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Abstract: Structured light beams have played important roles in the fields of optical imaging and
optical manipulation. However, light fields scatter when they encounter highly anisotropic scattering
media, such as biological tissue, which destroys their original structured fields and turns them
into speckle fields. To reconstruct structured light beams through highly anisotropic scattering
media, we present a method based on intensity transmission matrix which only relates the input
and output light intensity distributions. Compared with the conventional method which relies on
the measurement of complex-valued transmission matrix, our scheme is easy to implement, fast
and stable. With the assistance of spatial filters, three kinds of structured light beams, Bessel-like
beams, vortex beams and cylindrical vector beams, were constructed experimentally through a ZnO
scattering layer. The present method is expected to promote optical applications through highly
anisotropic scattering media.
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1. Introduction

The structured light beams with particular spatial distributions have been widely
used in many fields, such as optical manipulation [1-3] and optical imaging [4,5]. For
example, non-diffracting beams, such as Bessel beam, are a typical representative of the
new structured light beams, which are expected to increase the penetration depth of
beams in biological tissues [6] and have been used for simultaneous micromanipulation
in multiple planes due to their self-healing abilities and their abilities to propagate in a
long distance [1]. Vortex beam is another type of structured light beams and possesses
helical structure and singularities in its phase distribution, which has shown its outstanding
performance in rotating particles as optical spanner [2] and in increasing capacity for optical
communication [7]. In contrast to scalar beams, vector beams have structured distributions
in their polarization distributions. As a typical vector beam, cylindrical vector beam has a
cylindrical polarization and has attracted much attention in several fields, such as super-
resolution imaging [8], optical manipulation [3,9] and laser materials processing [10]. These
studies mentioned above are usually carried out in free space.

However, propagation of structured light could meet highly anisotropic scattering
environment, such as thick biological tissues, strong atmosphere, and multimode fiber,
where multiple scattering will completely scramble the phase, amplitude and polarization
structure of the incident light [11-14]. Thus, the output field ultimately turns out to be
speckle pattern. As a result, the performance of the structured light is highly prohibited,
which prevents the optical applications, such as optical manipulation and optical imaging
through highly anisotropic scattering media (HASM). Fortunately, wavefront shaping
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techniques, such as the transmission matrix [15-17] (TM) method, digital optical phase
conjugation [18] (DOPC) and iterative optimization schemes [19-22] have opened up the
possibility to deal with scattering and reconstruct structured light beams through HASM.
Xie et al. have calibrated the complex vector transmission matrix (VIM) of a HASM and
realized focusing a vector beam through the HASM using the measured VIM [23]. Yu
et al. showed that the structured beams, such as Bessel beams and vector vortex beams
can be shaped through the HASM using the VIM method [24]. Diego Di Battista et al.
generated Bessel-like beam behind the scattering media by using a spatial filter with a
phase scan algorithm [25]. Antoine Boniface and his colleagues presented a TM-based
operator which is built by numerically applying a well-chosen mask in a virtual Fourier
plane of the output modes of the experimentally measured TM [26]. By performing digital
optical phase conjugation on this operator, one can produce the focus with desired point
spread function (PSF) distribution through the multiple scattering media. With the help of
a radial polarization converter and a polarizer, we have demonstrated how to construct
cylindrical vector beams through HASM with a single scalar TM measurement in our
previous work [27].

However, the existing methods of constructing structured light beams through HASM
usually requires to measure the complex-valued TM, which represents the transmission
coefficients between the segments on the input field and output field. To calibrate the
complex-valued TM, the holographic methods are conventionally used, and a reference
setup is usually needed, which pose a high demand for stability and accuracy in the process
of TM calibration. In addition, the present methods usually rely on complex computations.
In order to simplify this process, we present the possibility of establishing structured light
beams through HASM using an intensity TM measurement combined with a real filter,
which is independent of reference arm and free of complex computations. Compared to the
conventional TM calibration based on the four-phase method, our measure times is short-
ened to half. To verify the fidelity of our scheme, Bessel-like beams, cylindrical vector beams
and vortex beams have been constructed through a highly anisotropic scattering layer.

2. Methods and Experimental Scheme

When a linearly polarized beam impinges on a HASM, photons are scattered multiple
times in the medium and an intensity speckle field is formed behind the medium. Because
of the depolarization effect of the multiple scattering, the intensity speckles possess random
polarization states Figure 1a. In the multiple scattering process, light’s degrees of freedom
(DOFs), including amplitude, phase and polarization, are couples. In theory, taking advan-
tage of this couple effect, the light beam behind the medium can be designed by shaping
some DOFs of incident field.

To construct the desired structured light beams at the output plane, a TM-based
operator has been presented which is built by numerically applying a special filter mask
in a virtual Fourier plane of the output modes of the experimentally measured TM [26].
This operation is equivalent to engineer the PSF of the scattering system. Instead, a real
mask can be put on the Fourier plane of the output plane to filter the TM in the process
of TM calibration, then a conjugated wavefront can be calculated by taking the optical
conjugation of the filtered TM, and finally the desired PSF distribution can be shaped
through the HASM with the filter mask removed. The key of wavefront shaping through
HASM in this process is to compensate the scattering effect and calculate a conjugated
wavefront for focusing at a specific location at the output plane. Conventionally, to achieve
this goal, the complex-valued TM which links the input and output light fields of the
HASM is calibrated, and used to calculate the optimized wavefront for shaping a bright
focus through HASM. However, its calibration relies on complicated experimental setup
and complex computations. Compared to complex-valued TM, the intensity transmission
matrix which connects the input and output light intensity distributions has recently been
employed to recover the image from the intensity speckle through scattering media, and
form the focal spot behind scattering media [28,29].
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Figure 1. Illustration of generating structured light beam through HASM with binary amplitude
modulation. (a) The incident beam with linear polarization is scrambled to be intensity speckle
with random polarization distribution. (b) Principal schematic of RVITM calibration to construct
structured light beams through HASM with a real filter filtering the Fourier field of the output plane.
L, lens; P: polarizer. (c) Construction of a structured light beam (for example, a vortex beam) through
HASM by impinging an optimized binary amplitude wavefront.

Here, to engineer the PSF of the scattering system, a real filter is put at the exit pupil
plane of the imaging lens to filter the Fourier field of the output plane, as shown in Figure 1b.
In order to achieve a fast wavefront shaping through the scattering system, the real-valued
intensity transmission matrix (RVITM) method is used [29]. In the process of wavefront
shaping, the number of input modes and output modes are set as N and M, respectively. In
the calibration process, each column of a binary matrix [H1, H2] is reshaped to be a square
matrix as a binary amplitude input wavefront, where H1 = (H + 1)/2 and H2 = (-H + 1)/2;
H is a Hadamard matrix € (—1, +1) and has a dimension of N x N. With the 2N binary
Hadamard patterns impinged on the HASM in sequence, the RVITM can be written as,

PR ) L
RVITM= | : . | [H-H" 1)
21h, =11 - 21, -1}
where, I}, is the intensity value at the m™ mode in the p output speckle pattern.

To establish a focus at the output plane whose intensity distribution is denoted as I,
an optimized input intensity mask is obtained by,

Ly = RVITM™ - Loy. 2
Further, a binary process is used to obtain the binary intensity input:

1,5, >0
Iin_binary = { 0 Iz‘n <0 (3)
r Lin
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At last, the optimized binary amplitude input field is produced by a spatial light
modulator to construct the structured light beam (such as a vortex beam) through HASM,
as shown in Figure 1c.

The experimental scheme is illustrated in Figure 2. To achieve a fast TM calibration, we
used a high-speed digital micro-mirror device (DMD, V-7001, Vialux, Chemnitz, Germany)
as the spatial light modulator. A laser beam (Cobolt 04-01 series) with a wavelength of
532 nm transports through a beam expander consisting of L1 and L2 and then is reflected
by a mirror M to fully illuminate the surface of the DMD. With the help of a 4f configuration
and a spatial filter, DMD enables to shape binary amplitude of the light in its zeroth-
diffraction-order beam [30,31]. A binary amplitude mask loaded on DMD is presented in
Figure 2b. The modulated beam passes through the first objective OBJ1 (10x, NA = 0.25)
and impinges on a ZnO scattering layer with a thickness of ~200 um. The transmitted light
field is then collected with the second objective OBJ2 (60, NA = 0.85) and imaged using a
CMOS camera (D752, PixeLINK, Ottawa, Canada). Note that the distance between the ZnO
scattering layer and the focal plane is about 200 um. To engineer the PSF distribution of the
system, a filter is placed at the exit pupil of the OBJ2. A polarizer is adopted to select one
polarization state of the output field. In the experiment, N = 32 x 32 segments on DMD and
M =480 x 480 pixels on CMOS cameras are used as input and output modes, respectively.

@  pmp
> F L4 ZnO layer

OBJ1

L2 M

Laser

Figure 2. Experimental scheme. (a) Experimental setup. L, lens; M, mirror; DMD, digital micro-mirror
device; F, filter; OBJ, objective lens; P, polarizer; CMOS, complementary metal-oxide-semiconductor
camera. (b) A binary amplitude mask loaded on the DMD.

3. Experimental Results
3.1. Construct Bessel-like Beams through ZnO Scattering Layer

To verify the fidelity of the method, we first experimentally constructed a Bessel-like
beam through the ZnO scattering layer. In order to construct a Bessel-like beam, an annular
pattern was used as a binary amplitude filter, which is shown in Figure 3a. There is a
black obstacle in the center of the filter, while the other region is transparent. The inner
diameter and outer diameter of the filter are 5.5 mm and 1.5 mm, respectively. With the
annular filter placed at the Fourier plane of the output plane, the corresponding RVITM
was measured. After that, the binary optimized input amplitude mask was calculated and
loaded on the DMD. With the incident of the optimized binary amplitude wavefront, we
compensated the scattering effect and achieved focusing at the center of the output plane,
as shown in Figure 3b. Then, we removed the filter and observed the light distribution
at the output plane, which is shown in Figure 3c. As we can see, there is a Bessel-like
distribution. In order to compare the beam size, the cross-sectional intensity distributions
of this beam and a standard beam generated without engineering the PSF are, respectively
presented as the blue and red lines, shown in Figure 3d. To compare the focus size of the
two beams, the full width at half maximum (FWHM) of the standard beam and Bessel-like
beam were measured, which are 0.38 um and 0.27 pum, respectively. In this case, the central
lobe FWHM of this Bessel-like beam is 29% narrower than the standard beam.
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Figure 3. Construct a Bessel beam through the ZnO scattering layer. (a) The annular binary filter.
(b) Intensity pattern of the focus at the plane of CMOS camera with the incident of the optimized
binary amplitude wavefront. (c) Observed intensity distribution of a Bessel-like beam with the filter
removed. (d) The cross-sectional intensity profiles for standard beam (red line) and Bessel-like beam
(blue line). Scale bar, 1 pm.

3.2. Construct Radially and Azimuthally Polarized Beams through ZnO Scattering Layer

Apart from constructing the Bessel-like beams, we also explored the construction of
cylindrical vector beams through the ZnO scattering layer. To generate radially and az-
imuthally polarized beams, an S-waveplate (RPC-532-06, Altechna R&D, Vilnius, Lithuania)
and a polarizer were used in the process of wavefront shaping. S-waveplate was employed
to be a spatial polarization filter of the output field whose surface is filled with spatially
variant subwavelength gratings fabricated by a femtosecond laser pulse. These grating
structures perform as many half-wave plates and their directions are shown in Figure 4a.
The direction of the black arrow indicates the orientation of S-waveplate. According to
our previous published paper [27], the radial polarized beam could be produced through
HASM when the orientation of S-waveplate is aligned parallel to the transmission axis of
the polarizer in the process of wavefront shaping. In comparison, the case of producing az-
imuthally polarized beam requires that the orientation of the S-waveplate is perpendicular
to the transmission axis of the polarizer.

To construct the radially polarized beam, the RVITM of the scattering system with
the orientation of the S-waveplate parallel to the transmission axis of the polarizer was
measured first. Then, with the optimized binary amplitude input field impinging on
the ZnO scattering layer, a tight focus was shaped at the output plane Figure 4b. In
order to detect the light distribution behind the ZnO scattering layer, the S-waveplate and
the polarizer were removed. Then, a donut intensity pattern appeared and its intensity
pattern is shown in Figure 4c. To examine the polarization property of the donut beam, an
analyzer was placed in front of the CMOS camera. The transmission axis of the analyzer
was, respectively changed by 0°, 45°, 90° and 135°, and the detected intensity patterns
are presented in Figure 4d, from which we can see that the donut beam possesses a
radially polarized distribution. In the same way, an azimuthally polarized beam was
generated through the ZnO scattering layer, and the corresponding experimental results
are, respectively shown in Figure 4e—g. Note that a generalized cylindrical beam can be
constructed by setting an appropriate angle between the orientation of the S-waveplate and
the transmission axis of the polarizer.
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Figure 4. Construction of radially polarized and azimuthally polarized beams through the ZnO
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scattering layer. (a) The schematic of the nanogratings’ orientation on the surface of S-waveplate.
(b) Intensity profile of the focus at the plane of CMOS camera when the S-waveplate and polarizer
remain in the optical path. (c) Observed donut intensity profile with the S-waveplate and the polarizer
removed. (d) Fields behind a polarizer whose orientation of transmission axis (represented by the
white arrows) is 0°, 45°, 90°, and 135°, respectively. (e-g) Corresponding results for creating an
azimuthally polarized beam through the ZnO scattering layer. Scale bar, 1 pum.

3.3. Construct Vortex Beams through ZnO Scattering Layer

To construct vortex beams, two vortex phase plates (LCT106-220418, m = 1 and LCT114-
220624, m = 2; m is topological number, LBTEK, Changsha, China) were employed to be spatial
phase filters. The phase distribution of the first vortex phase plates is presented in Figure 5a.
The intensity of the focus after implementing the wavefront shaping is presented in Figure 5b.
With the vortex phase plate removed, the light distribution behind the ZnO scattering layer
appeared and was a donut beam, whose intensity pattern is shown in Figure 5c. To detect
its phase structure, one plane beam was used to interfere with this donut beam in an off-axis
geometry. The interference intensity field is shown in Figure 5d. As we can see, interference
field includes many stripes that look like branches. The number of the branches can be
counted from the pattern and is equal to 1, which indicates that the corresponding topological
charge of the beam is 1. Moreover, the corresponding phase distribution and experimental
results for using the second vortex phase plate as a filter are shown in Figure 5e-h. As we can
see, the vortex beam with topological charge of 2 was established through the ZnO scattering
layer by employing the second vortex phase plate as a spatial phase filter.

'
(ex
[ — |

Figure 5. Construct vortex beams through the ZnO scattering layer. (a) The phase distribution of the

vortex phase plate, m = 1; m is the topological charge. (b) Intensity profile of the focus at the plane
of CMOS camera when the process of wavefront shaping was implemented. (c) Observed intensity
distribution of a vortex beam with the vortex half-wave plate and the polarizer removed. A circle formed
by white dashed line is used to indicate the boundary of the donut beam. (d) Interference patterns
between the vortex beam and a plane wave. The interference field includes many stripes that look like
branches, whose directions are indicated by the white dashed lines. (e-h) Corresponding results for
creating vortex beam with topological charge of 2 through the ZnO scattering layer. Scale bar, 1 pum.



Photonics 2023, 10, 737

7 of 9

4. Discussion

High scattering makes it an obstacle to demonstrate the performance of structured
light beams through HASM. 1t is of vital importance to construct structured light beams
beyond high scattering for the fields, such as optical imaging and optical manipulation
through highly anisotropic scattering environment. The key to generating structured light
beams through HASM is to find the conjugated wavefront for focusing at a specific location
of the output plane. In ref. [26], the conjugated wavefront is computed by taking optical
phase conjugation of the filtered TM, which is calculated by filtering the calibrated TM
with a digital filter. In this case, this method requires complex calculations. To address
this problem, we propose that the conjugated wavefront can be directly obtained by the
measured intensity TM, which is filtered via a real filter mask positioned in the light path.
In this way, the advantage of our proposed method is that it avoids complicated calculations
in the process of constructing structured light beams through HASM. Furthermore, the
wavefront shaping technology used in this method only relies on the binary amplitude
modulation, which is independent of the complex amplitude modulated algorithms. In
addition to the advantage of simple computation, the modulated beam is in the zeroth-
diffraction-order beam, which is more efficient than the case of the first-diffraction-order
beam. The advantage of the former method is that different filters can be generated digitally
with high flexibility. In comparison, the generation and conversion of the real filters in our
proposed method cannot be easily implemented as the digital filter. Luckily, a filter shaped
by a programmable spatial light modulator can make the generation conveniently.

In the process of wavefront shaping through HASM, the input plane is divided into
N input modes. For the TM calibration based on the four-phase method, it requires to
capture 4N intensity speckle patterns to derive the TM. However, the number of required
patterns in this proposed method is just 2N, which is a half than the four-phase method. In
theory, the intensity TM loses the phase information compared to complex-valued TM, thus,
structured light beams are generated through HASM with a higher speckle background
than the complex-valued TM. Fortunately, increasing the resolution of the input field,
i.e., the number of input modes N, could help to improve the signal-to-noise ratio of the
generated structured light beams [32].

5. Conclusions

In summary, we have experimentally constructed structured light beams, such as
Bessel-like beams, cylindrical vector beams and vortex beams through HASM with an
intensity transmission matrix calibration in combination with a spatial filter. Contrast to
the method of measuring complex-valued TM, this method only relies on the detection of
the intensity of the output field, which has the advantage of high-speed and convenience
in terms of optical implementation. The proposed method is expected to promote the
applications of structured light beam through highly anisotropic scattering environment.
This method can also be extended to the other complex media, such as multimode fiber.
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