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Abstract
It is well known that photons can carry a spatial structure akin to a ‘twisted’ or ‘rippled’
wavefront. Such structured light fields have sparked significant interest in both classical and
quantum physics, with applications ranging from dense communications to light–matter
interaction. Harnessing the full advantage of transverse spatial photonic encoding using the
Laguerre–Gaussian (LG) basis in the quantum domain requires control over both the azimuthal
(twisted) and radial (rippled) components of photons. However, precise measurement of the
radial photonic degree-of-freedom has proven to be experimentally challenging primarily due to
its transverse amplitude structure. Here we demonstrate the generation and certification of
full-field LG entanglement between photons pairs generated by spontaneous parametric down
conversion in the telecom regime. By precisely tuning the optical system parameters for state
generation and collection, and adopting recently developed techniques for precise spatial mode
measurement, we are able to certify fidelities up to 85% and entanglement dimensionalities up
to 26 in a 43-dimensional radial and azimuthal LG mode space. Furthermore, we study
two-photon quantum correlations between nine LG mode groups, demonstrating a correlation
structure related to mode group order and inter-modal cross-talk. In addition, we show how the
noise-robustness of high-dimensional entanglement certification can be significantly increased
by using measurements in multiple LG mutually unbiased bases. Our work demonstrates the
potential offered by the full spatial structure of the two-photon field for enhancing technologies
for quantum information processing and communication.

Supplementary material for this article is available online
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1. Introduction

The spatial structure of light allows for the study of a vari-
ety of complex phenomena in the classical and quantum
regimes [1, 2]. In this context, the Laguerre–Gaussian (LG)
modes of light have emerged as a popular choice of basis. In
addition to their aesthetic properties, LG modes form a com-
plete and orthonormal basis of optical modes that are solutions
of the paraxial wave equation in cylindrical coordinates [3]. As
such, they are of inherent interest in many areas of physics fea-
turing cylindrical or circular symmetries. The applications of
LG modes extend over research fields as diverse as quantum
information [4], matter waves [5, 6], gravitational waves [7],
and classical telecommunications [8], where their relation to
the quantisation of orbital-angular-momentum (OAM) [9],
their unbounded Hilbert space, and their propagation proper-
ties have made them of key interest [10].

An LG mode is composed of an azimuthal component
given by a twisted helical wavefront of the form eiℓϕ, with
the azimuthal index ℓ corresponding to the quantised OAM of
photons, and a radial component characterised by the radial
index p [11]. Control over the radial and azimuthal com-
ponents of light has been key for enhancing classical com-
munication protocols based on mode-division-multiplexing
schemes [12–14] and controlling the propagation of light
through complex media, with applications ranging from ima-
ging throughmulti-mode fibres [15] to the development of pro-
grammable optical circuits [16, 17]. Furthermore, access to the
complete transverse spatial degree-of-freedom of photons is
necessary for harnessing the advantages of high-dimensional
encoding for boosting quantum communications with higher
capacities [18] and enabling noise-resistant entanglement
distribution [19, 20].

The capability of performing precise measurements of
the radial and azimuthal components of single photons (and
their coherent superpositions) is key for their use in quantum
information processing [4, 18]. However, using the full
resource of the transverse field is limited by several chal-
lenges in accurately measuring full-field LG modes. While
multi-outcome measurements in both the azimuthal and radial
part of spatial modes have been demonstrated through inter-
ferometric techniques [21–24], the scalability of such imple-
mentations is difficult. A promising alternative is the use of
multi-plane mode converters [14, 25–27], but loss and cross-
talk present additional challenges. On the other hand, single-
outcome measurements in the spatial degree-of-freedom can
be performed through multi-plane phase modulations [28], or
well-established phase-flattening techniques [29]. In the latter,
spatial filters composed of spatial light modulators (SLM) and
single-mode fibres (SMFs) achieve accurate projective meas-
urements of spatial modes. In this case, limitations arise from
the loss associated with the use of SLMs, where it is neces-
sary to implement intensity masking in order to modulate the
amplitude of the field [30]. In addition, the issue of mode-
dependent detection efficiencies presents additional hurdles,
especially when coherent superpositions of modes are being
measured [31, 32].

While the precise description of the full transverse struc-
ture of light requires both indices (ℓ and p), the generation
and detection of LG modes in the quantum domain initially
focused on their azimuthal component [10, 29], with early
experiments demonstrating their use in quantum communic-
ation and entanglement (please see [4] for a review of these).
The ‘forgotten’ radial quantum number p [33] has emerged
in recent years as the subject of several theoretical investig-
ations [34–37], with various experimental demonstrations of
quantum radial correlations in the transverse field of photons
produced through spontaneous parametric down-conversion
(SPDC) [38–41]. These studies have shown that although per-
fect azimuthal correlations can be easily observed due to the
conservation of OAM, entanglement in the radial part is only
available when the the pump and detected mode waists are
finely tuned [34, 42]. Other experiments have implemented
spatial-mode measurements that only modulated the phase of
the LGmodes [42–44], or used phase-only discretisation of the
radial space through Walsh functions [45]. However, access
to the full modal bandwidth of spatially entangled photons
through accurate measurements of radial modes requires both
amplitude and phase-sensitive detection. This becomes par-
ticularly clear when implementing projections onto coherent
superposition states, which are of key importance when study-
ing entanglement.

Here we demonstrate the generation and measurement of
the full transverse spatial field of a two-photon state gener-
ated through SPDC in the telecom regime, certifying up to
26-dimensional radial and azimuthal LG mode entanglement
with a dimensionality of 43. Accurate spatial state projections
onto states of the LG basis (and any superposition of these)
are performed with an ‘intensity-flattening’ technique that we
have recently demonstrated in both the classical and quantum
regime [32, 46]. Our measurement scheme optimises correla-
tions in the radial component through the fine adjustment of
the mode sizes in both the generation and detection systems,
allowing us to certify entanglement between transverse spatial
modes of light spanning over 21 LG mode groups. In addi-
tion, our high-dimensional entangled states are generated at
1550 nm, making it possible to interface them with optical
fibres at extremely low loss for quantum information schemes
based on space-division multiplexing [47], and enabling the
realisation of very bright entangled sources [48] for multi-
photon experiments.

2. Theory

To understand entanglement in the azimuthal and radial com-
ponents of the transverse spatial field of a pair of photons cre-
ated via SPDC, let us write the two-photon state in the LG
spatial mode basis:

|ΨLG⟩=
∑

ℓi,pi,ℓs,ps

Cℓsℓi
pspi |ℓsps⟩|ℓipi⟩. (1)

Here, the subscripts s and i refer to the signal and idler photon
respectively. For simplicity, we use the expressions |ℓsps⟩ and
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Figure 1. Experimental setup: (a) A 775-nm Ti:Sapphire pulsed laser with a beam waist tailored by a telescope system pumps a non-linear
ppKTP crystal and generates pairs of entangled photons at 1550 nm through Type-II SPDC. Accurate projective measurements in the
Laguerre-Gauss basis and any of its mutually unbiased basis are performed with SLMs, intensity-flattening telescopes (IFT), and SMFs.
Correlations in the radial and azimuthal LG mode components of the transverse spatial field are obtained by measuring coincidence counts
between pairs of photons using two superconducting nanowire detectors (SNSPD) connected to a coincidence counting logic (CC).
(b) Representation of the complex amplitude describing the full-field mode LG4

2 and (d) the LG MUB mode corresponding to state |1̃1⟩ from
the second mutually unbiased basis w.r.t. LG basis, and composed of a coherent superposition of 43 LG modes with p= 0, . . . ,4 and
ℓ=−8, . . . ,7. The colour scale corresponds to the phase of the mode and the brightness to the absolute value of its amplitude.
(c) and (e) Examples of corresponding computer generated holograms (Type 1 complex amplitude modulation given in [30]) displayed on
the SLMs to modulate the phase and amplitude of the LG and LG MUB modes in order to measure their spatial mode content.

|ℓipi⟩ in equation (1) to refer to a single photon in modes LGℓs
ps

and LGℓi
pi , respectively. The coefficient |Cℓsℓi

pspi |
2 indicates the

joint probability of finding a signal photon in mode LGℓs
ps and

an idler photon in mode LGℓi
pi . While these coefficients are

primarily determined by the SPDC process, they also depend
on the collection optics involved in the measurement scheme.
An ideal LG entangled state exhibits perfect two-photon anti-
correlations in azimuthal modes (ℓs =−ℓi) and perfect cor-
relations in radial modes (ps = pi). However, due a variety of
reasons that can be attributed to measurement imperfections
and the optics used, cross-talk between modes can appear that
reduces the quality of the measured state. Below, we briefly
discuss the origin of radial mode cross-talk.

An LG mode in the transverse momentum space can be
explicitly written in cylindrical coordinates as [34]:

LGℓ
p(ρ,ϕ) =

√
w2p!

2π(p+ |ℓ|)!

(
ρw√
2

)|ℓ|

× exp

(
−ρ2w2

4

)
L|ℓ|p

(
ρ2w2

2

)
exp [iℓ(ϕ)] , (2)

where w is the beam waist in the transverse position space
(we have assumed z= 0), and L|ℓ|p (·) is the associated Laguerre
polynomial. In order to understand the entanglement certifica-
tion method used here, it is also important to define bases that
are mutually unbiased with respect to the LG basis (LGMUB).

For prime dimensions d, these can be calculated by following
the construction [49]:

|̃jr⟩=
1√
d

d−1∑
m=0

εjm+rm
2

|m⟩ (3)

where {|m⟩}m denotes the standard LG basis, ε= exp
(
2πi
d

)
is the principal complex dth root of unity, r ∈ {0, . . . ,d− 1}
labels the chosen LG MUB, and j ∈ {0, . . . ,d− 1} labels the
basis elements. Figures 1(b) and (d) show examples of LG and
LG MUB modes carrying both azimuthal and radial compon-
ents (‘twists and ripples’).

The coefficients Cℓsℓi
pspi in equation (1) can be obtained by

projecting the measured biphoton state onto LG mode oper-
ators for the signal and idler photons. This is calculated by
taking the overlap integral between the measured state and the
corresponding signal and idler mode functions over the wave
vector space:

Clslipspi = ⟨ℓsps ℓipi|ΨLG⟩ (4)

=

ˆ ˆ
d3ksd

3kiΦ(ks,ki)[LGℓs
ps(ks)]

∗[LGℓi
ps(ki)]

∗,

where Φ(ks,ki) is the measured joint transverse momentum
amplitude (JTMA) of the biphoton state [50]. The JTMA is
a function determined by the spatial profile of the pump, the
phase matching conditions in SPDC [34, 50–52], as well as the
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collection optics. The JTMA describes the measured correla-
tions in the transverse-momentum degree-of-freedom of the
generated photons.

The result of the overlap integral in equation (4) has been
shown to depend on the real space ratio between the pump
and the down-converted signal and idler mode waists, γ =
wp/ws,i [34]. The mode waists wi and ws are equivalent to the
‘collected’ mode waists obtained at the crystal. The azimuthal
part of the overlap integral enforces the conservation of OAM,
which for the case of a Gaussian (ℓ= 0) pump gives per-
fect two-photon correlations between azimuthal modes with
indices ℓs =−ℓi. However, correlations between the radial
modes are only perfect in the limit of an infinite pump waist,
which breaks down as the ratio γ→ 1 [34, 42]. In fact, in
any realistic experimental setup with finite-sized apertures and
optics, the pump waist is limited to a large extent. Harnessing
the resource of entanglement in the full transverse field thus
requires one to increase the ratio γ by optimising the pump
and collection mode waists appropriately in order to maxim-
ise the correlations between LG modes with non-zero radial
components (ps, pi > 0).

3. Experiment

As shown in figure 1(a), we use a Ti:Sapphire femtosecond
pulsed laser (λp = 775 nm, 500 mW average power) to pump
a non-linear ppKTP crystal (1 mm × 2 mm × 5 mm) in order
to generate pairs of spatially entangled photons at 1550 nm
through Type-II SPDC. A telescope composed of lenses L1
and L2 is used to set the 1/e2 radius of the pump to be wp =
450µm at the crystal (this is the Gaussian pump mode waist
considered in the ratio γ). After filtering out the pump with
a dichroic mirror, the signal and idler photons are separated
using a polarising beam splitter (PBS), and sent to SLMs that
are placed in the Fourier plane of the crystal via a 250 mm
lens (L3). Note that reflection on the PBS flips the sign of
the idler mode azimuthal index, converting azimuthal anti-
correlations into correlations. To perform accurate projective
measurements over the complete set of LG modes spanning
the field (and any superposition of these), the spatially varying
amplitude and phase of the incoming photons are modulated
by displaying computer-generated holograms (CGHs) on the
SLMs [30]. Figure 1(b) depicts an example full-field mode
(LG4

2) containing both radial (p= 2) and azimuthal (ℓ= 4)
components, with figure 1(c) showing the corresponding CGH
used to measure it. Figures 1(d) and e depict a full-field mode
and its corresponding CGH from the second (r= 1 in equation
(3)) 43-dimensional LGMUB containing a coherent superpos-
ition of modes with p= 0, . . . ,4 and ℓ=−8, . . . ,7.

The CGH displayed on an SLM is used for filtering a par-
ticular spatial mode such that it effectively couples to a SMF.
This method relies on the orthogonality of the LG modes,
where a given LGℓ

p is measured by ‘flattening’ its complex
amplitude with a CGH of its complex conjugate [LGℓ

p]
∗. How-

ever, the use of an SMF in this measurement scheme intro-
duces an additional Gaussian factor that results in undesired
cross-talk between modes with different indices, which is

particularly increased for radial modes [31, 32]. In order to
minimise this cross-talk, the orthogonality between the input
and projected mode is maintained through the use of a so-
called intensity-flattening telescope (IFT, lenses L4 and L5)
placed between the SLM and the SMF [32]. The IFTs in
our system effectively magnify the back-propagated collec-
tion modes at the SLM planes by a factor of 3.3 to mitig-
ate the effects of the SMF Gaussian component. In addition,
the IFTs allow us to tailor the collection modes to the size of
the quantum spiral bandwidth of the generated state [53], as
determined by the extent of the JTMA [46, 50]. Note also that
increasing the size of the collectionmodes at the SLMs is equi-
valent to reducing the size of the collection mode waists ws,i at
the crystal, which increases the ratio γexp to a value of 5.26, in
turn reducing radial mode cross-talk between signal and idler
photons [34].

4. Results

We measure two-photon correlations in the azimuthal and
radial components of the transverse field with measurements
in the LG (standard, or computational) basis using CGHs for
radial modes (ℓ= 0, p⩾ 0), azimuthal modes (ℓ ∈ Z, p= 0),
and full-field modes (ℓ ∈ Z, p⩾ 0). With the ability of pro-
jecting into any given superposition of spatial modes, we also
perform measurements in all mutually unbiased bases with
respect to the LG basis (LG MUBs) following the construc-
tion given in [49]. Measurements in the complete set of LG
MUBs allow us to determine the exact fidelity F(ρ, |Φ+⟩) =
Tr(⟨Φ+⟩Φ+ρ) of our experimentally measured state ρ to the
maximally entangled state |Φ+⟩= 1√

d

∑
ℓ,p |ℓp⟩s|ℓp⟩i, where

d is the entanglement dimensionality and d× d is the number
of entangled modes in the state [54]. By comparing our meas-
ured fidelity to fidelity bounds calculated from the Schmidt
coefficients of the target state |Φ+⟩, we can certify the entan-
glement dimensionality of our experimental state.

We construct radial mode bases in dimension d= 11 (p=
0, . . . ,10), azimuthal mode bases in d= 13 (ℓ=−6, . . . ,6),
and full-field LG mode bases in d= 23 (ℓ=−6, . . . ,5 and
p= 0,1,2). Since a complete set of d + 1 mutually unbiased
bases can only be constructed for prime dimensions d, we use
an asymmetrical azimuthal bandwidth to build the full-field
LG MUBs in a prime dimension.

As shown in figure 2, our measurements result in strong
diagonal two-photon correlations over the complete set of the
LG and LGMUBs of the radial, azimuthal and full-field mode
spaces. The off-diagonal correlations in the standard radial
basis (figure 2(a)) correspond to the expected cross-talk origin-
ating from the overlap integral in equation (4) with our γexp =
5.26, with additional cross-talk due to experimental imper-
fections such as alignment. The cross-talk between adjacent
azimuthal modes, i.e. ℓs = ℓi± 1 observed in figure 2(b) can
be attributed to experimental imperfections such as misalign-
ment and finite SLM resolution. These two effects can also be
observed in the full-field correlations shown in figure 2(c). The
cross-talk in the LG MUBs (second column of figure 2) arises
from the uneven distribution of the diagonal correlations in
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Figure 2. Two-photon correlations in azimuthal and radial LG
modes. Two-photon coincidence counts showing radial
(a), azimuthal (b), and full-field (c) correlations in the standard LG
basis of each defined subspace {|m⟩, |n⟩}m,n (left), and in its second
mutually unbiased basis {|̃j1⟩, |k̃1⟩}j,k (right). The inset on each
figure illustrates the highest order mode measured in that particular
basis. Measuring the correlation matrices for all mutually unbiased
bases (MUBs) of each high-dimensional space, we obtain fidelities
to the maximally entangled state shown in the fourth column of
table 1, allowing us to certify entanglement dimensionalities of
dent = 7 in the 11-dimensional radial subspace, dent = 11 in the
13-dimensional azimuthal subspace, and dent = 18 in the
23-dimensional full-field subspace.

the standard basis. This probability distribution is determined
by the quantum spiral bandwidth of the SPDC state, which
dictates a higher coincidence probability for lower order LG
modes [34], and a mode-dependent coupling efficiency that
originates from the use of SMFs [31, 32]. Optimising the para-
meter γ increases the available entanglement by flattening the
quantum spiral bandwidth, allowing us to access higher-order
correlations and reducing the cross-talk in the LGMUBmeas-
urements.

Even though we can optimise the correlations over the
transverse spatial field of the biphoton state through themanip-
ulation of the pump and collection mode waists, a ‘flat’ spiral
bandwidth can only be achieved with an infinite pump waist.
Since the SPDC state is a non-maximally entangled state, one
can also characterise its spatial correlations through a tilted-
basis witness that uses the fidelity to a general, non-maximally
entangled target state F(ρ,Φ) [54]. The performance of this
tilted witness improves with an appropriate choice of the target

state, with fidelity ideally approaching unity. An informed
guess for a good target state can be made from the measured
correlations in the standard basis, which then informs the con-
struction of appropriate tilted-bases, in manner similar to LG
MUBs. In this process, it is important to correct for the effects
of mode-dependent loss in the coincidence counts of the LG
basis, as demonstrated in [54].

Fidelities to the maximally entangled state (|Φ+⟩) and a
non-maximally entangled target state (|Φ⟩) in eachmode space
are shown in table 1. Errors in the fidelities are calculated
via Monte-Carlo simulation of the experiment that propag-
ates statistical Poisson error associated to the photon count
rates. With an appropriate choice of target state, is possible
to obtain higher fidelities F(ρ,Φ) compared to the ones calcu-
lated with respect to the maximally entangled state F(ρ,Φ+).
Nevertheless, the fidelity bounds for certifying entanglement
dimensionality become harder to violate for the tilted-witness,
resulting in the same or lower certified dimensionality. The
entanglement dimensionalities shown in table 1 are thus cal-
culated using the fidelity F(ρ,Φ+) of our measured state to a
maximally entangled target state [54].

To demonstrate the potential of our technique for access-
ing very high-dimensional LG entanglement, we use azi-
muthal and radial modes to construct a full-field standard LG
basis with dimension d= 43, composed of LG modes with
ℓ=−8, . . . ,7 and p= 0, . . . ,4. This basis contains states with
mode group order (MG= 2p+ |l|+ 1) up to 9. The LG mode
groups consist of modes that experience the same Gouy phase,
and are of immense interest in the study of multi-mode wave-
guides. As shown in figure 3(a), the cross-talk between modes
in the standard basis has a particular structure. When examin-
ing them with respect to their respective mode groups (pink
lines), we can see that very little cross-talk is present within the
same mode group. However, alignment imperfections lead-
ing to correlations between azimuthal modes with ℓs ̸= ℓi for
a given p result in cross-talk between adjacent mode groups
MGi =MGs± 1. On the other hand, radial mode correlations
between modes with ps ̸= pi manifest as cross-talk that skips
a mode group MGi =MGs± 2. This structure can be under-
stood as a natural consequence of the way mode groups are
defined, with a factor of two appearing before the index p.

Instead of estimating the exact fidelity through measure-
ments in all LG MUBs for a given dimension, the certifica-
tion of high-dimensional entanglement is possible by lower
bounding the fidelity to a given target entangled state with
measurements in at least two MUBs. It has been theoretic-
ally shown that as the number of bases used for lower bound-
ing the fidelity is increased, the detrimental effect that noise
(manifested as cross-talk in the correlations) has on the fidel-
ity bound is reduced, resulting in the certification of entan-
glement dimensionalities under a higher noise tolerance [54].
This is especially advantageous in scenarios where there is
a lot of noise present to begin with. Here we experimentally
demonstrate this noise advantage, as can be clearly seen in
figure 3(f). Increasing the number of LGMUBs used for lower
bounding the fidelity from 2 to 21 results in an improvement in
the fidelity bound from F̃(ρ,Φ+) = 44.6± 0.9% to a value of
59.5± 0.9%. This improvement in fidelity corresponds to an
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Table 1. Measured fidelities F(ρ, |Φ+⟩) and F(ρ, |Φ⟩) of experimental LG-entangled states (ρ) to the maximally (|Φ+⟩) and non-maximally
(|Φ⟩) entangled target states

Type ℓ p d dent F(ρ,Φ+) F(ρ,Φ)

Radial 0 0, . . . ,10 11 7 61.8± 0.5% 69.0± 1.0%
Azimuthal −6, . . . ,6 0 13 11 83.3± 0.3% 85.7± 0.6%
Full field −6, . . . ,5 0,1,2 23 18 75.1± 0.1% 75.5± 0.1%
Full fielda −8, . . . ,7 0, . . . ,4 43 26 59.5± 0.9% —

The third column lists the entanglement dimensionality dent certified using the fidelity to the maximally entangled state
F(ρ,Φ+).
a This fidelity value corresponds to a lower bound to the fidelity obtained from measurements in 21 of the 44 MUBs of
the 43-dimensional space.

Figure 3. Full LG-mode entanglement in a 43-dimensional subspace. (a) Two-photon coincidence counts showing correlations in the
standard LG basis of radial and azimuthal modes belonging to nine different mode groups (indicated by the pink lines). (b)–(e) Two-photon
coincidence counts showing correlations in the first four mutually unbiased bases (LG MUBs) with respect to the standard basis.
Correlations in 21 mutually unbiased bases allow us to lower bound the fidelity of our state to a maximally entangled state, and certify an
entanglement dimensionality of dent = 26. The advantage of using measurements in more LG MUBs is shown in (f), where the estimated
fidelity allows us to violate higher dimensionality bounds (Bdent−1), thus allowing us to certify higher entanglement dimensionality as the
number of MUBs used increases.

increased certified entanglement dimensionality from dFullent =
20 to 26. The results show that the use of additional MUBs
offers a significant advantage for entanglement certification in
noisy regimes.

5. Conclusion

We have demonstrated high-dimensional entanglement in the
telecom regime between two photons in their full-field LG
spatial mode basis consisting of radial and azimuthal com-
ponents. We are able to harness the complete resource of
LG mode entanglement with measurement settings tailored
to the spatial distribution of the measured two-photon state,
and an intensity-flattening technique that ensures accurate
state projections onto any given spatial mode, while minim-
ising radial mode cross-talk. Careful control over the mode
waists of the pump and collected photons increases the cor-
relation strength within the radial and azimuthal components
of the two-photon field and allows for the certification of
entanglement dimensionalities up to 26. By measuring correl-
ations in a 43-dimensional set of LG modes and its mutually
unbiased bases (LG MUBs), we are able to characterise high-
dimensional entanglement in modes spanning nine LG mode

groups, and observe how two-photon inter-modal cross-talk
follows a structure related to the mode group orders. In addi-
tion, we demonstrate clearly how measurements in additional
LG MUBs enables one to certify high-dimensional entangle-
ment in a noise-robust manner. Our techniques are significant
for the emerging field of high-dimensional quantum informa-
tion and will prove beneficial for quantum technologies har-
nessing LG modes of light.

Note: We have recently become aware of a related
work [41] that characterised LG radial mode entanglement
through full quantum state tomography in state spaces with
local dimension 4.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.

Acknowledgments

This work was made possible by financial support from the
QuantERA ERA-NETCo-fund (FWF Project I3773-N36) and

6



J. Opt. 23 (2021) 104001 N H Valencia et al

the UK Engineering and Physical Sciences Research Council
(EPSRC) (EP/P024114/1).

ORCID iDs

Natalia Herrera Valencia https://orcid.org/0000-0003-
1468-8953
Vatshal Srivastav https://orcid.org/0000-0002-0586-5498
Saroch Leedumrongwatthanakun https://orcid.org/0000-
0002-9915-4207
Will McCutcheon https://orcid.org/0000-0003-0344-6385
Mehul Malik  https://orcid.org/0000-0001-8395-160X

References

[1] Forbes A,de Oliveira M and Dennis M R 2021 Structured light
Nat. Photon. 15 253–62

[2] Fabre C and Treps N 2020 Modes and states in quantum optics
Rev. Mod. Phys. 92 035005

[3] Siegman A E 1986 Lasers (Mill Valley, CA: University
Science Books)

[4] Krenn M, Erhard M, Malik M and Zeillinger A 2017 Orbital
angular momentum of photons and the entanglement of
Laguerre-Gaussian modes Phil. Trans. R. Soc. A
375 20150442

[5] McMorran B J, Agrawal A, Ercius P A, Grillo V, Herzing A A,
Harvey T R, Linck M and Pierce J S 2017 Origins and
demonstrations of electrons with orbital angular momentum
Phil. Trans. R. Soc. A 375 20150434

[6] Franke-Arnold S 2017 Optical angular momentum and atoms
Phil. Trans. R. Soc. A 375 20150435

[7] Bialynicki-Birula I and Bialynicka-Birula Z 2016
Gravitational waves carrying orbital angular momentum
New J. Phys. 18 023022

[8] Willner A E, Ren Y, Xie G, Yan Y, Long Li, Zhao Z, Wang J,
Tur M and Molisch A F and Ashrafi S 2017 Recent
advances in high-capacity free-space optical and
radio-frequency communications using orbital angular
momentum multiplexing Phil. Trans. R. Soc. A
375 20150439

[9] Allen L, Beijersbergen M, Spreeuw R and Woerdman J P 1992
Orbital angular momentum of light and the transformation
of Laguerre-Gaussian laser modes Phys. Rev. A 45 8185

[10] Franke-Arnold S, Allen L and Padgett M 2008 Advances in
optical angular momentum Laser Photonics Rev. 2 299

[11] Malik M and Boyd R W 2014 Quantum imaging technologies
Riv. Nuovo Cimento 37 273

[12] Zhao N, Xiaoying Li, Li G and Kahn J M 2015 Capacity limits
of spatially multiplexed free-space communication Nat.
Photon. 9 822

[13] Trichili A, Rosales-Guzmán C, Dudley A, Ndagano B,
Salem A B, Zghal M and Forbes A 2016 Optical
communication beyond orbital angular momentum Sci. Rep.
6 1

[14] Fontaine N K, Ryf R, Chen H, Neilson D T, Kim K and
Carpenter J 2019 Laguerre-Gaussian mode sorter Nat.
Commun. 10 1865
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