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Fig. 1 Propagation of Bessel beam in biological tissue. (a) Schematic of experimental setup; (b) schematic of biological

tissue model; (c) generated Bessel beam; (d) superimposed phase hologram of axicon phase and vortex beam phase
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Fig. 2 Images of mouse liver tissue. (a) Phase-contrast image of mouse liver tissue; (b) binary image; (c) power

spectrum density curve of refractive index variations corresponding to binary image; (d) turbulent refractive index

distribution obtained by Fourier transformation of Fig.2(c)
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Bessel beam generated with axicon angles of (a) 0.6°, respectively. The first and second

rows in (a), (b) and (c¢) show the experimental and simulation results, respectively
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Fig. 4 Influence of topical charge number on Bessel beam self-reconstruction. Self-reconstruction of Bessel beam generated

10 mm

with topical charge number of (a) 0, (b) 1, and (c¢) 2, respectively. The first and second rows in (a), (b), and

(c¢) show the experimental and simulation results, respectively
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Fig. 5 Influence of thickness of mouse liver tissue slice on Bessel beam self-reconstruction. Self-reconstruction of the zeroth-

order Bessel beam generated with slice thickness of (a) 15 pum, (b) 10 um, and (c) 5

pm, respectively. The first

and second rows in (a), (b), and (c¢) show the experimental and simulation results, respectively
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Abstract

Objective Exploring the reconstruction characteristics of Bessel beams propagation in and through biological tissues
has always been a complex problem. Many mature simulation methods such as Monte Carlo (MC), finite difference
time domain (FDTD), and beam propagation method (BPM) are used for this exploration. MC is the gold standard
for analyzing light propagation in the scattering medium. However, it treats light as particles, so it cannot accurately
simulate light propagation with refractive-index variations in biological tissues. FDTD has been used to study the
scattering effect of complex particles on Bessel beams with remarkable accuracy and robustness; still, its
computational complexity makes the particle model only arranged in two-dimensional sequence space. BPM involves
propagating an input beam over a small distance through homogeneous space and then correcting the refractive-index
variations caused by the beam during the propagation step, which can be combined with a three-dimensional fractal
turbulence model to simulate the propagation of Bessel beams in and through a scattering medium. Since biological
tissues can act as a scattering medium, we used BPM and fractal turbulence model to study the reconstruction
characteristics of Bessel beam propagation through biological tissues. This has reference value on constructing a new
optical tweezer system in biomedical research.

Methods A three-dimensional turbulence model was used to model biological tissue with refractive-index variations.
By approximating weak scattering, Bessel beam generation and propagation in and through biological tissue were
simulated using an algorithm that combined angular spectrum theory and the step-by-step propagation method. The
angular spectrum theory uses the Fourier transform algorithm twice in the calculation process, significantly reducing
computational complexity. When light propagates in biological tissue, the tissue is regarded as a stack of slices,
through which the beam propagates uniformly and is disturbed with a phase delay fluctuation. It repeats until the

0507302-9



48P 3L H 49 %5 5 5 HI/2022 £ 3 B/HREEL

beam passes through the biological tissue. This experiment used a spatial light modulator (SLM) loading a
programmable phase hologram to modulate the Gaussian incident beam into Bessel beams with different parameters.
The programmable phase hologram is a superimposed hologram with axicon and vortex phase holograms. We chose
mouse liver tissues of different thicknesses from 5 pm to 20 pm as samples. The reconstructed Bessel beam’s light
field distribution and intensity were measured using a camera at different reconstruction distances. By changing the
cone angle of axicon phase hologram, topical charge number of vortex phase beam, and thickness of mouse liver
tissue, the reconstruction behavior of different Bessel beam propagation through mouse liver of various thicknesses
was studied.

Results and Discussions We find that after the phase disturbance of the biological tissue, the non-diffraction
length of the reconstructed beam drastically reduces, and its intensity is much lower than that of the original one
(Fig. 3). The thicker the biological tissue, the lower the reconstructed beam intensity (Fig. 5). The bright spot
radius of the zeroth-order Bessel beam changes oppositely with the axicon angle, but the cone angle of the axicon has
little effect on the “non-diffraction length” of the reconstructed Bessel beam after passing through the biological
tissue (Fig. 3). The lower-order Bessel beams show better reconstruction ability from the perspective of retaining
the cross-section light field intensity distribution (Fig. 4).

Conclusions In this study, the reconstruction ability of Bessel beam propagation through biological tissue is studied
via simulation and experiment. The biological tissue is modeled as a turbulent medium with slight refractive index
variations. By approximating weak scattering, Bessel beam generation and propagation in biological tissue are
simulated using an algorithm that combines angular spectrum theory and step-by-step propagation method. On the
experimental aspect, the Bessel beam generates flexibly with a SLM, providing a tool to adjust the Bessel beam
parameters and verify the simulation result. A comparison between the simulation and the experimental results is
carried out. The results show that after the phase disturbance of the biological tissue, the non-diffraction length of
the reconstructed beam drastically reduces, and the reconstructed beam intensity is much lower than that of the
original one. The thicker the biological tissue, the lower the reconstructed beam intensity. The bright spot radius of
the zeroth-order Bessel beam changes oppositely with the axicon angle, but the cone angle of the axicon has little
effect on the “non-diffraction length” of the reconstructed Bessel beam after passing through the biological tissue.
The lower-order Bessel beams show better reconstruction ability from the perspective of retaining the cross-section
light field intensity distribution. In addition, other experimental parameters, such as the spatial beam quality of
Bessel beam and positions of biological tissues, will also affect the reconstruction characteristics of Bessel beam
through biological tissues. The effects of these parameters can also be studied by using the theory and method in this
paper.

Key words medical optics; Bessel beam; turbulence model; angular spectrum theory; spatial light modulator
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