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Abstract: In this paper, various hollow structured optical fields are generated by skillfully
adjusting the number and positions of multiple off-axis vortices loaded in a Gaussian beam. The
focal-field characteristics of the generated hollow structured optical fields after passing through
an ordinary lens are studied based on the scalar diffraction theory. Firstly, a variety of hollow
structured optical fields are theoretically simulated by adjusting the number and positions of
multiple off-axis vortices loaded in the Gaussian beam. The focal-field characteristics of the
hollow structured optical fields after passing through a lens are theoretically analyzed. On this
basis, the experiments are implemented in the built optical system for multi-off-axis vortex beam
focusing through an ordinary lens. In the experiments, various hollow structured optical fields
are detected in CCD which are consistent with the theoretical results. The manipulations of size
and rotation direction of the hollow structured optical fields are realized. We believe that this
study will contribute to extending the potential applications of off-axis vortex beams in fields
such as optical field shaping, optical manipulation and laser processing.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The vortex beam [1,2] is a type of beam with a helical wavefront that contains a phase factor of
exp(im#) in its complex amplitude (m is the topological charge and 6 is the rotational azimuth).
Due to the phase uncertainty in the central position of the helical wavefront, there is a phase
singularity that causes the amplitude to vanish, so that the beam presents an annular intensity
distribution. Vortex beams have important applications in optical field shaping [3], optical
communication [4], optical trapping [5] and biomedicine [6]. Among them, using the properties
of the phase singularity to generate novel optical fields with different spatial structures has
become a research hotspot in the field of optical field manipulation.

With the development of manipulation of vortex beams, compared with the traditional single-
vortex beams, the coaxial superposition of multiple vortices can generate new optical fields with
richer phase distribution, intensity distribution and orbital angular momentum. In 2010, Guo et
al. generated optical fields with triangular and pentagonal intensity distributions by coaxially
superimposing two Laguerre-Gaussian beams with different mode indices and different relative
amplitudes [7]. In 2014, Huang et al. superposed three coaxial Laguerre-Gaussian vortex beams
with different topological charges and waist radius to generate a variety of three-ring structured
optical fields [8]. Although the coaxial superposition of multiple vortices enriches the shaping
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of optical field, due to multiple vortices are loaded on the optical axis center of the optical
field and the multiple vortices coincide with each other, therefore the main way of optical field
manipulation is to control the topological charge of each vortex. In this case, off-axis vortex
beams which have an offset between the phase singularity of the vortex and the center of the
host beam attracted the attention of researchers [9]. Compared with coaxial vortex beams, the
number, off-axis distance and topological charge of vortices can all be used as the freedom
degrees for optical field manipulation, which is expected to achieve more novel results of optical
field shaping. In 2013, Anderson. M et al. obtained linear and angular shaped optical fields
by modulating the arrangement of optical vortices [10]. In 2015, Kovalev et al. superposed
the off-axis Bessel beams and obtained triangular and pentagonal structured optical fields by
adjusting the weight coefficients and off-axis distances of multiple Bessel beams [11]. In 2016,
Huang et al. generated optical fields with multiple optical dark-holes in the tightly focused
field under a high numerical aperture objective lens by adding multiple off-axis vortices in a
radial vector beam based on vector diffraction theory [12]. In 2017, Wang et al. achieved the
generation of subwavelength equilateral polygon flat-top focal spots by superimposing off-axis
vortex arrays in radially polarized beams based on the Richard-Wolf vector diffraction theory
[13]. In 2019, Dong et al. realized the directional excitation of surface plasmon polaritons
by using a radially polarized beam with multiple off-axis vortices based on the Richard-Wolf
vector diffraction theory and Kretschmann-Raether three-layer structure theory [14]. Zhao et al.
focused the radially polarized beam loaded with multiple off-axis vortices on a ZnSe crystal and
generated second harmonics with non-circularly symmetric waveforms by changing the off-axis
positions and number of multiple vortices [15]. In 2021, Wang et al. achieved the adjustment of
the transmission trajectory and the intensity of the beam by setting the number and positions of
off-axis vortices embedded in a circle Bessel-Gaussian vortex beam [16]. In summary, off-axis
vortex beams have shown great potential and value in the fields such as optical field shaping
and trajectory control of beams. Our group has generated a variety of regular polygonal flat-top
focuses by arranging the positions of multiple off-axis vortices loaded in the radially polarized
beam [13]. In this work, the focusing field is studied under the condition of tight focusing of
a high numerical aperture objective lens in which the vector diffraction theory is adopted, and
the size of the generated equilateral-polygon-like flat-top focus has the sub-wavelength level. It
has important applications in the optical manipulation of irregularly shaped microparticles and
hyperfine laser processing. However, for laser cutting, laser welding, surface treatment and other
application scenarios that require a focus size of tens of microns and above, the tight focusing by
a high numerical aperture objective lens (NA > 0.7) is no longer available. In this case, it is of
practical significance to study the optical field shaping under ordinary lens focusing.

In this paper, we study the focal-field characteristics of the Gaussian beam loaded with multiple
off-axis vortices after passing through an ordinary lens based on scalar diffraction theory and
propose an optical field shaping method of off-axis vortex beam. Firstly, a variety of hollow
structured optical fields are simulated by adjusting the number and positions of off-axis vortices.
Then we study the propagation and focal-field characteristics of the hollow structured optical
fields. In the experiments, we built an optical system of multi-off-axis vortex beams focused by an
ordinary lens, in which the multiple off-axis vortices are loaded by a spatial light modulator (SLM)
and the beam is focused by a convex lens with f=750 mm (NA =0.017). The hollow structured
optical fields with a focus size of millimeter are detected by CCD. In addition, we achieved
the manipulation of shape, size and rotation direction of the optical fields in the experiments.
This work demonstrates the potential of off-axis vortex beams to generate complex structured
optical fields and provides a new reference for the focusing shaping of off-axis vortex beams.
The generated new structured optical fields have great potential in laser processing and optical
manipulation.
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2. Theoretical and numerical simulation

In cylindrical coordinates (p, 6, z), when a beam propagates forward along the z-axis in free
space, the complex amplitude of the optical field can be calculated theoretically through the
Fresnel diffraction integral, which can be expressed as [17,18]:
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where Ej, (7, ¢) is the initial optical field, r, ¢ are the radial distance and azimuth angle of the
initial optical field. E(p, 0, z) is the distribution of the optical field at the axial distance z. p, 6
are the radial distance and azimuth angle of the observation plane, k is the wave number.

In this paper, the multiple off-axis vortices are loaded into the Gaussian beam directly output
from the laser. When an optical vortex with topological charge m; (m; > 0) is located at (r{, ¢1)
of the beam waist, the off-axis vortex beam can be expressed as:
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where w is the waist radius of the incident Gaussian beam. Similarly, when the multiple off-axis
vortices are loaded in the incident beam, the optical field of the beam can be expressed as [13,19]:
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where [] [r exp(ig) — r, exp(ig,)]”! denotes the existence of n (n=1,2, 3, ... N) off-axis
n=1

vortices in the beam, m,, is the topological charge of the nth off-axis vortex and (r,,, ¢,) is the

position of the nth off-axis vortex. When m,, > 0, the sign of ¢ and ¢, are positive. When m,, <0,
the sign of ¢ and ¢, are negative.

According to Ref. [20], when vortices are loaded into the beam waist of a Gaussian beam, the
size of the dark region of the optical field is controlled by the Gaussian waist radius w and the
topological charge m of the vortex. In this paper, the width of the dark region corresponding
to the reduction of the intensity of the optical field to 1/e of the maximum value is defined as
the diameter d of the dark region of the optical field. Therefore, combined with Eq. (3), the
number and positions of dark regions can be controlled by adjusting the number and positions
of multiple off-axis vortices loaded in the Gaussian beam, so that the intensity of the optical
field can be redistributed to obtain the desired optical field. For the convenience of discussion,
we only consider the case that all topological charges are equal, that is, the topological charge
my =my=m3=...=m,=+1, in order to avoid the possibility of annihilation and repositioning of
vortices [21].

In this paper, the distributions of off-axis vortices are designed with rotational symmetry.
According to the number 7 of off-axis vortices, the vortices are distributed around the beam center
with an equal radian interval Ap=¢,-¢,_1 =2n/n and the equal off-axis distance r. As shown
in Fig. 1(a), the two off-axis vortices are distributed around the beam center with equal radian
interval t and equal off-axis distance r; =1y =0.5 mm (initial beam waist radius w =2 mm).
Similarly, the off-axis vortices in Figs. 1(b)-1(e) are equidistantly distributed around the beam
center with equal radian intervals of 2n/3, 7/2, 27t/5, and n/3 respectively (the corresponding
parameters in Fig. 1 are listed in Table 1). Since each vortex causes a helical phase with a 2
variation around the center of the vortex, the phase distributions show pinwheel shapes as shown
in Figs. 1(f)-1(j). At this time, the intensity distributions of the optical fields in the x-y plane
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and the three-dimensional graphs of normalized intensity of the corresponding optical fields are
shown in Figs. 2(a)-2(e) and Figs. 2(f)-2(j), which show that the intensity distributions of optical
fields present hollow structures. In Fig. 2(a), when two off-axis vortices are distributed around
the beam center with & as equal radian interval and r| = r, = 0.5 mm as equal off-axis distance,
the intensity distribution of the optical field presents a hollow elliptic structure. In Figs. 2(b)-2(e),
when off-axis vortices with number n =3, 4, 5, 6 are distributed around the beam center with
equal radian intervals of 27t/3, /2, 271/5, t/3 and equal off-axis distances of 0.8 mm, 1.1 mm, 1.4
mm, 1.5 mm, respectively, the corresponding intensity distributions of the optical fields present
the hollow polygon structures including hollow triangle, hollow quadrangle, hollow pentagon and
hollow hexagon. The number of sides of the polygons is equal to the number of loaded vortices.

r,=0.5mm r,=0.8mm r,=1.1mm r=1.4m r=1.5m

2
Fig. 1. (a)-(e) Positions of multiple off-axis vortices; (f)-(j) Phase distributions of the
corresponding multiple off-axis vortices.
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Fig. 2. (a)-(e) Theoretical simulations of intensity distributions of the hollow structured
optical fields with the same parameters as Fig. 1 in the x-y plane; (f)-(j) Three-dimensional
graphs of normalized intensity of the corresponding optical fields.

Table 1. Position parameters of the multiple off-axis vortices

number  Vortex number radial distance(mm) azimuth angle
(a) n=2 ri=rp=0.5 @1 =0, pr=n
(b) n=3 ri=rp=r3=0.8 @1=0, ¢2=2n/3, p3 =41/3
(c) n=4 ri=r=ry=rqs=1.1 @1=0, @o=m/2, 3=m, o4 =31/2
(d) n=>5 ri=rp=ry=r4=rs=14 @1 =0, @2 =275, p3=41/5, o4 =67/5, ¢5=8n/5
(e) n=6 ri=rp=r3=rg=rs=reg=15 =0, pr=n/3, ¢3=27/3, ps=n, @5 =4n/3, p5=51/3

In order to generate more types of hollow structured optical fields, we increase off-axis
distances of multiple vortices on the basis of Fig. 2. When the positions of off-axis vortices are
set as shown in Figs. 3(a)-3(e), the corresponding phase distributions are shown in Figs. 3(f)-3(j),
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respectively. At this time, the intensity distributions of the optical fields in the x-y plane and the
three-dimensional graphs of normalized intensity of the corresponding optical fields are shown in
Figs. 3(k)-3(0) and Figs. 3(p)-3(t) (the corresponding parameters in Fig. 3 are listed in Table 2).
Compared with Fig. 2, the results in Fig. 3 indicate that as the off-axis distance increases, the
dark regions gradually move out and separate from each other. It results that a stronger energy
distribution appears in the center of the beams. The intensity distributions of the optical fields
show various hollow button-shaped structures. The above research shows that the optical field
intensity distributions can show various hollow structures by adjusting the number and positions
of off-axis vortices. Besides, when the topological charge of each vortex is equal, the beam width
expands with the increase of the vortex number.
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Fig. 3. (a)-(e) Positions of multiple off-axis vortices of the hollow button-shaped structured
optical fields; (f)-(j) Phase distributions of the corresponding off-axis vortices; (k)-(0)
Theoretical simulations of intensity distributions of the hollow button-shaped structured
optical fields in the x-y plane; (p)-(t) Three-dimensional graphs of normalized intensity of

the corresponding optical fields.

Table 2. Position parameters of multiple off-axis vortices of the hollow button-shaped structured
optical fields

number  Vortex number radial distance(mm) azimuth angle
(a) n=2 ri=rp=09 @1=0, r=n
(b) n=3 ri=r=r3=15 @1=0, @2 =2n/3, p3 =41/3
(c) n=4 ri=rp=ry=rq4=175 @1=0, @o=n/2, 3=m, 94 =37/2
(d) n=>5 ri=ry=ry3=rq4=rs=1.85 @1=0, @2 =275, p3=41/5, p4 = 67/5, ¢5=8n/5
(e) n=6 ri=r=r3=rg=rs=reg=2.1 @1 =0, pr=n/3, ¢3=27/3, ps=n, @5 =4n/3, p5=571/3

The above research shows the intensity distributions of various hollow structured optical fields
generated by manipulating off-axis vortices in the x-y plane. In order to study the propagation
characteristics of the hollow structured optical fields, we use the matrix multiplication arithmetic
[22] to numerically simulate the propagation of the hollow structured optical fields shown in
Fig. 2 in free space, and the results are shown in Fig. 4 (the incident beam w =2 mm, 4=632.8 nm).
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As seen from Fig. 4, in free space, the beams can maintain stable transmission along the optical
axis and maintain the optical field structures over a long range of propagation. With the increase
of propagation distance, the optical fields rotate transversely around the propagation axis (when
m > 0, the optical field rotates anticlockwise) and beam widths expand. During the propagation
distance z from O to infinity, the overall rotation of the optical fields is 90°, which is introduced
by the Gouy phase shift of the vortex beam [9,23,24]. The rotation angle can be calculated by
6(z)=arctan(z/zr ), where z = 0 is the beam waist position, and zg is Rayleigh distance, when w =2
mm and 1=632.8 nm, zr=rtw?*/1=19848 mm.

z=0.5z% z=15z z=50z

Smm Smm.

(a)

(c)

(e)

Fig. 4. Theoretical simulations of intensity distributions of the hollow structured optical
fields with the same parameters as Fig. 2 at different propagation distances z in free space.
The number of loaded vortices is (a) n =2, (b)n =3, (c)n=4, (d) n=35, (e) n = 6, respectively.
The scale of each column of optical fields is the same.

Based on the above research, in order to further study the focal-field characteristics of the
hollow structured optical fields, we add an ordinary lens in the optical path. We choose a convex
lens with a focal length f=750 mm (NA =0.017) to focus the beams. For the hollow structured
optical fields with the same parameters as Fig. 2, the simulation results are shown in Fig. 5. We
set the focal position as z =0 mm, where z < 0 in front of the focus and z > 0 behind the focus. For
the hollow elliptical optical field, we quantitatively analyze the size change of the optical fields
during the focusing by calculating the change of the semi-major axis ¢ (the distance between
the center of the dark region and the point on the semi-major axis where the intensity of the
optical field decreases to 1/e of the maximum value) of the central elliptical dark region. And
for the hollow structured optical fields whose dark regions are ellipse, triangle, quadrilateral,
pentagon and hexagon, we quantitatively analyze the size change of the optical fields during
the focusing by calculating the distance [ between the center of the polygonal dark region and a
vertex, that is, the farthest distance between the center of the polygonal dark region and the point
on the angular bisector where the intensity of the optical field decreases to 1/e of the maximum
value. In addition, we define the focal spot diameter corresponding to the intensity of the optical
field at the focus decreases to 1/e of the maximum value as the focal size. In Fig. 5, we can see
that the rotation direction of the structured optical fields within z < 0 is opposite to that within
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the z> 0 due to the Gouy phase shift (clockwise rotation when z < 0 and anticlockwise rotation
when z > 0) except for the size change of the structured optical field in front of and behind the
focus. In the range of z=+80 mm, the parameter ¢ of the elliptical dark region of hollow elliptical
optical field changes from 0.05 mm to 0.15 mm. The parameter [ of the triangular dark region
of hollow triangular optical field changes from 0.06 mm to 0.19 mm. The parameter / of the
quadrilateral dark region of hollow quadrilateral optical field changes from 0.07 mm to 0.21 mm.
The parameter / of the pentagonal dark region of hollow pentagonal optical field changes from
0.08 mm to 0.26 mm, and the parameter / of the hexagonal dark region of hollow hexagonal
optical field changes from 0.09 mm to 0.29 mm. At the focus, the focal sizes of the hollow
elliptical optical field, the hollow triangular optical field, the hollow quadrilateral optical field,
the hollow pentagonal optical field and the hollow hexagonal optical field are 0.20 mm, 0.21 mm,
0.23 mm, 0.26 mm and 0.28 mm, respectively.

z=-80mm z=-60mm z=-40mm z=-20mm z=0mm z=+20mm z=+40mm z=+60mm z=+80mm
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Fig. 5. Theoretical simulations of focal-field intensity distributions of the hollow structured
optical fields with the same parameters as Fig. 2 at different distances z.

The simulation results of focal-field intensity distributions of the hollow button-shaped
structured optical fields with the same parameters as Fig. 3 are shown in Fig. 6. For the hollow
button-shaped structured optical fields, since the dark regions in the optical fields are separated
from each other, we quantitatively analyze the size change of the optical field by calculating
the change of the diameter d of one dark region during the focusing. In Fig. 6, the hollow
button-shaped optical fields also rotate anticlockwise when z > 0, and the optical fields rotate
clockwise when z < 0. In the range of z=+80 mm, the diameter d of one dark region ranges
from 0.05 mm to 0.16 mm. At the focus, the focal sizes of the hollow button-shaped structured
optical fields with two holes, three holes, four holes, five holes and six holes are about 0.25
mm, 0.30 mm, 0.33 mm, 0.36 mm and 0.39 mm, respectively. According to the Gaussian beam
focusing formula d = 4M2/lf/J'ED (d is the diameter of the focus, A is the beam wavelength, M? is
the beam quality factor of the laser and D is the beam diameter through the lens), when the laser
parameters of the experimental system and the beam diameter D are constant, the size of the
focus is proportional to the lens focal length. Therefore, the manipulation of the focus size can
be achieved by changing the lens focal length. The above research results show that a variety
of hollow structured optical fields can be generated by adjusting the number and positions of
multiple off-axis vortices in the host beam, and the size and rotation direction of hollow structured
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optical fields can be adjusted by selecting the appropriate optical system (considering the focal
length of the lens and the position of the lens).

z=-80mm z=-60mm z=-40mm z=-20mm z=0mm z=+20mm z=+40mm z=+60mm z=+80mm
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Fig. 6. Theoretical simulations of focal-field intensity distributions of the hollow button-
shaped structured optical fields with the same parameters as Fig. 3 at different distances
Z.

3. Experimental results

To verify the effectiveness of the above theoretical simulations, we built an optical system for
multi-off-axis vortex beams focusing and detecting, as shown in Fig. 7. The central wavelength
of laser is 632.8 nm (He-Ne laser with type of 25-LHP-151-230, linearly polarized laser output).
The Gaussian beam output from the laser is expanded by the beam expanding system. The
polarization direction and polarization purity of the beam are adjusted by the half wave plate
(HWP) and the polarizer. Later, the beam is incident on the reflective spatial light modulator
(HOLOEYE, HES-6010-0467, pixel size 8 pm X 8 um, resolution 1920 x 1080 pixels) loading
multi-off-axis vortex phase diagram. After the beam is modulated and reflected by the SLM, it is
focused by a convex lens. To make full use of the pixels of CCD and reduce the experimental
error of optical field detection, we choose a convex lens (L2) with a focal length f=750 mm
to focus the beam. When the beam is focused by L2, the optical field intensity distributions
at different distances z are recorded by a CCD (DH-130UM, pixel size 5.2 um X 5.2 um, pixel
number 1280 x 1024) mounted on a sliding track.

When there is no lens L2, and the multi-off-axis vortex phase diagrams of Figs. 1(f)-1(j) and
Figs. 3(f)-3(j) are loaded onto SLM respectively, the optical field intensity distributions recorded
by the CCD are shown in Figs. 8(a)-8(e) and Figs. 8(f)-8(j), respectively. It can be seen from
Figs. 8(a)-8(e) that the optical field intensity distributions present hollow structures and the dark
regions are ellipse, triangle, quadrilateral, pentagon and hexagon, respectively. In Figs. 8(f)-8(j),
as the off-axis distance of off-axis vortices increases, the dark regions gradually move out and
separate from each other. The optical field intensity distribution shows a hollow button-shaped
structure with two holes, three holes, four holes, five holes and six holes, respectively. Therefore,
in addition to the error of optical field intensity change caused by laser beam expansion, and some
diffraction effects and distortion lines caused by optical element aperture and SLM modulation
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Computer
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Fig. 7. The schematic of the optical experimental system. BE: Beam expander, PF: Pinhole
filter, L1: Lens (f=100 mm), HWP: Half wave plate, P: Polarizer, SLM: Spatial light
modulator, L2: Lens (f=750 mm), CCD: Charge coupled device.

respectively, the experimental results of the dark region shape of optical fields are consistent with
the simulated results in Figs. 2(a)-2(e) and Figs. 3(k)-3(0).

Fig. 8. (a)-(e) Recorded graphs of intensity distributions of the hollow structured optical
fields with the same parameters as Fig. 2; (f)-(j) Recorded graphs of intensity distributions
of hollow button-shaped structured optical fields with the same parameters as Fig. 3.

In order to analyze the focal-field characteristics of the hollow structured optical fields, the
phase diagrams of Figs. 1(f)-1(j) are loaded onto SLM respectively, and then the modulated
beams are focused by the convex lens L2. The intensity distributions of optical fields at different
distances z recorded by the CCD are shown in Fig. 9. As shown in Fig. 9, the size of the hollow
structured optical fields changes and the optical fields rotate around the propagation axis as the
distance |z| increases. The optical fields rotate anticlockwise when z > 0, and the optical fields
rotate clockwise when z < 0, which are consistent with the theoretical simulation results. In this
experiment, in the range of z=+80 mm, the parameter ¢ of the elliptical dark region of hollow
elliptical optical field changes from 0.06 mm to 0.16 mm. The parameter / of the triangular dark
region of hollow triangular optical field changes from 0.07 mm to 0.21 mm. The parameter
[ of the quadrilateral dark region of hollow quadrilateral optical field changes from 0.08 mm
to 0.24 mm. The parameter [ of the pentagonal dark region of hollow pentagonal optical field
changes from 0.09 mm to 0.25 mm, and the parameter / of the hexagonal dark region of hollow
hexagonal optical field changes from 0.11 mm to 0.28 mm. In order to more intuitively observe
the consistency between the experimental results and simulation results, the simulation and
experimental measurement results of the parameters ¢ and [ at different distances z are shown
in Fig. 10. It can be seen from Figs. 10 that the experimental results of the dark region size
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change of the hollow structured optical fields are consistent with the simulation results. In
addition, at the focus, the focal sizes of the hollow elliptical optical field, the hollow triangular
optical field, the hollow quadrilateral optical field, the hollow pentagonal optical field and the
hollow hexagonal optical field are about 0.23 mm, 0.24 mm, 0.27 mm, 0.29 mm and 0.32 mm,
respectively. Through numerical comparisons, the experimental results are basically consistent
with the simulation results.

z=-80mm z=-60mm z=-40mm z=-20mm z=0mm  z=+20mm z=+40mm z=+60mm z=+80mm

Fig. 9. Recorded graphs of focal-field intensity distributions of the hollow structured optical
fields with the same parameters as Fig. 2 at different distances z. The number of loaded
vortices is (a) n=2, (b) n=3, (c) n=4, (d) n=5, (e) n =6, respectively.

Similarly, to further analyze the focal-field characteristics of the hollow button-shaped structured
optical fields, the phase diagrams of Figs. 3(f)-3(j) are loaded onto SLM respectively, and the
modulated beams are focused by the convex lens L2. The focusing intensity distributions of
optical fields recorded by CCD are shown in Fig. 11. As shown in Fig. 11, the optical fields rotate
anticlockwise when z > 0 and the optical fields rotate clockwise when z < 0. In this experiment,
in the range of z=+80 mm, the diameter d of one dark region varies from 0.06 mm to 0.17
mm. Similarly, in order to more intuitively observe the consistency between the experimental
results and simulation results. The simulation and experimental measurement results of the
parameters d at different distances z are shown in Fig. 12. It can be seen from Figs. 12 that the
experimental results of the size change of one dark region of the hollow button-shaped structured
optical fields are consistent with the simulation results. At the focus, the focal sizes of the hollow
button-shaped structured optical fields with two holes, three holes, four holes, five holes and six
holes are about 0.27 mm, 0.33 mm, 0.35 mm, 0.39 mm and 0.42 mm, respectively. Through
numerical comparisons, the experimental results are also basically consistent with the simulation
results.

The above results show that the manipulation of the shape, size and rotation direction of the
hollow structured optical field can be realized by designing multi-off-axis vortex beam parameters
and combining with the focusing lens. Compared with other optical field shaping methods [11,25]
that generate similar shapes, the optical field shaping method in this paper can directly control
the number and position of off-axis vortices loaded in a Gaussian beam to generate a variety of
hollow structured optical fields, and can easily control the characteristic size of the optical fields



Research Article Vol. 31, No. 17/14 Aug 2023/ Optics Express 27417 |

Optics EXPRESS . N ‘

(a) (b) (c)

016

008 \

t/mm
I/mm
J

V 0.08 \l 008 V
004
-80-60 -40-20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80 -80-60-40-20 0 20 40 60 80
z/mm z/mm z/mm
(d) (e)
0.28 028} & ﬁ —e—Simulated
' \ g Measured
0.24 ‘\d- r/ 0.24 \ f’
LY ')
£ 02 \ }/ £ 02 f’
Lo % ¥ E o1 \
N /'
012 / 012
\‘-:g_,vﬂ wod
0.08 y 0.08
-80-60 -40-20 0 20 40 60 80 80-60-40-20 0 20 40 60 80
z/mm z/mm

Fig. 10. Simulated and experimental measured results of dark region parameters of the
hollow structured optical fields with the same parameters as Fig. 2 at different distances z.
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Fig. 11. Recorded graphs of focal-field intensity distributions of the hollow button-shaped
structured optical fields with the same parameters as Fig. 3 at different distances z. The
number of loaded vortices is (a) n =2, (b) n=3, (c) n=4, (d) n=35, (e) n=6, respectively.

by changing the focusing ability of the lens to make it tens of microns and above. Therefore,
the optical field shaping method in this paper is simpler and more flexible, and the types of
generated structured optical fields are more abundant, which have great potential in larger size
pattern laser processing [26,27] and the fabrication of optical lattices [28]. In addition, compared
with the Gerchberg-Saxton (GS) algorithm [29] which is generally approved for generating the
desired optical field, our method does not require repeated iterative calculations and is easier to
achieve and more accurate in the processing of phase plate thanks to the continuous distribution
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different distances z.

of the vortex phase. Moreover, since the characteristic size of the hollow structured optical
fields generated in our work matches the terahertz wavelength (30 um-3 mm), these structured
optical fields have outstanding application potential in the preparation of functional devices in
the terahertz band [30-32].

4. Conclusion

Based on the scalar diffraction theory, optical field distributions of multi-off-axis vortex beams
and their focusing field characteristics through an ordinary lens are studied in this paper. Various
hollow structured optical fields including hollow ellipse, hollow triangle, hollow quadrangle,
hollow pentagon, hollow hexagon and hollow button-shaped are obtained in simulations and
experiments by adjusting the number and positions of multiple off-axis vortices loaded in a
Gaussian beam. Moreover, the focal size and rotation direction of generated hollow structured
optical fields can be manipulated by a convex lens focusing. The research results enrich the
shaping methods of vortex beams and show great potential in laser etching of precision parts
[33], laser processing with controllable shape, capture and manipulation of large size particles
[34] and other fields.
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