of
23 × 4 × 23 ¼ 256 cases of six-photon coincidence patterns collected simultaneously among 18 output SNSPDs reconstruct a single
three-qubit observable of one heralded state. Accordingly, 512 six-photon coincidence patterns are measured simultaneously to obtain
the same observable for both heralded states. Each observable is measured for 900 s, which produced density matrices with a total of 11
038 sixfold coincidence counts for the jGHZþi state, and 11 178 sixfolds for jGHZ−i. Accordingly, each heralded state is measured at a
rate of 0.454� 0.004 and 0.460� 0.004 Hz, respectively, resulting in a total measured rate of 0.914� 0.006 Hz.
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valuable. The utilization of pseudo photon-number reso-
lution enhances the probability of generating heralded GHZ
states, conditioned on the heralding event, by excluding
undesired states. This represents a significant advancement
beyond non-PNRDs, which are theoretically unsuitable for
heralded GHZ protocols. Our endeavors undeniably push
the boundaries of multiphoton entanglement generation in a
heralded manner, setting a benchmark for future experi-
ments in this research direction. We foresee that further
experiments employing true PNRDs [48] may open up new
horizons in this field.
Photonic cluster states have gained considerable atten-

tion owing to their remarkable properties and versatility in
quantum science. Since the inception of one-way quantum
computing [49], progress in cluster states has expanded
significantly. These achievements range from basic cluster
state preparation to blind delegated computation [50], as
well as diverse applications beyond [51,52]. Particularly
promising is the use of integrated chips to implement
complex interferometers and programmable circuits for
cluster state preparation, which has led to more practical
demonstrations [53–56]. These advancements have
primarily been accomplished via non-deterministic, post-
selected cluster states. The heralded generation of multi-
photon entangled states not only offers a building block
for scalable, ballistic universal quantum computation but
also provides new insights into relevant applications and
fundamental research. For example, the use of genuine
multipartite sources, achieved through the combination of
bipartite resources and postselection, for certifying multi-
partite nonlocality has been a notorious strategy in these
experimental endeavors. Their validity has been questioned
due to selection bias introduced by postselection [57].
However, the generation of multiphoton entangled states in
an event-ready manner may pave the way to close the
postselection loophole in future experiments [58,59]. While
heralded entanglement generation has previously been
realized only for bipartite states [60,61], our experiment
marks a steady progression towards multipartite systems.
This opens up a plethora of quantum photonics protocols
that were previously experimentally inaccessible and
removes the constraints of outcome postselection.

Note added.—Recently, we became aware of related
works [62,63].
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[10] L. Pezzè, A. Smerzi, M. K. Oberthaler, R. Schmied, and P.
Treutlein, Quantum metrology with nonclassical states of
atomic ensembles, Rev. Mod. Phys. 90, 035005 (2018).

[11] C. L. Degen, F. Reinhard, and P. Cappellaro, Quantum
sensing, Rev. Mod. Phys. 89, 035002 (2017).

[12] S. Pirandola, B. R. Bardhan, T. Gehring, C. Weedbrook, and
S. Lloyd, Advances in photonic quantum sensing, Nat.
Photonics 12, 724 (2018).

[13] S. P. Walborn, A. H. Pimentel, L. Davidovich, and R. L.
de Matos Filho, Quantum-enhanced sensing from hyper-
entanglement, Phys. Rev. A 97, 010301(R) (2018).

[14] F. Arute et al., Quantum supremacy using a programmable
superconducting processor, Nature (London) 574, 505
(2019).

[15] H.-S. Zhong, H. Wang, Y.-H. Deng, M.-C. Chen, L.-C.
Peng, Y.-H. Luo, J. Qin, D. Wu, X. Ding, Y. Hu et al.,
Quantum computational advantage using photons, Science
370, 1460 (2020).

[16] L. S. Madsen, F. Laudenbach, M. F. Askarani, F. Rortais,
T. Vincent, J. F. F. Bulmer, F. M. Miatto, L. Neuhaus, L. G.
Helt, M. J. Collins, A. E. Lita, T. Gerrits, S. W. Nam, V. D.
Vaidya, M. Menotti, I. Dhand, Z. Vernon, N. Quesada,
and J. Lavoie, Quantum computational advantage with a

PHYSICAL REVIEW LETTERS 132, 130604 (2024)

130604-5

https://doi.org/10.1038/35000514
https://doi.org/10.1103/PhysRevLett.99.180502
https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/RevModPhys.86.419
https://doi.org/10.1103/PhysRevLett.70.1895
https://doi.org/10.1038/37539
https://doi.org/10.1038/nature14246
https://doi.org/10.1038/nature14246
https://doi.org/10.1103/PRXQuantum.1.020101
https://doi.org/10.1038/s41586-022-04940-6
https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1103/RevModPhys.90.035005
https://doi.org/10.1103/RevModPhys.89.035002
https://doi.org/10.1038/s41566-018-0301-6
https://doi.org/10.1038/s41566-018-0301-6
https://doi.org/10.1103/PhysRevA.97.010301
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1038/s41586-019-1666-5
https://doi.org/10.1126/science.abe8770
https://doi.org/10.1126/science.abe8770


programmable photonic processor, Nature (London) 606, 75
(2022).

[17] Y. Kim, A. Eddins, S. Anand, K. X. Wei, E. van den Berg,
S. Rosenblatt, H. Nayfeh, Y. Wu, M. Zaletel, K. Temme,
and A. Kandala, Evidence for the utility of quantum comput-
ing before fault tolerance, Nature (London) 618, 500 (2023).

[18] P. Kok, W. J. Munro, K. Nemoto, T. C. Ralph, J. P. Dowling,
and G. J. Milburn, Linear optical quantum computing with
photonic qubits, Rev. Mod. Phys. 79, 135 (2007).

[19] D. E. Browne and T. Rudolph, Resource-efficient linear
optical quantum computation, Phys. Rev. Lett. 95, 010501
(2005).

[20] K. Kieling, T. Rudolph, and J. Eisert, Percolation, renorm-
alization, and quantum computing with nondeterministic
gates, Phys. Rev. Lett. 99, 130501 (2007).

[21] M. Pant, D. Towsley, D. Englund, and S. Guha, Percolation
thresholds for photonic quantum computing, Nat. Commun.
10, 1070 (2019).

[22] S. L. Braunstein and P. van Loock, Quantum information
with continuous variables, Rev. Mod. Phys. 77, 513 (2005).

[23] N. C. Menicucci, P. van Loock, M. Gu, C. Weedbrook, T. C.
Ralph, and M. A. Nielsen, Universal quantum computation
with continuous-variable cluster states, Phys. Rev. Lett. 97,
110501 (2006).

[24] F. Flamini, N. Spagnolo, and F. Sciarrino, Photonic quantum
information processing: A review, Rep. Prog. Phys. 82,
016001 (2018).

[25] S. Slussarenko and G. J. Pryde, Photonic quantum informa-
tion processing: A concise review, Appl. Phys. Rev. 6,
041303 (2019).

[26] M. Varnava, D. E. Browne, and T. Rudolph, How good must
single photon sources and detectors be for efficient linear
optical quantum computation?, Phys. Rev. Lett. 100,
060502 (2008).

[27] M. Gimeno-Segovia, P. Shadbolt, D. E. Browne, and T.
Rudolph, From three-photon Greenberger-Horne-Zeilinger
states to ballistic universal quantum computation, Phys.
Rev. Lett. 115, 020502 (2015).

[28] H. J. Briegel and R. Raussendorf, Persistent entanglement in
arrays of interacting particles, Phys. Rev. Lett. 86, 910 (2001).

[29] N. H. Lindner and T. Rudolph, Proposal for pulsed on-
demand sources of photonic cluster state strings, Phys. Rev.
Lett. 103, 113602 (2009).

[30] M. Gimeno-Segovia, T. Rudolph, and S. E. Economou,
Deterministic generation of large-scale entangled photonic
cluster state from interacting solid state emitters, Phys. Rev.
Lett. 123, 070501 (2019).

[31] A. Vezvaee, P. Hilaire, M. F. Doty, and S. E. Economou,
Deterministic generation of entangled photonic cluster
states from quantum dot molecules, Phys. Rev. Appl. 18,
L061003 (2022).

[32] P. Hilaire, L. Vidro, H. S. Eisenberg, and S. E. Economou,
Near-deterministic hybrid generation of arbitrary photonic
graph states using a single quantum emitter and linear
optics, Quantum 7, 992 (2023).

[33] I. Schwartz, D. Cogan, E. R. Schmidgall, Y. Don, L. Gantz,
O. Kenneth, N. H. Lindner, and D. Gershoni, Deterministic
generation of a cluster state of entangled photons, Science
354, 434 (2016).

[34] P. Thomas, L. Ruscio, O. Morin, and G. Rempe, Efficient
generation of entangled multiphoton graph states from a
single atom, Nature (London) 608, 677 (2022).

[35] L.-M. Duan and R. Raussendorf, Efficient quantum com-
putation with probabilistic quantum gates, Phys. Rev. Lett.
95, 080503 (2005).

[36] S. Bartolucci, P. Birchall, H. Bombín, H. Cable, C.
Dawson, M. Gimeno-Segovia, E. Johnston, K. Kieling,
N. Nickerson, M. Pant, F. Pastawski, T. Rudolph, and C.
Sparrow, Fusion-based quantum computation, Nat. Com-
mun. 14, 912 (2023).

[37] D. M. Greenberger, M. A. Horne, and A. Zeilinger, Going
beyond Bell’s theorem, in Bell’s Theorem, Quantum Theory
and Conceptions of the Universe, edited by M. Kafatos
(Springer Netherlands, Dordrecht, 1989), pp. 69–72.

[38] D. Bouwmeester, J.-W. Pan, M. Daniell, H. Weinfurter, and
A. Zeilinger, Observation of three-photon Greenberger-
Horne-Zeilinger entanglement, Phys. Rev. Lett. 82, 1345
(1999).

[39] P. Walther, M. Aspelmeyer, and A. Zeilinger, Heralded
generation of multiphoton entanglement, Phys. Rev. A 75,
012313 (2007).

[40] X.-L. Niu, Y.-X. Gong, X.-B. Zou, Y.-F. Huang, and G.-C.
Guo, Heralded multiphoton GHz-type polarization entan-
glement generation from parametric down-conversion
sources, J. Mod. Opt. 56, 936 (2009).

[41] L. Carosini, V. Oddi, F. Giorgino, L. M. Hansen, B. Seron,
S. Piacentini, T. Guggemos, I. Agresti, J. C. Loredo, and P.
Walther, Programmable multi-photon quantum interference
in a single spatial mode, arXiv:2305.11157.

[42] H. Wang, J. Qin, X. Ding, M.-C. Chen, S. Chen, X. You,
Y.-M. He, X. Jiang, L. You, Z. Wang, C. Schneider, J. J.
Renema, S. Höfling, C.-Y. Lu, and J.-W. Pan, Boson
sampling with 20 input photons and a 60-mode interfer-
ometer in a 1014-dimensional Hilbert space, Phys. Rev. Lett.
123, 250503 (2019).

[43] H. Ollivier, S. E. Thomas, S. C. Wein, I. M. de Buy
Wenniger, N. Coste, J. C. Loredo, N. Somaschi, A.
Harouri, A. Lemaitre, I. Sagnes, L. Lanco, C. Simon, C.
Anton, O. Krebs, and P. Senellart, Hong-Ou-Mandel inter-
ference with imperfect single photon sources, Phys. Rev.
Lett. 126, 063602 (2021).

[44] C. Antón, J. C. Loredo, G. Coppola, H. Ollivier, N.
Viggianiello, A. Harouri, N. Somaschi, A. Crespi, I.
Sagnes, A. Lemaître, L. Lanco, R. Osellame, F. Sciarrino,
and P. Senellart, Interfacing scalable photonic platforms:
Solid-state based multi-photon interference in a reconfig-
urable glass chip, Optica 6, 1471 (2019).

[45] J. Münzberg, F. Draxl, S. F. Covre da Silva, Y. Karli, S.
Manna, A. Rastelli, G. Weihs, and R. Keil, Fast and efficient
demultiplexing of single photons from a quantum dot with
resonantly enhanced electro-optic modulators, APL Pho-
tonics 7, 070802 (2022).

[46] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.132.130604 for detailed
derivation of heralded states, and extended discussions.

[47] G. Tóth and O. Gühne, Detecting genuine multipartite
entanglement with two local measurements, Phys. Rev.
Lett. 94, 060501 (2005).

PHYSICAL REVIEW LETTERS 132, 130604 (2024)

130604-6

https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1038/s41586-022-04725-x
https://doi.org/10.1038/s41586-023-06096-3
https://doi.org/10.1103/RevModPhys.79.135
https://doi.org/10.1103/PhysRevLett.95.010501
https://doi.org/10.1103/PhysRevLett.95.010501
https://doi.org/10.1103/PhysRevLett.99.130501
https://doi.org/10.1038/s41467-019-08948-x
https://doi.org/10.1038/s41467-019-08948-x
https://doi.org/10.1103/RevModPhys.77.513
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1103/PhysRevLett.97.110501
https://doi.org/10.1088/1361-6633/aad5b2
https://doi.org/10.1088/1361-6633/aad5b2
https://doi.org/10.1063/1.5115814
https://doi.org/10.1063/1.5115814
https://doi.org/10.1103/PhysRevLett.100.060502
https://doi.org/10.1103/PhysRevLett.100.060502
https://doi.org/10.1103/PhysRevLett.115.020502
https://doi.org/10.1103/PhysRevLett.115.020502
https://doi.org/10.1103/PhysRevLett.86.910
https://doi.org/10.1103/PhysRevLett.103.113602
https://doi.org/10.1103/PhysRevLett.103.113602
https://doi.org/10.1103/PhysRevLett.123.070501
https://doi.org/10.1103/PhysRevLett.123.070501
https://doi.org/10.1103/PhysRevApplied.18.L061003
https://doi.org/10.1103/PhysRevApplied.18.L061003
https://doi.org/10.22331/q-2023-04-27-992
https://doi.org/10.1126/science.aah4758
https://doi.org/10.1126/science.aah4758
https://doi.org/10.1038/s41586-022-04987-5
https://doi.org/10.1103/PhysRevLett.95.080503
https://doi.org/10.1103/PhysRevLett.95.080503
https://doi.org/10.1038/s41467-023-36493-1
https://doi.org/10.1038/s41467-023-36493-1
https://doi.org/10.1103/PhysRevLett.82.1345
https://doi.org/10.1103/PhysRevLett.82.1345
https://doi.org/10.1103/PhysRevA.75.012313
https://doi.org/10.1103/PhysRevA.75.012313
https://doi.org/10.1080/09500340902822341
https://arXiv.org/abs/2305.11157
https://doi.org/10.1103/PhysRevLett.123.250503
https://doi.org/10.1103/PhysRevLett.123.250503
https://doi.org/10.1103/PhysRevLett.126.063602
https://doi.org/10.1103/PhysRevLett.126.063602
https://doi.org/10.1364/OPTICA.6.001471
https://doi.org/10.1063/5.0091867
https://doi.org/10.1063/5.0091867
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
http://link.aps.org/supplemental/10.1103/PhysRevLett.132.130604
https://doi.org/10.1103/PhysRevLett.94.060501
https://doi.org/10.1103/PhysRevLett.94.060501


[48] R. Cheng, Y. Zhou, S. Wang, M. Shen, T. Taher, and
H. X. Tang, A 100-pixel photon-number-resolving detec-
tor unveiling photon statistics, Nat. Photonics 17, 112
(2023).

[49] P. Walther, K. J. Resch, T. Rudolph, E. Schenck, H.
Weinfurter, V. Vedral, M. Aspelmeyer, and A. Zeilinger,
Experimental one-wayquantumcomputing,Nature (London)
434, 169 (2005).

[50] S. Barz, E. Kashefi, A. Broadbent, J. F. Fitzsimons, A.
Zeilinger, and P. Walther, Demonstration of blind quantum
computing, Science 335, 303 (2012).

[51] Z.-D. Li, R. Zhang, X.-F. Yin, L.-Z. Liu, Y. Hu, Y.-Q. Fang,
Y.-Y. Fei, X. Jiang, J. Zhang, L. Li et al., Experimental
quantum repeater without quantum memory, Nat. Photonics
13, 644 (2019).

[52] N. Shettell and D. Markham, Graph states as a resource
for quantum metrology, Phys. Rev. Lett. 124, 110502
(2020).

[53] J. C. Adcock, C. Vigliar, R. Santagati, J. W. Silverstone, and
M. G. Thompson, Programmable four-photon graph states
on a silicon chip, Nat. Commun. 10, 3528 (2019).

[54] J. Huang, X. Chen, X. Li, and J. Wang, Chip-based photonic
graph states, AAPPS Bull. 33, 14 (2023).

[55] M. A. Ciampini, A. Orieux, S. Paesani, F. Sciarrino, G.
Corrielli, A. Crespi, R. Ramponi, R. Osellame, and P.
Mataloni, Path-polarization hyperentangled and cluster
states of photons on a chip, Light Sci. Appl. 5, e16064
(2016).

[56] C. Vigliar, S. Paesani, Y. Ding, J. C. Adcock, J. Wang, S.
Morley-Short, D. Bacco, L. K. Oxenløwe, M. G. Thompson,

J. G. Rarity et al., Error-protected qubits in a silicon
photonic chip, Nat. Phys. 17, 1137 (2021).

[57] P. Blasiak, E. Borsuk, and M. Markiewicz, On safe post-
selection for Bell tests with ideal detectors: Causal diagram
approach, Quantum 5, 575 (2021).

[58] L. Huang, X.-M. Gu, Y.-F. Jiang, D. Wu, B. Bai, M.-C.
Chen, Q.-C. Sun, J. Zhang, S. Yu, Q. Zhang, C.-Y. Lu, and
J.-W. Pan, Experimental demonstration of genuine tripartite
nonlocality under strict locality conditions, Phys. Rev. Lett.
129, 060401 (2022).

[59] H. Cao, M.-O. Renou, C. Zhang, G. Massé, X. Coiteux-Roy,
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