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The transmission characteristics of rotationally-symmetric
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Abstract: The transmission characteristics of rotationally symmetric power-exponent-phase vortex beams
(RSPEPVBS) in biological tissues are explored in this study. Based on the extended Huygens-Fresnel prin-
ciple, a general expression describing the transmission of RSPEPVBs through biological tissues is estab-
lished. Numerical simulations are performed to explore the influence of the propagation distance z, power ex-
ponent n, wavelength A, and beam waist width w on light intensity, beam width, and beam divergence. The
findings reveal that increasing the propagation distance and wavelength results in greater beam diffusion and
an enlarged beam width. Conversely, a higher power exponent concentrates the light intensity toward the cen-
ter and mitigates the broadening of the beam width. Additionally, a longer wavelength and smaller beam
waist width lead to a larger beam divergence angle. The evolution of coherence vortices and intensity peak
positions with increasing propagation distance is also analyzed, revealing a gradual outward displacement
from the beam center, accompanied by angular deviations and positional shifts. Notably, when the topologic-
al charge | = 4, the position of the peak point undergo an abrupt shift during the transmission process. As a
high-order mode beam, the transmission of RSPEPVBs in biological tissues exhibits diversity and controllab-

ility, opening up new possibilities for micro-manipulation technologies in the biomedical field.
Key words: vortex beam; biological tissue; power-exponent-phase; coherent vortices and peak points

2020-01-03 2020-01-05
No. 62476113 No. 20KJB14008
No. BY2020680
Supported by National Natural Science Foundation of China (No. 62476113); General Project of Natural Sci-
ence research in Colleges and Universities of Jiangsu Province (No. 20KJB14008); Jiangsu Province Industry
University Research Cooperation Project (No. BY2020680)



1 1*
1.
2.
RSPEPVBs
RSPEPVBs
W
RSPEPVB
0482.31 A
1 Introduction

In recent years, advances in laser technology
and studies of biological tissues have driven signi-
ficant progress in optical trapping®?, imaging®,
laser ablation, and manipulation techniques®™. In-
vestigating how laser beams interact with biological
tissues helps improve the accuracy of medical dia-
gnostics and therapies, facilitates the analysis of tis-
sue optical characteristics, and drives innovations in
biotechnology and engineering. High-order mode
beams, distinguished by their lobed or ring-shaped
spatial distributions, offer richer structural features
and greater operational versatility compared to fun-
damental mode beams. These characteristics provide
greater flexibility for applications such as micro-
particle manipulation and enable some complex op-
erations to exceed the capability range that the fun-
damental mode beams can achieve®. Studying the
propagation characteristics of higher-order mode
beams in biological tissues can enhance our under-
standing of their underlying physical mechanisms
and open up new avenues for micromanipulation
techniques in biomedical applications, highlighting
extensive prospects for future utilization.
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Biological tissues are particularly complex sys-
tems. Their refractive index fluctuates dynamically
in both time and space, significantly affecting the
polarization state and intensity of light®™. These
characteristics result in diverse and intricate light
propagation behaviors in biological media. In 1996,
Schmitt and Kumar measured the refractive indices
of various mammalian tissues and conducted ana-
lyses. They discovered that there were common spa-
tial correlation features among these tissues. Their
findings indicate that the statistical properties of re-
fractive index variations in mammalian tissues re-
semble the spatial correlations observed in atmo-
spheric turbulence. This suggests that refractive in-
dex fluctuations in biological tissues align with the
classical Kolmogorov turbulence model. They ob-
served via a phase-contrast microscope that the re-
fractive index inhomogeneity in mammalian tissues
is like a frozen turbulent pattern, and they also pro-
posed a power spectrum model to describe these
fluctuations™®4, Qver the years, a significant body
of research has investigated the application of high-
er-order mode beams in biological tissues. For in-
stance, Sato et al. used high-order mode laser beams
to trap red blood cells and control their rotation™.
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Dasgupta et al. employed the Laguerre-Gaussian
(LG) laser modes to optically capture sperm®®, and
in a subsequent study, they also reported the use of
the LG mode to control the direction and rotation of
red blood cells®™. Shi et al. explored how Gaussian
and Laguerre-Gaussian vortex beams propagate
through mouse brain tissue™®. Yu et al. investigated
the scattering properties of biological cells with in-
tricate shapes, including spindle-shaped cells and
bacteriophage structures, under illumination by
Laguerre-Gaussian beams™. Liu et al. examined
how beam parameters and the characteristics of bio-
logical tissues influence the propagation behavior of
Lorentz-Gaussian vortex beams in tissue media®.
Zhang et al. explored the average intensity and
beam characteristics of Hermite-Gaussian correl-
ated Schell-model beams as they propagate through
turbulent biological tissue®. Additionally, Bayrak-
tar et al. examined how hollow high-order cosh-
Gaussian beams propagate through the upper layer
of human skin dermis®. These studies highlight the
growing interest in high-order mode beams as tools
to probe the complex optical properties of biologic-
al tissues. They also demonstrate the potential of
these beams to advance biomedical research and fa-
cilitate novel applications in biomedicine and bioen-
gineering.

Power-exponent-phase vortex beams (PEPVBSs)
are a unique class of vortex beams with distinctive
phase velocity distributions that vary across their
transverse dimensions. Based on their intensity pro-
files, PEPVBs are classified into asymmetric power-
exponent-phase vortex beams (APEPVBSs) and rota-
tionally-symmetric power-exponent-phase vortex
beams (RSPEPVBs). APEPVBs exhibit non-uni-
form phase distributions, resulting in asymmetric in-
tensity patterns resembling the letter "C". In con-
trast, RSPEPVBs have uniform phase distributions
and blade-like intensity profiles, with the number
of blades corresponding to their topological char-
gel?>?!, These unique properties make PEPVBs par-
ticularly advantageous for optical manipulation and

transmission, especially in the context of biological
tissue studies. Our research focuses on the transmis-
sion characteristics of RSPEPVBs in biological tis-
sues, investigating the influence of relevant para-
meters on their propagation behavior. This research
not only reveals the behavior of vortex beams in
complex media but also offers novel approaches for
use in areas like optical imaging, tissue analysis, and
light-based therapeutic techniques.

2 Theory

The electric field at the source plane
RSPEPVBs can be formulated as™:

E(r;'
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where A, denotes the amplitude, set to 1 for simpli-
city, r represents the radial coordinate, w denotes the
beam waist, | stands for the topological charge, = is
the azimuthal angle, n is the power exponent, and
rem() refers to the remainder function.

Figure 1 shows the phase distribution of
RSPEPVB at the source plane, with the topological
charge | fixed at 3 and the power exponent n set to
1, 2, 3, and 4, respectively. In Fig. 1(a), when n=1,
the RSPEPVB degenerates into a conventional vor-
tex beam, which can be approximately regarded as
the Laguerre-Gaussian beam LGg3. As the power
exponent increases, the phase modulation along the
azimuthal direction becomes increasingly  pro-
nounced. Higher values of n result in faster and
steeper phase transitions within the azimuthal re-
gion.

0
Fig. 1 The phase distributions of RSPEPVB with different
mode orders, (@) 1=3, n=1; (b) =3, n=2; (c) I=3,
n=3; (d) I=3, n=4



According to the integrated theoretical frame-
work of polarization and coherence, the cross-spec-
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where (rq;' 1) and (rp;' ) represent the polar co-
ordinates in the source plane, denotes the com-

plex conjugate, and hi represents the ensemble aver-

exp i2E

tral density function of RSPEPVBs at the source
plane (z=0) is given by?:
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ing the extended Huygens-Fresnel principle, the
cross-spectral the

propagation of RSPEPVBs through turbulent biolo-

density function describing

age. gical tissue (z>0) can be represented as??*:
Under the paraxial approximation, and follow-
k "2 ¢ W RRE ik #
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where 1 and , represent the location vectors at the

receiving plane, ; and , indicate the correspond-
ing angles at that plane, k=2 & represents the
wave number,  with the wavelength being, and z

represents the transmission path length of the beam

within biological tissue. Additionally,  represents
3 woW
exp (ur)+ (1) =exps 46°] & G
' 0o o0

where () indicates the refractive index power
spectrum variations within the turbulent medium.

For mammalian tissue, it is expressed ast:

()= 4EM LA D

1+ 212
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where L, represents the outer scale of the refractive

index, is associated with the fractal dimension of

I(rl

(2r2)

A A
the stochastic element of the sophisticated phase of
the spherical wave as it passes through biological
tissue, while hi characterizes the phase variations

caused by turbulent disturbances within the medi-
um, it can be represented ast®”:

S
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biological tissue, characterizing the magnitude of its
perturbation, and n? represents the mean square
of the refractive index. By applying the second-or-
der approximation of the phase structure function
based on the Rytov theory and using the first two
terms of the zero-order Bessel function Jo(X) as its

approximationt®, Eq. (4) can be rewritten as:

R+ 2P+ (1 2)

: A A

exp (ur)+ EXp

2

2

for biological tissue, we havel™:
jo(di=022C%] A A

this expression describes the correlation length
associated with the spread of spherical waves

through turbulent biological tissue, where C2 repres-

=0 1<

2

0
ents the refractive index structure function of the
biological tissue, provided by®:

n2
Cl= ——

22 ) A A

substituting Eq. (2), (6), and (7) into Eqg. (3),
we obtain:
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The centroid position and the mean-squared
beam width are respectively defined ast®:

where j = x ory, X and y represent the centroid posi-
tions of the laser beam in the x and y directions, re-
spectively, wy, and w, represent the mean-squared
beam widths in the x and y directions, respectively.
A larger absolute value of j indicates that the
centroid position is farther from the propagation z-
axis.

The spectral degree of coherence is commonly
expressed ast®:

W(1 210 2)
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The emergence of a coherent vortex requires
the spectral degree of coherence to be zero. There-
fore, the location of the vortex can be determined by
the following equation:

Re (1 201 2D) =0

Im (4 212D =0 A A
where Re[] and Im[ ] indicate the real part and ima-
ginary partof ( 1; 2; 1; 2; ], respectively.

3 Numerical calculation results and
analysis

Based on the theoretical propagation model
mentioned above, numerical calculations were per-
formed to study the propagation of RSPEPVBs in

B
W(1 10 uDW(2 2 20 23]

biological tissues. The propagation characteristics
were examined by analyzing the effects of beam
parameters and biological tissue properties. Unless
otherwise specified, the calculation parameters were
set as follows: power exponent n = 2, beam waist
width w = 2 pym, and wavelength A = 632.8 nm.
Based on literature data, the refractive index struc-
ture constants for various biological tissues were
obtained as follows: C2=0:06 10° P * for mou-
se intestinal epithelial tissue, C2=0:22 10° P*?
for mouse deep dermal tissue, and C2=0:44

103
3.1 Effects of topological charge, power exponent,

P 1 for human upper epidermal tissuel®!.

and wavelength on beam propagation
Firstly, Fig. 2 illustrates the normalized intens-
ity distributions of RSPEPVBs carrying various to-



pological charges propagating through mouse deep
dermal tissue. It is evident that the intensity distribu-
tion forms a petal-like structure with rotational sym-
metry. The number of petals in this pattern corres-
ponds to the topological charge and increases with
the latter. Multiple dark cores also appear in the vi-
cinity of the optical axis, with their number match-

o
1=3

>

o
1=4
1=5

o oYy
= L%
1=6 . QUO

0 15i 0 15i 0 15i
P x P x P X

0 1517

P

ing the topological charge. With increasing propaga-
tion distance, the beam spot progressively broadens,
and the intensity converges toward the center, form-
ing a high-intensity region. This is because the co-
herence of RSPEPVBs decreases during propaga-

tion through biological tissue.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0 151
x P

Fig. 2 The normalized intensity distribution of RSPEPVBs propagating through mouse deep dermal tissue.

Next, the intensity distribution for different
power exponents was investigated in mouse deep
dermal tissue, while maintaining a topological
charge of 3, as demonstrated in Fig. 3. Fig. 3 re-
veals the presence of multiple phase singularities
around the beam center.

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

i 015i 01
x P x P x P x P

5f 015i 015

Fig. 3 The normalized intensity distributions correspond-
ing to different power exponents at varying
propagation distances.

As the power exponent continues to rise, the
beam intensity becomes increasingly concentrated

along the central optical axis, while the intensity in
the surrounding areas gradually diminishes. The
phase singularities move farther away from the cent-
ral axis. Furthermore, with increasing propagation
distance, the intensity concentrates toward the cen-
ter more rapidly, and the surrounding intensity
weakens accordingly.

We further explored the impact of wavelength
on the spread of RSPEPVBs in biological tissue was
further, using mouse deep dermal tissue as the medi-
um with a topological charge set to 3, as illustrated
in Fig. 4. The wavelengths corresponding to the first
to fourth columns in Fig. 4 are 445 nm, 532 nm,
632.8 nm, and 808 nm, respectively. It is known that
= @. Con-
sequently, at a fixed propagation distance, a longer

the divergence angle of the beam

wavelength results in a larger divergence angle,
leading to greater beam spreading and an increased
spot size. From Fig. 4, it can be observed that at the
shorter wavelength of 445 nm, the beam exhibits
minimal divergence, and the energy remains relat-
ively concentrated even as the propagation distance
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increases. In contrast, at 808 nm, the beam begins to
diverge significantly over a shorter propagation dis-
tance, with the high-intensity red region becoming
more widely distributed. Therefore, by selecting ap-
propriate wavelengths and propagation distances,
we can control the shape of the light spot to meet

the requirements of different situations.
QP QP QP QP

15 L.

e - ||| |§

> 0.8

o 15 0.7

=
|

0.5

Q 15
z P 0 0.4
> 0.3
N 15 0.2
z P 0
>‘ z
i

0.1
i 0157 015i 015i 0 15
x P x P x P x P

Fig. 4 The normalized intensity distributions correspond-
ing to different wavelengths at varying propagation
distances.

3.2 Mean-squared beam width
Based on Egs. (11) and (12), we calculated the

14‘(a)

3

12

Iy Il
oubhw

n 10

x

)

4 .
10 15 20 25 30 35 40 45 50

z P

mean-squared beam widths of RSPEPVBs propagat-
ing in mouse deep dermal tissue under different to-
pological charges, power exponents, and wavele-
ngths, as shown in Fig. 5-Fig. 7, respectively. These
figures correspond to the intensity distributions
shown in Figs. 2-Fig.4. From Fig. 5(a) and 5(b), the
beam width increases progressively as the propaga-
tion distance grows. Additionally, a rise in the topo-
logical charge results in greater beam widening,
which is consistent with the intensity distributions
observed in Fig. 2. Similarly, Fig. 6(a) and 6(b)
show that the beam width increases with propaga-
tion distance, However, a higher power exponent re-
duces the rate of this increase. This is because a
higher power exponent concentrates intensity to-
ward the center, reducing the light intensity at the
periphery. The effect of wavelength on beam width
is similar to that of the topological charge: as the
distance of propagation increases, the beam width
gradually widens, and this widening effect becomes
more pronounced with longer wavelengths, as
shown in Fig. 7.

l4‘(b)
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4 :
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Fig.5 The mean-squared beam width under different topological charges(a) x-direction (b) y-direction.
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Fig. 6 The mean-squared beam width under different power exponents (a) x-direction (b) y-direction.
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Fig. 7 The mean-squared beam width under different wavelengths (a) x-direction (b) y-direction.

3.3 Beam profile

To visually illustrate the beam's variations, we
present the beam profiles and further investigate the
impact of varying beam waist widths on beam trans-
mission characteristics, as shown in Fig. 8. The
beam waist widths corresponding to Fig. 8(a), 8(b),
and 8(c) are 1 um, 2 um, and 3 um, respectively.
Fig. 8(al)—(c4) are normalized intensity plots for
different beam waist widths and propagation dis-
tances. The selected tissue is mouse intestinal epi-
thelial tissue, having a topological charge of 4, and
the propagation distance ranges from 10 pum to
40 um. The beam divergence angle follows the rela-
tionship = @. From Fig. 8(a), when the beam
waist width is 1 um, the beam expands significantly

with increasing propagation distance, and energy
rapidly diffuses toward both sides. This aligns with
the characteristic that a smaller beam waist results in
a larger divergence angle. Additionally, the central
intensity point appears earlier and is more promin-
ent. With the increase in beam waist width, the
beam divergence angle decreases progressively. At
w=2 pm, no intensity point appears at the center
when z=10 ym. As the transmission distance in-
creases, as shown in Fig. 8(b2), the central intensity
point gradually emerges near z=20 ym. At w=3 pm,
the central intensity point appears at a farther
propagation distance. At z=30 ym, we can observe
the central intensity point in Fig. 8(c3), and this phe-
nomenon is more prominent in Fig. 8(c).

(a1) (a2)
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Fig. 8 The intensity distributions of RSPEPVB with different waist widths propagating in biological tissue, (a) w=1 pum, (b)
w=2 um, (c) w=3 pum, where (al)-(a4), (b1)-(b4), (c1)—(c4) is the normalized intensity distribution in the x-y plane at

several fixed transmission distances, respectively.

3.4 Coherent vortex and peak point

Subsequently, based on Eq. (14), the positions
of coherent vortices were investigated in mouse
deep dermal tissue. Fig. 9(al) and 9(bl) show the
three-dimensional distributions of the coherent vor-
tices corresponding to topological charges of 3
and 4, respectively. It can be observed that the num-
ber of coherent vortices corresponds to the topolo-
gical charge. As the propagation distance increases,
the vortices progressively move away from the cent-
ral axis of the beam. This outward movement oc-
curs more rapidly at higher topological charges.

Fig. 9(a2) and 9(b2) present the projections of the
3D vortex positions onto the xy-plane, providing a
clearer visualization of this effect. Additionally,
the coherent vortices exhibit noticeable deflection
during outward propagation. Fig. 9(a3)—(a8) and
9(b3)—(b8) illustrate the evolution of the phase
structure of RSPEPVBs as they propagate through
the biological tissue. The phase distribution in the
vicinity of the beam center maintains its continuous
nature, which is consistent with the non-zero on-ax-
is intensity. Moreover, the quantity of phase singu-
larities detected near the center aligns with the topo-
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logical charge. We also calculated the positions of the xy-plane, as shown in Fig. 10. The variation
coherent vortices with topological charges of 5 and characteristics are similar to those observed for to-
6 and provided the corresponding projections onto pological charges 3 and 4.
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Fig. 9 The propagation trajectory diagram of coherent vortex positions, (al)-(a8) 1=3, (b1)-(b8) 1=4, where (a3)—(a8),
(b3)—(b8) is the phase distribution at several fixed transmission distances, respectively.
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Fig. 10 Coherent vortex projections onto the xy-plane (a) 1=5 (b) 1=6.
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Subsequently, the positions of peak points were ively. It can be observed that the quantity of peak
also analyzed using the same parameters. As shown points is equivalent to the topological charge. When
in Fig. 11(al) and 11(bl), the three-dimensional the topological charge is set to 3, the peak points ex-

distributions of the peak points corresponding to to- hibit a progressive outward divergence as the dis-
pological charges of 3 and 4 are displayed, respect- tance of propagation increases.
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Fig. 11 The propagation trajectory diagram of peak point, (al)—(a8) 1=3, (b1)-(b8) 1=4, where (a3)—(a8), (b3)—(b8) is the nor-
malized intensity distribution at several fixed transmission distances, respectively.
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For a topological charge of 4, the peak points
not only diverge more rapidly but also exhibit a no-
ticeable positional shift at propagation distances of
30 um and 35 pm. This behavior is more intuitively
illustrated in the xy-plane projections shown in
Fig. 11(a2) and 11(b2). To further validate this ob-
servation, we present the intensity profiles near the
shifted regions in Fig. 11 (a3)-(a6) and 11(b3)-
(b6). As seen in the figures, for a topological charge
of 3, the peak point positions remain nearly un-
changed. In contrast, for a topological charge of 4,
the peak points exhibit a clear shift at 30 um and
35 pm, confirming the accuracy of both the 3D and
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projected visualizations. We also investigated the
cases with topological charges of 5and 6and
provided the corresponding projections onto the xy-
plane, as illustrated in Fig. 12. The behavior closely
resembles that seen with a topological charge of 4,
except that, as the topological charge increases, the
positional shift occurs at shorter propagation dis-
tances. This behavior is primarily attributed to the
fact that a higher topological charge corresponds to
a more complex wavefront structure and a steeper
phase gradient. Such wavefronts exhibit reduced
stability during propagation and are more suscept-
ible to modal decomposition.
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Fig. 12 Peak point projections onto the xy-plane (a) I1=5 (b) 1=6.

4 Conclusion

In summary, this study examines the transmis-
sion characteristics of RSPEPVBs in biological tis-
sues. First, the effects of topological charge, power
exponent, and wavelength on beam propagation
were studied, followed by the investigation of the
corresponding mean-squared beam width. The find-
ings suggest that with an increase in propagation
distance, the beam undergoes a diffusion process, an
increase in beam width, and reduced coherence. A
rise in the power exponent concentrates light intens-
ity toward the center and moderates the expansion
of the beam width. A longer wavelength results in
greater beam diffusion, an increase in beam width,
and a larger beam divergence angle, whereas an in-
crease in beam waist width reduces the beam diver-

gence angle. The beam profile analysis revealed that
for different beam waist widths, the intensity point
at the center of the beam appears at different trans-
mission distances. When w=1um, the intensity point
appears at z=10um, while for w=3um, it appears
near z=30pm. Finally, the positions of the coherent
vortex and peak point were investigated as they
change with the increasing propagation distance.
The results show that the coherent vortices not only
gradually moves away from the beam center, but
also exhibits a certain degree of angular deviation.
While the peak points also diverge outward, their
behavior depends on the topological charge. For | =
3, no significant abrupt displacement is observed. In
contrast, for | > 3, a noticeable displacement occurs
at a specific propagation distance. Moreover, this
displacement occurs at shorter distances as the topo-
logical charge increases. For example, at a topolo-
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gical charge of 4, the displacement occurs at 30 um,
and at a topological charge of 6, it occurs at 15 um.
Although the simulation in this study is based on
mouse deep dermal tissue, its transmission charac-
teristics in other biological tissues are similar, and
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