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We report the first experimental demonstration of quantum entanglement among ten spatially separated
single photons. A near-optimal entangled photon-pair source was developed with simultaneously a source
brightness of ∼12 MHz=W, a collection efficiency of ∼70%, and an indistinguishability of ∼91% between
independent photons, which was used for a step-by-step engineering of multiphoton entanglement. Under a
pump power of 0.57 W, the ten-photon count rate was increased by about 2 orders of magnitude compared
to previous experiments, while maintaining a state fidelity sufficiently high for proving the genuine ten-
particle entanglement. Our work created a state-of-the-art platform for multiphoton experiments, and
enabled technologies for challenging optical quantum information tasks, such as the realization of Shor’s
error correction code and high-efficiency scattershot boson sampling.
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Quantum entanglement [1–3] among multiple spatially
separated particles is of fundamental interest, and can serve
as a central resource for studies in quantum nonlocality,
quantum-to-classical transition [4], quantum error correc-
tion [5], and quantum simulation [6]. The ability of
generating an increasing number of entangled particles is
an important benchmark for quantum information process-
ing [7]. The largest entangled states were previously
created with 14 trapped ions [8], eight photons [9], and
five superconducting qubits [10].
Despite fast progress in linear optics quantum computing

[11–13] in recent decades, the limiting bottleneck remains
the number of experimentally controlled single photons.
Even for nonuniversal quantum computation models such
as boson sampling [12] that demands minimal physical
resources, 20–30 single photons are required to reach
quantum supremacy. The previously demonstrated eight-
photon entangled state had a coincidence count rate of ∼9
per hour [9]. Based on the same technique, the ten-photon
count rate would be as low as ∼170 per year.
For multiphoton experiments with spontaneous para-

metric down-conversion (SPDC) [13], the probability (p)
of generating a single photon pair per pump pulse should be
kept small (typically < 0.1), to suppress the undesired
noise contribution from double-pair emission rate (∼p2).
To increase the count rate of the entangled photons without
compromising the single-photon purity and indistinguish-
ability, it is most crucial to engineer the spatial and spectral
properties of the pulsed SPDC to enhance the photon
collection efficiency into a single spatial mode. In previous
multiphoton entanglement experiments [9], however, the

collection efficiency was not sufficient to demonstrate ten-
photon entanglement.
The key to our ten-photon entanglement experiment is a

pulsed SPDC photon-pair source with simultaneously high
brightness (∼1.2 × 107 photon pairs generated per watt),
high collection efficiency (∼70%), and high photon indis-
tinguishability (∼91%), as shown in Fig. 1. To achieve a high
coupling efficiency, we adopted beamlike type-II SPDC
[14–20], where the signal-idler photon pairs are emitted as
two separate circular beams in a Gaussian-like intensity
distribution, confirmed by the recorded image displayed in
the right-hand panel of Fig. 1(a). This is favorable for
collecting the produced fluorescence into a single-mode
fiber [16], a significant advantage compared to the noncol-
linear SPDC where the photon pairs are collected from two
intersections of the down-converted rings [21]. In our
experiment, using a single β-barium borate (BBO) crystal
with 2 mm thickness, the photon collection efficiency was
measured [22] to be 88% without narrow-band filtering.
To generate polarization-entangled photon pairs, we

adopted a sandwichlike geometry [19,20] where a half-
wave plate (HWP) is sandwiched between two 2-mm-thick,
identically cut BBOs (see Supplemental Material [23]). The
polarization state of the correlated photon pairs generated
from the left BBO can be written as jV1;oijH2;ei, where H
(V) denotes horizontal (vertical) polarization and the sub-
scripts 1; o (2; e) indicate the single photon being the down-
converted ordinary (extraordinary) light in spatial mode
1 (2). The photons pass through the HWP and are rotated to
its orthogonal state jH1;oijV2;ei, which are then coherently
superposed with the photon pair jV1;oijH2;ei generated
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from the right BBO. The sandwichlike structure engineers
the e and o photon emission to be spatially separated,
allowing separate, efficient narrow-band filtering for the e
and o photons [24]. By careful spatial and temporal

compensations [23], entangled photons in the state
ðjH1;oijV2;ei þ jV1;oijH2;eiÞ=

ffiffiffi
2

p
were prepared.

The observed count rate and fidelity of the two-photon
entanglement as a function of pump power are summarized
in Figs. 1(b) and 1(c). At a pump power of 0.57W, with and
without narrow-band filters of 3-nm bandwidth for the e
photon and 8 nm for the o photon, 1.2 × 106 and 3 × 106

two-photon counts per second were detected, respectively,
with a state fidelity (the overlap with an ideal two-photon
entangled state) of 0.97 and 0.93. Thanks to the new source
design with a high collection efficiency of 70%, we
obtained an entangled-photon source ∼4 times brighter
than the previous result in eight-photon entanglement [9],
by using only 65% pump power (for a detailed comparison
with other SPDC sources, see Supplemental Material [23]).
This increases the ten-photon coincidence count rate by
about 2 orders of magnitude and thus makes the exper-
imental observation possible.
Entangling independent single photons requires a high

mutual indistinguishability between them. For example,
any spectral or temporal information that labels a photon
could reveal which way it comes from, thus eliminating the
quantum interference. We measure the joint spectrum of the
two photons, as shown in Fig. 1(d), and observe a tilted
elliptical joint spectral intensity distribution. Its long axis is
about 25° with respect to the vertical direction, indicating
that the o and e photons remain frequency correlated [30].
With 3- and 8-nm filtering for the e and o photon,
respectively, we can expect a photon purity of 0.93. The
photon indistinguishability is experimentally tested
through two-photon quantum interference [see Fig. 1(e)
and Supplemental Material [23] ]. We observe a raw
interference visibility of 0.91(1) under a low pump power
of ∼44 mW, where the higher-order emission rate is kept
small; thus, this 0.91 visibility indicates a lower limit of
photon indistinguishability. Under a high pump power of
1 W, the visibility is reduced to 0.76(1), due to the noise
contributions from double-pair emission of SPDC.
The experimental setup for entangling five successive

SPDC photon pairs into a ten-photon Schrödinger-cat-like
state is illustrated in Fig. 2. Five e photons, each from an
entangled pair, are combined on a linear optical network
consisting of four polarizing beam splitters (PBSs). The time
delays between different paths were finely adjusted to ensure
that the photons arrived at the PBSs simultaneously. After the
PBSs, the single photons are coupled into single-mode fibers
and detected by silicon single-photon detectors.
As the PBSs transmit H and reflect V polarizations, it is

straightforward to check that after the four PBSs, if we
detect one and only one single photon in each output port
(i.e., a ten-photon coincidence), the ten photons will be
projected into the Schrödinger-cat-like state [2], also
known as a Greenberger-Horne-Zeilinger (GHZ) state [3]:

jψ10i ¼ ðjHi⊗10 þ jVi⊗10Þ=
ffiffiffi
2

p
:

(a)

(b) (c)

(d) (e)

Spatial
compensation

Temporal
compensation

FIG. 1. Entangled photons from SPDC with high collection
efficiency and photon indistinguishability. (a) The top panel shows
a single BBO setup for generating signal-idler photon pairs in two
separate circular beams, evident by the image of the photoemission
profile taken using an electron multiplying charge coupled device
(EMCCD). The spectra for the e and o photons are measured using
a spectrometer, showing a different bandwidth of 5.2 and 10.3 nm,
respectively. The bottom panel shows a sandwich-like BBOþ
HWPþ BBO geometry for generating entangled photons, after
careful birefringent compensations. (b) Experimentally detected
two-photon count rate as a function of laser pump power, with and
without narrow-band filtering. (c) The entangled state fidelity at
different two-photon count rates. (d) Measurement of the joint
spectrumof the photonpair. (e) Test of indistinguishability between
independent SPDC photons through two-photon interference at
different pump power [23].
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This is because the ten-photon coincidence events can only
originate from either the case that all the photons are H
polarized or the case that all are V polarized—two
possibilities quantum mechanically indistinguishable. The
entangled states and their creation process can be intuitively
illustrated in Fig. 2(b) using a graph-state presentation [31],
where each vertex represents a qubit and each edge indicates
a controlled logic gate having been applied between the two
connected qubits. The combination of two single photons
at a PBS can be described by the parity-check operator,
jHijHihHjhHj þ jVijVihVjhVj, which leads to the “fusion”
of separate two-qubit graphs into a larger star-shaped graph
state. OtherN-photonGHZ states (e.g.,N ¼ 2, 4, 6, 8) in the
form jψNi ¼ ðjHi⊗N þ jVi⊗NÞ= ffiffiffi

2
p

can be engineered step
by step using a similar method in the process of generating
the ten-photon GHZ state.
To demonstrate the N-photon coherence of the generated

GHZ states, we measure the N single photons individually
along the basis of ðjHi � eiθjViÞ= ffiffiffi

2
p

and detect all the 2N

combinations of N-photon output. From these measure-
ments, we obtain the experimentally estimated expectation
values of the observable Mθ

⊗N ¼ ðcos θσx þ sin θσyÞ⊗N .
The coherence of theN-qubit GHZ state, which is defined by
the off-diagonal element of its density matrix and reflects the
coherent superposition between the jHi⊗N and jVi⊗N

component of the GHZ state, can be calculated by [32]

CN ¼ 1

N

XN−1

k¼0

ð−1ÞkhMðkπ=NÞ⊗Ni:

For the two-, four-, six-, eight-, and ten-photon GHZ states,
the coherence is calculated to be 0.9305(3), 0.750(6), 0.612
(28), 0.538(29), and 0.438(27), respectively, from measure-
ments at certain angles θ ¼ kπ=N; k ¼ 0; 1;…; N − 1.
Figure 3 shows the experimentally obtained expectation

values of hMθ
⊗NiðN ¼ 1; 2; 4; 6; 8Þ with θ ramping con-

tinuously from 0 to π. The data are fitted to sinusoidal
fringes that show an N times increase of the oscillatory
frequencies for the N-photon GHZ states, with a gradual
reduction of fringe visibility that corresponds to the coher-
ence of the GHZ states, as mentioned above. Ideally, for
N ¼ 1, i.e., a single-photon state ðjHi þ jViÞ= ffiffiffi

2
p

, the
expectation value is ∝ cos θ. For the N-photon GHZ state
jψNi ¼ ðjHi⊗N þ jVi⊗NÞ= ffiffiffi

2
p

, where all the entangled
photons collectively respond to the phase change,
the expectation value is ∝ cosNθ. This observed Nθ
oscillation behavior highlights the potential of the GHZ
states for entanglement-enhanced superresolving phase
measurements [33].
For a more complete characterization of the N-photon

states, we measure their state fidelities, that is, the
overlap of the experimentally produced state with the
ideal one: FðψNÞ ¼ hψN jρexptjψNi ¼ TrðρidealρexptÞ and

FIG. 2. Experiment setup for generating a ten-photon polarization-entangled GHZ state. (a) A pulsed ultraviolet laser was focused on
five HWP-sandwiched BBO crystals to produce five entangled photon pairs in spatial modes 1-2, 3-4, 5-6, 7-8, and 9-10. Four prisms
were used to adjust the time delay to ensure that the photons simultaneously arrive at the PBSs. The outputs were detected by 20 single-
photon detectors where all the 1024 ten-photon coincidence events were simultaneously recorded by a coincidence counting system.
(b) Graph-state representation of the process to combine the five separate photon pairs into the ten-photon entangled GHZ state. The
graph states can be associated with graphs where each vertex represents a qubit prepared in the state ðjHi þ jViÞ= ffiffiffi

2
p

and each edge
represents a controlled phase gate having been applied between the two connected qubits. C-BBO: sandwich-like BBOþ HWPþ BBO
combination; SC-YVO4: YVO4 crystal for spatial compensation; TC-YVO4: YVO4 crystal for temporal compensation. See
Supplemental Material [23] for details.
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ρideal ¼ jψNihψN j ¼ ðPN þ CNÞ=2 [32,34], where PN ¼
ðjHihHjÞ⊗N þ ðjVihVjÞ⊗N denotes the population of the
jHi⊗N and jVi⊗N components of the GHZ state. The fidelity
can be calculated by the expectation values of the average of
the population and coherence FðψNÞ ¼ ðhPNi þ hCNiÞ=2.
The experimental data for the ten-photon state are shown in
Fig. 4. Under a laser pump power of 0.57W impinged on the
first crystal, we achieve a ten-photon count rate of ∼4 per
hour, and a state fidelity of 0.573(23), which exceed the
threshold of 0.5 by 3.2 standard deviations. Thus, we can
prove the presence of genuine ten-partite entanglement [34],
excluding the produced state from any incompletely
entangled (e.g., biseparable) state. Meanwhile, we
systematically measured the state fidelities of two-, four-,
six-, and eight-photon GHZ states together with their
count rate following the same method, which are listed in
Table I.

The main source of noise causing the imperfection of the
N-photon states is from the double-pair emission of SPDC.
Increasing the laser pump power can boost the photon
generation probability and also the double-pair emission
rate. As an example, we further tested with a laser pump
power of 0.7 W, where we detected a two-photon count rate
of 1.5 MHz. Under this condition, we detected a higher ten-
photon count rate of ∼11 per hour, but a reduced state
fidelity of 0.429(21) (see Fig. S1 in Supplemental
Material), demonstrating the detrimental effect of high-
order SPDC emission. This fidelity is below the threshold
of 0.5 for proving the genuine ten-particle entanglement. A
less stringent criteria, distillable entanglement [25], indi-
cates that out of many copies of the imperfectly created
states, ten-photon entanglement can be produced by local
operations and classical communications. Using this cri-
teria, our data prove ten-photon distillable entanglement

(a)

(b)

(c)

(d)

(e)

FIG. 3. N-photon coherence. The N single photons were
individually measured in the basis of ðjHi � eiθjViÞ= ffiffiffi

2
p

by
2N single-photon detectors. (a) N ¼ 1, (b) N ¼ 2, (c) N ¼ 4,
(d) N ¼ 6, and (e) N ¼ 8. Each of the 2N N-photon events
signals the observation of an eigenstate of the observable Mθ

⊗N

with corresponding eigenvalue of vj ¼ þ1 or vj ¼ −1. From the
relative probabilities of the N-photon detection events pj,
j ¼ 1;…; 2N , we can then compute the expectation values of
the observables by hMθ

⊗Ni ¼ P
2N

j¼1 pjvj. The x axis is the phase
shift θ between H and V. The y axis is the experimentally
obtained hMθ

⊗Ni. The error bars represent 1 standard deviation
[in (a)–(c) the error bars are smaller than the data points],
calculated from Poissonian counting statistics of the raw detec-
tion events.

-0.6
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Phase   (rad)

(b)
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(a)

FIG. 4. Experiment results for ten-photon genuine entanglement
at pump power of 0.57 W. (a) Ten-photon coincidence counts in
jHi=jVi basis accumulated for 35 h. (b) Expectation values of
M⊗10

kπ=10¼cosðkπ=10Þσxþsinðkπ=10Þσy (k¼0;1;…;9) obtained

by the measurement in the basis of ðjHi � eikπ=10jViÞ= ffiffiffi
2

p
. Each

setting is measured in∼26 h to accumulate∼100 events. The error
bars represent 1 standard deviation, calculated from Poissonian
counting statistics of the raw detection events.
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with a statistical significance of 7.2 standard deviations
[23]. Using high-efficiency photon-number-discriminating
single-photon detectors [35], the noise from higher-order
emission of SPDC can be eliminated. Exploiting the time-
bin encoding [36], which requires only one nonlinear
crystal and two detectors, the resource overhead for
N-photon entanglement can be drastically reduced.
Integrating the photon source, circuit, and detectors all
on a chip [37] can provide a more robust approach to
optical quantum technologies.
In summary, we have demonstrated the first ten-photon

entanglement in experiment. The ability to control ten
single photons will enable many previously challenging
experiments such as realization of universal quantum error
correction code [38], teleportation of three degrees of
freedom in a single photon [39], and ground-to-satellite
teleportation overcoming high channel loss [40,41]. The
combination of high collection efficiency and high indis-
tinguishability in pulsed SPDC [42] is of particular interest
for scattershot boson sampling [43], which can signifi-
cantly enhance the multiphoton count rate and may provide
a route to demonstrate quantum supremacy using photonic
quantum simulators.
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