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Circular swallowtail autofocusing beams carrying polynomial power-exponent phase vortices are constructed for the
first time, and their propagation dynamics and particle manipulation capabilities are investigated theoretically and exper-
imentally. The synergistic fusion of polynomial power-exponent vortex phase modulation and the intrinsic autofocusing
properties of circular swallowtail beams enables precise and ultra-flexible control of light field structures of this type of
beam. The intensity profile, Poynting energy flow, autofocusing ability, and self-healing ability under different combina-
tions of beam parameters are investigated and compared in detail, which confirms the diverse characteristics of the light
field structure, the adjustable autofocusing ability, and the excellent self-healing ability. Furthermore, numerical simulation
and experimental results prove the capabilities of the new type of beam in terms of particle stable capture and directional
transport. The research results of this paper have promising extensive application value in interdisciplinary fields such as

biological sciences and physical sciences.
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1. Introduction

Diffraction catastrophe beams, derived from catastrophe
theory, have garnered significant research interest in recent
years owing to their unique optical characteristics.!'* These
beams exhibit diverse geometric structures intrinsically linked
to optical caustics, which are governed by potential func-
tions dependent on state and control variables.!>% When the
number of control parameters does not exceed four, only
seven stable catastrophe structures exist: fold, cusp, swal-
lowtail, butterfly, elliptical umbilic, hyperbolic umbilic, and
parabolic umbilic catastrophes.*”! Each catastrophe type im-
parts distinct optical propagation behaviors and application
potentials. For instance, Airy beams — associated with
fold caustics — demonstrate remarkably no diffraction, self-
acceleration, and self-healing properties.[8! Similarly, Pearcey
beams, corresponding to cusp caustics, exhibit propagation in-
variance, self-focusing, and self-recovery capabilities.[”! His-
torically, research has predominantly focused on low-order
catastrophes such as Airy and Pearcey beams. However,
with advancing investigations, recent studies have expanded
to explore higher-order catastrophe beams, particularly swal-
lowtail beams, opening new avenues for optical manipula-
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tion and applications.!!'>!!l These different types of diffrac-
tion catastrophe beams have found extensive use in opti-
cal micromanipulation,!'>!3] microfabrication,'* superreso-

[15] Jight bullet generation,!'®! and the genera-

lution imaging,
tion of plasmas,!'”! underscoring their versatility in photonics
and related fields.

Optical vortices, characterized by their helical phase
fronts and phase singularity properties, provide infinite-
dimensional degrees of freedom for optical field manipula-
tion through their orbital angular momentum (OAM) modes,
thereby opening new paradigms for high-dimensional quan-
tum information encoding,!'® spin—orbit coupling effects of
photons,"®! and topological photonics research.?”) By com-
bining structured light field modulation techniques, optical
vortices demonstrate the potential to surpass the diffraction
limit in super-resolution microscopy,?! optical tweezers, *?!
and nanoparticle manipulation,?3! offering revolutionary tools
for biomedicine and nanophotonics. In recent years, the intro-
duction of novel optical vortices, particularly those referred to
as noncanonical vortices, has significantly expanded the appli-
cation value and scenarios of traditional vortex beams.[?4-26]
Polynomial power-exponent vortices (PPEVs),[?”] a novel
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class of noncanonical vortices recently proposed, break
through the topological charge constraints of traditional vor-
tices via polynomial power-exponent vortex phase modula-
tion, offering unprecedented degrees of freedom for multidi-
mensional optical field manipulation while demonstrating rev-
olutionary potential in microscopic particle manipulation.

Optical vortices typically require embedding into a host
beam (e.g., Gaussian beam) for propagation. In recent years,
research on the combination of optical vortices and catastro-
phe beams has developed rapidly, greatly expanding the ap-
plication value of structured light fields.!?®*! In this work,
we present an innovative approach by incorporating PPEVs
into circular swallowtail beams (CSB), systematically investi-
gating the propagation dynamics characteristics of this novel
hybrid structured light field through theory and experiments.
Under different combinations of beam parameters, the beam
intensity profile, Poynting energy flow, autofocusing ability,
and self-healing ability will be investigated in detail. Further-
more, taking polystyrene particles as an example, this paper
will also conduct an in-depth study on the effect of this type of
hybrid structured light field in the optical manipulation of par-
ticles. Due to the multi-parameter control degrees of freedom,
diverse structured light fields can be generated, thus endow-
ing them with multi-functional particle manipulation effects
and having important application prospects in fields such as
biomedicine and materials physics.

2. Theoretical construction and generation sys-
tem

Embedding the PPEVs into a CSB, the expression of this
hybrid structured light field on the source plane can be con-
structed as

U(rp,z=0)= Sw<aw0 )exp( Zl<p> . (D

Here, ry is the initial radius, a is the attenuation factor, @y is
the waist radius, and the function Sw(e) denotes the swallow-
tail diffraction integral, which is fundamentally defined as!'*!

Sw(x,y,z)z/:oexp[i(s5+Zs3—|—Ys2—|—Xs)]ds. 2)

In the context of the circular swallowtail beam (CSB), the
control parameters (X, Y, Z) are mapped to the radial co-
ordinate. Specifically, the argument in our implementation
ro—r
Sw ( gwo )
which characterizes the specific caustic structure of the CSB.

1 — rho—r — —
corresponds to setting X = @ and Y =Z =0,

The included exponential term represents the phase of the
PPEVs, and [, denotes the polynomial coefficient of the n-th
power-exponent vortex term ¢". The phase distribution under
different combinations of polynomial power-exponent vortex

terms can be found from Ref. [27]. ¢ (r, @) is the truncation
function that ensures the physical realizability of the beam by
constraining its total energy to be finite:

o ={

where R denotes the radius of the integration aperture.

0<r<R, 0L ¢<2m,
other,

3

Within the framework of the paraxial approximation, the
light field E at any propagation distance z can be obtained by

the Fresnel diffraction integral 3]
TTERe0) (k. ,
U(p.02) = [ [Z522 {ZZ[V P
00
—2rpcos (60— )] }rdrd(p7 4)

where k is the wave number, A is the laser wavelength, and (p,
0) represent the polar coordinates at the observation plane. It
is very difficult to obtain the analytical solution of Eq. (3). For-
tunately, we can obtain its numerical solution based on the ma-
trix multiplication method,?”! thus the propagation dynamics
of the hybrid structured beam can be obtained based on nu-
merical simulation. In the subsequent simulations and exper-
iments, we set the beam parameters to A = 671 nm, a = 0.1,
o =0.42 mm, rp =1 mm, and R = 1.6 mm.

R R

ccp L2 CD L1

:\:> Hologram

Laser BE P BS SLM

Fig. 1. Experimental generation system for the hybrid structured light field.

Figure 1 shows a schematic diagram of the experimental
setup for generating a CSB carrying PPEVs. A Gaussian beam
emitted from the laser with a wavelength of 671 nm passes
through a continuously adjustable attenuator. The attenuated
beam passes through a beam expander (BE) and a linear po-
larizer (P) to obtain an expanded and collimated linearly po-
larized beam. Then, the polarized beam transmits through
the beam splitter (BS) and is incident on the liquid crystal
spatial light modulator (SLM) (1920 x 1080 array, pixel size
4.5 x 4.5 um). Here, the SLM is loaded with a computational
hologram obtained based on the complex amplitude modula-
tion method for generating the CSB carrying PPEVs.3! The
beam modulated by the SLM is reflected by the BS and enters
a 4f system consisting of two lenses (L1 and L2) and a circu-
lar diaphragm (CD). The CD can be used to select the positive
first-order diffractive light because a blazed grating phase is
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added into the hologram. The intensity distribution of the tar-
get beam at different propagation distances can be observed by
changing the position of the charge-coupled device (CCD).

3. Propagation dynamics characteristics
3.1. Extraordinary autofocusing characteristics

This section studies the autofocusing propagation dynam-
ics characteristics of a CSB carrying PPEVs through simula-
tion and experiments. For convenience, only the case of a CSB
carrying a monomial power-exponent vortex term is presented
here. Figure 2(a) shows the simulation results of light field
propagation when the CSB is carrying traditional canonical
vortices (I; = 3, n = 1). It can be found that, while maintain-
ing the autofocusing characteristics, the intensity distribution
of this beam presents a typical donut profile structure. How-
ever, as shown in Figs. 2(b)-2(f), when the CSB carries PPEVs
with different polynomial coefficients, although the autofo-

cusing characteristics are maintained, its light field structure
exhibits diversity, and the multi-loop structure on the source
plane evolves into various unique intensity profile distribu-
tions during propagation. To comprehensively characterize
the transverse light field distribution, a systematic numerical
simulation and experimental verification were carried out on
the light field distribution at different propagation distances,
and the corresponding results are shown in Fig. 3. Through
comparison, it can be found that the experimental results on
the right are in good agreement with the simulation results
on the left (see Ref. [27]). In fact, one can clearly see that
the phase of the beam with a first-order vortex term shows a
smooth spiral phase gradient change, and the energy distribu-
tion forms a uniform bright ring, while the spiral phase gradi-
ent change of second-order and higher-order vortices is more
rapid with the azimuthal angle, and the corresponding phase
gradient changes are more complex, causing the energy ring
to split into multiple bright rings or other structures.

1.00

z (m)

0 0
-2 o) -2

0
z(m) 272 y(m)

0
z (m) 2772

0 -2

z (m

0
) 272y (m)

y (m)

Fig. 2. Simulated autofocusing propagation characteristics of the CSB carrying PPEVs. (a) 3¢; (b) 302; (c) —3¢%; (d) 3¢°; (e) 3¢*; (f) —3¢*.

To further characterize the influence of different mono-
mial coefficients on the autofocusing properties, Fig. 4
presents the simulation and experimental results of the inten-
sity distribution of the CSB carrying PPEVs at the propaga-
tion distance z = 560 mm with different single power-exponent
vortex terms (11 @, L @2, 303, I;¢*), where the coefficient val-
ues for each case have been noted in each subgraph. Fig-
ures 4(al)—4(a6) only show the intensity distribution when /;

and /3 are positive, and this is because when they are nega-
tive, the intensity distribution only exhibits mirror symmetry.
In sharp contrast, for power-exponent vortex terms containing
l,@* and 13¢*, the signs of I, and /4 have a decisive influence
on the intensity distribution, as shown in Figs. 4(b)—4(b6) and
(c1)—4(c6). Their positive or negative signs directly result in
two completely different structural characteristics of the inten-
sity distribution.
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Fig. 3. Intensity distribution simulation and experimental results of the propagation field of the CSB carrying PPEVs. (a) 3¢; (b) 3¢?%;
(©) =3¢ (d) 39: () 397 (D) —3¢”.
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Fig. 4. Simulation and experimental results of the intensity distribution of the CSB carrying only single power-exponent vortex terms (/1 @,
L2, 1393, 1,¢*) at the propagation distance z = 560 mm.
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The propagation dynamics under different combinations
of power-exponent vortex terms /1@, L@, and I3¢> are also
investigated. Figure 5 presents the corresponding simulation
and experimental results, showing a high degree of agreement
between the two. From Figs. 5(al)-5(c1), it can be observed
that under the condition of [, = 1, when /; takes the values +1,
the beam intensity distribution exhibits an up—down mirror-
symmetric characteristic. Notably, as /; increases from 1 to
3, the intensity at the original bright spot shifts and converges
toward other positions. Figures 5(d1)-5(f1) reveal that under
the condition of I, = —1, the beam intensity distribution dis-
plays a tail-like spiral “C-shaped” structure. Furthermore, as
the value of /; increases, the contour size gradually expands,
while the gap in the “C-shape” narrows. Figures 5(a2)-5(c2)
reveal another significant phenomenon that when /; = 1, the
sign of /3 can also induce a mirror-symmetric flipping of the
intensity distribution. Notably, under the condition of I3 = 1,
as [ increases from 1 to 10, the profile of the beam intensity
distribution exhibits a pronounced outward expansion trend.
By comparing Figs. 5(d2) and 5(e2), it can be clearly observed
that there are significant differences in the beam intensity dis-
tribution when /, = £3. Figure 5(f2) shows the beam intensity
distribution under the conditions of /; =10,/, =3,and I3 =1,
whose characteristics fully integrate the unique modulation ef-
fects of the three power-exponential vortex terms.

For the combined effect of the high-order power-
exponential vortex term [;¢* and the low-order power-
exponential vortex terms (/1 @, l,@?, and l3¢%), we conducted
a systematic theoretical analysis and experimental verification

(al) I,=1, [,=1 b1) =1, 1,=1 (c1) =3, 1,=1

(a2) I=1, ;=1

)

(b2) =1, =1

)

of the intensity distribution of the beam at the propagation dis-
tance z = 560 mm. For /4 = 1, as shown in Figs. 6(al)-6(f1),
the beam exhibits unique spatial distribution characteristics,
where the profile head shows a highly concentrated energy,
and the overall configuration takes on a typical “sharp-billed
bird” shape. When I, = 1, compared with /; = 1, the overall
profile of the beam slightly expands, and the concentration of
energy has decreased. Notably, after introducing the vortex
term /3 (p3 (I3 = 1), the sharp-billed bird-like structure tilts sig-
nificantly. With the introduction of more power-exponential
vortex terms, the intensity distribution characteristics of the
beam show the superposition effect of multiple terms, among
which the high-order terms have a particularly significant im-
pact on the intensity distribution. For the case of Iy = —1, as
shown in Figs. 6(a2)-6(f2), the intensity distribution presents a
“swallowtail’-shaped profile structure. Similarly, when /; =1,
the beam energy is mainly concentrated in the head area of the
swallowtail-shaped structure, while when I, = 1, the energy
distribution significantly spreads to the wings. By compar-
ing Figs. 6(c2) and 6(a2), it can be found that the introduc-
tion of the term l3(p3 (I3 = 1) leads to a characteristic tilt of
the swallowtail profile. Particularly, with the superposition of
more vortex terms, the swallowtail structure shows complex
modulated effects, including enhanced non-uniformity of the
intensity distribution and the fragmentation of the energy con-
centration area, among other features. These research find-
ings provide important experimental evidence for a deeper un-
derstanding of the physical characteristics and control mecha-
nisms of high-order vortex terms.

(d1) 1,=3, =1

)

Fig. 5. Simulation and experimental results of the intensity distribution of the CSB carrying different combinations of power-exponent vortex

terms /; @, L @? and 3> at the propagation distance z = 560 mm.
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< <

(f2)1,=2, L,=2
1=2, 1=

Iﬂ
1
0

Fig. 6. Simulation and experimental diagrams of intensity distributions for the CSB carrying different combinations of power-exponent vortex
terms [, @, [ @2, and 13>, under the conditions of the vortex term I, @* (I4 = 1), at the propagation distance z = 560 mm.

3.2. Flexible and adjustable autofocusing capability

To quantitatively evaluate the influence of polynomial
power-exponential vortices on the autofocusing capability of

the beam, the intensity contrast is introduced using the K =

(c)

L /Iom, where Ly, is the maximum intensity at a plane with a
propagation distance z, and Ip, is the maximum light intensity
on the initial source plane. By analyzing the K value curves,
the autofocusing ability and focusing position of the beam can
be obtained.

6 p— —
1 — h=3,1=1

2 (&) ;=3 I,= /%
2 ;

| AN

—_—]
5
3

——}

250 500 750 1000
z (m)
— h=l=3, ;=1

Li=l=l3=2, ;=1
— h=l=13=2, ly=—1

0 0
0 0.25 0.50 0.75 1.00 0 0.25
z (m)

0.50 0.75 1.00 0 250 500
z (m)

750 1000
z (m)

Fig. 7. The K value curves of the CSB carrying different single or multiple power-exponent terms.

Figure 7(a) shows the K value curves of the CSB carry-
ing a single canonical vortex term. It can be seen that, as the
topological charge number increases, the autofocusing ability
of the beam shows a weakening trend, and the focal length
slowly shortens. When the CSB carries the l,@? term, the
sign of [ has a significant impact on the autofocusing abil-
ity. As seen from Fig. 7(b), the autofocusing ability when I,

takes a negative value is significantly stronger than that when
the same positive value is taken, and the focal length will also
change accordingly. It is worth noting that this rule is also
verified in the l4(,o4 term, as shown in Fig. 7(d). However, for
the /3¢ term, the positive or negative sign of /3 affects only
the symmetry of the beam intensity distribution and does not
change the autofocusing ability. So, Fig. 7(c) only shows the
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K value curves when I3 takes a positive value. By comprehen-
sively comparing Figs. 7(a)-7(d), it can be found that under
the modulation effect of the /3¢3 term, the autofocusing abil-
ity of the beam is the poorest, and its peak K value is signif-
icantly lower than in other cases. In addition, Figs. 7(e)-7(f)
show the K value curves of the CSB carrying multiple power-
exponent vortex terms. By comparison, it can be found that
the overall effect under polynomial modulation is the result
of fusing the modulation of each single power-exponent vor-
tex term contained therein. The above results indicate that the
CSB carrying PPEVs has a flexible and adjustable autofocus-
ing ability.

3.3. Poynting energy flow and self-healing ability

To fully reveal the propagation dynamics characteristics,
this study analyses the transverse Poynting energy flow char-
acteristics of the CSB carrying PPEVs based on numerical
simulation. Figures 8(al)—8(a4) show the transverse Poynting

(al) z=210 mm (a2) z=370 mm

(a3) z=530 mm

(b3) 1,=1

energy flow at different propagation distances (z = 210 mm,
370 mm, 530 mm, 680 mm) for the single power-exponent
vortex term [;¢* (I3 = —3). The background in each subgraph
represents the light intensity distribution at the corresponding
position, and the direction and length of the black arrows, re-
spectively, indicate the energy flow direction and its relative
intensity. The results show that during the propagation pro-
cess, part of the beam energy converges to the head of the
swallowtail structure, while the rest of the energy flows to the
tail region. Essentially, the Poynting energy flow determines
the distribution of the K value curves or autofocusing ability.
Figures 8(b1)-8(b4) show the distribution of the Poynting en-
ergy flow at the propagation distance z = 560 mm when Iy
takes different values (I4 = +1, £2). It can be found that dif-
ferent /4 have different Poynting energy flow distributions, but
when the positive and negative signs of /4 are the same, the

similarity is relatively high.

(a4) z=680 mm

)

Fig. 8. Transverse Poynting energy flow of the CSB carrying PPEVs.

The self-healing ability of the CSB carrying PPEVs is
also investigated through numerical simulation. It is assumed
that there exists a fan-shaped obstacle structure with a central
angle of 7 /4 at the propagation distance z = 150 mm. Fig-
ure 9 shows the transverse intensity distribution and Poynting
energy flow of the CSB carrying PPEVs after being blocked
by obstacles under different combinations of power-exponent
vortex terms. In particular, Figs. 9(al)-9(dl), correspond-
ing to the first column, show the original intensity distribu-
tion when there are no obstacles, and Figs. 9(a2)-9(d2), cor-
responding to the second column, show the distributions after
being blocked by obstacles. The black arrows represent the
Poynting vector, with their direction and length, respectively,
characterizing the direction and relative intensity of the en-
ergy flow. Figures 9(al)-9(a6) show the intensity distribution

and energy flow characteristics of the CSB without carrying
optical vortices. Figures 9(b1)-9(b6) show the intensity distri-
bution and Poynting vector of the CSB carrying a canonical
vortex (I} = 3); Figs. 9(c1)-9(c6) and 9(d1)-9(d6), respec-
tively, show similar simulation results, which correspond to
the two types of polynomial power-exponent vortex modula-
tion ([; =3, =1and [, =3, [, = —1). The results show that
the main energy of the beam flows to the central area of the
beam to achieve beam convergence, while part of the energy
flows to the initially blocked area to achieve the self-healing
process. That is to say, during the autofocusing propagation
process, the beam also demonstrates remarkable self-healing
ability. It is worth mentioning that after the autofocusing pro-
cess is completed the beam will gradually diverge, but the self-
healing process still continues.
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Fig. 9. Transverse intensity distributions and Poynting vectors of the CSB carry different polynomial power-exponent vortex terms under

blocked conditions at different propagation distances.

1.00
0.95 |
2 0.90
3
= 0.851
E
% 0.80
=
0.75 =d=i
0.70 — ——h=3 k=1 |
0.15 036 0.57 0.78 1.00

z (m)

Fig. 10. Similarity curves of the CSB carry different polynomial power
exponent vortex terms.

To quantitatively characterize the self-healing ability of
the CSB carrying different polynomial power-exponent vortex
terms, Fig. 10 presents the similarity curves, which can be cal-
culated according to Ref. [32]. It can be seen from the trend of
the curve change that after being blocked at z = 150 mm, with
increase of the propagation distance, the similarity value con-
tinues to rise and reaches the maximum value near the focal
plane. However, as the transmission distance further increases,
the similarity values all decrease to a certain extent, indicating
that the self-healing effect gradually weakens. The similarity
data show that the beam always maintains good self-healing
characteristics, and the polynomial coefficients can regulate
the self-healing effect to a certain extent.

4. Particle manipulation application

Capitalizing on the multi-parameter modulation capabil-
ity, the CSB carrying PPEVs can generate light fields with di-

verse novel structures, thereby enabling the formation of ver-
satile optomechanical potential wells. This opens up possibil-
ities for achieving diverse capture and manipulation effects of
particles. Based on the experimental system shown in Fig. 1,
we further established a holographic optical tweezers experi-
mental system for particle capture and manipulation, as shown
in Fig. 11. After the beam is generated at the back focal plane
of lens 2, it is reflected by a dichroic mirror and directed into a
high numerical aperture objective (100x, NA = 0.80), which
focuses the beam onto a sample-loaded glass slide. Mean-
while, yellow illumination light passes through the sample,
objective, dichroic mirror (DM), reflective mirror (RM), opti-
cal filter (OF), and lens (L). Ultimately, the polystyrene micro-
spheres captured or manipulated by the light field are observed
by the CCD camera.

Figure 12 presents experimental results of particle trap-
ping and manipulation under several CSBs carrying PPEVs.
The simulated intensity patterns are shown in sequence in
Figs. 12(al)-12(d1), and the experimentally captured beam
profiles are also presented in the lower left corner of each
subgraph. It can be seen that the light intensity profiles ob-
tained from the simulation and the experiment are basically
consistent. To better visualize the guiding and trapping ef-
fects on microspheres, the intensity profiles of the target beams
are extracted and superimposed on the corresponding trapping
sequence subgraphs, clearly presenting the motion trajectory
of polystyrene microspheres. Figures 12(a2)—12(a5) show the
experimental results of the beam successively capturing three
polystyrene microspheres when /; = 1. It can be seen that the
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positions where the microspheres are stably captured are con-

sistent with the gradient force distribution of the optical trap.

move into the same imaging layer as the beam spot, and are
finally confined to the maximum light intensity position (max-

Figures 12(b2)-12(b5) and 12(c2)-12(c5), respectively, show  imum gradient force trap).

the movement trajectories of the polystyrene microspheres

guided by the beam with parameters (I3 = 1) and (l, = —3,

Illumination light

I3 =1). By recording the movement time of the microspheres,

the results show that under the conditions of (I, = =3, /3 = 1), Sample stage B

the speed at which the beam guides and captures the micro- Obicctve(lonNAZ0H)
spheres is significantly faster than that under the parameter
(Is = 1). This speed difference can be explained by the dis- SR
tinction in the OAM density distribution of the beam.!33! Fig-

ures 12(d2)-12(d5) show the movement trajectory of micro-

CCD SLM

spheres guided and captured by a swallowtail-shaped beam. It
can be seen that the microspheres, which are originally not in

Fig. 11. Experimental setup of the holographic optical tweezers system.

the same imaging layer as the beam, are gradually guided from
the tail fin to the head of the swallowtail-shaped profile beam
under the attraction of the beam gradient force, and gradually

(b1) (b2) (b3) (b4) (b5)

O O O O O O O O O O OO oo o oo OO
r s

(c1) (c2) (c3) (c4) (cb)

(d1) (d2) (d3) (d4) (d5)

Fig. 12. Experimental results of beam guidance and capture of polystyrene microspheres under different beam parameters.

5. Conclusion and perspectives ing. This study systematically investigated the propagation dy-

The combination of catastrophe beams and optical vor- namics of CSBs integrated with PPEVs. Distinct from previ-

tices has been a hot topic in the research area of novel struc-
tured light fields in recent years, greatly enriching the the-
oretical basis of light field manipulation and expanding the
application value of structured light fields in particle manip-
ulation, free-space optical communication, and optical imag-

ous research, >! the structured optical field constructed herein
not only retains the autofocusing capabilities of CSBs but
also incorporates the multi-parameter tunability characteristic
of PPEVs. Through combinatorial modulation of beam pa-

rameters, flexible control over intensity profiles, autofocusing
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performance (K value), and self-healing properties has been
achieved. Utilizing a self-built optical tweezers system, we
have experimentally demonstrated the beam’s advanced ap-
plication capabilities in multi-particle manipulation and di-
rectional particle transport, which have promising extensive
application value in interdisciplinary fields such as biological
sciences and physical sciences.
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