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The phenomenon of entanglement marks one of the furthest departures from classical physics and is
indispensable for quantum information processing. Despite its fundamental importance, the distribution of
entanglement over long distances through photons is unfortunately hindered by unavoidable decoherence
effects. Entanglement distillation is a means of restoring the quality of such diluted entanglement by
concentrating it into a pair of qubits. Conventionally, this would be done by distributing multiple photon
pairs and distilling the entanglement into a single pair. Here, we turn around this paradigm by utilizing pairs
of single photons entangled in multiple degrees of freedom. Specifically, we make use of the polarization
and the energy-time domain of photons, both of which are extensively field tested. We experimentally chart
the domain of distillable states and achieve relative fidelity gains up to 13.8%. Compared to the two-copy
scheme, the distillation rate of our single-copy scheme is several orders of magnitude higher, paving the
way towards high-capacity and noise-resilient quantum networks.
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Entanglement lies at the heart of quantum physics,
reflecting the quantum superposition principle between
remote subsystems without a classical counterpart. In
addition to its fundamental importance, entanglement is
an essential resource for most quantum information appli-
cations [1], and its distribution between remote parties
provides the basis for quantum communication [2], dis-
tributed quantum computing [3], and eventually the quan-
tum internet [4]. For entanglement distribution, photons are
almost ideal carriers of quantum states. It is possible to
create close-to-maximally entangled photon pairs at high
rates in the laboratory [5–8], and recent efforts are ventur-
ing out of laboratory environments [9–12], bringing the
ultimate goal of a global quantum network within reach.
Nonetheless, noise and interaction with the environment
are unavoidable, leading to decoherence [13] and the
degradation of entanglement.
To counteract suchdetrimental noise effects, entanglement

distillation, also referred to as entanglement purification,was
introduced [14,15]. In entanglement distillation, two copies
of a noisy entangled state are employed to distill a single copy
with a higher degree of entanglement, a processwhich can be
cascaded until ultimately a pure Bell state is reached. Its
implementation is based on two-photon controlled NOT
(CNOT) gates [see Fig. 1(a)], and facilitates, for example,
quantum repeaters [16–18]. Experimental implementations
of entanglement distillation, however, face two challenges:
first, high optical losses in realistic scenarios lead to low
transmission probabilities of a single photon pair [9,12], let

alone the transmission of multiple photon pairs, which
substantially limits the distillation rate. Second, the required
two-photon CNOT gate cannot be deterministically realized
with passive linear optics [19–22]. Therefore, all demon-
strations of photonic two-copy entanglement distillation
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FIG. 1. Schematics of an elementary entanglement distillation
step. (a) Two-copy entanglement distillation in which both Alice
and Bob apply a CNOT gate between the two single photons they
receive. The control photon pair is successfully purified if the
measurement outcomes of the target qubits are correlated.
(b) Single-copy entanglement distillation employs two entangled
subspaces encoded in DOF of a single photon pair. The CNOT
gate is now applied between the two DOF and the successful
distillation of the control (upper) DOF is heralded by the
measurement outcomes of the target (lower) DOF. The classical
channel is omitted.

PHYSICAL REVIEW LETTERS 127, 040506 (2021)

0031-9007=21=127(4)=040506(7) 040506-1 © 2021 American Physical Society

https://orcid.org/0000-0002-7597-741X
https://orcid.org/0000-0002-8865-6164
https://orcid.org/0000-0003-1985-4623
https://orcid.org/0000-0003-3857-4555
https://orcid.org/0000-0002-9403-269X
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.127.040506&domain=pdf&date_stamp=2021-07-23
https://doi.org/10.1103/PhysRevLett.127.040506
https://doi.org/10.1103/PhysRevLett.127.040506
https://doi.org/10.1103/PhysRevLett.127.040506
https://doi.org/10.1103/PhysRevLett.127.040506


[18,23–25] are based on a parity check rather than on a
genuine CNOT gate.
To overcome these problems, single-copy entanglement

distillation was proposed, which harnesses entanglement in
different degrees of freedom (DOF) of a single photon pair
[26], known as hyperentanglement [27–29]. Instead of
operating on two photons, each carrying a qubit, the CNOT
gate now acts on two qubits encoded in different DOF of a
single photon [see Fig. 1(b)]. Importantly, the CNOT gate
between two DOF can be realized deterministically with
linear optics [30,31], which has also been used in a recent
purification implementation [32]. Furthermore, hyperen-
tanglement is readily available in spontaneous parametric
down-conversion (SPDC) [27,33] as well as in other
photon-pair creating processes [34,35], and serves as a
versatile experimental platform, featuring enhanced com-
munication channel capacity [31,36,37]. Notably, the
polarization and the energy-time DOF are particularly
robust quantum information carriers and have been dis-
tributed over free-space [9,38,39] and long-distance fiber
[12,40] links, marking them as ideal candidates for future
in-field applications. On the other hand, the originally
proposed spatial encoding [26] is less noise resilient outside
of a protected laboratory environment [41,42].
Here, we report the first experimental implemen-

tation of a single-copy distillation protocol exploiting

hyperentanglement in the field-tested polarization and
energy-time degrees of freedom. We overcome the two
principal limitations in standard distillation schemes: the
probabilistic nature of multiphoton interactions and the low
success rates due to two-pair transmission, both obliterating
entangled-photon rates in any realistic scenario. By intro-
ducing different noise scenarios at finely tuned noise levels,
we thoroughly test our distillation scheme and successfully
recover entanglement and state fidelity. We beat the standard
two-copy distillation rate by several orders of magnitude and
thus unlock quantumcommunication in unprecedented noise
regimes.
Our experimental platform consists of an entangled

photon-pair source, which is connected to the spatially
separated communicating parties Alice and Bob via 12 m-
long single-mode fibres [Fig. 2]. Alice and Bob each have a
distillation setup at their disposal and can characterize their
part of the entangled quantum state prior to or after the
distillation step. We obtain polarization entanglement in
our photon-pair source by superposing a SPDC process in
the clockwise and the counterclockwise direction of a
Sagnac interferometer [43,44], creating a superposition
of an H-polarized and a V-polarized photon pair.
Energy-time entanglement, on the other hand, arises from
energy conservation in the SPDC process driven by a
temporally coherent pump field, leading to a potentially
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FIG. 2. Experimental setup for single-copy entanglement distillation in polarization and energy-time. Pairs of entangled photons are
created in a periodically poled potassium titanyl phosphate (ppKTP) crystal placed in a Sagnac interferometer. Polarization
entanglement is produced by bidirectionally pumping the crystal in the interferometer and overlapping the resulting photon-pair
modes, while a narrow-line width pump laser gives rise to energy-time entanglement. The entangled photons are single-mode coupled
and guided to Alice and Bob, where the distillation is carried out by interfering the polarization and the energy-time domain of single
photons with a modified Franson interferometer, stabilized by a proportional integral derivative (PID) controller. The quantum state is
either measured before (noisy state projection) or after (distilled state projection) the interferometer and the photons collected in paths
A0, A1, B0, and B1 are detected and time tagged.
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large superposition of temporal modes jtitii of the photon
pairs [45]. Considering a two-dimensional subspace of the
energy-time domain, the resulting hyperentangled state we
produce is close to

jΦþi ¼ 1

2
½ðjH;Hi þ jV;ViÞ ⊗ ðjtL; tLi þ jtS; tSiÞ�; ð1Þ

where both subspaces are entangled in a Φþ Bell state. In
order to access the temporal modes at Alice and Bob, we
map both photons to the path domain in a Franson
interferometer [46] by employing two Mach-Zehnder
interferometers with a temporal imbalance of tL − tS
between the long (L) and the short (S) arm. This mapping
is probabilistic due to the randomness of the employed
50∶50 beam splitters. Owing to their indistinguishability,
only those photon pairs arriving simultaneously at the
outputs of the interferometers exhibit quantum interference,
requiring postselection on coincidences [47]. The polariz-
ing beam splitter at the output ports of the interferometer
constitutes the single-photon CNOT gate. Depending on
the polarization state (control qubit) of the photon, the path
(target qubit) of the photon is either left unchanged or acted
upon with an exclusive OR gate. In analogy with the two-
copy distillation protocol [14], the polarization state is
successfully distilled if the measurement outcomes in the
computational path basis are correlated. For our
experimental setup Fig. 2, this implies that only photons
collected in paths A0 and B0 or A1 and B1 are postselected
(see Supplemental Material [48] for experimental
methods).
In order to fully characterize the performance of the

protocol, we separately introduce different error types in
the polarization channel and the energy-time channel. All
trace-preserving errors on a qubit can be decomposed into
the so-called error basis. Apart from the identity σ0, this
operator basis consists of the Pauli operators σx (bit-flip
error), σz (phase-flip error) and σy (bit-phase-flip error),
corresponding to rotations about the three Bloch sphere
axes. The error basis is therefore capable of transforming
the Φþ Bell state into any mixture of Bell states (“Bell-
diagonal states”) by means of one-sided transformations.
We utilize this fact in the polarization domain by inserting
four waveplates in Bob’s channel (“Noisy polarization
channel”), which introduce arbitrary superpositions in
the error basis, and we generate mixed states by averaging
over different wave plate settings. The noisy polarization
channel therefore results in a mixture of the Φþ

pol state and
an erroneous state ρerrpol. We implement the noisy channel for
the energy-time domain by gradually changing the coinci-
dence window, leading to a mixture of theΦþ

e−t state and an
erroneous state ρerre−t ¼ ðjΨþihΨþje−t þ jΨ−ihΨ−je−tÞ=2
(see Supplemental Material [48] for details on the noise
control). Owing to the independent manipulation of the
polarization and the energy-time domain, the resulting

family of mixed states is still a product state
ρnoisypol ⊗ ρnoisye−t , with

ρnoisypol ¼ Fnoisy
pol jΦþihΦþjpol þ ð1 − Fnoisy

pol Þρerrpol;

ρnoisye−t ¼ Fnoisy
e−t jΦþihΦþje−t þ ð1 − Fnoisy

e−t Þρerre−t:

As we are now able to experimentally produce mixed
entangled states, we employ them as input to our distil-
lation procedure. The success of the distillation protocol
can be evaluated by comparing the noisy and distilled state
with each other. For this purpose, we utilize the quantum
state fidelity F to the Φþ state before and after the
distillation. The fidelity is an easily measurable quantity
and a good estimator of entanglement [49]. At first, we
measure the fidelity Fnoisy

pol ¼ hΦþjρnoisypol jΦþipol of the noisy
polarization state ρnoisypol to the Φþ

pol state and similarly the

fidelity Fnoisy
e−t of the noisy energy-time state ρnoisye−t . After the

distillation step

ρnoisypol ⊗ ρnoisye−t ⟶
distillation

ρdistillpol ;

the fidelity Fdistill
pol ¼ hΦþjρdistillpol jΦþipol of the distilled state

ρdistillpol to the Φþ
pol state determines whether the distillation

was successful. Since the single-copy scheme inherently
consists of two independent error channels, we make use of
the gain G ¼ Fdistill

pol −MaxðFnoisy
pol ; Fnoisy

e−t Þ as our figure of
merit. Experimentally, the fidelity F to the Φþ state is
obtained by measuring the interference visibility Vii ¼
hσi ⊗ σii in three mutually unbiased bases fσx; σy; σzg,
as F ¼ ð1þ Vxx − Vyy þ VzzÞ=4.
We first introduce a bit-flip error (ρerrpol ¼ jΨþihΨþjpol) to

the polarization domain and compare the gain of the
experimental data [Fig. 3(a)] with the theory prediction
[Fig. 3(b)]. Our experimentally obtained fine-grained error
map in Fig. 3 allows us to analyse the performance of the
distillation protocol in great detail. First, the region of
positive gain (G > 0) is approximately symmetrical about
the diagonal line defined by Fnoisy

pol ≃ Fnoisy
e−t . All distilled

states within this region have a higher fidelity to the
maximally entangled Φþ

pol state than both noisy states
before the distillation. The nondistillable states outside
of this area (G < 0) are highly asymmetric in their error
contribution in polarization and energy-time, while the
highest measured gains, up to G ¼ 0.101 (13.8% relative
gain), can be observed for approximately symmetric error
contributions (Fnoisy

pol ¼ 0.734; Fnoisy
e−t ¼ 0.732). A cross sec-

tion along the diagonal [Fig. 3(c)] reveals the gain curve
known from a bit-flip channel in two-copy entanglement
distillation [14] and indicates, in addition to cross sections
at constant energy-time fidelity [Fig. 3(d)], a good agree-
ment between our experimental data and the theory.
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Another important figure of merit for distillation protocols
is the yield. For a single step of the protocol, we define the
yield Y as the number of distilled photon pairs divided by
the total number of coincident photon pairs. In our experi-
ment, the yield peaks at Y ¼ 98.6% for states close to the
ideal source state in Eq. (1), while it does not fall below
Y ¼ 50% for any noisy state (Fig. 4). This is an improve-
ment by a factor of 2 compared to the two-copy distillation
protocol, which by default has to sacrifice the target photon
pair to herald a successful distillation.
In order to demonstrate the universality of our scheme,

we examine the bit-phase-flip error (ρerrpol ¼ jΨ−ihΨ−jpol) as
an additional error type. We experimentally observe that
this error shows the same gain and yield characteristics as
the bit-flip error, and we again obtain a maximal gain of
G ¼ 0.094 (12.76% relative gain) at approximately sym-
metric error contributions (Fnoisy

pol ¼ 0.733; Fnoisy
e−t ¼ 0.733).

Thus, our results show that single-copy distillation can deal
with various noise scenarios.

We experimentally demonstrated an entanglement dis-
tillation scheme based on interference between the polari-
zation and the energy-time domain of a single photon pair.
Our work constitutes the first experimental realization of
entanglement distillation based on CNOT gates, as initially
devised in Refs. [14,26], between these DOF. By using
degrees of freedom which have been widely tested in long-
distance experiments, the scheme we introduced can
directly be implemented over existing fiber and free-space
links. Our thorough analysis of different error types and
strengths allowed us to characterize the domain of distil-
lable states and quantify the fidelity gain. These results are
of vital importance for future implementations in which, in
general, different DOF are faced with different errors
during transmission.
Apart from the experimental feasibility of our approach,

the major advantage rests upon its high efficiency as
compared to two-copy distillation [23]. For typical exper-
imental parameters and link losses of 20 dB in both
channels, the single-copy distillation rate outperforms
the tow-copy scheme by 8 orders of magnitude (see
Supplemental Material [48] for a detailed rate comparison).
This illustrates that both the creation and the distribution of
multiple photon pairs is costly, while a single hyperentangled
photon pair can equivalently be utilized for entanglement
distillation using significantly less resources. Additionally,
hyperentanglement is naturally produced in SPDC [27] and
does not necessarily increase the complexity of photon pair
sources, which is essential for the establishment of entan-
glement distribution infrastructure such as satellite-based
entanglement sources [9]. Furthermore, our implementation
using the energy-time DOF is more robust in out-of-the-
laboratory implementations as compared to realizations
using the path DOF [32], which additionally requires
modifications of the SPDC source.
As opposed to the two-copy scheme, our experiment

neither depends on temporal synchronization between
Alice and Bob at the order of the photon’s correlation
time [11], nor on the storage in a quantum memory [50].
For quantum cryptography in the polarization domain, our

FIG. 3. Fidelity gain after single-copy entanglement distillation
in polarization and energy-time. (a) The gain of the experimental
data points are triangulated to form the heat map. Starting from an
initial fidelity to theΦþ state of Finit

pol ¼ 97.1% and Finit
e−t ¼ 96.8%

(top right measurement point) we gradually increase the bit-flip
(bit and bit-phase-flip) error in polarization (energy-time) down
to a fidelity of ∼50%. (b) The heat map corresponds to the model,
with the initial fidelities and the imperfect CNOT unitary as the
only model parameters. (c) A cut through the heat map at Fnoisy

pol ≃
Fnoisy
e−t reveals the characteristic behavior of two-copy distillation

[14]. (d) Cuts through the heat map at constant Fnoisy
e−t . Both in (c)

and (d) lines correspond to the model, while markers correspond
to measurement points with a standard deviation smaller than the
marker size. The orange line separates the region of distillable
(G > 0, green) from the region of nondistillable states
(G < 0, red).

FIG. 4. Yield of single-copy entanglement distillation in
polarization and energy-time. (a) The yield Y corresponds to
the measurement in Fig. 3. The heat maps are triangulations of
(a) the measurement points and (b) the model data points.
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scheme offers the added advantage of path multiplexing,
potentially enhancing the secure key rates significantly
[51]. While in its first conception [14,15], entanglement
distillation was thought of as an asymptotic procedure
converging on perfectly entangled states, single-copy dis-
tillation schemes are of course inherently limited to a finite
number of distillation steps given by the number of
accessible DOF (in our case two). Although the observed
characteristic of the fidelity gain is evidence of its suit-
ability for recurrence protocols [52], practical consider-
ations make clear that for all known applications in
quantum information processing, perfect Bell pairs are
not required and usually, crossing a certain noise threshold
is sufficient, e.g., for yielding nonzero key rates in quantum
key distribution. As our experiment shows, this is where
single-copy distillation shows its true power. In low-noise
settings, the fidelity gains are moderate, while large gains
are obtained in a regime where it really matters—that of
high noise. This enables a significant increase in state
quality in noise-dominated scenarios, recovering the poten-
tial for quantum communication applications in regimes
that would otherwise be unattainable.
Photonic hyperentanglement in polarization and energy-

time has already been successfully demonstrated over a
free-space link [38], where environmental noise is one of
the limiting factors. Our experiment realistically simulates
local noise on the polarization degree of freedom, such as
noise from stress-induced polarization changes in fibers
[53]. Additionally, embedding the polarization state in a
higher-dimensional state space of energy-time or spatial
modes can lead to the dilution of noise induced by
background light or accidental coincidences (isotropic
noise) [54]. Thus, combining the noise advantages of
higher-dimensional systems with our implemented distil-
lation procedure constitutes a promising path forward.
The presented scheme is, in principle, not limited to

photonic implementations, and might be extended to other
systems featuring hyperentanglement such as atoms [55] or
ions [56]. A natural extension of distillation protocols in
two DOF will be the exploitation of more photonic DOF,
enabling multiple distillation steps on a single photon pair.
The only prerequisite for including additional entangled
DOF is the existence of corresponding CNOT gates
[30,32,57]. Another viable path is the employment of
generalized CNOT gates in high-dimensional entanglement
distillation [58].
Distributing entanglement between remote parties in the

face of noise is an essential task in quantum information
processing. Here, we tackled the problem of inefficient
entanglement distillation by exploiting hyperentanglement
of a single copy instead of exploiting two copies of a
photon pair. Our single-copy entanglement distillation
approach enables the distribution of high-fidelity entangled
states at practical rates and can thus become a vital building
block of a future quantum internet.
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Legré, and N. Gisin, Distribution of Time-Bin Entangled
Qubits Over 50 km of Optical Fiber, Phys. Rev. Lett. 93,
180502 (2004).

[41] M. Krenn, J. Handsteiner, M. Fink, R. Fickler, and A.
Zeilinger, Twisted photon entanglement through turbulent
air across Vienna, Proc. Natl. Acad. Sci. U.S.A. 112, 14197
(2015).

[42] B. Da Lio, L. K. Oxenlowe, D. Bacco, D. Cozzolino, N.
Biagi, T. N. Arge, E. Larsen, K. Rottwitt, Y. Ding, and A.
Zavatta, Stable transmission of high-dimensional quantum
states over a 2-km multicore fiber, IEEE J. Sel. Top.
Quantum Electron. 26, 1 (2020).

[43] T. Kim, M. Fiorentino, and F. N. C. Wong, Phase-
stable source of polarization-entangled photons using a
polarization Sagnac interferometer, Phys. Rev. A 73,
012316 (2006).

[44] A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, and A.
Zeilinger, A wavelength-tunable fiber-coupled source of
narrowband entangled photons, Opt. Express 15, 15377
(2007).

[45] A. Martin, T. Guerreiro, A. Tiranov, S. Designolle, F.
Fröwis, N. Brunner, M. Huber, and N. Gisin, Quantifying
Photonic High-Dimensional Entanglement, Phys. Rev. Lett.
118, 110501 (2017).

[46] J. D. Franson, Bell Inequality for Position, and Time, Phys.
Rev. Lett. 62, 2205 (1989).

[47] P. G. Kwiat, A. M. Steinberg, and R. Y. Chiao, High-
visibility interference in a Bell-inequality experiment for
energy and time, Phys. Rev. A 47, R2472 (1993).

[48] See Supplemental Material at http://link.aps.org/
supplemental/10.1103/PhysRevLett.127.040506 including
details on the experiment, working principle of the setup,
noise control of the energy-time degree of freedom, and a
distillation rate comparison.

[49] N. Friis, G. Vitagliano, M. Malik, and M. Huber, Entangle-
ment certification from theory to experiment, Nat. Rev.
Phys. 1, 72 (2019).

[50] A. Seri, A. Lenhard, D. Rieländer, M. Gündoğan, P. M.
Ledingham, M. Mazzera, and H. de Riedmatten, Quantum
Correlations Between Single Telecom Photons and a Multi-
mode On-Demand Solid-State Quantum Memory, Phys.
Rev. X 7, 021028 (2017).

[51] J. Pseiner, L. Achatz, L. Bulla, M. Bohmann, and R. Ursin,
Experimental wavelength-multiplexed entanglement-based

PHYSICAL REVIEW LETTERS 127, 040506 (2021)

040506-6

https://doi.org/10.1103/PhysRevA.59.169
https://doi.org/10.1103/PhysRevA.59.169
https://doi.org/10.1038/s41566-017-0010-6
https://doi.org/10.1038/s41566-017-0010-6
https://doi.org/10.1038/nature02054
https://doi.org/10.1103/PhysRevA.68.032316
https://doi.org/10.1103/PhysRevLett.93.020504
https://doi.org/10.1103/PhysRevLett.93.020504
https://doi.org/10.1103/PhysRevLett.94.030501
https://doi.org/10.1038/nature01623
https://doi.org/10.1038/nature01358
https://doi.org/10.1038/nature01358
https://doi.org/10.1103/PhysRevLett.94.040504
https://doi.org/10.1103/PhysRevLett.94.040504
https://doi.org/10.1103/PhysRevLett.89.257901
https://doi.org/10.1103/PhysRevLett.89.257901
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevLett.95.260501
https://doi.org/10.1103/PhysRevA.72.052110
https://doi.org/10.1364/OE.24.018388
https://doi.org/10.1103/PhysRevLett.93.070502
https://doi.org/10.1038/nphys919
https://doi.org/10.1103/PhysRevLett.126.010503
https://doi.org/10.1103/PhysRevLett.126.010503
https://doi.org/10.1080/09500349708231877
https://doi.org/10.1080/09500349708231877
https://doi.org/10.1103/PhysRevLett.121.110503
https://doi.org/10.1038/s41567-018-0347-x
https://doi.org/10.1038/s41567-018-0347-x
https://doi.org/10.1038/ncomms8185
https://doi.org/10.1103/PhysRevLett.118.050501
https://doi.org/10.1038/ncomms15971
https://doi.org/10.1364/OE.27.037214
https://doi.org/10.1103/PhysRevLett.93.180502
https://doi.org/10.1103/PhysRevLett.93.180502
https://doi.org/10.1073/pnas.1517574112
https://doi.org/10.1073/pnas.1517574112
https://doi.org/10.1109/JSTQE.2019.2960937
https://doi.org/10.1109/JSTQE.2019.2960937
https://doi.org/10.1103/PhysRevA.73.012316
https://doi.org/10.1103/PhysRevA.73.012316
https://doi.org/10.1364/OE.15.015377
https://doi.org/10.1364/OE.15.015377
https://doi.org/10.1103/PhysRevLett.118.110501
https://doi.org/10.1103/PhysRevLett.118.110501
https://doi.org/10.1103/PhysRevLett.62.2205
https://doi.org/10.1103/PhysRevLett.62.2205
https://doi.org/10.1103/PhysRevA.47.R2472
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
http://link.aps.org/supplemental/10.1103/PhysRevLett.127.040506
https://doi.org/10.1038/s42254-018-0003-5
https://doi.org/10.1038/s42254-018-0003-5
https://doi.org/10.1103/PhysRevX.7.021028
https://doi.org/10.1103/PhysRevX.7.021028


quantum cryptography, Quantum Sci. Technol. 6, 035013
(2021).

[52] C. H. Bennett, D. P. DiVincenzo, J. A. Smolin, and W. K.
Wootters, Mixed-state entanglement and quantum error
correction, Phys. Rev. A 54, 3824 (1996).

[53] A. Treiber, A. Poppe, M. Hentschel, D. Ferrini, T. Lorünser,
E. Querasser, T. Matyus, H. Hübel, and A. Zeilinger, A fully
automated entanglement-based quantum cryptography sys-
tem for telecom fiber networks, New J. Phys. 11, 045013
(2009).

[54] S. Ecker et al., Overcoming Noise in Entanglement Dis-
tribution, Phys. Rev. X 9, 041042 (2019).

[55] M. Nawaz, R. ul Islam, T. Abbas, and M. Ikram, Engineer-
ing quantum hyperentangled states in atomic systems, J.
Phys. B 50, 215502 (2017).

[56] B.-L. Hu and Y.-B. Zhan, Generation of hyperentangled
states between remote noninteracting atomic ions, Phys.
Rev. A 82, 054301 (2010).

[57] F. Brandt, M. Hiekkamäki, F. Bouchard, M. Huber, and R.
Fickler, High-dimensional quantum gates using full-field
spatial modes of photons, Optica 7, 98 (2020).

[58] J. Miguel-Ramiro and W. Dür, Efficient entanglement
purification protocols for d-level systems, Phys. Rev. A
98, 042309 (2018).

PHYSICAL REVIEW LETTERS 127, 040506 (2021)

040506-7

https://doi.org/10.1088/2058-9565/ac0519
https://doi.org/10.1088/2058-9565/ac0519
https://doi.org/10.1103/PhysRevA.54.3824
https://doi.org/10.1088/1367-2630/11/4/045013
https://doi.org/10.1088/1367-2630/11/4/045013
https://doi.org/10.1103/PhysRevX.9.041042
https://doi.org/10.1088/1361-6455/aa8b40
https://doi.org/10.1088/1361-6455/aa8b40
https://doi.org/10.1103/PhysRevA.82.054301
https://doi.org/10.1103/PhysRevA.82.054301
https://doi.org/10.1364/OPTICA.375875
https://doi.org/10.1103/PhysRevA.98.042309
https://doi.org/10.1103/PhysRevA.98.042309


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


