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Quantum no-cloning, the impossibility of perfectly cloning an arbitrary unknown quantum state, is one
of the most fundamental limitations due to the laws of quantum mechanics, which underpin the physical
security of quantum key distribution. Quantum physics does allow, however, approximate cloning with
either imperfect state fidelity and/or probabilistic success. Whereas approximate quantum cloning of
single-particle states has been tested previously, experimental cloning of quantum entanglement—a highly
nonclassical correlation—remained unexplored. Based on a multiphoton linear optics platform, we

demonstrate quantum cloning of two-photon entangled states for the first time. Remarkably our results
show that one maximally entangled photon pair can be broadcast into two entangled pairs, both with state
fidelities above 50%. Our results are a key step towards cloning of complex quantum systems, and are
likely to provide new insights into quantum entanglement.
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“Information is physical” was a profound statement
codified by Landauer to mean that information is not an
abstract entity and only exists through a physical repre-
sentation [1]. Classical information can, in principle, be
precisely measured, perfectly cloned, broadcast, and
deleted. However, quantum information is radically differ-
ent. Nature prevents us from constructing a quantum
machine to produce perfect copies of an unknown quantum
state [2].

One fundamental question that naturally arises concerns
how much one can extract quantum information of a
quantum system from its imperfect copies. To investigate
this limitation, various quantum cloning machines (QCMs)
that produce approximate copies with nonunity state
fidelities [3] (defined as the overlap between cloned output
states and initial input state) or probabilistic success [4]
have been theoretically investigated and experimentally
demonstrated in a variety of systems [5,6] including
single photons [7-12], nuclear magnetic resonance [13],
and superconducting circuits [14]. In parallel to these
fundamental efforts, quantum cloning has also been
exploited as a powerful tool for the investigation of the
quantum-to-classical transition [15], quantum state
estimation [16], quantum cryptanalysis [17], and comple-
mentary [18].
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Quantum correlations are at the heart of this cloning
phenomena. An interesting yet experimentally unexplored
regime relates to the cloning of quantum entangled states.
Theoretically, two pairs of nonlocally entangled pairs can be
generated by locally performing quantum cloning on each
subsystem comprising one entangled pair—a technique
called entanglement broadcasting [19-22]. Interest in this
link between quantum cloning and entanglement lies not
only in the extension from cloning of qubits to registers [20];
profoundly, this link could reveal that entanglement, as a
novel quantum resource without any classical counterpart,
has the quantum feature of broadcasting, similar to
other basic behaviors such as manipulation, control, and
distribution [23].

Entanglement cloning is potentially useful for quantum
network with a multiple functional quantum node that can
distribute, control, and manipulate entanglement. While
quantum teleportation aims to transmit the entangled states
faithfully, entanglement broadcasting is a more general
concept that seeks to spread the entanglement among
multiple parties. Broadcasting entanglement provides an
attractive alternative to supply entanglement to quantum
networks, which currently involve Bell-pair creation
between quantum network nodes [24,25] or multipartite
entangled states [26].
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FIG. 1. Operational principle of our quantum cloning network.
(a) A universal single-qubit quantum cloning machine, which
generates two approximate clones for an unknown quantum state
|¢) with the support of two ancilla qubits. (b) Our entanglement
cloning network. Charles first prepares his qubits |0); and |0),
into an entangled state |¢),, (vertical red line). Next the qubit 1
(2) are fed into a UQCM (gray box) with qubits |0); (|0)s) and
[0), (]0)g). Charles then simultaneously performs quantum
cloning on his two-qubit state by enacting unitary operations
ﬁl and ﬁz on qubits 1, 3 and qubits 2, 5. Consequently, Bob
receives the two-qubit pair (4, 6) while Alice gets her two-qubit
pair (1, 2), respectively.

Here we report on the first experimental cloning of
quantum entanglement. In Fig. 1 we depict the concept of
our operational quantum network for entanglement broad-
casting with six initialized qubits. It begins by Charles
preparing an entangled pure bipartite state |¢),, on two
spatially separated qubits. Charles wants to make a copy of
|)1, for Bob at a distant location while saving a local
transcript for Alice. This is unfortunately prohibited by the
no-cloning principle but Charles can instead employ two
universal 1-to-2 single-qubit quantum cloning machines
(UQCMs) [3,27]. These UQCMs [depicted in Fig. 1(a)]
generate two approximate copies of an arbitrary input qubit
|¢p) with cloning fidelities independent of the input state.
One experimentally viable UQCM protocol employs the
Pauli cloning machine [28] by performing partial
teleportation [29], instead of the symmetrical QCM, which
generates two unnecessary identical clones with the
fidelities of two output states under control of a single
parameter R (satisfying 0 < R < 1). In Fig. 1(b), each
UQCM is internally equipped with a quantum channel that
prepares maximally entangled qubit pairs (3, 4) and
(5, 6) of the form [¥~)5, = (1/+/2)(|01)3, — |10)5,) and
[¥~)s6 = (1/v/2)(]01)s4 — |10)s6), respectively. These are
referred to as EPR1 and EPR2. The joint quantum state of
the initial system, consisting of two UQCMs and the input
bipartite state to be cloned is |£) = |¢)5|¥ )34 ¥ )s6-

With our joint initial state |£) generated, the next step is to
use the two UQCMs. These are locally operated to clone for
qubits 1 and 2 by performing partial Bell state projections
(PBSPs) on the pairs (1, 3) and (2, 5), individually. The
transformations labeled U; and U, correspond to single-
parameter operations of the form

V1-R i\/1_2>®i
ivR V1—-R ’

where 1 is an identity operator for the internal degree of
freedom and the R parametrized matrix operates on the
spatial modes transforming the whole state of the system as
ly) = U, ® U,|&). Finally, modes 3’ and 5’ are traced out.
At this point, Alice obtains the local two-qubit state p;o
with fidelity F»» while Bob receives the distant state pyq
with fidelity F,. When R = 1/3, the two local cloning
processes are symmetrical and optimal with the local
(distant) state obeying

ﬁ]—ﬁz—(

Py = pag = 6 = Tryeys (|w) (w|) = Tryoys ([w) (wl).

where ¢ denotes the reduced density matrices of subsys-
tems after partial traces over the corresponding spatial
modes. Interestingly, despite using universal single-state
quantum cloning machines here, our approach for bipartite
entanglement cloning is state dependent, which depends on
the particular initial bipartite states Charles prepares. One
needs to be aware that our scheme enables broadcasting
entanglement for a wide range of states including valuable
Bell states as well as some nonmaximally entangled
states with both of the cloning pairs in inseparable
states [30].

Turning our attention the experiment itself we show our
setup in Fig. 2. We first prepare the initial two-qubit input
entangled state, which is encoded in the polarization
degree of freedom of two individual flying photons. At
this preparation stage, two parallel laser beams with the
same pump power are focused on a f-barium borate
(BBO) crystal to generate independent photon pairs via
spectral-uncorrelated spontaneous parametric down-con-
version [34,35]. The frequency-degenerate down-con-
verted photons in identical signal and idler modes are
combined into one path by birefringent beam displacers
(BDs) and half-wave plates (HWPs). Careful temporal and
spatial compensation, by tilting both BDs, enables the
preparation of the pair of photons in modes 1 and 2 into
our desired initial entangled state |¢$),,. Similarly,
EPRI1 and EPR2 are aligned to generate the singlet state
¥-) = (1/V/2)(|H)|V) — |V)|H)) for H (V) horizontal
(vertical) polarization. To suppress higher-order emission
noise, our experiments operate at low laser power with
an average raw two-fold coincidence count of about
1.5 x 10° per second from each source. Then photons
in modes 1, 2, 3, and 5 are coupled into 2-meter-long

210502-2



PHYSICAL REVIEW LETTERS 125, 210502 (2020)

& 3 a
a1 ] 1 9 BBO
- .-
0 ® 4 | Ohwe
=B Rl © awp
T al — NBS
=l erre
n '  pBS
- | —++—— 1 -+ ’*— L
> _‘_ =13 Filter
E- -
-+ 5 ® 6 -~ BD
_

FIG. 2. Experimental setup for quantum entanglement cloning.

Here two pulsed Ti:sapphire laser beams (with 775 nm central

wavelength and 80 MHz repetition rate) are focused on to a 6.3 mm-thick f-barium-borate crystal (BBO) to produce photon pairs via
SPDC. Optical 4f systems of lenses are inserted before each SPDC source for an optimal beam-waist match of 800 ym. The photons in
spatial modes 1 and 2 are combined into one path with BDs and HWPs (inset). The HWP in mode 2 is used to prepare a desired initial
state. The photon pairs of EPR1 and EPR2 are prepared in singlet states with similar optical arrangements. Polarization states of photons
in modes 1’,2’, 4, and 6 are analyzed by using QWPs, HWPs, and PBSs. All photons are spectrally filtered by 30-nm band-pass filters.
Sixfold coincidences are recorded with a multichannel coincidence unit.

single-mode optical fibers (SMFs) and guided for the
PBSP operations. To clone entanglement, photons (1, 3)
and (2, 5) must transform unitarily according to U,
and U,, which are implemented on two nonpolarizing
beam splitters (NBSs) in our linear optical experiment. To
achieve perfect nonclassical interference, we adjust
the path length of photon 3 (5) that guarantees the
photons in modes 1 (2) and 3 (5) to arrive at the NBS
simultaneously. Furthermore, before each light coupler,
photons are spectrally filtered to ensure frequency
indistinguishability.

The most critical element of the partial Bell-state
measurement in our symmetric UQCM is a nonpolarizing
beam splitter with reflectivity of R = 1/3 for both H and V
polarization [29]. While traditional real beam splitters
involve imperfect calibration parameters for the reflectivity
and transmittance as well as exhibiting asymmetry between
different polarizations, our well manufactured beam split-
ters with polarization-independent coating have reflectivity
variation for H and V polarization within £0.01 according
to prior calibration. By adjusting our collimators, we can
slightly vary the beam-profile matching and incidence
angle for optimal spatial overlap and splitting ratios.
Furthermore, we employ Hong-Ou-Mandel-type measure-
ments [36] to estimate the quality of nonclassical interfer-
ences on our asymmetric beam splitters obtaining a
visibility of 0.731 £0.007 (with the maximum ideal
visibility being 0.8). This small observed degradation
may be from the group-delay dispersion of pump laser
in the BBO crystals. Finally, photon polarization in output
modes 1’, 2/, 4, and 6 is analyzed with combinations of
half- and quarter-wave plates in conjunction with a polar-
izing beam splitter. All photons are detected by SMF

guided superconducting nanowire single-photon threshold
detectors with average detection efficiency of 75%.

It is now important to determine the nature of our
entanglement cloned states noting that our initial state
is prepared in a polarization-entangled state |®*),, =
(1/v2)(|H){|H), + |V),|V),). This choice of initial state
is appropriate as the maximally entangled state has the
worst cloning fidelity in our state-dependent cloning
protocol. Therefore, cloning a Bell state is the most
challenging task. We have of course a number of tools
available to us to characterize our local and distant states
that have been generated. In this situation we primarily
want to know if our states are entangled or not and so an
entanglement witness seems appropriate. We can define it
as W=11—|®")(®*|, which is a Hermitian operator
with negative expectation value Tr[Wpe,,] <O for an
entangled state pey, [37]. Then the expectation value of
W can be expressed as

A A 1 A A R
<W> = Tr{wpexp] = Z (1 - <Gx0x> + < y y> - <0zgz>>’
where 6, , . are the usual Pauli operators. Thus by meas-

uring the expectation values (6,6,), (6,6,), and (6.6.) of
the two-photon output states using correlated local
measurements we can determine whether the photon pairs
(', 2"y and (4, 6) are entangled or not.

In our experiment, we need to measure the entanglement
witness of the local (distant) two-photon states pyo (p46)
independently conditioned on the presence of a photon in
all the other modes not involved with that state. Given that
heralded signal, we then perform polarization measure-
ments on the two photons in our state of interest in three
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FIG. 3. Experimental entanglement characterization in three
complementary bases. (a) For the linear basis (|H)/|V)), the
measured  expectation value (6.6,) is 0.433+£0.015
(0.372 £ 0.016) for the local (distant) case. (b) Corresponding
to the diagonal basis (|D)/|A) = |H) £ |V)), the measured
(646,) is 0.420 +0.015 (0.369 £ 0.016). (c) For the circular
basis (|L)/|R) = |H) %+ i|V)), the measured (5,6,) is —0.423 &
0.015 (—0.347 4+ 0.015). The accumulation time for each setting
is 12 h. The expectation values and error bars are calculated with
raw counts.

complementary bases (linear basis (H/V), diagonal (D/A),
and circular (L/R). Figure 3 shows the measured normal-
ized counts of these three measurement settings. We
observe that (W), = —0.069 4 0.007, while (W), =
—0.022 £ 0.007, which clearly indicates genuine entangle-
ment for both the local and distant two-photon states.
Further from these measurements, we can also determine
the experimental fidelity Fey, = Tr[|@) (D |pey,] =3 —
(W) of our two states of interest. They are 0.569 + 0.007
(0.522 4+ 0.007) for the local (distant) states which are close
to the theoretical value of 0.583 (0.583), respectively. Thus,
our extraction of quantum entanglement for both local and
distant states certifies genuine broadcasting of quantum
entanglement in our experiment.

Next, owing to the intrinsic indistinguishability of cloned
states from a symmetric QCM, our two-photon pairs of (1/,
2") and (4, 6) should theoretically have identical reduced
quantum  states ¢ =g |@") (DY + %iz ® I,. This
expression implies that our two states are mixtures of
the initial two-qubit maximally entangled state and the
maximally mixed state. To quantify experimentally the
similarity between these two output states, we can calculate
the distance between their two density matrices. To achieve
this, we therefore simultaneously perform two-photon
correlation measurements on local and distant photon pairs
for state tomography with 36 polarization-measurement
settings. Composite density matrices are reconstructed
using a maximum likelihood algorithm [38]. In Figs. 4(a),
4(b), we show the tomographic reconstruction of the initial
state with fidelity F > 0.991 achieved by collecting two-
fold coincidences without stray ambient photon subtrac-
tion. Figures 4(c), 4(d) show the two cloned output states
denoted by py» and p4e. The experimental reconstructed
state is seen to closely overlap the predicted output state
with fidelity of 0.986 £ 0.006 (0.974 4 0.008) for the local

FIG. 4. Experimental density matrices reconstruction of the
initial and cloned states. (a) [(b)], the real [imaginary] part of the
density matrices of the initial input bipartite system. (c) and
(d) The real parts of the density matrices are shown for the local
and distant two-photon cloned state, respectively. The elements
of imaginary parts are small, hence, are not shown. The empty
bars illustrate the theoretical values while the solid bars are
calculated from experimental raw data.

(distant) cloning state. Further from the reconstructed
density matrices we can also determine the degree of
entanglement (concurrence) and mixture (von Neumann
entropy) of our local (distant) states. They are C;n =
0.146 +0.032 (C4 = 0.104 £ 0.033) and Sy = 1.139 &+
0.025 (S46 = 1.159 £0.026), respectively, and again
clearly showing the presence of entanglement in
these states. To quantify the similarity between the
local and distant state we can calculate the trace
distance D(ﬁ1’2/7p46) :%Tr(|ﬁ1r2/ _1546|> =0.197+0.018
and Uhlmann state fidelity [39] F(pyo,pag) =

Tr(\/v/Prr2Pas/Pr)? = 0.948 +0.010. The error bars
are estimated using a Monte Carlo method with noise

added according to the Poisson distribution. The small
difference between these two measured states could be
caused by several experimental issues, for example,
residual photon distinguishability between independent
SPDC sources and bit-flip errors caused by imperfection
of maintaining polarization in glass fiber and in optical
elements. Despite such imperfections, remarkably good
similarity is seen between the two cloning composite states.
We also tested this cloning of quantum entangled states
with another Bell state |¥*), = (1/v2)(|H),|V),+
|V),|H),) and obtained a similar result to that of
(@), [30].

Previously we had chosen our PBSPs reflectivity ratio
R = 1/3 such that both the local and distant clones states
would have the same fidelities. Of course this need not be
the case and so let us exploit asymmetries in PBSPs with
various splitting ratios to explore its effect on our local and
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FIG. 5. Fidelities of the cloned two-photon states for various

beam splitter reflectivities. The dots represent the fidelities

determined from the local measurements for (62*)(k = x,y, z)

on photons 1, 2/, 4, and 6. Further, the solid curves represent the
theoretical fidelity of photon pair (1, 2') (blue) and (4, 6) (orange)
with simulated mode-mismatch noise. The error bars represent 1
standard deviation.

distant cloned state. In Fig. 5 we show the measured fidelity
of the local and distant cloned states (with respect to
|®T),,) for three different R reflectivities (1/3, 1/2, 2/3).
The measured fidelities are 0.562 4+ 0.017, 0.278 4+ 0.025,
and 0.334 + 0.016, respectively, for photon pair (1’, 2’) and
0.530 £ 0.017, 0.783 £ 0.018, and 0.493 4 0.015, respec-
tively, for photon pair (4, 6). The solid lines represent
our theoretical modeling calculated for experimental
parameters involving mode-mismatch noise [30]. Strong
agreement between the experimental measurements and
theoretical prediction of our model implies that our
setup establishes a convenient and effective tool for
quantum entanglement broadcasting. Moreover, competi-
tion between the fidelities of the two output states for
various beam splitter reflectivities effectively shows the
experimental challenge to simultaneously observe entan-
glement properties in both local and distant pairs due to the
presence of decoherence.

In conclusion, we have for the first time demonstrated
cloning of entanglement by producing two entangled pairs
each with fidelity exceeding 0.5. Our realization of quantum
cloning for an entangled composite system of noninteracting
photon pairs not only advances cloning of complex quantum
systems but also confirms the broadcasting feature of
quantum entanglement. Moreover, it establishes entangle-
ment broadcasting as a primitive alongside manipulation,
control, and distribution for potential applications for entan-
glement networks, quantum computing, and other quantum
information protocols. We expect that our experiment will
inspire implementations in other systems (e.g., continuous-
variable optics [40—42], superconducting circuits [14]) to
explore both novel phenomena including quantum-to-
classical transitions [43] and new applications including
quantum-coherent approximate broadcasting [44,45].

This work was supported by the National Natural
Science Foundation of China, the Chinese Academy of

Sciences, the National Key R&D Program of China
(No. 2019YFA0308701), the Science and Technology
Commission ~ of  Shanghai  Municipality  (Grant
No. 2019SHZDZXO01), and the Anhui Initiative in
Quantum Information Technologies. This Research was also
supported in part by the Japanese MEXT Quantum Leap
Flagship Program (MEXT Q-LEAP), Grant No.
JPMXS0118069605. B. C.S. acknowledges financial sup-
port from China’s 1000 Talent Plan.

“L.-C.P. and D. W. contributed equally to this work.

[1] R. Landauer, Information 1is a physical
Physica (Amsterdam) 263A, 63 (1999).

[2] W. K. Wootters and W. H. Zurek, A single quantum cannot
be cloned, Nature (London) 299, 802 (1982).

[3] V. Buzek and M. Hillery, Quantum copying: Beyond the no-
cloning theorem, Phys. Rev. A 54, 1844 (1996).

[4] L.M. Duan and G.C. Guo, Probabilistic Cloning and
Identification of Linearly Independent Quantum States,
Phys. Rev. Lett. 80, 4999 (1998).

[5] V. Scarani, S. Iblisdir, N. Gisin, and A. Acin, Quantum
cloning, Rev. Mod. Phys. 77, 1225 (2005).

[6] H. Fan, Y.-N. Wang, L. Jing, J.-D. Yue, H.-D. Shi, Y.-L.
Zhang, and L.-Z. Mu, Quantum cloning machines and the
applications, Phys. Rep. 544, 241 (2014).

[7] A. Lamas-Linares, C. Simon, J.C. Howell, and D.
Bouwmeester, Experimental quantum cloning of single
photons, Science 296, 712 (2002).

[8] F. De Martini, D. Pelliccia, and F. Sciarrino, Contextual,
Optimal, and Universal Realization of the Quantum Cloning
Machine and of the NOT Gate, Phys. Rev. Lett. 92, 067901
(2004).

[9] W.T. Irvine, A.L. Linares, M.J. de Dood, and D.
Bouwmeester, Optimal Quantum Cloning on a Beam
Splitter, Phys. Rev. Lett. 92, 047902 (2004).

[10] Z. Zhao, A.N. Zhang, X. Q. Zhou, Y. A. Chen, C.Y. Lu,
A. Karlsson, and J. W. Pan, Experimental Realization
of Optimal Asymmetric Cloning and Telecloning via
Partial Teleportation, Phys. Rev. Lett. 95, 030502 (2005).

[11] E. Nagali, L. Sansoni, F. Sciarrino, F. De Martini, L.
Marrucci, B. Piccirillo, E. Karimi, and E. Santamato,
Optimal quantum cloning of orbital angular momentum
photon qubits through Hong-Ou-Mandel coalescence,
Nat. Photonics 3, 720 (2009).

[12] F. Bouchard, R. Fickler, R. W. Boyd, and E. Karimi, High-
dimensional quantum cloning and applications to quantum
hacking, Sci. Adv. 3, e1601915 (2017).

[13] H. K. Cummins, C. Jones, A. Furze, N. F. Soffe, M. Mosca,
J.M. Peach, and J.A. Jones, Approximate Quantum
Cloning with Nuclear Magnetic Resonance, Phys. Rev.
Lett. 88, 187901 (2002).

[14] Zhen-Biao Yang et al., Experimental demonstration of
universal quantum cloning in a circuit, arXiv:1909.03170.

[15] F. De Martini, F. Sciarrino, and C. Vitelli, Entanglement Test
on a Microscopic-Macroscopic System, Phys. Rev. Lett.
100, 253601 (2008).

entity,

210502-5


https://doi.org/10.1016/S0378-4371(98)00513-5
https://doi.org/10.1038/299802a0
https://doi.org/10.1103/PhysRevA.54.1844
https://doi.org/10.1103/PhysRevLett.80.4999
https://doi.org/10.1103/RevModPhys.77.1225
https://doi.org/10.1016/j.physrep.2014.06.004
https://doi.org/10.1126/science.1068972
https://doi.org/10.1103/PhysRevLett.92.067901
https://doi.org/10.1103/PhysRevLett.92.067901
https://doi.org/10.1103/PhysRevLett.92.047902
https://doi.org/10.1103/PhysRevLett.95.030502
https://doi.org/10.1038/nphoton.2009.214
https://doi.org/10.1126/sciadv.1601915
https://doi.org/10.1103/PhysRevLett.88.187901
https://doi.org/10.1103/PhysRevLett.88.187901
https://arXiv.org/abs/1909.03170
https://doi.org/10.1103/PhysRevLett.100.253601
https://doi.org/10.1103/PhysRevLett.100.253601

PHYSICAL REVIEW LETTERS 125, 210502 (2020)

[16] D. Bruss, A. Ekert, and C. Macchiavello, Optimal Universal
Quantum Cloning and State Estimation, Phys. Rev. Lett. 81,
2598 (1998).

[17] K. Bartkiewicz, K. Lemr, A. Cernoch, J. Soubusta, and A.
Miranowicz, Experimental Eavesdropping Based on Opti-
mal Quantum Cloning, Phys. Rev. Lett. 110, 173601 (2013).

[18] G.S. Thekkadath, R.Y. Saaltink, L. Giner, and J.S.
Lundeen, Determining Complementary Properties with
Quantum Clones, Phys. Rev. Lett. 119, 050405 (2017).

[19] V. Buzek, V. Vedral, M. B. Plenio, P. L. Knight, and M.
Hillery, Broadcasting of entanglement via local copying,
Phys. Rev. A 55, 3327 (1997).

[20] V. Buzek and M. Hillery, Universal Optimal Cloning of
Arbitrary Quantum States: From Qubits to Quantum
Registers, Phys. Rev. Lett. 81, 5003 (1998).

[21] L. Ghiu and A. Karlsson, Broadcasting of entanglement at a
distance using linear optics and telecloning of entanglement,
Phys. Rev. A 72, 032331 (2005).

[22] C. Weedbrook, N. B. Grosse, T. Symul, P. K. Lam, and T. C.
Ralph, Quantum cloning of continuous-variable entangled
states, Phys. Rev. A 77, 052313 (2008).

[23] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Quantum entanglement, Rev. Mod. Phys. 81,
865 (2009).

[24] S. Wehner, D. Elkouss, and R. Hanson, Quantum internet: A
vision for the road ahead, Science 362, eaam9288 (2018).

[25] R. Van Meter and J. Touch, Designing quantum repeater
networks, IEEE Commun. Mag. 51, 64 (2013).

[26] A. Pirker and W. Diir, A quantum network stack and
protocols for reliable entanglement-based networks, New
J. Phys. 21, 033003 (2019).

[27] D. Bru3, D.P. DiVincenzo, A. Ekert, C. A. Fuchs, C.
Macchiavello, and J. A. Smolin, Optimal universal and
state-dependent quantum cloning, Phys. Rev. A 57, 2368
(1998).

[28] N.J. Cerf, Pauli Cloning of a Quantum Bit, Phys. Rev. Lett.
84, 4497 (2000).

[29] F. Radim, Quantum partial teleportation as optimal cloning
at a distance, Phys. Rev. A 69, 052301 (2004).

[30] See  Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.125.210502 for details,
which includes Refs. [3,10,31-33].

[31] W. K. Wootters, Entanglement of Formation of an Arbitrary
State of Two Qubits, Phys. Rev. Lett. 80, 2245 (1998).

[32] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge Univ. Press, Cambridge,
England, 2000).

[33] J. W. Pan, Z. B. Chen, C. Y. Lu, H. Weinfurter, A. Zeilinger,
and M. Zukowski, Multiphoton entanglement and inter-
ferometry, Rev. Mod. Phys. 84, 777 (2012).

[34] P.G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V.
Sergienko, and Yanhua Shih, New High-Intensity Source of
Polarization-Entangled Photon Pairs, Phys. Rev. Lett. 75,
4337 (1995).

[35] H.S. Zhong, Y. Li, W. Li, L.C. Peng, Z.E. Su et al.,
12-Photon Entanglement and Scalable Scattershot Boson
Sampling with Optimal Entangled-Photon Pairs from
Parametric Down-Conversion, Phys. Rev. Lett. 121,
250505 (2018).

[36] C.K. Hong, Z.Y. Ou, and L. Mandel, Measurement of
Subpicosecond Time Intervals between Two Photons by
Interference, Phys. Rev. Lett. 59, 2044 (1987).

[37] O. Giihne and G. T6th, Entanglement detection, Phys. Rep.
474, 1 (2009).

[38] D.F K. James, P. G. Kwiat, W.J. Munro, and A. G. White,
Measurement of qubits, Phys. Rev. A 64, 052312 (2001).

[39] R. Jozsa, Fidelity for mixed quantum states, J. Mod. Opt. 41,
2315 (1994).

[40] N.J. Cerf, A. Ipe, and X. Rottenberg, Cloning of Continuous
Quantum Variables, Phys. Rev. Lett. 85, 1754 (2000).

[41] M. Sabuncu, U. L. Andersen, and G. Leuchs, Experimental
Demonstration of Continuous Variable Cloning with Phase-
Conjugate Inputs, Phys. Rev. Lett. 98, 170503 (2007).

[42] C. Weedbrook, S. Pirandola, R. Garcia-Patron, N. J. Cerf,
T. C. Ralph, J. H. Shapiro, and S. Lloyd, Gaussian quantum
information, Rev. Mod. Phys. 84, 621 (2012).

[43] F. De Martini and F. Sciarrino, Colloquium: Multiparticle
quantum superpositions and the quantum-to-classical tran-
sition, Rev. Mod. Phys. 84, 1765 (2012).

[44] 1. Marvian and R. W. Spekkens, No-Broadcasting Theorem
for Quantum Asymmetry and Coherence and a Trade-Off
Relation for Approximate Broadcasting, Phys. Rev. Lett.
123, 020404 (2019).

[45] M. Lostaglio and M. P. Muller, Coherence and Asymmetry
Cannot be Broadcast, Phys. Rev. Lett. 123, 020403 (2019).

210502-6


https://doi.org/10.1103/PhysRevLett.81.2598
https://doi.org/10.1103/PhysRevLett.81.2598
https://doi.org/10.1103/PhysRevLett.110.173601
https://doi.org/10.1103/PhysRevLett.119.050405
https://doi.org/10.1103/PhysRevA.55.3327
https://doi.org/10.1103/PhysRevLett.81.5003
https://doi.org/10.1103/PhysRevA.72.032331
https://doi.org/10.1103/PhysRevA.77.052313
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1103/RevModPhys.81.865
https://doi.org/10.1126/science.aam9288
https://doi.org/10.1109/MCOM.2013.6576340
https://doi.org/10.1088/1367-2630/ab05f7
https://doi.org/10.1088/1367-2630/ab05f7
https://doi.org/10.1103/PhysRevA.57.2368
https://doi.org/10.1103/PhysRevA.57.2368
https://doi.org/10.1103/PhysRevLett.84.4497
https://doi.org/10.1103/PhysRevLett.84.4497
https://doi.org/10.1103/PhysRevA.69.052301
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
http://link.aps.org/supplemental/10.1103/PhysRevLett.125.210502
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1103/RevModPhys.84.777
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1103/PhysRevLett.121.250505
https://doi.org/10.1103/PhysRevLett.121.250505
https://doi.org/10.1103/PhysRevLett.59.2044
https://doi.org/10.1016/j.physrep.2009.02.004
https://doi.org/10.1016/j.physrep.2009.02.004
https://doi.org/10.1103/PhysRevA.64.052312
https://doi.org/10.1080/09500349414552171
https://doi.org/10.1080/09500349414552171
https://doi.org/10.1103/PhysRevLett.85.1754
https://doi.org/10.1103/PhysRevLett.98.170503
https://doi.org/10.1103/RevModPhys.84.621
https://doi.org/10.1103/RevModPhys.84.1765
https://doi.org/10.1103/PhysRevLett.123.020404
https://doi.org/10.1103/PhysRevLett.123.020404
https://doi.org/10.1103/PhysRevLett.123.020403

