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Abstract: Optical interrogation of tissues is broadly considered in biomedical applications.
Nevertheless, light scattering by tissue limits the resolution and accuracy achieved when
investigating sub-surface tissue features. Light carrying optical angular momentum or complex
polarization profiles, offers different propagation characteristics through scattering media
compared to light with unstructured beam profiles. Here we discuss the behaviour of structured
light scattered by tissue-mimicking phantoms. We study the spatial and the polarization profile of
the scattered modes as a function of a range of optical parameters of the phantoms, with varying
scattering and absorption coefficients and of different lengths. These results show the non-trivial
trade-off between the advantages of structured light profiles and mode broadening, stimulating
further investigations in this direction.

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

1. Introduction

The study of light-tissue interaction has attracted considerable interest in the past decades for better
understanding possibilities to develop sensors and imaging methods for disease diagnostics and
management. Of particular importance has been the development of methods that can measure
tissue parameters deeper than the penetration limits of optical microscopy [1]. Optical imaging
uses non-ionizing radiation and can be made portable and cost-effective, offering a valuable tool
for biomedical interrogations. Several optical technologies have now been considered or approved
for clinical applications, including optical coherence tomography (OCT) [2], autofluorescence
imaging (AFI) [3], or fluorescence molecular imaging (FMI) [4] have already gained approvals
for clinical use. For example, OCT finds great clinical acceptance for ophtalmologic fundus [5,6]
and intravascular imaging [7], AFI for endoscopic [8] and ophtalmologic fundus imaging [9],
and FMI for surgical guidance [10,11]. However, one limiting factor of optical imaging is the
strong dependence of the signals collected on the tissue optical properties [12]. Propagation of
light through a dense medium with optical properties similar to those of tissue is governed by the
influence of wavelength dependent scattering and absorption, resulting in limited penetration
depth and low resolution readouts due to photon diffusion. The adoption of structured light might
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help mitigate these effects [13-20]. Indeed, light carrying orbital angular momentum (OAM) as
well as light obtained as a superposition of different OAM modes, namely vector vortex beams
(VVB) [13,21-24], appear to be viable candidates for improving transmission through scattering
media [16,25-30]. In this regard, structured light finds many applications in several endeavors
where robustness to propagation is required [31-44].

Among this,VVBs can be a useful resources for optical wireless communication (OWC),
both classical and quantum [45-49]. Use of polarization states as well as OAM in optical
communication has been extensively developed [50], with particular application in secure
communications and quantum key distribution (QKD). This has been extended to VVBs, even at
the single photon level [42,51] and quantum key distribution too has been demonstrated using
VVBs [41,52]. In particular, information can be encoded in different combinations of polarization
and OAM. Two polarization bases are used: horizontal/vertical (H/V) and diagonal/antidiagonal
(D/A). These are combined with two different OAM modes, sufficiently distant to afford easy
distinction between them. However, communication protocols can be affected by the VVBs
interaction with scattering and turbulent media [38,39]. Therefore, a deep comprehension of the
consequences of this interaction on the VVBs features is of crucial interest.

In this paper we evaluate the behavior of structured light interacting with tissue-mimicking
phantoms, by observing the spatial characteristics and polarization profile of the scattered beams.
The phantoms employed in the analysis vary in length, scattering and absorption properties,
providing a comprehensive insight on the dependence of light to optical properties and thickness.
In the following we discuss the phantoms employed, experimental setup and the structured states
of light employed for phantom interrogation.

2. Phantoms

Table 1. Phantom compositions. The density of TiO, grows along rows, while the density of
Nigrosine increases along columns. The optical density (OD) parameters are computed for the
samples with length of 0.5 mm and an incident beam with m=5 (OD = Iog,o(,’—‘;)). Iy is the intensity
of the incident beam, which is obtained by summing up the intensities of each pixel of the collected
image, and /7 is the transmitted intensity, which is estimated with a similar procedure. Since these
datasets were not measured to study the sample behaviour as a function of OD coefficients,
possible other effects may not be observed in our measurement conditions.

Set 1 Set 2 Set 3 Set 4
TiO; : 0.75 mg/g TiO, : 1.5 mg/g TiO; : 3 mg/g TiO; : 6 mg/g
Nigrosine: 0.004375 mg/g ~ Nigrosine: 0.004375 mg/g  Nigrosine: 0.004375 mg/g ~ Nigrosine: 0.004375 mg/g
OD: 1.49 OD: 1.57 OD: 2.92 OD: 3.12
Set 5 Set 6 Set 7 Set 8
TiO, : 0.75 mg/g TiO, : 1.5 mg/g TiO; : 3 mg/g TiO; : 6 mg/g
Nigrosine: 0.00875 mg/g Nigrosine: 0.00875 mg/g Nigrosine: 0.00875 mg/g Nigrosine: 0.00875 mg/g
OD: 1.24 OD: 1.57 OD: 2.92 OD: 3.13
Set 9 Set 10 Set 11 Set 12
TiO; : 0.75 mg/g TiO; : 1.5 mg/g TiO; : 3 mg/g TiO; : 6 mg/g
Nigrosine: 0.0175 mg/g Nigrosine: 0.0175 mg/g Nigrosine: 0.0175 mg/g Nigrosine: 0.0175 mg/g
OD: 1.29 OD: 1.50 OD: 2.93 OD: 3.12
Set 13 Set 14 Set 15 Set 16
TiO; : 0.75 mg/g TiO; : 1.5 mg/g TiO; : 3 mg/g TiO; : 6 mg/g

Nigrosine: 0.035 mg/g
OD: 1.26

Nigrosine: 0.035 mg/g
OD: 1.50

Nigrosine: 0.035 mg/g
OD: 2.92

Nigrosine: 0.035 mg/g
OD: 3.11
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The study presented herein was implemented using phantoms of different optical properties,
i.e. absorption (u,) and scattering (u;,) coefficients, and length. The phantoms were developed
adopting the recipe employed in a previous study proposing of our group for fluorescence imaging
standardization [53,54]. In specifics, the main constituent of the phantoms was transparent
polyurethane (WC-783 A/B, BJB Enterprises, Tustin, United States), while scattering was
imposed by use of anatase TiO; nanoparticles (Titanium IV Oxide, Sigma Aldrich, St. Louis,
United States) and absorption by alcohol soluble nigrosin (Sigma Aldrich). The selection of
the specific materials was based on the stability of their optical properties over time and their
ability to create homogeneous mixtures [55,56]. In Table 1 we report the properties by means
of concentration of 16 phantom sets. As can be seen in this table, the ratio between scattering
and absorption remains constant along the diagonal. Each phantom set with the same optical
properties consists of 8§ phantoms with length spanning from 0.5 mm to 7.0 mm.

3. Experiments

Interactions with scattering and absorbing media with optical properties mimicking those of
human tissue have several effects on the propagated light. The scattering component heavily
affects the spatial resolution, the transmitted intensity is attenuated as a function of distance,
absorption and scatter, and the polarization of the transmitted light undergo modifications.

The phantoms were interacted with structured states of light [21,22]. Beams carrying angular
momentum, such as the spin (SAM) and orbital angular momentum (OAM) [24], display
distinctive properties for what concerns the spatial relationships among the points of the wave-
front as well as the polarization distribution [23,57]. OAM states of light are scalar field carrying
a phase term e, where ¢ is the azimuthal phase and m an integer number. The resulting
beam is an optical vortex with a singularity on the propagation axis: the number m represents
the topological charge, i.e the winding number around the singularity [21]. When this phase
is coupled with the vectorial properties of the beam, such as the polarization, one can obtain
a non-uniform distribution of the polarization on the wave-front, i.e a vector field. We then
introduce vector vortex beams (VVBs) as general states with non-trivial SAM and OAM, which
result from the superposition of two fields with different charges, m; and m,, and orthogonal
circular polarization {R, L} [23]. Although we treat fields as classical, we use Dirac notation for
clarity, as follows:

0 ; 0
|VVB) = cos EIR,ml) + ¢ sin §|L,m2), (1)

where 6 € [0, 7] and ¢ € [0, 27] are real parameters. Each state in the form of 1 displays peculiar
properties with respect to the spatial and polarization intensity distribution. Indeed the points
in transverse plane are strongly correlated in these two degrees of freedom. Hence, the VVBs
are very interesting probes for investigating how scattering and absorption properties of human
tissues modify the coherence relationships that identify structured light [14,16].

The experimental setup for generating structured light is displayed in Fig. 1. The initial beam,
prepared with zero OAM and a fixed polarization, is converted to the desired angular momentum
state by a system of 5 g-plates [58,59]. The g-plates are inhomogenous birefringent waveplates
whose optical axis orientation presents a singularity in the centre of the plate’s plane, with a
topological charge equal to g. In this way the beam after propagating through a g-plate acquires a
phase term e*29% according to the polarization state [60], resulting in an increment of the OAM
equal to Am = 2q. In particular the g-plate operation is equivalent to the conversion of SAM into

OAM. Indeed we have:
q-plate
|L,m) —— |R,m + 2q) 2
—pl
IR, m) L2 L m - 2q)
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The combined actions of g-plates, along with half- and quarter-waveplates in between, allow
to modulate the spatial and polarization properties to generate states as in 1. Then the beam
propagates in the sample and the scattered light is collected by an objective. Observation of
exiting spatial beam profile is performed by placing a camera in the pupil plane of the objective.
In order to perform the polarization analysis we collimate the beam, so as to insert the polarization
measurement components and then we use a second lens to image the beam onto the camera.

POLARIZATION

POLARIZATION
PREPARATION CASCADED Q-PLATES 20X ANALYSIS
..+._._._-_.3_.,. =1 e

L L : SAMPLE IR : ccb
QUARTER WAVE PLATE HALF WAVE PLATE SAMPLE LENSES QPLATE sz . OBJECTIVE

Fig. 1. Experimental Setup. A continous wave laser (CW) source (CNI Laser PSU-III-
FDA) at 808 nm, is shaped into the desired OAM or VVB mode by a squence of 5 g-plates,
alternated with half and quarter wave plates. After the interaction with the sample, the
transmitted light is collected by means of a 20x objective. The beam is then collimated using
a lens with focal length f = 30 mm and imaged on a CCD camera (Thorlabs DCU223C)
with a lens of focal length f = 50 mm. For the polarization analysis, a quarter wave plate, an
half wave plate and a polarizing beam spitter (PBS) are added after the beam collimation to
record the Stokes parameters.

Experimental measurements were obtained from all phantom sets listed in Table 1, after illumina-
tion by OAM modes with m = {1, 3,5} and VVB modes with (m,m;) = {(-1, 1),(=3, 3),(-5,5),
(_37 ] )9(_55 3)}

4. Results
4.1. Measurements of the beam profiles

Analysis of the beam profiles collected after propagation in the diffusive phantoms is performed by
observing the two intensity peaks revealed in profiles selected along the x axis (Fig. 2). Figure 2
shows an example of the recorded beam profile and the corresponding intensity distribution along
the x direction in the transverse plane obtained for the referenced LG mode with m = 5, measured
without the sample, and for the same state after the propagation through samples characterized
by lengths equal to L = 4,7 mm, TiO, and Nigrosine concentration of 0.75 mg/g and 0.000875
mg/g, respectively.

Figure 2 shows clearly how the intensity peaks are broadened as a result of the scattering
from the media. Moreover, in contrast to the first spatial mode whose profile is described by
two gaussian peaks, after the propagation in the scattering media the peaks can be fitted using
Lorentzians with increasing FWHM (full width at half maximum) as a function of the sample
length. This degradation of the spatial resolution is at variance with other scattering media such
as latex beads where it is due exclusively to an additional background noise [30].

In addition to the broadening quantification, obtained computing the parameter FWHM ;/FWHM,
we quantify the spatial resolution according to the Rayleigh criteria. We thus calculate the

following quantity:
Ccl1 —C

~ FWHM,,’

where c; are the peak’s center coordinates and FWHMj is the full width half-maximum after the
propagation in the sample s of length .

3

Rs,l
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Fig. 2. Spatial contrast. a) Spatial modes associated to the referenced state m = 5, measured
without the sample, and to the same state after the propagation through samples with length
4 mm and 7 mm, respectively, at fixed scattering and absorption values (TiO, : 0.75 mg/g
Nigrosine: 0.00875 mg/g) b) Fit of the spatial profile selected through a slice, for the same
modes of the above panel. The transmitted intensity undergoes a substantial decrease and,
in contrast to the referenced mode, which is fitted with a Gaussian function, the other two
modes are fitted with a Lorentzian function.

In Fig. 3, we report the results associated to the broadening parameter and to the Rayleigh
parameter, for all the spatial modes examined. The graphs show the behaviours as a function
of the scattering and absorbing properties and of the phantoms length, as two of these three
parameters are kept fixed for each graph. We note that while there is a clear trend when increasing
the TiO, concentration and sample length, the effect of Nigrosine is negligible.

In particular, as shown in Fig. 3(b,e) the broadening of the FWHM of the spatial peaks due to
the interaction with the scattering media is greater for OAM modes with larger m. This implies
a faster decreasing of the Rayleigh parameter for such modes. Nevertheless, these states are
characterized by a larger shape of the mode, which results in further separated spatial peaks
(as reflected by a large (c¢; — ¢2)). This feature motivates the observation, in the analyzed range
of phantom properties, of a higher Rayleigh parameter than that reached by OAM modes with
lower m despite the fact that the spatial peaks for higher m are more broadened by the interaction
(Fig. 3(a-d)). Similarly to the OAM modes, the VVB behaviour depends on the m values that
characterize them, and in particular on the internal and external radius of the donuts. The spatial
agreement between the VVB modes (m;,my) = {(-1,1),(-3,3),(-5,5)} and the LG modes
with m = {1, 3,5}, respectively, motivates the similarity of behaviors. However, for modes
with |m;| # |my| there is an interplay between the m; of the two superimposed modes. For
example, mode (-3, 1) is characterized by the internal radius equal to the state m = 1 but with a
higher broadening compared to its respective OAM mode m = 1 due to the superposition with
m = =3, which will affect the values of R. This is even more evident for mode (-5, 3), where the
broadening due to m = —5 compared to the state m = 3, influences its intermediate behaviour. In
conclusion, for both OAM and VVB modes, the resolution trend depends on the broadening of
the spatial features. However, since the peaks are separated by different lengths depending on the
mode profile, there is an interplay between this separation and the broadening of the FWHM due
to the interaction with the media.
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Fig. 3. Spatial contrast analysis for different samples and modes. a) Semi-logarithmic
scale to represent the Rayleigh parameter as a function of TiO, for LG modes with
m = {1,3,5} and VVB modes with (m,mp) = {(-1,1),(-3,3),(=5,5),(=3, 1),(=5,3)}.
The sample length and the Nigrosine concentration are kept fixed: L = 0.5 mm and the
N =0.004375 mg/g. b) Ratio between FWHM with sample and without sample for all the
modes of the previous panel and for the same fixed length and Nigrosine concentration. The
ratio is always greater than 1, confirming the broadening, much more evident for larger m. c)
Rayleigh parameter as a function of Nigrosine concentration (N) at a fixed values of the
sample length L = 0.5 mm and of the TiO; concentration 0.75 mg/g. The Rayleigh parameter
seems to be almost insensitive to N. d) Semi-logarithmic scale to represent the Rayleigh
parameter as a function of sample length for all the previously considered OAM and VVB
modes at fixed Nigrosine (0.035 mg/g) and TiO, (0.75 mg/g) concentrations. The retrieved
behaviour is similar to that found for the analysis in a) with respect TiO, concentration. e)
Ratio between FWHM with sample and without sample for all the modes of the previous
panel and for the same fixed TiO, and Nigrosine concentration. As in analysis performed in
the panel b) with respect TiO, concentration, the ratio confirms a broadening, much more
evident for larger m.

4.2. Polarization measurements

We have performed the polarization analysis by estimating the depolarization ratio (DR) for
the VVBs and for the Laguerre Gauss modes (OAM) for all the samples reported in Table 1.
The measurements have been carried out with the same setup reported in Fig. 1 by inserting
the polarization analysis components (dotted square) before recording the image with the CCD.
In this way, we were able to acquire the polarization distribution for all the vector vortex
beams as well as for the LG modes, resolved in the coordinates (x, y) in the polarization basis
b={(H,V),(D,A),(L,R)}. From these images we have reconstructed the Stokes parameters

_Ig-1y, _Ip—1I4. _Ig-1L
I_IH+IV, Z_ID+IA’ 3_1R+IL,

“

where I, corresponds to the intensity in the polarization basis .

The polarization pattern can be visualized in a single image by using a RGB map associated
to the three Stokes parameters. In the panel a) of Fig. 4, the polarization profiles recorded for
the VVBs characterized by (m,my) = {(-1, 1),(=3,3),(-5,5),(=3, 1),(-5, 3)} are reported for
different lengths L = 0.5,2,4 mm at a fixed concentration of Nigrosine (0.004375 mg/g) and
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TiO; (0.75 mg/g). These maps show clearly how the information stored in the spatial structure of
the polarization distribution can be lost as a result of the propagation in the scattering media.
Furthermore, VVBs that display a more complex polarization pattern are more affected by the
scattering process. To study in details this first observation, we define the depolarization ratio

a) _L=0.5mm = L=4mm L=0.5mm

L=0.5mm = L=4mm L=0.5mm L=2mm
b) 0.8 Nigrosine : 0.004375 mg/g e (-1,1) C) 1.0 ) L=0.5mm e (-1,1)
TiO,:0.75mglg e (=31) A TiO, :0.75 mg/g e (=3,1)
0.8; - — —e (-3,3)
° e e (-5,3)
0.6/ " — -+ (-5,5)
+ m=1
0.4 «— < :'( m=5
0.2+ . :
O'%.004 0.009 0.018 0.035
Nigrosine (mg/g)
d)o.s e
Ni _Lfg.gtmr;s —— (-1,1) )0'6 " L=0.5mm
igrosine : 0. mglg . (=3,1) 7i0,:0.75 mglg
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Fig. 4. Polarization analysis a) Polarization patterns encoded in the colors listed in the
inset, for several VVBs with (m,my) = {(-1, 1),(-3, 3),(=5,5),(=3, 1),(-5, 3)} and samples
lengths L = {0.5mm, 2 mm, 4 mm}, and fixed concentration of TiO, : 0.75mg/g and
Nigrosine, N = 0.004375 mg/g). The beams tend to be unpolarized for increasing lengths
and more quickly for higher values of the quantity |m; — my|. b) Complete analysis of the
scalar OAM modes and set of VVBs (see the legend in the plot) of the depolarization ratio
(DR) for different sample lengths at fixed TiO, and N. OAM eigenstates behave in the
same way independently by the m value, while the VVBs display different trends according
to (my,my). ¢) Analysis with respect NV concentration, i.e the absorption, at fixed sample
length and TiO, concentration. The DR of all the beams does not display any significant
dependence from Nigrosine concentration. d) Trends for different value of scattering centre
concentration, i.e TiO, concentration, at fixed length and N. We retrieve similar behaviours
found for the analysis in b) with respect samples lengths. e) Focus on the DR only for VVB
at fixed lengths, scattering and absorption as a function of |m; — my|. Scattering affects
the VVB with more complex spatial distribution of the polarization pattern, resulting in a
smaller DR.
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(DR), which quantifies the polarization regardless of its orientation (H, V,A, D, L, R), as:

DR = V($1)? + ($2)? + (S3)%. Q)

Our measurement stage allows to evaluate Stokes parameters at each camera’s pixel. Then the DR
has been averaged over pixels corresponding to the beam area. In particular we consider the area
of the doughnut identified by the inner radius equal to p— FWMH and the outer p + FWMH, where
p is the radius of maximum intensities, given by the previous analysis on the spatial properties.
Then, in Fig. 4 we report the DR parameter for all VVB and OAM modes as a function of sample
length (b), absorption (c) and scattering (d). We note that there is a clear DR decrease with
respect to TiO, concentration and to the sample length, while the effect of Nigrosine is negligible.
In particular, the DR value is higher for the OAM modes and it does not seem to depend from the
m values. On the contrary, for VVBs that display a nonuniform polarization distribution, there is
an evident trend as a function of the difference between the topological charges of the two modes
superimposed in 1. This parameter reflects the complexity of the polarization structure as can be
observed by the maps displayed in Fig. 4(a), in which the difference starts from 2 up to 10. In
Fig. 4(e), we show the DR value for increasing differences between topological charges only for
VVBs, at fixed sample length and scattering and the absorption centres concentrations. The DR
displays an evident decrease with increasing values of the difference between these topological
charges.

5. Discussion

In this paper we have experimentally investigated the propagation of structured light beams
through tissue-mimicking phantoms of different optical parameters, i.e. varying scattering and
absorption coefficients. The optical properties are varied in the different samples, by changing
the concentration of scattering and absorption in the phantom composition. More specifically,
we have studied changes in the exiting beam profiles the degradation in the spatial resolution and
in the polarization pattern of OAM and vector vortex beams, after propagation through phantoms
of different lengths.

The first analysis on the spatial effects on the beam profile has shown that broadening of the
spatial profile increases for larger OAM values, while keeping fixed the optical properties of
the scattering medium. In parallel, we observe for vector vortex beams that the DR has a faster
decrease for larger values of the difference |m; — m;| between the two OAM components of the
superposition state. Finally, we find that both physical effects (spatial profile and depolarization)
depend on the propagation length and on the TiO, concentration, while being almost independent
from the Nigrosine concentration imparting the absorption property. Moreover, the spatial and
polarization profile is preserved although the decrease in the transmitted signal is considerable.

In Fig. 5, we summarize our findings for the specific case of the VVB mode with (m, my) = (5,
-5), which is characterized by the largest radius of the doughnut spatial distribution (quantified by
(c1 — c2)) and a highly-complex polarization profile. Since our analysis shows that there is low
dependence on the concentration of Nigrosine in the phantoms, we report the two characteristic
behaviours for the Rayleigh parameter R;; in Fig. 5(a) and of the depolarization rate DR in
Fig. 5(b), as a function of the phantoms length / and TiO, concentration s. We note that for
some values of these two parameters, the spatial resolution as well as the polarization pattern
are completely lost; the mode loses its characteristic "doughnut" shape, making it impossible to
evaluate the parameter R, and it also becomes completely unpolarized. These conditions appear
for the same values of / and s, and are shown with an ’x’ on the two maps.

Regarding degradation of the spatial resolution of the beam profile, we find a different behaviour
with respect to previous studies [30] that analyzed the propagation of structured light through
a different class of scattering media. Indeed, in [30] it was shown that, in the investigated
concentration regime, scattered light through latex beads in water solution preserves its Gaussian



Research Article Vol. 28, No. 24 /23 November 2020/ Optics Express 35435 |

Optics EXPRESS i N \

a 6 Nigrosine: 0.004375 mg/g b 6 Nigrosine: 0.004375 mg/g

0.14 0.24
0.12 0n
= or 0.16
g 008 E
~.3 7.3 0.12
o 006 O I
= = 0.08
NG |
0.75 0.02 075 0.04
0 i 0
051 2 3 4 5 6 7 051 2 3 4 5 6 7
L (mm) L (mm)

Fig. 5. Spatial and polarization behaviours. a) Rayleigh parameter R;; of the mode
(=5,5) as a function of scattering and sample length for fixed absorption. The regions
marked with ’x” indicate the values of TiO, concentration and sampling length for which
the spatial resolution is completely lost. b) Depolarization ratio DR of the mode (=5, 5) as a
function of scattering and sample length for fixed absorption. The regions marked with 'x’
indicate the values of TiO, concentration and sampling length for which the mode appears
completely unpolarized.

profile and contributes to the loss of resolution via additional background noise. Conversely,
we find that, in the measured tissue-mimicking phantoms, the loss of resolution appears as a
Lorentzian broadening of the spatial profile. These results show that latex beads and phantoms
provide different scattering behaviour for structured light. This difference will guide future
investigations in the simulation of light propagation through tissue-mimicking systems.

The results obtained in this paper suggest that there is a non-trivial trade-off between the
advantages of employing larger OAM and VVB modes with highly separated spatial components,
and the broadening of their spatial features imparted by the interaction with the media. This is
also reflected on the polarization profile: indeed, while the depolarization of the OAM modes is
equally affected by the media, for the VVBs, the more complex the structure (i.e., the greater the
difference between m; and m,), the more the polarization pattern is lost.
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