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Reference-free quantitative microscopic
imaging of coherent arbitrary vectorial light
beams
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Aix—Marseille Univ, CNRS, Centrale Marseille, Institut Fresnel, F-13013 Marseille, France
patrick.ferrand @fresnel.fr

Abstract: Precise spatial characterization of vectorial beams is crucial for many advanced
optical experiments, but challenging when wavefront and polarization features are involved
together. Here we propose a reference-free method aimed at extracting the map of the complex-
amplitude components of any coherent beam at an optical-microscopy resolution. Our method
exploits recent advances in ptychographic imaging approaches. We emphasize its versatility
by reconstructing successfully various experimental vectorial beams including polarization and
phase vortices, the exit field of a multicore fiber and a speckle pattern.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Recently-developed vectorial beams involve complicated spatial distributions of intensity, phase
and state of polarization (SoP). When produced intentionally, those beams are expected to provide
additional degrees of freedom to light; emblematic examples are vortex beams that are tailored in a
twisted fashion in polarization [1] and/or in phase, in order to carry an orbital angular momentum
[2]. These specific features are expected to offer progress towards denser information encoding
in telecommunications [3], novel conditions of light-matter interaction, optical manipulation [4],
materials processing [5], microscopy [6,7] and non-linear optics [2]. These developments were
made possible thanks to the emergence of versatile optical light structuration tools such as spatial
light modulators [8] or, even more recently, metasurfaces [9]. Scattering by complex media
also produces convoluted beams [10]. Measuring such beams allowed quantifying the so-called
transmission matrix of the medium, a key parameter for further controlling light propagation in
such media [11].

Although nowadays widely present in optical experiments, those valuable vectorial beams
remain highly challenging to measure. To a large extent, this results from the mixing of phase and
polarization space-variant features, the simultaneous investigations of which being tedious. Since
phase is involved, most approaches are interferometric, and adapted to account for polarization
[12—-14]; however, the precision of the reconstructed field relies on the knowledge of a reference
beam. Wavefront-analysis methods have been demonstrated using polarization-sensitive metalens
arrays [15], to the price of the limited spatial resolution of the meta-pixel. Another elegant
approach uses mode decomposition: the field is interrogated by specific computer-generated
phase filters, allowing measuring the complex amplitude of each mode in a complete modal basis
[16]. Initially designed for demultiplexing applications and very powerful for this purpose [3],
the method could be extended towards vectorial field reconstruction, provided that intermodal
and intramodal phases are accurately measured [17] and assuming that the field could be fairly
described by a limited number of modes [18]. This method is therefore intrinsically restricted to
fields presenting smooth variations, such as vortices created in large-mode-area fibers [17].

Here we propose a method aiming at extracting the spatial map of any arbitrary vectorial
complex field. The field distribution is interrogated in an arbitrary plane by a thin moveable
object, about which very limited knowledge is required. By analyzing the resulting series of
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diffraction patterns and by exploiting recent advances in phase-retrieval imaging methods, namely
vectorial ptychography, complete field maps are reconstructed. Fields distributions such as
vortex beams, multicore fiber exit field and vectorial speckles are experimentally investigated and
reconstructed, confirming the resolution and the versatility of the method.

2. Theory

A coherent vectorial beam E(r), in the paraxial approximation, can be described by the complex
amplitude spatial distribution of each of its two components, i. e.,

E(r) = 6]

Er)|

where x and y refer to a cartesian coordinate system in the propagation transverse plane. At any
position r in this plane, the vector E(r) is proportional to a normalized Jones vector [19], whose
phase relationship between the two components E,(r) and Ey(r) informs about the local SoP.
On the other hand, the spatial variations of the phases of E, and E), are associated to the two
wavefronts, i. e., one for each component.

Since phase and polarization measurements are required, we propose in this work to exploit
recent progress in phase-retrieval imaging by means of vectorial ptychography [20]. Vectorial
ptychography involves (i) an investigated object J that is illuminated at successive overlapping
positions by a finite-size spatially-coherent vectorial beam E (Eq. (1)), and (ii) the recording of
the corresponding series of diffraction intensity patterns, after a polarization analyzer. Under the
assumption that illumination and object interact in a multiplicative way, the recorded intensity
can be written as [20]

I(q) = |7 [Arx Jr — 1) xE®][*, )

where q refers to the reciprocal-space coordinates of the diffraction pattern, ¥ to a vectorial field
propagator, 1; to the j-th scan position, A; is the Jones matrix of the polarization analyzer,

J(r) = J(r) Jyx(r) 3)
Joy(r)  Jyy(r)

is the Jones matrix map of the object, and X’ refers here to the matrix multiplication.

In most previous versions of ptychography, both object and illumination were modeled as
scalar quantities [21]. Their reconstructions could be performed simultaneously by phase
retrieval algorithms, thanks to the diversity introduced by the ptychographic scan [22,23]. Here
in comparison, the vectorial formalism of Eq. (2) is a generalization that brings a significant
increase of complexity to the problem, due to the introduction of new degrees of freedom on both
object and illumination. As a consequence, strategies for solving successfully the reconstruction
problem require more elaborate measurement schemes [20]. In addition, underdetermination
specific to vectorial ptychography require the introduction of some a priori knowledge [24].

When an arbitrary object is investigated, previous works have shown that its unambiguous
vectorial ptychographic reconstruction was possible using several illuminations, with different
sequential SoPs, together with several polarization analyses [20]. The joint reconstruction of the
illuminations, in addition to those of the object, was also demonstrated, provided that the SoP of
the illumination was known [24].

Here in order to investigate an arbitrary illumination, the a priori knowledge must be carried
by the object only. Since such assumption relates to the behavior of the object with respect to
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polarization, in a sake of experimental simplicity we propose to consider an optically-isotropic
object. Under this assumption, its Jones matrix (Eq. (3)) can be written in the reduced form

10
J(r) = T(r) ; 4)
0 1

where the effective scalar nature of such object appears explicitly. Note that the scalar complex
transmittance (amplitude and phase) T can be arbitrary and can vary spatially. Consequently, such
object needs to be scanned by only one illumination, in order to be reconstructed unambiguously.
Still, the polarization analysis of the transmitted field will be required in order to characterize
unambiguously the SoP of the illumination itself.

In a nutshell, the exhaustive investigation of an arbitrary vector beam consists in interrogating
it by scanning an isotropic object in the desired plane, and by recording series of diffraction
intensity patterns for three analysis directions, as illustrated in Fig. 1. Then the field E can be
numerically reconstructed together with the object J by regular vectorial ptychography with
the same criteria and iterative algorithm as detailed in [24]. As classically in ptychography,
the success of the reconstructions relies (i) on the good spatial diversity of the object, meaning
containing enough spatial features to significantly diffract light [23], and (ii) on the limited size
of the illumination beam [21]. Here because the object reconstruction is not the purpose, we can
limit the object scanning range to the minimal area that is commonly reported, namely twice the
size of the beam is each direction, with an overlap between scanning positions between 60% and
85% of the beam diameter [26]. This leads to a minimal scan of 7 X 7 points, with a step size of
16% of the beam diameter.

a) Linear
analyzer

Vectorial

light field Vectorial Isotropic object
light field  Jones matrix map
Isotropic object Intensity diffraction [Ex] Bxx J yx]
patterns E, Ty

Fig. 1. Vectorial ptychography in the context of arbitrary vectorial beam reconstruction. (a)
Principle of the measurement. The vectorial beam is interrogated by a optically-isotropic
scanned object. Series of intensity patterns are recorded, after polarization analysis. See Ref.
[25] for a detailed optical bench. (b) Example of reconstructed results, after data processing.

3. Experiments

In the sake of generality, the method has been demonstrated experimentally on various convoluted
vectorial fields, including (i) a linearly azimuthally polarized vortex beam, (ii) a circularly
polarized phase vortex beam, (iii) the exit field of a multicore fiber, and (iv) a vectorial speckle
field. In order to emphasize the flexibility of the method and its capability to deal with uneven
field distributions, each beam was generated with a significantly asymmetry in phase, amplitude
and polarization.

3.1. Optical bench

All acquisitions were carried out on a custom setup detailed in [25]. The scanned object was a
1951 USAF resolution target (R3L1S4P, Thorlabs), meeting both criteria of optical isotropy and
spatial diversity. The investigated beams were produced at a wavelength 4 = 635 nm by a weakly
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collimated polarized laser source (S1FC635MP, Thorlabs). The condition of finite support that is
required for the reconstruction was fulfilled by restricting spatially the beam to a diameter of
about 500 um, by means of an iris diaphragm placed in the image plane of a microscope, in a
so-called selected-area configuration [25]. The 14-bit 1280 x 960 camera sensor was placed at a
distance d = 190 mm after the diaphragm, in order to measure the radiated near field [24]. The
effective camera pixel size was 25.8 x 25.8 um? after numerical 4 x 4 binning, resulting in an
effective binned pixel depth of 18 bits.

3.2. Measurements

The linearly azimuthally polarized vortex was produced by illuminating a S-waveplate (RPC-632-
02, Altechna) with the laser with a linear SoP oriented at 90° with respect to the S-waveplate
alignment mark. The phase vortex beam was created by illuminating the above-mentioned
waveplate by a roughly circularly-polarized beam. The fiber exit field was recorded by placing
the scanned object at a distance of 30 um away from end of an aperiodic multicore fiber detailed
in [27]. The fiber was significantly bent at 90° in order to induce anisotropy, and illuminated with
the laser linearly polarized at 0°, with a slight tilt, in order to create phase variation through the
different cores. The speckle field was obtained by illuminating a circular area of diameter 3 mm
of a laboratory sealing film (Parafilm, Bemis Company, Inc.) by the above-mentioned azimuthally
polarized vortex beam. The scanned object was placed 50 mm after the film. Investigations
of the azimuthally polarized vortex, of the phase vortex, and of the speckle field were carried
out with a 4x objective lens (ACHN-P, NA 0.1, Olympus). The scanning grid contained 110
points with an average step size of 73 um along the two raster-scanning directions. All scanning
grids include a random fluctuation of maximum amplitude +£50% of the scanning step, in both
directions. The reconstructed pixel size was 3.6 X 4.8 um?. The multicore fiber acquisition was
performed using a 20x objective lens (ACHN-P, NA 0.45, Olympus), with a scanning grid of
220 points with 10.7 um average step, leading to a reconstructed pixel size of 0.73 x 0.97 ym?.
Polarization analysis was performed at angles 0, 60, and 120°.

3.3. Data processing

Each investigated beam was jointly reconstructed together with the scanned object, after 500
iterations of a conjugate gradient algorithm [24]. The object was reconstructed without any
isotropy constraint. Then, a small region of interest was arbitrary selected on the retrieved object,
and any measured anisotropy was homogeneously removed from the object and transferred onto the
illumination, following the method described in [24]. With this procedure, the underdetermination
inherent to vectorial ptychography was removed and the global isotropy of the object constitutes
a sign of confidence in the reconstructed beam. The reconstructed multicore fiber exit field was
numerically back-propagated of (—30) um before display.

4. Results

4.1.  Azimuthally polarized beam

We first present the investigations of the azimuthally polarized beam. The reconstructed Jones map
of the object used to interrogate the beam is reported in Fig. 2, showing faithfully reconstructed
features. The specimen is isotropic over its whole area, as shown by the map of J, where the
agreement with the form of Eq. (4), i. e., Jxx = Jyy and Jy, = Jy, = 0, appears clearly.

The reconstructed beam is shown in Fig. 3. Both complex components maps E, and E, are
displayed (in Figs. 3(a) and 3(b), respectively) with a color coding emphasizing both amplitude
and phase variations, followed by a map of the SoP of the beam (Fig. 3(c)). At first glance
the beam appears homogeneous in intensity, with the peculiar decagonal imprint of the iris
diaphragm that was used to restrict spatially the imaging field (see section 3.1). Both components
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Fig. 2. Reconstructed Jones matrix maps of the scanned object, after data processing of the
azimuthally polarized beam. The Inset shows the complex value color coding, with phase
encoded as hue and modulus as brightness. Scale bars are 100 um.

exhibit a slight radial gradient of the phase suggesting a spherical wavefront. The beam shows
the expected features of an azimuthally oriented linear-SoP distribution, i. e., dark horizontal and

Fig. 3. Reconstructed vectorial field of the azimuthal polarization vortex beam. (a) Ey. (b)
Ey. (c) SoP, displayed on a 4 x 4 pixel grid, for a better readability. Inset shows the complex
value color coding, with phase encoded as hue and modulus as brightness. Scale bars are
100 pm.
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vertical strips for E, and E|, respectively, giving rise to a central dark singularity in intensity.
The phase jumps of 7 that appear when crossing the dark strips confirm the central symmetry
of the field distribution, E,(-r) = —E,(r) and E,(-r) = —E,(r), where r = 0 refers to the beam
central singularity. Figure 3(c) confirms that the SoPs are mostly linear, with clear azimuthal
orientations, although a weak ellipticity can be noticed in the west-north-west sector.

4.2. Phase vortex beam

c) SoP 00000000000
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/0000000000000 0000000000000C0C0
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Fig. 4. Reconstructed vectorial field of the phase vortex beam. (a) Ey. (b) Ey. (c) SoP,
displayed on a 4 x 4 pixel grid, for a better readability. Inset shows the complex value color
coding, with phase encoded as hue and modulus as brightness. Scale bars are 100 um. (d)
iso-surface plot of the phase of Ey after propagation over 2 ym in the axial direction (red
arrow). All dimensions are in ym.
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The results on the phase vortex beam are reported in Fig. 4 (see Supplement 1, Fig. S1 for the
reconstructed scanned object). Similarly to the previous case, the field components exhibit a
radial phase gradient (Figs. 4(a) and 4(b)), in addition to a central dark spot. Figure 4(c) exhibits
highly elliptical SoPs, close to the expected circular ones, over the whole beam section. Here,
the beam shows the typical helical phase distribution of an orbital angular momentum, although
the superimposed wavefront curvature makes it difficult to quantify its topological charge [2].
This latter is more clearly emphasized by the three-dimensional iso-surface plot of phase of E,,
after numerical propagation along the beam axial direction, and displayed in Fig. 4(d). The axial
period corresponding to one wavelength (1 = 0.635 um) is the unambiguous signature of the
topological charge ¢ = 1.

4.3. Speckle pattern

The reconstructed vectorial speckle field is reported in Fig. 5 (see Supplement 1, Fig. S2 for the
reconstructed scanned object). Both components show comparable average amplitudes, with
fluctuations in phase and amplitude. The spatial correlation length of the field can be roughly
estimated to a couple of reconstructed pixels, i. e., in the 10-15-um range (Fig. 5(c)), as expected
for the experimental illumination conditions [28]. Beyond that distance, the SoPs are clearly
uncorrelated, showing a high variety of ellipticities and orientations.

101 \v—-a&\10\—n\§-—-=§oo-/\-—e\ 0 \\0-‘
C) SOP V\\—os-axa\\8P/ | ~0\8000 0 0ooro—o
Qs //#70\\08N0/7-,00\ 0|\ 0N/ /00N |
—— / 00/ \=s\ | \NeZoa~a0V\or700o8 T 0]
= ,o-220\ |NFS\ | ON00-ON\8S 0\ | \\008\0/00\ |

O/ I\NN | | L 0~=0N\ /=1 \N208~ 18001 108NN \\ONNS—=0\|
OSNS 0 \NNS00=—=//00\\/0\Ni NANEN0 / ) \Vosesse/ ) N
70 00SSNENQ | O8S=100N0/\ \ \ N 77 1 9208700 N=/\|

) ZBS~~=0\Q 0 0S8N S~=/0 0 \\ \ I \? |N=-c0=20\ | | | #7=0\N000/ § | \ =
rBSor=c8\~~EENNN\\R0 | 0\\00 INSZE-c0n~~-\22\\NS/ /o7-2\000
S\ 0 ) A\ \~—=S880 | s~=a—EZ\ o/ ~~0 | 'u\\\q\f—!\on'
ANss\0o~==\ ) 03\Esos0\ | 0 /0 008SOSESO\\ | 720\ \ \NBS \\so~|

R0 | M | \\2Z7 | 2/ 0 | ON=ON==\==) 0/ 008~ \ v\—c08]

r S Se~==000/000%2000\\\00S==0 \==005=cSNNNN\10 | \ YoN880 /
has==\\~=07P0000 \=SS8\ | \==\00=—-)\ 1 00NS008 001\ 1\008 10\
) AN \NS\SOS==\ | \O/OSN\00~o/ |80 /0S===0| | /| /700SNSO—-0N \»
hess~sNsoNNsooneN= 7/ 0——0 | BNESo~0 \\\\So—c\\n~=s0 | | o=
) 0o ~B8NN 00AN~S0\ 1420 1 0! 002000053 S8—00 / | SSR=S,

AN0O/\Es0N 0020018 NSB /1 1 \ \N\\\SEB00 -0 \~No
BN0 \n—c0o0\S0 ) 00008NG/\ /// ) VN\\ 0 08N\ Q000==N lrr0000/)|
FSANSN0 V=2 \~=000 (0 00S\\0/\0/ | | 0SS0 00~N~c0 \ \N=o-=2300/
PoSRANLES 0V 0\ 2/ \S—o0N\SEBN000/\os0 /7] °|\\\0\\D=/l1
FOSN— . ——-0/9N%000-/000 looval 0\ \N=OO000QN | #=// ¢

14| ~~SNNO0-0—88S~~/000 708 =00\ \=/ 2 /=SSN | 0 ===/

Fig. 5. Reconstructed vectorial field of the vectorial speckle. (a) Ey. (b) Ey. (c) SoP,
displayed for each reconstructed pixel of the region of interest indicated in (a), superimposed
in the map of Ey. Inset shows the complex value color coding, with phase encoded as hue
and modulus as brightness. Scale bars are 20 um.
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5. Multicore fiber output

The output field of the multicore fiber is shown in Fig. 6 (see Supplement 1, Fig. S3 for the
reconstructed scanned object), where the aperiodic pattern of cores of diameter of 2-um appears
clearly [27], benefiting from the spatial resolution of the technique. Within each core, the
phases of the both components E, and E, are rather constant (Figs. 6(a) and 6(b)), giving rise to
homogeneous SoPs, as shown in Fig. 6(c). The phase variation between adjacent clusters appears
moderately correlated, most likely due to the rudimentary coupling. Looking at the SoP map
[(Fig. 6(c)), the different cores have a quasi identical SoP, linear at 135°, confirming that the
input SoP, linearly polarized at 0° experienced similar SoP rotations by all cores.
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Fig. 6. Reconstructed vectorial exit field of a multicore fiber. (a) Ey. (b) Ey. (c) SoP,
displayed for each reconstructed pixel of the region of interest indicated in (a), superimposed
in the map of Ey. Inset shows the complex value color coding, with phase encoded as hue
and modulus as brightness. Scale bars are 5 ym.

6. Discussion

For all investigated beams reported in this work, the scanned object was faithfully reconstructed
(Fig. 2, Supplement 1, Figs. S1-S3), a criterion that constitutes a sign of confidence for the
corresponding reconstructed vectorial field maps. Note that the isotropy of the scanned object is a
necessary and critical condition for success of the method, and any anisotropy will be transferred
as a bias in the reconstructed beam. However, in practice, this is not a limiting condition, since
most of the resolution targets present in any microscopy labs fulfill this condition. Moreover, any
spatially-structured transparent specimen that was checked to be dark between crossed polarizers
irrespectively of its orientation is suitable. Note that the overall flatness, observed here for this
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well-calibrated object, is not necessary. Given the very low level of knowledge that is required,
vectorial ptychography can be considered de facto as a reference-free characterization method.

All beams appeared as correctly reconstructed on the basis of their respective known features,
no matter their aspect, smooth (Figs. 3 and 4) vs. rough (Figs. 5 and 6) variations, continuous in
intensity vs. made of discrete spots (Fig. 6). These results suggest that the method can tackle any
arbitrary vectorial beam, without any a priori knowledge. Its spatial resolution ¢ is ultimately
related to the numerical aperture (NA) of the objective lens according to 6 = 1/(2 NA) [23]. For
a given objective lens of magnification M, the camera is usually placed at a distance d, in order to
approach the condition NA/M =~ N,ixs/(2d), where Ny and s are the number of pixels and their
size, respectively, in a given direction. In this case, assuming a two-time oversampling condition
[23], the maximum lateral extend A of the field map that can be imaged is A =~ ANix/(4 NA), so
that AN

S = % 5)
is a convenient rule of thumb. In the current work, the beams were relatively small so we used a
4 X 4 binning of the camera pixels in order to fit with the specificities of our instrument. Without
binning we could therefore investigate 4 times larger beams. More generally in a technological
context of increasing camera resolutions, the beam size does not appear to be a limitation of the
present technique. This capability, together with the high spatial resolution, constitute decisive
advantages for this technique.

In comparison to interferometric approaches [ 12—14], vectorial ptychography offers a reference-
free design, ensuring experimental reproducibility and precision. Furthermore, it overcomes the
main limitations of modal decomposition, thanks to its versatility. In order to illustrate this benefit,
we have numerically applied a scalar modal decomposition on our reconstructed component Ey
for the phase vortex (Fig. 4(b)) and for the multicore fiber (Fig. 6(b)) using a Hermite-Gauss
modal basis, denoted HG,,,,. Then, each field has been reconstructed by recombination of a
finite number of modes. The results are summarized in Fig. 7. For the phase vortex, which is
relatively smooth, 100 modes (meaning up to HGjg 10) produce a rather poor reconstruction
(Fig. 7(a)), with a limited spatial resolution. With 2500 modes (up to HGsg 50) the reconstruction
is decent (Fig. 7(b)). For the multicore fiber, 100 modes can only allow to reconstruct the central
cores, in a blurry fashion, though (Fig. 7(c)). With 2500 modes, the quality of reconstruction is
clearly improved, and covers all cores, with a reasonable resolution (Fig. 7(d)). These examples
emphasize the unavoidable filtering effect that takes place when exploiting a limited number of
modes in modal decomposition. In addition, the precision of intra and interphases measurements,
assumed here perfectly know, would be undoubtedly an additional critical limitation. Thus,
reaching the level of precision of vectorial ptychography would require to measure a number of
modes that is redibitory in practice.

Finally, the relatively long data acquisition (typically 3 min) and computing (typically 3 hours
on a laptop computer) times involved in this work work may appear limiting for some specific
applications. Because all reported experiments have been performed in proof-of-principle
conditions on a general-purpose microscopy setup, we believe that there is room for speed
improvement, by means of an optimized design, while awaiting technological and computing
progress. In this respect, the mechanically scanned object could be in principle advantageously
replaced by the dynamic display of a scanned pattern, e. g., with of a micro-mirror device.
Furthermore, the technique can benefit from advances in polarization-resolving cameras, now
commercially available.
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b) 2500 modes

d) 2500 modes
& ]

Fig. 7. Numerically reconstructed scalar fields Ey after modal decomposition on a Hermite-
Gauss basis. Inset shows the complex value color coding, with phase encoded as hue and
modulus as brightness. Phase vortex, for (a) 100 modes and (b) 2500 modes, to be compared
with Fig. 4(b). Scale bars are 100 um. Multicore fiber for (c) 100 modes and (d) 2500
modes, to be compared with Fig. 6(b). Scale bars are 5 um.

7. Conclusion

We have proposed an approach aiming at measuring arbitrary vectorial light beams, based on
recent progress in vectorial ptychography. The method has been experimentally demonstrated on
beams of various properties, suggesting a high level of versatility. Large beams can be addressed
at optical-microscopy spatial resolutions. It appears to be an ultimate diagnosis tool of light, well
suited when wavefront and polarization properties are at play, in deterministic and indeterministic
conditions. These results should pave the way of all novel branches of science that are based on
strategies of demanding spatially-resolved measurements of light.
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