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Bessel beam arrays are highly attractive due to non-diffraction properties, parallel processing, and large capacity
capabilities. However, conventional approaches of generating Bessel beams, such as spatial light modulators, axi-
cons, and diffraction optical elements, suffer from various limitations of system complexity and bulkiness, low
uniformity, and limited numerical aperture (NA). The limited NA imposes constraints on achieving minimal full
width at half maximum (FWHM) of the Bessel beam, ultimately compromising the resolution of the beam. In
this study, we demonstrate a method for generating Bessel beam arrays with regular and random patterns via an
ultra-compact metasurface. This approach integrates the phase profile of an optimized beam splitter with a meta-
axicon. The Bessel beam arrays exhibit subwavelength dimensions of FWHM (590 nm, ~0.91) and relatively high
uniformity of 90% for NA = 0.2 and 69% for NA = 0.4. Furthermore, the method achieves effective suppression
of background noise and zeroth-order intensity compared to methods based on Dammann grating (DG) based
metasurfaces. The proposed method highlights potential applications of Bessel beam arrays in various fields, such

as laser machining, optical communication, and biomedical imaging. ~© 2024 Optica Publishing Group

https://doi.org/10.1364/A0.519840

1. INTRODUCTION

Bessel beams were discovered in the 1980s by Durin while
solving the free-space Helmholtz equation [1], and have since
garnered widespread attention due to unique properties, such as
non-diffraction and self-reconstruction [1,2]. Unlike conven-
tional Gaussian beams, non-diffracting properties allow them to
maintain the shape and intensity profile over a longer distance.
Bessel beams also have self-reconstruction properties, which can
reform the shape after encountering obstacles. Furthermore,
Bessel beams have smaller beam waists than Gaussian beams,
which leads to higher spatial resolution and reduced scattering,.
In particular, Bessel beam arrays composed of multiple Bessel
beams have parallel processing and large capacity capabilities.
To date, Bessel beams have proven to be valuable tools in a
wide range of applications, such as photolithography and laser
processing [3], microscopy imaging [4], biomedical applica-
tions [5], particle trapping [6], and radar and LiDAR imaging
[7,8].

Conventional methods for generating Bessel beams, such
as axicons [9], spatial light modulators (SLMs) [10,11], 3D
phase plates [12], holographic screens [13], diffractive opti-
cal elements [14], and computer-generated holograms [15],
suffer from various limitations such as system complexity and
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bulkiness, low beam uniformity and efficiency, limited depth of
focus (DOF) and NA, which have severely impeded the efficient
integration and miniaturization of optical devices. For exam-
ple, when employing the SLM to generate a Bessel beam array,
the SLM needs to be divided into subregions that can provide
multiple axicon phase distributions, and the objective lens must
be precisely paired with an annular aperture [16]. However, this
approach suffers from poor imaging efficiency. Moreover, the
energy distribution in the array can exhibit drastic reduction of
uniformity, and in the event of any mismatch between the objec-
tive lens and aperture will result in a significant deterioration of
the array pattern.

Metasurfaces, consisting of artificially engineered ultra-
thin planar structures with subwavelength feature sizes, have
attracted significant attention in recent years due to the ability
to precisely control the phase, polarization, amplitude, and
frequency of incident electromagnetic waves at subwavelength
scales [17-19], driving the development of ultra-compact
nano-photonics systems. Nano-coding technology based on
metasurfaces has provided a new design approach for the ultra-
thin, miniaturized, and device integration of Bessel beams. In
terms of single Bessel beam generation, Chen ez al. generated
meta-axicons with a high numerical aperture by using TiO,
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nano-fins with height of 600 nm, capable of producing Bessel
beams with different orders [20]. However, the high aspect
ratio (10:1) presented the challenge for large-scale micro-nano
fabrication. Wang ez al. efficiently generated non-diffracting
Bessel beams by using a single-layer and grounded dielectric
substrate with a metallic patch consisting of a square and a ring
part [21]. Nevertheless, the unit-cell period was 15.68 mm and
only worked in the 5.8 GHz frequency band. Other techniques
such as dielectric meta-walls [22], plasmonic metasurfaces [23],
and catenary nanostructures [24] have also been employed to
generate Bessel beams, yet face problems of low efficiency and
uniformity.

Based on the theoretical and experimental research of single
Bessel beams, researchers have further explored generating
Bessel beam arrays using metasurfaces. Chen ez a/. proposed a
multifocal axicon metalens to generate the Bessel beam array by
placing four nano-pillars of different sizes and rotational direc-
tions (maximum aspect ratio of 9:1) within a single unit cell,
achieving a 2 x 2 Bessel beam array [25]. However, increasing
the number of focal spots is quite challenging for fabrication,
as it requires adding more nano-pillar structures within a sin-
gle unit cell. To increase the density and uniformity of focal
spots, researchers have considered utilizing Dammann gratings
(DGs) in generating Bessel beam arrays. Lin er a/. integrated
the phase-mask function of DGs and axicons, and utilized
Huygens metasurfaces composed of cylinder nano-posts to
achieve the 5x5 Bessel beam array at a wavelength of 780 nm
[26]. Nevertheless, this method is unable to produce subwave-
length Bessel beams, with low NA of 0.0195 and full width
at half maximum (FWHM) of approximately 1600 nm, and
the much higher zeroth-order intensity results in poor beam
uniformity of 42.15%. Chen et al. improved the uniformity
of Bessel beam arrays by optimizing the unit-cell size of DGs,
achieving relatively high uniformity (approximately 52%) at
NA = 0.4, thus improving the resolution and imaging quality of
the array at subwavelength scales [27]. The uniformity and high
spatial resolution of Bessel beam arrays are critically important
for various applications including optical lithography, laser
processing, optical manipulation, and microscopy imaging.
Therefore, achieving ultra-thinness, high uniformity, and device
integration of Bessel beam arrays is a significantand urgent task.

In this study, we demonstrate a novel method to enhance
the uniformity of Bessel beam arrays using an ultra-compact
Pancharatnam—Berry (PB) phase metasurface. This approach
integrates the phase profile of an optimized beam splitter with a
meta-axicon. The illustration diagram of the proposed nanos-
tructure all-dielectric metasurface is shown in Fig. 1. Leveraging
the known symmetry properties of the Bessel array, we enhance
uniformity and average intensity through optimization and
restriction of the initial random phase and updated recovery
phase during the iteration process. Based on metasurfaces of
silicon nanopillars on glass substrate, we implement the gener-
ation of a Bessel beam array with a 4 x 4 regular pattern, and
triangular and random patterns. These arrays exhibit subwave-
length dimensions of FWHM (590 nm, ~0.91) and relatively
high uniformity of 90% for NA = 0.2 and 69% for NA = 0.4.
Importantly, our method achieves effective suppression of
background noise and zeroth-order intensity compared to
methods based on Dammann grating (DG) based metasurfaces.
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Fig. 1.  Illustration of the proposed metasurface via phase
integration for Bessel beam array.

Furthermore, by incorporating a compensation phase from a
Gaussian light source, we enable the focusing of the VCSEL
incident beam onto the metasurface through phase control,
eliminating the need for a conventional collimating lens. This
facilitates ultra-compact monolithic integration with commer-
cial VCSELs. We anticipate that our proposed method will shed
light on the potential applications of Bessel beam arrays across
diverse fields. From laser machining, optical alignment, and
optical communication to biomedical imaging and multiplex
imaging, the ultra-compactness, enhanced uniformity, and
resolution offered by our methodology open new avenues for
exploration and innovation.

2. PHASE PROFILE DESIGN AND GENERATION
OF BESSEL BEAM ARRAY

Bessel beams are a particular class of solutions to the free space
Helmholtz wave equation, which exhibit non-diffraction
behavior along the z-axis. The field distribution of Bessel
beams in this direction can be mathematically expressed using
cylindrical coordinates (r, ¢, z), where the intensity profile is
characterized by the Bessel functions of the first kind:

E(r, ¢, 2) =A-exp(ik,) - J,(k;), (1)

assuming that A is the amplitude of the field, and 4, and &, are
the longitudinal and transverse wave vectors, respectively, which
satisfy the equation \/£2 + k2 = k, where £ is the wave vector.
According to Eq. (1), Bessel beams have transverse intensity
profiles independent of the z coordinate, resulting in non-
diffraction properties. The ideal Bessel beam carries infinite
energy, while in practical approximations, an axicon phase is
utilized to achieve the generation of zeroth- order Bessel beams.
The phase profile of the meta-axicon for generating zeroth-order
Bessel beams can be expressed as

2
(p(x,y)=2n—)\—n'\/x2+y2-NA, (2)
d

where A, is the wavelength of the light, NA is the numerical
aperture, and /x2+ y2=r (r is the radial coordinate). In
order to generate the high-order Bessel beams, we need to add a
term of azimuthal angle & = atan(y/x), which represents the
vortex phase, accordingly expressed as

2
(p(x,y)=27t—A—n~\/x2+y2~NA+nd>, (3)
d

where 7 is the topological charge number (the order of Bessel
beams).
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In this study, we integrate the phase profile of a meta-axicon
with a beam splitter via an optimized phase retrieval algorithm
based on the iterative Fourier transform algorithm (IFTA) to
generate Bessel beam arrays with enhanced uniformity. IFTAisa
representative class of iterative methods for phase retrieval that
can generate pure phase holograms. One of its distinguishing
features is the recursive Fourier transform and updating process
that iterates between two planes. Gerchberg and Saxton utilized
it for phase extraction [28] and afterwards it became the most
widely used method in the field of iterative holography algo-
rithms. The IFTA algorithm is based on the principle of iterative
amplitude and phase retrieval by enforcing the constraints of
amplitude and phase in both Fourier domains until a satisfac-
tory solution is reached. This algorithm iteratively propagates
the input field to the output plane by Fourier transform, adjusts
the amplitude and phase constraints in the Fourier domain, and
then propagates the modified field back to the input plane. This
process is repeated until convergence is achieved.

Next, the in-depth analysis of the process to design a diffrac-
tive optical element (DOE) that yields the desired intensity
distribution in the focal plane will be conducted. The following
equation mathematically represents the complex amplitude of

the inputlight field 7 (x, y) of the phase-only DOE:
I(x,y) = Ein(x, y) exp [ig(x, y)], (4)

in which E;,(x, y) denotes the complex amplitude of the inci-
dent lightand exp[7¢(x, y)] is the transmission function of the
DOE with phase distribution ¢(x, y). Similarly, the complex
amplitude F(x', y) of the output light field in the focal plane is

presented as

F(x',y) =0 (x, y') explivr (x, 5") ]

ik . o0
= 2nfexp(z/ef)//_ool(x,y)

X exp [z’/e (xx’ —I—yy/)] dxdy, (5)

where O(x’, y") and ¥ (', y’) represent the desired amplitude
and phase distribution in the output focal plane, respectively,
and £ is the wave vector (k =2m /A). Accordingly, the desired
target intensity distribution in the focal plane Io(x', y) is
expressed as

L' y)=|F(', y)|) =] o,y (6)

Therefore, solving the equation above is a requisite step
towards designing the phase profile of the DOE.

In the process of solving the integral equation via IFTA, an
initial random phase is required as an input, and the phase is
iteratively inferred based on the reconstructed target amplitude.
Therefore, the selection of the initial phase can drastically affect
the convergence speed and accuracy of the algorithm. In this
study, we combine the phase profile of a beam splitter with a
meta-axicon to realize the generation of Bessel beam arrays.
The objective of the beam splitter phase is to implement the
regular Bessel beam array with uniform intensity and central
symmetry features in the focal plane. Consequently, we propose
an improved optimization and restriction method for both
the initial and iterative updating phases by leveraging the prior
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information of the symmetry property of the Bessel beam array
target distribution. This approach can expedite the algorithm
convergence and enhance the accuracy of the recovered phase in
comparison with conventional random iterative phase. The pro-
posed optimized phase retrieval algorithm based on modified
IFTA (MIFTA) for generating uniform and symmetry intensity
distribution is as follows.

Step 1. Set initial input phase ¢;(x, y) randomly from 0 to
27 with iteration number of 7, and reset the initial input phase
Qi(x, 7) = @i wi(x, 9) + @i wilx, y) ", where g, yi(x, y) is the
lower or upper triangular portion of ¢; (x, y), and ¢; 4i(x, y) r
is the corresponding transposed matrix.

Step 2. Utilize the fast Fourier transform to calculate the com-
plexamplitude F;(x’, y') of the focal plane in Eq. (5).

Step 3. Replace the amplitude of calculated F;(x’, y’) with
desired amplitude distribution O(x’, y’) and reset the complex
amplitudeas F/(x', y') = O(x', y') - F;(x', y") /| F;i(x", y")|.

Step 4. Utilize the inverse fast Fourier transform to calculate
the updated complex amplitude 7/, (x, y) of the input DOE
plane in Eq. (6), and calculate the corresponding DOE phase
@iy (x, y) =arg[ L] (x, )]

Step 5. Reset the calculated estimated phase ¢/ (x, y) =
Vi1 )+ 01 w(x, ) g

Step 6. Calculate the amplitude distribution error
with respect to the desired amplitude distribution by
e;=|0*x', y") — Fl.z(x/, |-

Step 7. Determine whether ¢; and iteration number 7 have
reached the setting threshold; if so, terminate the algorithm to
obtain the reconstructed beam splitter phase profile. Otherwise,
return to Step 2 and repeat the iteration process.

We set a desired target intensity distribution that consists
of a4 x 4 uniform dot array as illustrated in Fig. 2(a) to verify
the feasibility of the proposed algorithm. The phase recon-
struction is performed using both IFTA and MIFTA with
200 iterations to calculate the reconstructed intensity distri-
bution in the focal plane. By exploiting the symmetry of the
target intensity distribution as prior information, the MIFTA
method imposes constraints on the phase updates to enforce
diagonal symmetry during the iterations, which enhances the
reconstruction performance in terms of a higher probability
of obtaining superior reconstruction results. The variations of
the average intensity and non-uniformity of the reconstructed
target array with respect to the iteration number are shown
in Fig. 2(b) and Fig. 2(c), respectively. The non-uniformity is
defined as [max(/,) — min(Z/,)max(Z,) + min(Z,)], where 7,
is the intensity of the reconstructed target array, and max(/,)
and min(/,) are the maximum and minimum intensity among
all the target, respectively. The converged average intensities and
non-uniformity of the reconstructed target array via IFTA and
MIFTA are 0.949/0.0569 and 0.9922/0.0070, respectively. The
simulation results indicate that MIFTA outperforms IFTA in
terms of reconstruction accuracy, while the convergence speed
is slightly slower. It is worth noting that the randomness of the
initial phase will result in different upper limits of reconstruc-
tion accuracy for two different algorithms, so it is indispensable
to repeat the entire iterative process multiple times to obtain the
optimal phase reconstruction result.
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Fig. 2. Comparison of IFTA and MIFTA calculation methods.
(a) Desired target intensity distribution. (b), (c) Average intensity and
nonuniformity of reconstructed target array via IFTA and MIFTA,
respectively.
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Fig. 3. Phase distribution of 4 x 4 beam splitter corresponding to
DG and MIFTA calculation methods. (a), (b) Phase distribution unit
calculated via DG and MIFTA, respectively. (c), (d) Extended phase
distribution calculated via DG and MIFTA, respectively.

Additionally, we can further flexibly extend the application
scope and approach of the proposed algorithm, which fun-
damentally relies on the practical prior information of target
features. For instance, if the target distribution exhibits a sparsity
feature as prior information, classical imaging reconstruction
algorithms for compressive sensing, such as the orthogo-
nal matching pursuit (OMP) [29] algorithm and complex
approximated message passing (CAMP) [30] algorithm, can
be considered and incorporated into the phase retrieval algo-
rithm to further enhance the accuracy of reconstruction results.
Here, we refrain from extensively elaborating on the expanded
algorithm, which is beyond the main scope of this study.

We calculate the optimized phase distribution of the beam
splitter via MIFTA as shown in Fig. 3(b), which can generate
a4 x 4 Bessel beam array in the focal plane. As a comparison,
phase distribution of the 4 x 4 beam splitter using a con-
ventional (0, w) binary DG [31] is also designed, as shown
in Fig. 3(a). The phase distributions of the beam splitter are
extended periodically as shown in Figs. 3(c) and 3(d), cor-
responding to DG and the proposed MIFTA calculation
methods.

By integrating the calculated phase profile of the beam split-
ter @ps(x, y) with the meta-axicon for generating Bessel beams
in Eq. (3), the total phase profile for generating the Bessel beam

array is derived as

21

Potal (%, y) =27 — o Va2 4+ 32 - NA+ 2D + ¢ps(x, y).
d

(7)

Based on the above equation, the total phase distribution
for generating a 4 X 4 zeroth-order Bessel beam array utilizing
DG and MIFTA methods is calculated. When NA = 0.2, the
total phase distributions based on DG and MIFTA methods are
shown in Fig. 4(a) and Fig. 4(b), respectively. Similarly, when
NA = 0.4, the total phase distributions of the two methods are
shown in Figs. 4(c) and 4(d).
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Fig. 4. Total phase distribution for generating 4 x 4 zero-order
Bessel beam corresponding to DG and MIFTA calculation methods.
(a), (b) Total phase distribution calculated via DG and MIFTA with
NA = 0.2, respectively. (c), (d) Total phase distribution calculated via
DG and MIFTA with NA = 0.4, respectively.

Moreover, by adding the compensation phase term of the
Gaussian light source, the emitted light of VCSEL can be
focused onto the metasurface through phase control without
the need for a conventional collimating lens, so as to realize
the ultra-compact monolithic integration with commercial
VCSELs [32]. The total phase profile for generating Bessel
beam arrays with a compensation phase for a VCSEL source is
denoted as

(péotal(x’ )’) = (ptotal(x s )’) + Pcompensation (X s )’)s (8)

where Pcompensation (X, }/) = /e(xZ + _yz)/(ZR(Z))r in which
k= nlzT” is the wavenumber of the VCSEL source in the
substrate material, 7; is the refractive index of the substrate
material, A is the wavelength of the VCSEL source, and R(z)
is the curvature radius of the VCSEL source emitting on the
surface of the substrate.

3. DESIGN OF PB PHASE BASED
METASURFACE FOR BESSEL BEAM ARRAYS

In this section, we utilize the calculated total phase distribution
from the above section, to implement the encoding of the PB
phase based metasurface. The diagram of the unit cell is illus-
trated in Fig. 5(a), which consists of a single-layer amorphous
silicon cuboid nanorod with the rotation angle 6 placed on
the fused silica substrate. According to the basic principle of
PB phase [33], the total phase distribution @uni(x, y) can
be encoded by phase modulation utilizing nanorods with the
same length (L), width (W), and height (H) with diverse rota-
tion angles 6(x, y). For example, when the incident light is
left-handed circular polarization (LCP), the PB phase meta-
surface can modulate the phase by adjusting the rotation angle
O(x, y) of the nanorods to generate right-handed circular
polarization (RCP) light with a geometric phase ¢ (x, y), where
O(x,y)=1/2-¢(x, y). Thus, the rotation angle 6(x, y) of
the nanorods in the range of 0°~180°0n the incident plane
corresponds to the transmitted geometric phase ¢(x, y) in
the range of 0-360° on the output plane. The lattice constant
P=250nm, and a set of geometric parameters with high
polarization conversion efficiency, including H =300 nm,
L =135 nm, and W = 85 nm, is chosen for incident light with
630 nm wavelength. Based on the total phase distribution for
generating the 4 x 4 Bessel beam array via DG and MIFTA
methods shown in Fig. 4, the parameters of the metasurface
are calculated utilizing phase-to-rotation-angle conversion
encoding. The top view of a portion of the designed metasurface
is shown in Fig. 5(b). Regarding the fabrication process, the
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Fig.5. (a) Unit cell of the proposed metasurface and (b) schematic

diagram of the designed metasurface, which consists of single-layer
array of amorphous silicon nanorods placed on the fused silica sub-
strate with same length L, width W, and height H while diverse
rotation angles 6.

designed metasurface can be fabricated using conventional elec-
tron beam lithography (EBL) coupled with an etching process,
thereby validating the practicality and viability of the proposed
method. In practical applications, a prevalent method to gener-
ate circularly polarized light involves manipulating a collimated
beam from a conventional laser source. This can be achieved
by combining a linear polarizer with a quarter-wave plate. By
orienting the quarter-wave plate at a 45° angle with respect to
the polarization direction of the linear polarizer, a circularly
polarized beam can be generated. Subsequently, this incident
light can be used to perpendicularly illuminate the metasurface.

Finite difference time domain (FDTD) software (Lumerical
Inc.) is used to calculate the light field intensity distributions
of the Bessel beam array based on DG and MIFTA methods
with NA = 0.2 and 0.4, which are shown in Fig. 6 and Fig. 7,
respectively. For NA = 0.2, Figs. 6(a) and 6(c) present the trans-
verse intensity distributions in the x-y plane corresponding to
DG and MIFTA methods, respectively, whereas Figs. 6(b) and
6(d) present the longitudinal intensity distributions in the x-z
plane of the two methods. The theoretical calculation formula
for the depth of focus (DoF) of the zeroth-order Bessel beam is
given by DoF = D/2 tan(asin(NA)), where D is the diameter
of the metasurface. It can be derived that the non-diffraction
propagation distance can be increased by enlarging the size of
the metasurface and decreasing NA. For NA = 0.2, the theo-
retical DoF is calculated to be 117.58 pm, and the experimental
DoFs corresponding to DG and MIFTA methods are 115 um
and 117 pum, respectively, which are in good agreement with
theoretical values. Furthermore, the intensity profiles at the
position of white dashed lines in Figs. 6(b) and 6(d) are extracted
and plotted in Figs. 8(a) and 8(b). The calculated nonunifor-
mities for DG and MIFTA methods are 0.1479 and 0.0999,
respectively. The MIFTA method exhibits better suppression of
background noise and central zeroth-order intensity with higher
uniformity, resulting in better imaging quality. For a zeroth-
order Bessel beam, the theoretical value of FWHM is given
by FWHM =2.25/k, = 1.13 pm, where A =21 - NA/A
[20], and the experimental FWHMs corresponding to DG and
MIFTA methods are approximately 1.11 pm and 1.10 pm,
respectively.

Similarly, when NA = 0.4, Figs. 7(a) and 7(c) present the
transverse intensity distributions in the x-y plane corresponding
to DG and MIFTA methods, respectively, whereas Figs. 7(b)
and 7(d) present the longitudinal intensity distributions in
the x-z plane. The theoretical value of DoF is 54.99 pm with
NA = 0.4, and the experimental DoFs corresponding to DG
and MIFTA methods are 48 pm and 53 pm, respectively,
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Fig.6. Intensity distributions of the Bessel beam array based on the
DG and MIFTA methods with NA = 0.2. Transverse intensity distri-
butions in x-y plane corresponding to (a) DG and (c) MIFTA methods.
Longitudinal intensity distributions in x-z plane corresponding to

(b) DG and (d) MIFTA methods.

50

35 40 45 50

2 (um)

Fig.7. Intensity distributions of the Bessel beam array based on the
DG and MIFTA methods with NA = 0.4. Transverse intensity distri-
butions in x-y plane corresponding to (a) DG and (c) MIFTA methods.
Longitudinal intensity distributions in x-z plane corresponding to

(b) DG and (d) MIFTA methods.

which are reasonably close to the theoretical value. Moreover,
the intensity profiles at the position of white dashed lines in
Figs. 7(b) and 7(d) are extracted and plotted in Figs. 8(c) and
8(d), and the calculated nonuniformities for DG and MIFTA
are 0.4922 and 0.3072. Additionally, the theoretical FWHM
for NA=0.4 is 0.565 pm, and the experimental FWHMs
corresponding to DG and MIFTA methods are approximately
0.5686 pmand 0.5897 um, respectively.

It is noteworthy that the increasement of NA from 0.2 to
0.4 results in distortion at the edges of the Bessel beam array,
leading to a significant decrease in imaging quality due to the
imprecision of the beam splitter phase resulting from the limited
number of nanorods within a single period. The imaging quality
under high NA conditions can be improved by appropriately
increasing the number of nanorods within a single period,
i.e., increasing the period size. Utilizing the similar approach,



Research Article

(@ 1 (b) 1
£o0s8 £os8
= =
k! k!
Z 06 Z 06
3 3
g 1
2 04 \ £ 04
g g
£ £
el 2, Aol
0 0 /
20 -0 0 10 20 20 -0 0 10 20
x (um) X (um)
© 1 @ 1
£08 Z08
z z
k! 2
Z 06 E 06
= =
3 g
= 0.4 S04
£ g
502 kv $ 02 w J
Z 0. 2o \
ﬁwﬂ V\/\N\J MW o I
(5 -0 s 0 s 10 15 (5 -0 s 0 s 10015
X (pm) X (pm)
Fig. 8. Intensity cross profiles with NA =0.2 corresponding to

(a) DG and (b) MIFTA methods; and NA = 0.4 corresponding to

(c) DG and (d) MIFTA methods.
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Fig. 9. Light field transverse intensity distributions of the Bessel

beam array in the x-y plane with (a) triangular pattern and (b) random
pattern.

light field intensity distributions of the Bessel beam array in
the x-y plane with a triangular pattern and random pattern are
shown in Fig. 9. In general, theoretical analyses and experi-
mental results demonstrate good agreement, and the proposed
method shows superior performance in evaluation aspects such
as DoF, uniformity, as well as suppression of background noise
and central zeroth-order intensity. Table 1 summarizes the
comparison of this work and previous related work for Bessel
beam array generation based on metasurfaces, and shows the
superiority of our work including the maximum aspect ratio of
the metasurface unit, subwavelength dimension of FWHM,
and uniformity.
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4. CONCLUSION

In this study, we proposed a novel method for generating
enhanced uniformity of a non-diffraction 4 x 4 Bessel beam
array as well as triangular and random pattern arrays via an
ultra-thin and compact metasurface using the MIFTA phase
retrieval method. Simulation results verified the effectiveness
with a subwavelength dimension of FWHM (590 nm, ~0.91)
and relatively high uniformity of 90% for NA = 0.2 and 69%
for NA = 0.4 of Bessel beam arrays, which demonstrate good
agreement with theoretical analysis. The proposed method
presents superior performance in evaluation aspects such as
DoF, uniformity of beam arrays, suppression of background
noise, and central zeroth-order intensity compared to the
DG based method. The proposed method has potential for
widespread applications in the field of non-diffractive beam
array generation with ultra-thin and compact characteristics and
suitability for high integration, promoting miniaturization and
multifunctionality of optoelectronic devices and systems.
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