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2Faculty of Physics, University of Vienna, Boltzmanngasse 5, 1090 Vienna, Austria
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Quantum entanglement is important for emerging quantum technologies such as quantum com-
putation and secure quantum networks1,2. To boost these technologies, a race is currently ongoing
for increasing the number of particles in multi-particle entangled states e.g. Greenberger-Horne-
Zeilinger states3,4. An alternative route would be to increase the number of entangled quantum
levels. Here, we overcome present experimental and technological challenges and create the first
three-particle GHZ state entangled in three levels for every particle. The resulting qutrit entangled
states are able to carry more information than just qubits. Our method relies on a new multi-port
which coherently manipulates several photons simultaneously in higher dimensions. It was inspired
by the computer algorithm Melvin5. The realisation required developing a new high-brightness
four-photon source entangled in orbital-angular-momentum. Our results allow for qualitatively new
refutations of local-realistic world views. We also expect that they open up pathways for another
boost for quantum technologies.

PACS numbers:

INTRODUCTION

Entanglement is the workhorse of quantum technolo-
gies today, with applications ranging from fault-tolerant
quantum computation to device-independent quantum
communication1,2. The entanglement of more than two
quantum particles, commonly known as GHZ entangle-
ment3,4, not only opened the door to the strongest test
of local-realism6, but also forms a key ingredient of
such technologies. Since the discovery of the GHZ the-
orem, experimental research on multi-particle entangle-
ment has mainly focused on two dimensional quantum
systems or qubits7, with realisations in a diverse range of
physical systems including ions8, photons9–11 and super-
conducting circuits12,13. In all of these systems, a gen-
eral procedure for increasing the number of entangled
particles exists. For example, for photons, a particu-
larly simple experimental scheme uses polarising beam-
splitters in combination with post-selection to produce
arbitrarily high numbers of photons entangled in a GHZ
manner14. However, no experiment till date has been
able to create entanglement that is simultaneously high-
dimensional and multipartite. This is mainly because we
are still lacking a conceputal understanding of how to
create such states experimentally. In part, this can also
be attributed to the lack of technologies for manipulating
high-dimensional quantum states experimentally. Going
beyond qubit GHZ entanglement thus poses a significant
challenge, overcoming which would lead to exciting new
applications for quantum technologies and fundamental
tests of quantum mechanics, such as the recent theoreti-
cal results on GHZ-like contradictions of local-realism in
higher dimensions15–18.

In this article, we show the first experimental realisa-
tion of a multi-particle entangled state using the orbital

FIG. 1: Concept of three-dimensional GHZ entangle-
ment creation: A high-brightness four-photon source cre-
ates two pairs of three-dimensionally entangled photons. The
multi-port transforms three incoming photons coherently and
simultaneously in its 27-dimensional operational space. Si-
multaneous detection of one photon in each detector results
in the creation of a three-dimensional GHZ state, as depicted
on top.

angular momentum of light, where all photons are gen-
uinely entangled in a high-dimensional manner. In a re-
cent experiment, we showed the generation of a (3,3,2)
multi-photon entangled state, where two photons reside
in a three-dimensional space while the third lives in a
qubit space19. Contrary to expectation, going from the
(3,3,2) state to a genuinely three-dimensional GHZ state
was not just a straightforward step, but required intrin-
sically different methods. Our experimental scheme em-
ploys a new type of multi-port that operates coherently
and simultaneously on three photons in three dimensions
each, forming a 27-dimensional operational space. This is
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FIG. 2: a: Experimental Details. Two nonlinear ppKTP
crystals (NL1 and 2) are each used to generate a pair of
photons entangled in three dimensions of their orbital angular
momentum (OAM). A specifically designed telescope system
of lenses compensates for Kerr-Lensing effects between the
two crystals. Each crystal is housed in custom-built ovens
whose temperature (T) is automatically adjusted to account
for drifts in the optimal phase-matching temperature as a
result of high pump powers. Two polarising beam splitters
(PBS) deterministically separate the photon pairs generated
in each crystal. Narrow-band interference filters (IF) in
each arm guarantee a high degree of indistinguishability
in the temporal domain. Photons A, B, and C enter the
multi-port (purple hexagon), which consists of a series of
nested single-photon and two-photon interferometers. The
OAM parity-sorter (green rectangle) interferometrically sorts
incoming photons according to their OAM parity (even or
odd). A reflection (R) in combination with an ` = +2
spiral-phase-plate (SPP) is used in path A, before photons
A and B are coherently recombined at a beam-splitter (BS).
Finally, a coherent-mode-projection (CMP) projects photon
A onto the superposition state |+〉 = |0〉+ |-1〉, resulting in a
three-dimensional GHZ-entangled state between photons B,
C, and D.
b: Physical generation principle of a three-
dimensional GHZ state. The nine possible joint
probability amplitudes resulting from the tensor product
of two pairs of three-dimensionally entangled photons
(3 × 3 = 9) are represented by the red, green, and blue
lines. In step 1, the OAM parity-sorter inserted in path B
and C prevents a four-fold detection event between even
and odd terms. In step 2, the multi-port further eliminates
two cross-connections between two additional probability
amplitudes. Finally, only three joint probability amplitudes
corresponding to a three-dimensional GHZ-entangled state
remain.
c:Detailed mode transformations performed by the multi-
port on photons entering and leaving in paths A, B, and
C.

in stark contrast to the (3,3,2) experiment19 and several
recent experiments on multi-photon entanglement20,21,
all of which use binary two- photon manipulation tech-
niques. In fact, the experimental generation of a three-
dimensional GHZ state necessitates the manipulation of
more than two photons in a higher-dimensional space,
as we show by exploiting a link between quantum ex-
periments and graph theory22,23 (see details in the Sup-
plementary). Interestingly, the design of our experi-
ment was originally suggested by the computer algorithm
Melvin, which was designed for finding new experimental
techniques in quantum mechanics5,24–26. The multi-port
found by MELVIN can be used as a fundamental element
for the generation and manipulation of high-dimensional
and multi-photon quantum states in general, allowing the
creation of three-dimensional GHZ states of any particle
number using deterministic photon sources (see Supple-
mentary for details).

In order to meet the tight technological require-
ments set by the multi-port, we developed a new high-
brightness, high-dimensional four-photon source that co-
herently creates two photon pairs entangled in their
orbital angular momentum (OAM) degree of freedom.
With the types of multi-photon sources used in pre-
vious experiments19,20, the measurement time for our
experiment is estimated to be on the order of years.
In order to overcome this rather drastic limitation, we
addressed problems arising from non-linear effects such
as Kerr-lensing, temperature drifts, and grey-tracking
to increase our source brightness by approximately two
orders of magnitude compared to previous sources, in
turn reducing the required measurement time to the or-
der of days. In order to verify genuine three-particle
three-dimensional entanglement, we used an entangle-
ment witness that relies on measurements of the state
fidelity to bound its dimensionality. Additionally, we
demonstrate violations of the Mermin inequality in every
two-dimensional subspace of our three-dimensional GHZ
state. Finally, we show that the quality of our state is suf-
ficient for a genuine high-dimensional and multi-partite
experimental violation of local-realistic worldviews.

EXPERIMENT

We choose the orbital angular momentum (OAM) of
photons27–30 as a physical carrier of information in our
experiment. The OAM of photons spans an in-principle
infinite-dimensional, discrete state space and can thus
easily encode three different quantum levels. Any three
dimensional, three-photon GHZ state can be written as:

1√
3

(
|a〉A |b〉B |c〉C + |a〉A

∣∣b〉
B
|c〉C +

∣∣a〉
A

∣∣∣b〉
B

∣∣c〉
C

)
,

(1)
where the letters within the ket vectors |·〉 refer to the
different OAM quanta of `~ where x, x and x can take
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FIG. 3: Multi-mode HOM interference in the multi-
port. a: The first interferometer is formed by PBS1 and
the beam-splitter (BS). Here, the OAM parity-sorter trans-
mits even OAM modes (|0〉B). The left interferometer arm
includes a SPP that transforms the state |0〉A → |2〉A. To
erase the “which path” information, a coherent superposition
of OAM modes is measured at detectors A and B (see inset).
The observed HOM visibility is (97.9± 3.3)%.
b: This two-photon interferometer is formed by the dichroic-
mirror (DM) and the OAM parity-sorter. The piezo actu-
ator (P) is set such that the OAM parity-sorter acts as a
mode-independent beam-splitter. Thus, HOM interference
for the ` = 0 mode can be observed. The presented visi-
bility (88± 14)% shows a high degree of temporal and spatial
indistinguishability between the two created photon pairs.
c: All nested single and two photon interferometers and both
crystals are involved in this measurement. Higher order OAM
modes (` = ±1) created in two different crystals interfere via
the HOM effect. The observed HOM visibility of (83.5±2.5)%
demonstrates the quality of the developed photon source and
multi-port. All experimental data curves are fitted with an
assumed Gaussian spectrum. Error bars indicate Poissonian
noise in the photon-counting rate.

on any OAM value with the restriction that they are
mutually orthogonal. The capital letters (A,B,C) refer
to different photons.

Conceptually, the experimental generation of a three-
dimensional three-photon GHZ state works according to
the scheme in Fig. 1. We start with two pairs of three-
dimensionally entangled photon pairs as an entanglement
resource. The multi-port then combines and manipu-
lates three of the four photons such that ultimately a
genuine three-dimensional GHZ state is created. Physi-
cally, the multi-port operates in a 27-dimensional space
and combines various quantum effects such as a multi-
mode Hong-Ou-Mandel (HOM) interference31,32, coher-
ent multi-mode superposition projections, and single-
photon interference.

Formulated in more detail, the four-photon source ide-
ally emits two indistinguishable and three-dimensionally
entangled states coherently, reading(

α |0, 0〉A,B + β |1, -1〉A,B + β |-1, 1〉A,B
)

(2)

⊗
(
α′ |0, 0〉C,D + β′ |1, -1〉C,D + β′ |-1, 1〉C,D

)
,

where the coefficients α, β, α′ and β′ describe the prob-
ability amplitudes of the terms emitted by the two non-
linear crystals (NL1 & 2) typically given by the spiral-
bandwidth33. This results in nine possible combinations
of the four probability amplitudes, as shown in Fig. 2b.
Three out of four photons are now guided to the multi-
port.

We only focus on cases where each detector A, B, C
and D detects exactly one of the four photons, com-
prising a four-fold detection event. The OAM parity
sorter34,35 sorts incoming photons according to their par-
ity (even/odd). Inserted between photon paths B and C,
the OAM parity sorter thus prevents joint four-photon
probability amplitudes containing both even and odd
OAM quanta emitted by the two NLs, as depicted in
Fig. 2b. Now, only five joint probability amplitudes re-
main, each containing OAM modes with the same parity.
For the generation of a two-dimensional GHZ state, a
distinction according to parity is already sufficient. In
the three-dimensional case, however, there is still the
cross-correlation between the odd OAM probability am-
plitudes, as shown in Fig. 2b. The joint probability am-
plitude |−1, 1〉AB⊗|1,−1〉CD is suppressed by the multi-
port as it does not result in a four-fold detection (no
amplitude in path A, see multi-port transformations in
Fig. 2c). Interestingly, the other cross-connection be-
tween |1,−1〉AB ⊗ |−1, 1〉CD is prevented by multi-mode
HOM interference from two different crystals at the beam
splitter (BS), as shown in Fig. 3c. After these two steps
through the multi-port, we are left with three remaining
links. These connections represent the three-dimensional
GHZ state generated. The photon in path A is always in
the |+〉 = |0〉+ |-1〉 state and can therefore be factorised
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from the other three photons B, C, and D. This means
that photon A is no longer entangled with the other three
photons. The remaining probability amplitudes undergo
a transformation according to the transformation rules
imposed by the multi-port. Thus, the final state created
in paths B,C,D reads:

|ψ〉 = αα′ |2, 0, 0〉+ ββ′ |−1,−1,−1〉 − ββ′ |3, 1, 1〉 , (3)

where α, α′, β and β′ are the coefficients describing the
spiral-bandwidth from the NLs according to Eq. 2. Set-
ting α = β = α′ = β′ = 1/

√
3 and renormalising re-

sults in the three-dimensional three-photon GHZ state
described in Eq. 1.

If our experiment employed the types of high-
dimensional multi-photon sources used in previous ex-
periments19, the measurement time required to certify
high-dimensional genuine multipartite entanglement in
our three-dimensional GHZ state would be a stagger-
ing 3.5 years. To address this problem, we designed
a new, ultra-bright multimode four-photon source that
compensates for several detrimental non-linear effects in
order to achieve a two orders of magnitude improvement
in four-photon count rates. Our source uses a high-
power femtosecond laser that is frequency doubled via
second-harmonic generation and focused into two non-
linear crystals, NL1 and 2. (see Fig. 2a and Supplemen-
tary for details). To ensure perfect temporal and spa-
tial indistinguishability and high collection efficiency, we
take into account the joint-spectral-amplitude properties
of the down-converted photon pairs, Kerr-Lensing effects
at both non-linear crystals, high-power phase-matching
temperature drifts within the crystals and gray-tracking
due to UV absorption. We compensate for the Kerr-
Lensing effect between the two crystals by using a specif-
ically designed telescope that corrects for the non-linear
Kerr lens generated in NL1, as depicted in Fig. 2a. Fur-
thermore, the phase-matching temperature (T) of the
periodically-poled crystals changes as the pump power in
increased. We automatically adjust the crystal temper-
atures to account for this drift, ensuring perfect phase-
matching even at very high pump powers. Grey-tracking
is avoided by periodically moving the crystals transverse
to the pump beam with a period of two seconds. Finally,
1nm narrowband interferometric spectral filters (IF) en-
sure a high indistinguishability in the temporal domain.
All of these changes enabled us to increase our multimode
four-photon count rate 80-fold compared to our previ-
ous source19 and thus reduced the required measurement
time to 16 days.

The multi-port forms the second main part of the ex-
periment (purple hexagon in Fig. 2a). To ensure high-
quality operation of the multi-port, all single and two-
photon nested interferometers contained within it need
to be interferometrically stable and have a high degree of
spatial overlap in order to obtain multi-mode interference

with a high visibility. To ensure single-photon interfer-
ence stability, the parity-sorter is actively stabilized with
a piezo actuator. This also enables us to continuously
switch its operation between a mode-independent 50/50
beam-splitter and a mode-parity-sorter. The high-spatial
and temporal overlap of the multi-port interferometers
is demonstrated experimentally with different measure-
ments shown in Fig. 3. Multi-mode HOM interference
from a single crystal is demonstrated in Fig. 3a, where a
photon pair from NL1 in modes |0, 0〉A,B results in the

post-selected entangled state 1/
√

2[|0, 2〉A,B−|−2, 0〉A,B ]
after the beamsplitter (BS). As the path length differ-
ence before the BS is varied, this state goes from being
in a coherent superposition to a mixture of modes. At
zero path length difference, the presence of high-visibility
(97±3.3%) HOM interference between two-photon mode
superpositions |0 + 2〉A and |0 +−2〉B confirms the pres-
ence of a coherent superposition. Single-mode (` = 0)
HOM interference from two crystals is demonstrated by
tuning the piezo actuator such that the parity sorter is
acting as a mode-independent BS. The joint spectral am-
plitude of the two photons pairs introduces an additional
element of distinguishability and leads to the observed
HOM interference visibility of 88± 14% (see Fig. 3b and
Supplementary for details). Of high importance to the
GHZ state creation is the multi-modal HOM interference
in the OAM degree of freedom between two crystals as
displayed in Fig. 3c. Here, we show the suppression of
the joint probability amplitude |1,−1〉AB ⊗|−1, 1〉CD by
83.5 ± 2.5%. This high visibility demonstrates the high
indistinguishability between photon pairs created in two
different NLs and the coherent operation of the multi-
port in a multi-photon and multi-modal OAM regime.

EXPERIMENTAL RESULTS

We use an entanglement-dimension witness19 to ver-
ify that our three-photon state is indeed genuinely
multi-partite entangled in three dimensions. This ap-
proach is based on the idea that the overlap of an
ideal three-dimensional GHZ state with any state from
a lower dimensional entanglement structure cannot ex-
ceed a certain maximum value. If our measured state
exceeds this maximum fidelity, it is genuinely multi-
partite entangled in dimension three. The entangle-
ment structure is defined according to the Schmidt-
Rank-Vector (SRV) formalism36. Each number in the
SRV corresponds to the entanglement dimensionality
of one party with respect to the remaining two par-
ties. Thus for the GHZ state, all three bi-partitions
{A|BC, B|AC, C|AB} are three-dimensionally entan-
gled, giving an SRV = (3, 3, 3). The maximum possi-
ble fidelity between a (3, 3, 3) state |ψ〉 and any quan-
tum state χ with a smaller dimensionality structure, e.g.
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FIG. 4: a: Experimental measurements. Measured density matrix elements for calculating the fidelity Fexp = 75.2% are
depicted (elements not measured in the experiment are crossed out). This verifies genuine multi-partite entanglement in (3,3,3)
dimensions with 3 standard deviations. The non-flat distribution of the diagonal elements is expected from the initial states
of the two entangled photon pairs. Furthermore, 87.8% of the detected counts of the diagonal elements are in the expected
elements. The average coherence of the measured state is approximately 81.7%. Perfect coherence is indicated by empty bars.
b c d: Three simultaneous GHZ violations in two-dimensional state subspaces. Experimental results for joint Pauli
measurements XXX, YYX, YXY and XYY performed on each two-dimensional subspace of our three-dimensional state are
shown. For a relative minus sign in the quantum state we theoretically expect −1 for the XXX measurement and +1 for
all other measurements, as shown in b, c. Without a relative phase (d) we expect a sign flip in the measurement results.
Calculating the Mermin operator M yields Mb = −2.47 ± .33, Mc = −3.37 ± .32 and Md = 2.94 ± .34, which are all above
the local-realistic bound of 2. Errors are calculated using a Monte-Carlo simulation with an underlying Poissonian distribution
for the photon-counting rate.

χ ∈ (3, 3, 2) is Fmax = max
χ∈(i,j,k)

Tr(χ |ψ〉 〈ψ|) ≤ 2/3, for

all permutations of (i, j, k) with i, j ≤ 3 and k ≤ 2.
Thus if the fidelity of our experimentally created state
ρ, Fexp = Tr(ρ |ψ〉 〈ψ|) exceeds this bound Fmax, we have
shown that we have indeed created a genuinely (3, 3, 3)-
dimensionally entangled state.

The absolute values of the measured density matrix el-
ements are depicted in Fig. 4a. The diagonal elements are
simple projection measurements in the computational ba-
sis. However, each off-diagonal element is reconstructed
from 64 consecutive two-dimensional subspace measure-
ments. Hence, a total of 219 measurements are performed
with spatial-light-modulators in combination with single-
mode-fibres in order to reconstruct the necessary density
matrix elements (see Supplementary for details). In to-
tal, we observed 1652 simultaneous four-photon “click”
events in 378 hours. Due to the long measurement time
and high powers used, we subtract accidental four-photon
clicks between detectors (see Supplementary for details).
From this data, we calculate the experimental fidelity to
be Fexp = 75.2%± 2.88% which certifies with 3 standard
deviations that the observed state is indeed genuinely
three-dimensional and three-photon entangled. The error
was calculated using a Monte-Carlo simulation of the ex-
periment with Poissonian counting statistics. One could

in principle reduce the number of measurements through
the use of more efficient witnesses that use measurements
in mutually unbiased bases37. Unfortunately, these are
difficult to realise in a lossless manner for complex pho-
tonic spatial modes.

In contrast to lower dimensional entanglement struc-
tures, a genuinely (3,3,3)-entangled GHZ state enables us
to simultaneously test for three different GHZ violations
in every two-dimensional subspace of our state. In order
to test for such violations, one measures the Mermin op-
erator 〈M〉 = 〈XXX〉 − 〈Y Y X〉 − 〈Y XY 〉 − 〈XY Y 〉7,
whose value according to local-realistic theories is limited
to |M| = 2. Figures 4b, c, and d show the results of such
tests performed in every two-dimensional subspace. We
obtain values of the Mermin operatorsMb = −2.47±.33,
Mc = −3.37 ± .32 and Md = 2.94 ± .34, which are all
above the local-realistic bound of 2. Additionally, the
experimental results also show that the relative phases
of our state are precisely as expected according to Eq. 3.
One should note, however, that our test of local-realism
is not free of loopholes such as the fair-sampling assump-
tion, as we use probabilistic mode filters and acciden-
tal subtraction in order to measure our state. The use
of multi-outcome OAM measurement techniques38 would
allow one to address these limitations in future experi-
ments.
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In addition to two-dimensional GHZ violations, it is in-
teresting to see how our experimentally generated state
would perform in a truly high-dimensional and multi-
setting test of local-realism39. Here, by inferring the
quality of our generated state from our (limited) wit-
ness measurements, we discuss whether such a high-
dimensional violation of local-realism is possible in prin-
ciple. The three criteria that determine the quality of
our state are white-noise, average coherence between the
three probability amplitudes, and weighting of the indi-
vidual diagonal elements. From our experimental data,
we see that the ratio of the observed versus expected
magnitudes of the off-diagonal elements of our state is
81.7% on average, which therefore quantifies the average
coherence. Additionally, 87.8% of the detected counts in
the diagonal elements are in the expected elements, in-
dicating that the amount of white-noise present in our
state is 12.2%. We can then theoretically construct a
density matrix ρp which contains these three parame-
ters and calculate the expectation value for the gener-
alized Mermin operator O39, which yields a result of
〈O〉ρp = 6.26± 0.25 (details in the Supplementary). The
limit for local-realistic theories is 6. It is therefore re-
alistic that such an experiment can be carried out with
our experimentally generated state. Of course, such a
test would benefit from improvements in the four-photon
counting rate through techniques such as custom period-
ically poled KTP crystals specifically designed to min-
imize spectral distinguishability40, used in combination
with high-efficiency detectors. This would also allow one
to circumvent accidental subtraction.

CONCLUSION

In conclusion, we have shown the first experimental re-
alisation of a three-particle Greenberger-Horne-Zeilinger
state entangled in three dimensions. Our physical system
comprises three photons entangled in their orbital angu-
lar momentum. Remarkably, our experimental method
for generating this state was found through the use of
a computer algorithm called Melvin. The generation
of this state required two technological milestones: a
high-brightness, multimode four-photon source showing
a two orders-of-magnitude improvement in photon count-
ing rates over state-of-the-art methods, and a new type of
multi-port which coherently operates in a 27-dimensional
multimode space. Using our entangled state, we have
demonstrated three simultaneous violations of the GHZ
contradiction and showed the feasibility of a truly three-
dimensional and multi-setting GHZ test of local-realism
with our developed technology. The concepts presented
here show a clear pathway for enhancing future quantum
technologies beyond the qubit regime. On the applica-
tions front, this work opens new opportunities for exper-
imentally investigating multi-party quantum communi-

cation protocols in higher dimensions, which potentially
offer an increased information capacity and greater resis-
tance to noise41,42. In parallel, such states open an ex-
perimental pathway towards reducing the complexity of
quantum computing algorithms through the use of high-
dimensional encoding43.

DATA AVAILABILITY

The data that support the plots within this paper and
other findings of this study are available from the corre-
sponding author upon reasonable request.
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of four-photon orbital angular momentum entanglement.
Phys. Rev. Lett. 116, 073601 (2016).

21. Zhang, Y. et al. Simultaneous entanglement swapping of
multiple orbital angular momentum states of light. Nat.
Commun. 8, 632 (2017).

22. Krenn, M., Gu, X. & Zeilinger, A. Quantum Experiments
and Graphs: Multiparty States as coherent superposi-
tions of Perfect Matchings. Phys. Rev. Lett. 119, 240403
(2017).

23. Gu, X., Krenn, M., Erhard, M. & Zeilinger, A. Quan-
tum Experiments and Graphs II: Computation and State
Generation with Probabilistic Sources and Linear Optics.
Preprint at https://arxiv.org/abs/1803.10736 (2018).

24. Schlederer, F., Krenn, M., Fickler, R., Malik, M. &
Zeilinger, A. Cyclic transformation of orbital angular
momentum modes. New J. Phys. 18, 043019 (2016).

25. Babazadeh, A. et al. High-dimensional single-photon
quantum gates: concepts and experiments. Phys. Rev.
Lett. 119, 180510 (2017).

26. Krenn, M., Hochrainer, A., Lahiri, M. & Zeilinger, A.
Entanglement by Path Identity. Phys. Rev. Lett. 118,
080401 (8 2017).

27. Allen, L., Beijersbergen, M. W., Spreeuw, R. & Wo-
erdman, J. Orbital angular momentum of light and the
transformation of Laguerre-Gaussian laser modes. Phys.
Rev. A 45, 8185 (1992).

28. Mair, A., Vaziri, A., Weihs, G. & Zeilinger, A. Entangle-
ment of the orbital angular momentum states of photons.
Nature 412, 313–316 (2001).

29. Yao, A. M. & Padgett, M. J. Orbital angular momentum:
origins, behavior and applications. Adv. Opt. Photonics
3, 161–204 (2011).

30. Krenn, M., Malik, M., Erhard, M. & Zeilinger, A. Orbital
angular momentum of photons and the entanglement of
Laguerre–Gaussian modes. Philos. Trans. R. Soc. A 375,
20150442 (2017).

31. Hong, C., Ou, Z.-Y. & Mandel, L. Measurement of sub-
picosecond time intervals between two photons by inter-
ference. Phys. Rev. Lett. 59, 2044–2046 (1987).

32. Zhang, Y et al. Engineering two-photon high-
dimensional states through quantum interference.
Sci. Adv. 2, e1501165–e1501165 (Feb. 2016).

33. Miatto, F. et al. Bounds and optimisation of orbital an-
gular momentum bandwidths within parametric down-
conversion systems. Eur. Phys. J. D 66, 1–6 (2012).

34. Leach, J., Padgett, M. J., Barnett, S. M., Franke-Arnold,
S. & Courtial, J. Measuring the orbital angular momen-
tum of a single photon. Phys. Rev. Lett. 88, 257901
(2002).

35. Erhard, M., Malik, M. & Zeilinger, A. A quantum router
for high-dimensional entanglement. Quantum Sci. Tech-
nol. 2, 014001 (2017).

36. Huber, M. & de Vicente, J. I. Structure of multidimen-
sional entanglement in multipartite systems. Phys. Rev.
Lett. 110, 030501 (2013).

37. Bavaresco, J. et al. Two measurements are sufficient
for certifying high-dimensional entanglement. Preprint
at https://arxiv.org/abs/1709.07344 (2017).

38. Mirhosseini, M., Malik, M., Shi, Z. & Boyd, R. W. Effi-
cient separation of the orbital angular momentum eigen-
states of light. Nat. Commun. 4, 2781 (2013).

39. Lawrence, J. Mermin inequalities for perfect correlations
in many-qutrit systems. Phys. Rev. A 95, 042123 (2017).

40. Graffitti, F., Kundys, D., Reid, D. T., Brańczyk, A. M.
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