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A B S T R A C T

In this work we experimentally demonstrate high sensitive strictly-local identification of azimuthal index of
Laguerre–Gauss (LG) beams, with less than 160 photon counts. To this aim, detection of the azimuthal index
of LG beams is performed with an innovative interferometer relying on a monolithic birefringent crystal,
thus ensuring stability without the need of any feedback or thermal drift compensation. By first generating a
reference interference pattern with a standard TEM00 mode, we then detect the value of the azimuthal index
of a LG beam from the lateral shift of the pattern with respect to the reference one. An experimental setup has
been realized to prove the effectiveness of the proposed scheme, which requires to access only a small portion
(5%) of the entire wavefront. Moreover, being intrinsically endowed with extreme robustness and stability,
we achieve effective high sensitive detection of the azimuthal index by collecting less than 160 photons only,
while at the same time keeping the local features. Limitations and possible applications are also discussed.
1. Introduction

Radiation carrying Orbital Angular Momentum (OAM) [1] has
gained a considerable attention in various scientific disciplines, effec-
tively leading to the development of a novel branch of science and
technology known as singular optics [2]. OAM radiation is a particular
type of structured light endowed with unique intensity and phase prop-
erties. In particular, OAM beams exhibit twisting helical wavefronts
with a phase singularity at the center, which corresponds to a donut-
shaped intensity distribution with a minimum along the propagation
axis. The helical wavefronts are characterized by an integer number
𝑙, known as the topological charge, which describes the number of 2𝜋
phase shift around the optical axis. Remarkably, the topological charge
is also associated to the quantized orbital angular momentum 𝑙ℏ of a
single photon [3].

OAM beams have been exploited for different applications, e.g. to
finely control and manipulate nanoparticles [4], to overcome the
diffraction limit in imaging methods [5], in astronomical and astro-
physical observations [6,7], to realize high-contrast and broadband
coronagraphy [8–10], to investigate photoelectric rules and transition
states not accessible with ordinary light [11,12]. In particular, the
telecommunications sector has benefited the most from the additional
degree of freedom offered by the topological charge [13–15]. By
multiplexing different OAM states, high-capacity transmission systems
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over tens of Gbit/s have been recently realized [16–18] for both in-fiber
networks [19,20] and free-space optical communications [21–24].

In all these disciplines and applications, detection of OAM states
is of utmost importance for the full exploitation of OAM-based sys-
tems. To this aim, different interferometric [25–27], diffractive [28]
and refractive [29,30] techniques have been proposed, leading to effi-
cient sorters of OAM states [31,32] capable of fast (single-shot) per-
formances [33]. Efficient detection and demultiplexing methods are
provided by conjugate spiral phase plates and phase holograms [34],
cascaded Mach–Zehnder interferometers [35], Dammann optical vortex
gratings [36] and log-polar transformations [31]. More recently, new
approaches to classify and demultiplex OAM beams have been intro-
duced based on machine learning [37–39], with promising applications
especially for OAM propagation through highly turbid media [40–
43]. For a more complete discussion on generation and detection of
OAM beams, the interested reader is referred to the following recent
reviews [44–46].

Current state-of-the-art methods typically require collecting a sub-
stantial portion or the entire wavefront of the OAM beam, and in
many cases the singularity should also be intercepted by the detector
surface. Such requirements pose severe limitations in the detection of
OAM states even in table-top laboratory setups, especially when the
propagating beam becomes much larger than the detector size due to
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the intrinsic photon beam divergence, in particular for higher values of
the topological charge. More generally, high sensitive detection using
only a small portion of the propagating beam is of particular interest
and would represent a key-enabling technology paving the way for a
more efficient class of non-destructive detectors and receivers. How-
ever, since a rigorous detection of OAM necessarily requires collecting
the entire radiation wavefront [47–49], local detection techniques must
rely on a priori knowledge and full control of the field structure of the
incoming beam.

In this view, we have recently investigated and experimentally
proven the possibility of introducing strictly-local detection methods
based on Laguerre-Gauss (LG) beams, a class of OAM beams for which
the value of the topological charge is related to the value 𝑙 of the
azimuthal index of the LG mode [50–53].

In this work, we experimentally demonstrate high sensitive, strictly-
local identification of azimuthal index of LG beams by employing a
monolithic interferometer based on a birefringent crystal. As such, the
proposed scheme is intrinsically stable and does not require any feed-
back or thermal drift compensation. Remarkably, the method requires
accessing a small portion of the wavefront only (also far from the LG
beam axis), of the order of 5%, thus greatly improving over previous
techniques. Moreover, being intrinsically endowed with extreme ro-
bustness and stability, it allows collecting sufficient statistics to identify
the azimuthal index of very weak LG beams. We effectively achieve
high sensitive identification of the azimuthal index of LG beams by
collecting less than 160 photons only, while at the same time keeping
the local features.

The paper is organized as follows. In Section 2 we briefly resume
the principles of local detection of LG beams, and in Section 3 we
describe the monolithic local interferometer based on a birefringent
calcite crystal. In Section 4 we describe the experimental setup, and
in Section 5 we illustrate experimental results, highlighting current
limitations and discussing possible solutions. Perspectives on going in
the large azimuthal index regime are highlighted in Section 6, while
application of the method to weak LG beams with few photon counts
is reported in Section 7. Finally, Section 8 closes the paper with some
concluding remarks.

2. Local detection of LG beam states

Our method for local detection of LG beam states relies on the phase
difference between different parts of the wavefront, which translates
into a measurable shift of an interference fringe pattern, as detailed
hereafter.

We consider a monochromatic LG beam with wavelength 𝜆 and
azimuthal index 𝑙. By introducing cylindrical coordinates (𝑟, 𝜃, 𝑧), where
𝑟 and 𝜃 refer to the radial and azimuthal positions on a plane transverse
to the propagation direction 𝑧, the electric field 𝐸(𝑟, 𝜃, 𝑧) of the LG mode
is described as follows:

𝐸(𝑟, 𝜃, 𝑧) = 𝐴(𝑟, 𝑧) exp[𝑖𝜙(𝑟, 𝜃, 𝑧)] , (1)

where 𝐴(𝑟, 𝑧) is the field amplitude
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and 𝜙(𝑟, 𝜃, 𝑧) is the field phase:

𝜙(𝑟, 𝜃, 𝑧) = 𝑘𝑟2

2𝑅(𝑧)
+ 𝜓(𝑧) + 𝑙𝜃 . (3)

In Eqs. (2) and (3), 𝐸0 is the overall field amplitude, 𝑤0 is the beam
waist, 𝑤(𝑧) = 𝑤0

√
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0∕𝜆 is the Rayleigh distance, 𝐿|𝑙|
𝑝 is the associated Laguerre

polynomial, 𝑘 = 2𝜋∕𝜆, 𝑅(𝑧) = 𝑧[1 + (𝑧𝑅∕𝑧)2] is the radius of curvature
of the propagating wavefront, and 𝜓(𝑧) = (2𝑝 + |𝑙| + 1)arctan(𝑧∕𝑧 ) is
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Fig. 1. Sketch of the local wavefront-division interferometer to identify the azimuthal
index of LG beams. The two apertures at 𝑃1 = (𝑟1 , 𝜃1 , 𝑧) and 𝑃2 = (𝑟2 , 𝜃2 , 𝑧) (input ports
of the interferometer) are located at the same radial distance 𝑟1 = 𝑟2 = 𝑟 from the beam
axis and are separated by the amount 𝛥𝑥, i.e. by the angle 𝛥𝜃 ∼ 𝛥𝑥∕𝑟 with respect to
the beam center.

the Gouy phase shift. The parameter 𝑝 represents the number of radial
nodes in the field amplitude, and 𝑝 + 1 is the number of rings in the
intensity profile (𝑝 = 0 in this work).

We exploit the peculiar phase properties of LG beams, as described
by Eq. (3), to achieve local identification of the azimuthal index 𝑙 in
a two-point detection scheme. To this aim, we employ a wavefront-
division interferometer at a fixed distance 𝑧 from the beam waist with
the two apertures positioned at 𝑃1 = (𝑟1, 𝜃1, 𝑧) and 𝑃2 = (𝑟2, 𝜃2, 𝑧),
respectively. The two apertures are located at the same radial distance
𝑟1 = 𝑟2 = 𝑟 from the beam axis and are separated by an amount 𝛥𝑥,
thus subtend the angle 𝛥𝜃 = 𝜃2 − 𝜃1 ∼ 𝛥𝑥∕𝑟 with respect to the beam
center, as shown in Fig. 1.

In this configuration, the phase difference 𝛥𝜙 = 𝜙(𝑟2, 𝜃2, 𝑧) −
𝜙(𝑟1, 𝜃1, 𝑧) of the electric field at the two apertures is given by the linear
term 𝑙𝛥𝜃 only, as it is apparent from Eq. (3). We recall that the position
of the interference fringes in a wavefront-division interferometer de-
pends on the phase difference of the electric field in correspondence of
the two apertures [54]. For the 𝑙 = 0 case, corresponding to a standard
Gaussian beam illumination, 𝛥𝜙 = 0 and the interference pattern is
perfectly centered on-axis. Therefore, we can determine the value of
the azimuthal index from the lateral shift 𝛿 of the fringe pattern with
respect to the 𝑙 = 0 case. Quantitatively, 𝛥𝜙 = 2𝜋𝛿𝛥𝑥∕(𝜆𝑑), being 𝑑 the
distance of the observation plane from the two-point interferometer,
and finally 𝑙 = 𝛥𝜙∕𝛥𝜃.

Similarly, we can also directly detect changes of the azimuthal
index from the relative position of the corresponding fringe patterns.
In particular, given two values 𝑙1 and 𝑙2, the relative shift of the
interference fringes is proportional to the change of the azimuthal index
since 𝛥𝜙𝑙2 − 𝛥𝜙𝑙1 = 𝛥𝑙𝛥𝜃, where 𝛥𝑙 = 𝑙2 − 𝑙1.

Typically, apertures are used to select the points 𝑃1 and 𝑃2. These
might be slits or pinholes in a typical Young’s interferometer [50,51],
or optical surfaces intercepting the incoming LG beam wavefront in
more advanced schemes based on a combination of mirrors and beam
splitters [52,53]. In the following section, we show how apertures are
not required for the proposed interferometer relying on a birefringent
crystal.

3. A strictly-local monolithic interferometer based on a birefrin-
gent crystal

We exploit the birefringent nature of a calcite crystal to real-
ize a strictly-local monolithic wavefront-division interferometer en-
dowed with extreme stability, robustness and resistance to external
perturbations.
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Fig. 2. Top view (left) and front view (right) of the monolithic interferometer scheme based on a birefringent calcite crystal. The case of a perfectly collimated incident beam
is depicted, see text for details. In both views, the orientation of the 𝑥-𝑦-𝑧 axes is also shown for completeness. WP: 𝜆∕2 wave plate; P: 45 degree polarizer. Color code: vertical
polarization parallel to the polarization axis of the crystal in green, horizontal polarization in red, elliptical polarization in violet, 45 degree linear polarization in yellow.
A schematic diagram of the working principles of our monolithic
interferometer is reported in Fig. 2. We consider two points 𝑃1 and 𝑃2
on the front face of the crystal. They are at the same radial distance
𝑟 from the LG beam axis and are separated by 𝛥𝑥, i.e. they subtend
the angle 𝛥𝜃 ∼ 𝛥𝑥∕𝑟 with respect to the beam center. We assume
perpendicular incidence, with the polarization of the LG beam at 𝑃1
parallel to the polarization axis of the ordinary ray of the crystal, while
the polarization at 𝑃2 is rotated along the orthogonal direction. In this
configuration, for a suitable value of 𝛥𝑥, two parallel light rays incident
on the crystal at 𝑃1 and 𝑃2 will perfectly superimpose at the exit of the
crystal and can therefore interfere upon projection along a common
polarization direction. The particular value of 𝛥𝑥 for which this occurs
is determined by the birefringent properties of the crystal, and it is
therefore crystal-dependent. Notice that the same principle is at the
basis of the splitting of a single beam into two beams with orthogonal
polarizations by birefringent crystals, as typically reported in textbooks.

The proposed configuration can be realized in practice by aligning
the polarization axis of the incoming LG beam at 𝑃1 with the polariza-
tion axis of the ordinary ray of the crystal, and then by covering 𝑃2
with a 𝜆∕2 wave plate oriented at 45 degrees. Thanks to this scheme,
the electric fields at 𝑃1 and 𝑃2 now have orthogonal polarizations and
propagate through the crystal along the ordinary and extraordinary
paths, respectively. They then superimpose on an observation plane
downstream the crystal. By projecting both fields along a common
polarization direction with a linear polarizer, interference fringes form
with intensity

𝐼(𝑥) = 4𝐼0
cos (𝑘𝑓𝑥 + 𝑙𝛥𝜃 + 𝜙0) + 1

2
, (4)

where 𝐼0 = |𝐴(𝑟, 𝑧)|2 is the intensity of the incident beam, 𝑘𝑓 = 2𝜋∕𝛬, 𝛬
is the spatial period of the interference fringes, and 𝜙0 is the phase shift
due to the difference between the ordinary and extraordinary paths.
In writing Eq. (4), we have assumed that fringes are oriented along
the vertical direction 𝑦, being 𝑥 the horizontal axis. Notice that the
dependence on the azimuthal index of the LG mode in Eq. (4) is given
only by the linear term 𝑙𝛥𝜃, since 𝑘𝑓 and 𝜙0 are independent on 𝑙.

For the case of a perfectly collimated incident beam, the two rays
with orthogonal polarizations exit the crystal from the same point and
propagate collinearly and perfectly overlapped along the same direc-
tion, giving rise to a uniform intensity distribution upon interference
(𝛬 → ∞ in Eq. (4)). These two rays originate from points 𝑃1 and 𝑃2
separated by a particular value of 𝛥𝑥 which depends on the crystal and
the radiation wavelength. It is 4.3 mm in our case.

Contrarily, if the incident wavefront is endowed with a finite curva-
ture, the two rays emerge from the crystal from two different positions
and superimpose on the observation plane with a finite angle 𝛩, thus
forming interference fringes with finite periodicity 𝛬 ∼ 𝜆∕𝛩. In this
3

case, the two rays originate from points 𝑃1 and 𝑃2 whose separation
𝛥𝑥 is smaller compared to the case of a perfectly collimated beam, the
exact value depending on the actual wavefront curvature. In our case,
for a radius of curvature of 2.6 m, the actual separation between the
two points 𝑃1 and 𝑃2 is 3.3 mm.

The question remains on how to locate the points 𝑃1 and 𝑃2 on
the front face of the crystal. Here comes the beauty of the proposed
scheme, since the interference is realized with any couple of light
rays incident on the crystal front face with the proper separation 𝛥𝑥.
Clearly, by varying the absolute position of 𝑃1 and 𝑃2 on the front
face of the crystal, the corresponding rays will exit the crystal at
different lateral positions. This generates two superimposing bundles
of rays, i.e. wavefronts, endowed with orthogonal polarizations, that
can therefore interfere upon projection onto the same polarization
direction. Notice that, to this aim, it is only required that the incoming
rays at all points 𝑃1 and 𝑃2 have orthogonal polarizations. Referring to
our scheme, this also implies that the rays that can actually interfere are
only those intercepting the crystal front face within a region centered in
correspondence of the edge of the 𝜆∕2 wave plate and with horizontal
width 2𝛥𝑥. Rays outside this region are not superimposed at the crystal
exit, therefore cannot interfere. Since there are no limitations along the
vertical direction other than the vertical extension of the crystal 𝐿, we
can also conclude that only the area 2𝛥𝑥𝐿 is utilized for the interfer-
ence. In our case, this corresponds to a fraction 𝑓 = 2𝛥𝑥𝐿∕(𝜋𝑟2) = 5%
of the entire incident wavefront, with 𝐿 = 11 mm and 𝑟 = 21 mm.

4. Experimental setup

A proof-of-principle setup, sketched in Fig. 3, has been realized to
prove the effectiveness of our local detection method. A He-Ne laser
beam with 𝜆 = 632.8 nm is spatially filtered and collimated. The result-
ing Gaussian beam has a diameter of 3.7 mm (1/𝑒2 intensity value) and
illuminates a Digital Micromirror Device (DMD). A computer-generated
fork hologram is projected onto the DMD to convert the Gaussian beam
into a LG beam. The first diffraction order is selected, corresponding
to a LG beam with the desired azimuthal index. The LG beam is then
properly aligned along the horizontal and vertical planes and sent to
the interferometer by means of two mirrors. The beam is expanded
through a positive lens before impinging onto a birefringent calcite
crystal (Thorlabs BD40). The beam diameter at the entrance of the
crystal is roughly 33 mm for 𝑙 = 0, i.e. for a standard Gaussian beam
(1/𝑒2 intensity value). Half of the birefringent crystal is covered by
a 𝜆∕2 wave plate, oriented at 45 degrees with respect to the vertical
polarization of the incoming LG beam. This ensures that the transmitted
portion of the LG beam wavefront acquires a horizontal polarization.
The vertically and horizontally polarized portions of the incoming LG
beam propagate inside the calcite crystal along the directions parallel
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Fig. 3. Experimental setup. SF-BE: spatial filter and beam expander; M1, M2, M3: mirrors; DMD: Digital Micromirror Device; L1: positive lens; 𝜆∕2: half-wavelength wave plate;
CRYS: birefringent calcite crystal; P: 45 degrees polarizer.
to the ordinary and extraordinary rays, respectively, and superimpose
downstream the crystal. A 45 degrees polarizer ensures interference
between these two wavefronts. Interference fringes are acquired with
a standard CMOS camera (Thorlabs DCC1240M, 1280 × 1024 pixels,
5.3 × 5.3 μm2 pixel size).

5. Results and discussion

The interference patterns acquired with the CMOS camera at the
exit of the monolithic interferometer are shown in Fig. 4 (top) for 𝑙 = −1
and 𝑙 = −4. Notice the different intensity levels, resulting from the
dependence of 𝐴(𝑟, 𝑧) on the azimuthal index 𝑙 of the LG mode (see
Eq. (2)). This effect does not influence the fringe position, which only
depends on the phase properties of the incident LG beam, and can
actually be compensated by a proper normalization, as detailed below.

The interference patterns in Fig. 4 (top) are numerically integrated
along the vertical direction to extract the interference profiles shown in
Fig. 4 (bottom), while at the same time reducing noise. Notice that the
rightmost portion of the pattern is characterized by the expected inter-
ference fringes, while the leftmost portion shows distortions introduced
by diffraction at the edge of the 𝜆∕2 wave plate.

To check the effectiveness of the interferometer, we precisely mea-
sure the phase shift of the fringes by changing the azimuthal index
from 𝑙 = −1 to 𝑙 = −4. We report in Fig. 5 the same integrated
intensity profiles as in Fig. 4 (bottom) in the range 5.6−6.6 mm, properly
normalized according to

𝐼𝑛(𝑥) =
𝐼(𝑥) − min{𝐼(𝑥)}

max{𝐼(𝑥) − min{𝐼(𝑥)}} , (5)

where 𝐼(𝑥) is the intensity profiles in Fig. 4 (bottom) and 𝐼𝑛(𝑥) is the
corresponding normalized version. Normalization according to Eq. (5)
allows to identify the different values of the azimuthal index from the
position of the fringes despite the absolute intensity values of the 𝑙 = −1
and 𝑙 = −4 LG beams substantially changes, as previously mentioned.
The measured lateral shift of the interference pattern when changing
the azimuthal index from 𝑙 = −1 to 𝑙 = −4 corresponds to a phase
shift of 0.513 ± 0.007 rad, in good agreement with the calculated value
𝛥𝜙𝑡ℎ = 𝛥𝑙𝛥𝜃 = 0.47 ± 0.05 rad. The main source of uncertainty for
the calculated value is the position of the local interferometer with
respect to the LG beam axis (𝑟 = 21 ± 2 mm). The experimental phase
shift was evaluated using the phase parameters extracted by a least
squares method to Eq. (4). The experimental uncertainty stems from
the uncertainty on the fit parameters.

Some limitations of the proposed approach are listed in the follow-
ing, alongside a discussion of possible solutions:
4

• the two points 𝑃1 and 𝑃2 should be at the same radial distance
from the LG beam axis in order to neglect the contribution coming
from the wavefront curvature in Eq. (3). This condition can be
easily fulfilled in a laboratory setup, where the position and ori-
entation of the interferometer can be finely tuned and controlled.
Furthermore, it does not represent a strict limitation when the LG
beam wavefront is much larger than the crystal, since in this case
the radial phase variations due to the finite wavefront curvature
are small on the typical length-scale of the detector;

• related to the previous point, air turbulence might induce scin-
tillation and dynamic changes in the wavefront curvature and
direction. As a consequence, the curvature component in the LG
beam phase, as well as the actual position of the beam waist,
might vary in an unpredictable way, and additional wavefront
tilts can influence the interference patterns as well. For moderate
turbulence, possible solutions are the use of an auxiliary beam in a
composite scheme [51] or the realization of a phase-locked inter-
ferometer by means of piezo-actuators [52]. In general, however,
turbulence in the atmosphere might severely affect and invalidate
local detection of the azimuthal index of LG beams, and more in-
depth investigations are required to quantify the effects of random
phase distortions on local detection methods;

• more fundamentally, local detection is strictly valid for perfect
eigenmodes such as Laguerre-Gauss and Bessel-Gauss modes. In
real experiments the radiation beam might suffer phase distor-
tions, resulting for example from surface imperfections of the
optical components. Such phase inhomogeneities are typically
localized, and can in principle degrade the performances of local
detection methods. Accurate alignment of the setup and high-
quality optical components ensure minimization of these effects.
This is the case of the presented work, where phase distortions are
kept to a minimum, as shown by the good agreement between
experimental results and theoretical expectations. Moreover, if
possible, one can take advantage of the localization of such phase
defects and scan different positions of the interferometer until a
good correspondence with the input LG beam state is found;

• in principle, different vertical positions on the observation screen
correspond to slightly different angles 𝛥𝜃. Quantitatively, since
the vertical extension of the crystal used in this paper is 𝐿 =
11 mm, the corresponding maximum and minimum angles in our
case are 𝛥𝜃𝑚𝑎𝑥 = 𝛥𝑥∕(𝑟 − 𝐿∕2) = 0.21 rad and 𝛥𝜃𝑚𝑖𝑛 = 𝛥𝑥∕(𝑟 +
𝐿∕2) = 0.12 rad, respectively. Here 𝑟 = 21 mm is the distance of
the center of the crystal front face from the LG beam axis, and
𝛥𝑥 = 3.3 mm as previously detailed. The relative difference with
respect to the nominal angle 𝛥𝜃 = 𝛥𝑥∕𝑟 = 0.16 rad is in the order
of 27%. However, in practice, the integration along the vertical
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Fig. 4. (Top) Portion of the interference pattern generated by the monolithic interferometer for values of the azimuthal index 𝑙 = −1 and 𝑙 = −4. Interference fringes generated
by the superposition of the beams propagating along the ordinary and extraordinary paths are clearly visible to the right (due to a small tilt between the camera and the crystal,
images have been rotated to align the interference fringes along the vertical direction). (Bottom) Intensity profiles of the interference patterns integrated along the vertical direction.
Fig. 5. Normalized intensity 𝐼𝑛(𝑥) of the integrated interference patterns generated
with the monolithic interferometer for values of the azimuthal index 𝑙 = −1, 𝑙 = −4.
The red and green curves represent fits to Eq. (4) to extract the phase parameters.

direction is performed only within the finite extension of the
camera sensor (5.4 mm). In this case, the effective maximum and
minimum angles are therefore 0.18 rad and 0.14 rad, respectively,
with a relative deviation of 12% with respect to the nominal one.
This value is comparable to the relative uncertainty (11%) of
theoretical calculations due to the uncertainty in exactly locating
the center of the LG beam during the experiment.
5

6. Perspectives and challenges for large azimuthal index values

The finite size of the crystal limits the range of possible azimuthal
indices that can be detected. Since the radius of the annular intensity
distribution of LG modes increases with the absolute value of the
azimuthal index, one should ensure that the desired LG beam intercepts
the interferometer while at the same time producing a detectable signal.
In our case, with detection performed with the CMOS camera, this
would limit us to 𝑙 < 13, according to numerical estimations based on
Eq. (2). Higher values of the azimuthal index would be detectable only
by moving the crystal further away from the beam axis. For example, at
the maximum radial distance at which the TEM00 still gives a detectable
signal, the limit would be 𝑙 < 26 in our case. For even larger values of
the azimuthal index, the interferometer should necessarily be operated
at two different radial positions: one in correspondence of the TEM00
mode to set the reference position of the interference fringes, and the
other in correspondence of the LG beam to infer the azimuthal index
from the lateral shift of the fringes. In this case, the change of the angle
subtended by the interferometer at the two different radial positions
should be carefully considered as well.

Another fundamental limitation arises from the finite periodicity of
the interference fringes. For values of the azimuthal index high enough,
the lateral shift of the interference pattern progressively increases and
eventually exceeds the fringe periodicity, thus leading to a possible
degeneracy with other LG beam states with lower 𝑙 values. Therefore,
only a finite number of different LG modes can be detected depending
on the fringe periodicity and the detector pixel size, although advanced
numerical algorithms achieve sub-pixel resolutions. Other possible so-
lutions might rely either on simultaneous measurements of both the
interference pattern and the overall intensity of the incident beam,
or on fine tuning of the geometrical parameters of the interferometer
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Table 1
Normalized and absolute counts obtained with the monolithic interferometer working
in the regime of weak LG beams.

LG beam azimuthal index Normalized counts Absolute counts

𝑙 = +2 0.77 160
𝑙 = +1 0.54 157
𝑙 = −1 0.31 120
𝑙 = −2 0.22 57

(namely, the angle subtended with respect to the beam axis), in order
to break the conditions leading to degeneracy.

7. Azimuthal index detection with low photon counts

To test the performances of the interferometer in detecting LG beam
states with high sensitivity, we push the system into the regime of
low photon counts. To this aim, a small portion of the interference
pattern is selected through a narrow slit with aperture 50 μm, much
smaller than the fringe period. The slit is oriented parallel to the
interference fringes along the 𝑦 direction. The light transmitted by
the slit is focused by a positive lens into a single-mode fiber. The
extremely small aperture of the fiber (roughly 8 μm) and the tight
alignment requirements for proper lens-fiber coupling ensure that only
few photons are collected. The resulting photon counts are read by a
photomultiplier and converted to electric pulses measured by a fast
acquisition card (Picoscope 4224 A).

We adjust the lateral position of the slit across the interference
plane (the 𝑥 coordinate in Eq. (4)) to properly set the working point
of the detector close to the region of the interference pattern with the
highest intensity derivative, to maximize sensibility [53]. Notice that
this is made possible by the small, albeit finite wavefront curvature
imposed by the positive lens before the interferometer, which results in
interference fringes with a finite periodicity. Contrarily, for a perfectly
collimated LG beam with vanishing curvature, a uniform intensity
pattern would form downstream the crystal, as previously discussed.
Therefore, based on Eq. (4), we optimize the states separation by
experimentally setting the working point of the interferometer to 𝑘𝑓𝑥+
𝜙0 ≈ 𝜋(𝑚 + 1∕2), where 𝑚 is an integer [53]. We do so by sending
an 𝑙 = 0 state (corresponding to a standard Gaussian beam) to the
interferometer, and by adjusting the slit position halfway between the
maximum and the minimum intensity of an interference fringe [53].

After this initial calibration, counts relative to the different LG beam
states 𝑙 = −1, 𝑙 = 1, 𝑙 = −2, 𝑙 = 2 have been measured, each in an
interval time of 100 ms, with the selection slit fixed at the specified
position 𝑥. Since the overall LG beam intensity depends on the value
of the azimuthal index, as evident from Eq. (2), for each value of the
azimuthal index counts are then normalized to their maximum value,
which is obtained by scanning the position of the selection slit to find
the closest maximum in the fringe pattern. With reference to Eq. (4),
the absolute counts at the specific point 𝑥 would correspond to 𝐼(𝑥), and
the maximum counts in correspondence of the interference maximum
to 4𝐼0. Thus, the normalized counts 𝐼(𝑥)∕4𝐼0 provide a measurement
of the argument of the interference term in Eq. (4). Then the reference
value from the TEM00 mode is used to isolate to linear term 𝑙𝛥𝜃,
hence the value of the azimuthal index can be inferred. This enables
direct comparison among the different LG beam states, regardless of the
overall intensity level 𝐼0 in Eq. (4) for the different LG beams. Notice
that this is similar to the normalization procedure adopted in Eq. (5).
Results are shown in Fig. 6 and are summarized in Table 1. The four
LG beam states are well distinguishable by using less than 160 photon
counts only. Notice that the splitting of the states 𝑙 = ±2 is twice as
much that of the states 𝑙 = ±1, as predicted by theory.

Finally, to quantify the stability of the interferometer, we monitored
any eventual drift of the interference fringes generated by either the
𝑙 = −1 or the 𝑙 = −4 LG beam over long acquisitions. In the worst
6

Fig. 6. Normalized counts obtained with the monolithic interferometer working in the
regime of weak LG beams. Dashed lines show the statistical errors. Absolute photon
counts are shown in brackets.

case, we measured a maximum phase change of less than 0.25 rad
over more than one hour, corresponding to a phase drift of 70 μrad/s,
likely in presence of mechanical or thermal relaxations. The impact
on our measurements is definitely negligible, since this maximum drift
would introduce a phase shift 30 times smaller than the measured phase
change of 0.513 rad between the two images acquired with a temporal
delay of 240 s in Fig. 5, and orders of magnitude smaller than the phase
changes between either the 𝑙 = ±1 states or the 𝑙 = ±2 states during
experiments with low photon counts, with acquisitions being performed
over a total time of 200 ms. This proves that the monolithic interferom-
eter fulfills the requirements of stability during normal operations, and
does not require any thermal drift compensation to distinguish different
LG beam states over minutes-long acquisitions.

8. Conclusions

In this work we have shown high sensitive strictly-local identifica-
tion of azimuthal index of LG beams with less than 160 photon counts.
To this aim, we have designed and demonstrated an intrinsically stable
monolithic interferometer based on a birefringent calcite crystal, which
does not require any feedback or thermal drift compensation. By first
generating a reference interference pattern with a standard TEM00
mode, we then detect the value of the azimuthal index of a LG beam
from the lateral shift of the pattern with respect to the reference one.
Such differential analysis allows to automatically account for spuri-
ous phase contributions, such as common tilts, on top of the helical
wavefront of the LG beam. Remarkably, the method exploits only a
very small portion of the entire wavefront (𝑓 = 5% in our case), thus
improving over previous techniques. An experimental setup has been
realized to prove the effectiveness of the proposed scheme through
the absolute measurement of the phase shifts induced by changes of
the azimuthal index. Experimental results are in good agreement with
theory. Furthermore, the high stability of the interferometer allows
collecting sufficient statistics to measure the azimuthal index of very
weak LG beams with few photon counts. Results with values of the
azimuthal index 𝑙 = −1, 𝑙 = 1, 𝑙 = −2 and 𝑙 = 2 prove, for the first
time to our knowledge, that LG beam states can be detected with only
a few hundreds of photon counts in a strictly local manner, opening
new perspectives for high sensitive local measurements of LG beam
radiation not requiring thermal drifts compensation and with high
resilience to mechanical vibrations.

In our current setup, experiments with weak LG beams have been
conducted by operating the monolithic interferometer in combination
with a single slit, a positive lens and a single-mode fiber. Therefore,
the sensibility can be further increased by employing e.g. a periodic

array of slits, or a grating, having the same fringe periodicity. Acting
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on several fringes simultaneously, the overall accuracy and sensibility
can then be greatly enhanced. This is not necessary when the wave-
front curvature approaches zero, since the light intensity eventually
concentrates in a single fringe (with infinite periodicity) downstream
the crystal. Furthermore, the normalization procedure adopted here in-
volves collecting the absolute photon counts and the maximum photon
counts in the interference pattern with two subsequent measurements.
While this is certainly valid for this proof-of-principle experiment, in
a real scenario it might be more adequate to implement additional de-
vices. For example, by using a beam splitter in between the birefringent
crystal and the polarizer, it should be possible to achieve simultaneous
measurements of the absolute counts on the arm equipped with the
polarizer, for which interference occurs, and of the total counts on the
other one.

The proposed method can be advantageously applied to high sensi-
tive detection of LG beam states down to the photon counting regime,
even when it is not possible to access the entire wavefront of the
radiation beam or the position of the beam axis cannot be precisely
aligned. Our findings are likely to foster the development of new
detection schemes in the quantum regime, and pave the way to effective
characterization of LG beam states in quantum technology. In the
future, it may also be of interest to test the method with vector-
vortex beams, a class of OAM radiation states which also exhibit a
spatially-dependent polarization pattern.
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