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Here a continuous axial-spiral phase microplate (CAsPP),
based on combining a logarithmic axicon and a spiral phase
plate, was proposed for generating high-quality higher-
order Bessel vortex beams. The novel optical component
implemented via femtosecond laser direct writing possesses
compact geometry and unique optical properties. The
CAsPP with a diameter of 80 um possesses a controllable
long focus ranging from 50 to 600 pum and exhibits a good
self-healing ability after free transmission of about 45 pum.
Unique optical properties were demonstrated in both exper-
iments and simulations, which were well matched to each
other. This Letter provides new opportunities for applica-
tions in integrated optics, optical trapping, laser machining,
and information reconstruction. © 2020 Optical Society of
America
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In the field of optics, a light’s wavefront with an intentional
helical defect rotates spirally along the optical axis, forming an
optical vortex (OV). Due to its special phase structure, the OV
beam possesses the characteristics of zero central intensity and
carrying the orbital angular momentum (OAM). Benefitting
from their unique optical properties, since discovered by Allen
in 1992 [1], OV beams have shown great potential in particle
manipulation [2], super-resolution imaging [3], and data trans-
mission [4-6]. The higher-order Bessel vortex beam (HoBVB),
as a special vortex beam, has become a very important frontier
research hotspot in optical fields due to its characteristics of
non-diffraction [7] and self-healing [8]. Moreover, Chen ez al.
first reported that it can bring an optical pulling force, which
successfully increased optical manipulation freedom [9]. By
far, the most common method for generating HoBVBs is to
load computational holograms via a spatial light modulator
(SLM) [10,11]. This method has high flexibility, but there are
problems such as large size, high cost, and low withstand power.
Laser resonators are also customized to produce HoBVBs [12],
while their need of a pump light source makes the system com-
plicated and bulky. Incident Gaussian beams can be converted
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into Bessel modes by metasurfaces as well [13], still limited by
complicated design, difficult manufacture, and expensive cost.

Another straightforward way to generate HoBVBs is to
illuminate axicons with Laguerre-Gaussian (LG) beams [14].
However, appropriate illuminating light of the LG mode
requires additional pathways such as computational holo-
graphic technology [15], diffractive optical elements (DOEs)
[16,17], cylindrical lens mode conversion [18], and laser cavities
[19]. Currently, generating HoBVBs with axicons is basically
completed by a macro combination system, in which the sep-
arate device’s size is above the millimeter level. This kind of
method will bring tedious operations, large size, and alignment
error, which is not applicable for integrated optics. For the fur-
ther development of HoBVBs in integrated optics, Zukauskas
et al. seamlessly connected a DOE and axicon reversely [20],
and Balcytis ez al. integrated a dielectric axicon and a metal
spiral phase plate (SPP) [21] to generate HoBVBs, effectively
reducing the combined system’s volume; Oliveira ez a/. designed
a micron-sized DOE based on a circular grating and a SPP to
generate HoBVBs [22].

Herein, we designed a novel DOE continuous axial-spiral
phase microplate (CAsPP). The device, whose actual profile
basically matches the design, was prepared by femtosecond
laser direct writing (FsSLDW). It is suitable for generating high-
quality HoBVBs in various integrated optical systems. Our
experiments demonstrated that the fabricated CAsPP generated
HoBVBs carrying different OAMs, with a long focusing range
(50-600 pm). The diameter of the experimental focus deviated
from the calculation by less than 5%. Moreover, the recon-
struction processes after the destruction of focused Bessel OV,
and letters were systematically investigated, demonstrating the
self-healing characteristic.

It is well known that axicons can produce approximate zero-
order Bessel beams with long foci. Furthermore, the logarithmic
axicon (LA) [23] with a logarithmic type surface can inhibit
the divergence angle of traditional axicons when focusing,
thereby obtaining a more uniform intensity distribution on
the focal line. Here the CAsPP was designed by combining the
phases of the LA and SPD, so as to obtain the axial spiral phase
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Fig. 1.  Galvanometer-based femtosecond laser processing system
and calculation process of CAsPP phase distribution. (a) Phase distri-
bution. i, SPP; ii, logarithmic axicon; iii, micro-vortex beam generator.
(b) Schematic of processing system. AOM, acousto-optic modulator;
BE, beam expander; M, mirror; L, lens; CCD, charge-coupled device.

distribution. The phase function of the SPP can be described as
Yspp(r, 0) = exp (i10) . (1)

The forward logarithmic axicon’s phase function can be
written as

(dy —dy)
a=———
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where 7, 0, and / represent the radius coordinate, azimuthal
coordinate, and topological charge, respectively. 4y and d, are
the start and end points of the focal line, and R is the element’s
radius.

The phase function of the CAsPP is obtained by combining
the phase functions of the SPP [Eq. (1)] and LA [Eq. (3)]:

Yeap (7, 0) = Yspp(r, 6) X Yrra(r, ). (4)

The phase information of elements mentioned above is
shown in Fig. 1(a), where i is the phase distribution of the
SPP with a topological charge of one. As the rotation angle
changes from 0° to 360°, the phase changes from —m to 4. ii
is the phase distribution of LA (focusing range: 50-600 pm),
wrapped between 0 and 27 with a phase change of 11.367,
according to Eq. (3). The phase of the CAsPP obtained by
phase superposition is shown in Fig. 1(a) iii. Theoretically, a
focused OV will be obtained at the position of 50 to 600 pm
on the optical axis when a planar light passes through the phase
element.

CAsPPs were prepared by FsSLDW which is a well-known
high-precision 3D machining technology [24-27]. Here
we used a homemade femtosecond laser processing system.
Figure 1(b) displays the optical path. The femtosecond laser
(center wavelength, 780 nm; pulse width, 100 fs; repetition
frequency, 80 MHz) first passes through the acousto-optic
modulator with 70 MHz switching frequency. Next, the beam
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is expanded five times with the beam expander (BE), and then
the beam deflection is controlled via the galvanometer at high
speed. Finally, the beam is focused tightly into the polymer via
using a high numerical aperture (NA) objective lens (Olympus
UPSAPO 60x, NA-1.35, Oil), thereby utilizing the material’s
two-photon absorption (TPA) effect to achieve subwavelength
processing resolution. Meanwhile, the real-time monitoring
system is mainly formed by a yellow light (not absorbed by the
material), a glass lens, and a highly sensitive charge-coupled
device (CCD).

Experimental resin is a new type of organic-inorganic hybrid
polymer [SZ-2080 (IESL-FORTH)] with ultra-low shrinkage
[28]. To improve the TPA effect, a 1 wt. % photosensitizer
4,4-Bis(diethylamino)benzophenone was mingled with the
resin. It is known that the relation between phase and optical
path difference is expressed as

2
Ago:Anb*Tﬂ. (5)

The refractive index of polymerized resin was 1.5, and the test
light wavelength was 633 nm. The refractive index difference
(An) from air was 0.5. Due to the phase wrapping, the phase
change of a single sawtooth ring was 2. According to Eq, (5),
the height of the device was calculated to be 1.266 pm.

Figure 2 shows the fabrication results of CAsPPs (focus-
ing range of 50-600 pm) with different topological charges.
Figure 2(a) exhibits a scanning electron microscope (SEM,
JSM-7500 E JEOL) photos; Fig. 2(b) shows laser confocal
microscopy (LSCM, OLS3000, EVC electronic) 3D images
(45° tiled view). The detailed experimental parameters are as
follows: diameter 80 pum, height 1.266 um, power in front of
the objective lens 15 mw, and scanning speed 0.5 mm/s. The
fabricated device has a complete structure, a good morphology,
and high processing quality. The actual surface profile of the
fabrication (/ = 1) along the horizontal and vertical direction
was extracted and compared with the theoretical design. The
comparison results are shown in Fig. 2(c). The blue and red
lines show the theoretical and experimental results, respectively,
which are basically consistent with each other.

The focus of the OV beam is like a hollow ring due to the
spiral wavefront and phase singularity. A tightly focused laser
creates an optical ring trap that could be used for optical particle
manipulation. The size of the hollow ring related to the topo-
logical charges is an important parameter for optical trapping.
Figure 3(a) exhibits the simulation results of CAsPP energy dis-
tributions (50-600 pm) with topological charges of 1, 2, and 3
in the focus plane (Z = 360 pm). Figure 3(b) is the correspond-
ing experimental results of the energy distributions. Figures 3(c)
and 3(d) show interferograms of the simulation and experiment
in the X-Y plane (slightly in front of the focus plane). A program
based on the fast Fourier transform algorithm was applied to
calculate theoretical results on the MATLAB platform. A coax-
ial interference optical system uses the interference between
a spherical wave and the target beam produced by CAsPPs to
detect the beam’s topological charge information. To further
characterize the energy distributions of focused light fields, we
extracted the energy of the foci along horizontal and vertical
directions. A normalized energy curve is shown in Fig. 3(e).
Besides, Fig. 3(e) iv shows theoretical and experimental focus
diameters at different topological charges. It is worth noting that
the actual diameters of the focused hollow rings with different
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Fig. 2.  Fabrication results of CAsPPs (focusing range of 50—
600 pm) with various topological charges. (a) SEM images. i, / = 1; ii,
/= 2; iii, / = 3. (b) Laser confocal microscopy 3D images. (c) Surface
profile of (b)-iii. The blue and red lines separately correspond to the
theoretical and experimental results, respectively. The illustration
displays the corresponding extraction position of the section profile. i,
horizontal; ii, vertical.

topological charges were 4.11, 6.40, and 9.08 pm, and the cor-
responding theoretical sizes were 4.06, 6.72, and 9.45 pum. The
error between the experimental and simulated diameters was
less than 5%. The experimental results were basically consistent
with the theoretical simulations.

The introduction of LA enables CAsPPs to adjust the posi-
tion and length of the focus, which were limited by preparation
feasibility and peak intensity. To prove the programmable focal
length characteristics of CAsPPs, we manufactured components
with different focal lengths. Figure 4 exhibits the theoretical
and experimental results, wherein (a), (b), and (c) correspond
to CAsPPs with a focal length range of 100-300, 300-500, and
50—600 pm, respectively. In each dotted box, i characterizes the
phase information, and ii shows SEM images of the devices; iii
and iv are the theoretical and test results of the focal light field
energy distributions in the X—Z plane. Meanwhile, as shown in
Fig. 4, the device shows a uniform axial intensity distribution,
which is significant in practical applications [29]. The results
of the experiments matched well with the theoretical designs.
To conclude, the evidence has shown so far that CAsPPs can
indeed produce long circular foci, and the focal length and the
focusing position can be adjusted easily by parameters in Eq. (3).
This provides new insights into optical trapping of irregular
particles such as nanowires, high aspect ratio lithography, and
rapid processing of structured light field based on SLM.

To investigate self-healing properties of HoBVBs and Bessel
letters generated by the CAsPPs, a series of related experiments
were performed. Figure 5(a) displays the corresponding test-
ing setup schematic, in which a He-Ne laser (wavelength of
632.8 nm) was used as a testing light source. The reconstruc-
tions of partially blocked focused OVs and Bessel letters after
different propagation distances were observed. First, three dif-
ferent shapes of barriers, which were obtained by ablating the
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Fig. 3. Numerical simulations and experimental results of CAsPPs
(50—-600 pum) in the X-Y plane. (a) Simulated and (b) measured inten-
sity distributions; (c) simulated and (d) measured interferograms in the
X-Y plane (Z=360 pum). i, / = 1; ii, / = 2; iii, / = 3. (¢) Normalized
energy distributions along horizontal and vertical directions of foci. i,
ii, and iii correspond to (b)-i, ii, and iii. iv shows theoretical and experi-
mental focus diameters at different topological charges.
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Fig. 4. Simulated and experimental axial intensities of CAsPDs.
Intensity distribution in the X-Z plane: focal length range (a) 100-
300, (b) 300-500, and (c) 50-600 pm. i, phase information; ii, SEM
images; iii, simulated and iv, measured energy distribution in the X-Z
plane. (d) Corresponding uniform axial intensity curves (50-600 pm)
of the simulation and the experiment in the Y-Z plane.

microscope cover glass surface with a high-power femtosecond
laser (scanned area for blocking), were placed at the starting
position of focusing in the order of the occlusion area getting
larger. Figure 5(b) illustrates photos of the focused OVs before
being blocked and after being blocked propagating 0, 22.5,
52.5,75,and 112.5 pm. The basic and complete repairs of OVs
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Fig. 6.  Characterization of self—healmg properties. (a) Schematlc
of exploring the self-healing ability of OVs and Bessel letters.
(b) Demonstration of focusing OVs self-healing process under the
obstruction of different light barriers. (c) Reconstruction of Bessel
letter F after being destroyed. i, detecting results before obstruction;
ii—vi, detecting results after obstruction.

were observed after propagating 52.5 and 75 pm, respectively.
In addition, we focused the millimeter-sized mask of the hollow-
out letter F in front of the CAsPP with an objective lens. The
letter information will be loaded on the device’s Fourier plane
after Fraunhofer diffraction, and then the Bessel letter F can
be observed after the objective lens’s Fourier transform [30].
Meanwhile, the reconstruction process of the Bessel letter F
was investigated shown in Fig. 5(c). The destroyed letter F was
successfully repaired after spreading 45 pm. The above results
demonstrate that both the OV and Bessel letter generated by the
CASPP have self-healing properties, which can be utilized for
transferring lossless information.

In summary, we designed and fabricated a novel high-quality
HoBVB generator (CAsPP) with a precise size (diameter of
80 pm, height of 1.266 pm). The device implemented via
FsLDW has a continuous and match-designed surface profile,
which mainly determines the device performance. Optical prop-
erties such as carrying arbitrary OAMs and a long focusing range
(50-600 pm) were demonstrated in both experiments and
simulations, which agreed well with each other. Simultaneously,
the self-healing properties of OVs and Bessel letters generated
by CAsPPs were verified experimentally (successfully repaired
after propagating 45 pum). The HoBVB generator has the
characteristics of simple structure, programmable design, easy
preparation, and high integration. Additionally, it has great
application potential in optical manipulation, quantum coding
communication, structured light field machining, and lossless
information transmission.
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