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Abstract. This study investigates the self-focusing characteristics of a rectangular Airy vortex beam (RAVB)
via phase modulation. Numerical simulations are conducted to examine the influence of modulation parameters,
including linear factor (c), topological charge (l) and wavelength (k) on RAVB self-focusing characteristics.
The focus depth, focus spot size and peak intensity of RAVB can be effectively controlled via the modulation
parameters. Among these parameters, c has the most significant impact on RAVB self-focusing characteristics.
As c increases from 4 to 8, the focus depth changes from 8 cm to 41 cm, while the peak intensity increases to
50 times. Although variations in l and k also contribute to increases in both focus depth and peak intensity,
their effects are relatively minor compared to those of c.
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1 Introduction

The Airy beam has garnered significant attention in the
field of optics due to its unique characteristics, including
self-healing, non-diffraction and self-bending [1–3]. The
Airy vortex beam is notable for carrying orbital angular
momentum (OAM), which can greatly extend its applica-
tion in various fields [4–8]. However, single Airy vortex
beam faces challenges such as non-uniform intensity distri-
bution and low intensity, which limit its application in
efficient particle manipulation [9, 10]. RAVB not only
significantly improves the uniformity of the intensity distri-
bution, but also markedly increases peak intensity. Further-
more, RAVB exhibits a low intensity prior to focusing while
rapidly achieving high peak intensity at the focus plane [11].
These characteristics offer a novel solution to mitigate
potential thermal damage to cells that can arise from
Gaussian beam used in laser medical treatment and laser
cauterization applications [12]. The distinctive characteris-
tics of RAVBs have attracted the attention of numerous
researchers [13–18]. Yixian Qian et al. researched the prop-
agation dynamics of generalized and symmetric Airy beam
[13, 14]. Zhang et al. explored the propagation behavior of
the rectangular symmetric Airy vortex beam within turbu-
lent environments [17]. Wu et al. provided a detailed
analysis of the propagation characteristics associated with
the hollow RAVB [18]. Additionally, some researchers have

investigated the propagation characteristics of the Airy
vortex beam [8, 19–21]. However, to the best of our knowl-
edge, there have been so far no references addressing the
self-focusing characteristics of RAVB.

In this work, the RAVB self-focusing characteristics are
numerically simulated by varying the linear factor (c), topo-
logical charge (l) of phase mask, and the wavelength (k) of
the incident beam. Furthermore, our results demonstrate
that RAVB self-focusing distribution can be controlled by
appropriately selecting c, l and k. It is beneficial for applica-
tions that require laser beams with specialized profiles, such
as beam shaping and microparticle manipulation.

2 Theory

2.1 The generation principle of RAVB

In the normalized space, the angular spectrum /0 for a
k-space Airy beam is given by [18]:

/0 kð Þ ¼ expð�ak2Þ exp i
3
ðk3 � 3a2k � ia3Þ

� �
ð1Þ

Where a represents the attenuation factor, a � 1, so the
higher-order terms of a in equation (1) can be neglected.
The Airy beam can be generated by modulating a Gaussian
beam through a cubic phase mask in a spatial light modu-
lator (SLM) [13, 22–25]. In two dimensions, the cubic phase
f1 can be expressed as:
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f1 ¼ ðx3 þ y3Þ=3 ð2Þ
Where x, y denote the values of the abscissa and ordinate,
respectively. To effectively manipulate particles and achieve
a uniform light spot distribution, the absolute value opera-
tion of the cubic phase is usually performed, and a vortex
phase lh is added. l denotes the topological charge, and h
represents the vortex angle.

A phase-controlled linear factor c is introduced, which
also serves as a scaling factor for both the x and y coordi-
nates. Adjusting c can control the size of the central rectan-
gular region in the phase diagram. A larger value of c results
in a smaller central rectangular region, and vice versa. So, a
rectangular vortex cubic phase f can be expressed as follows:

f ¼ x
c

� �3
����

����þ y
c

� �3
����

����
� �

=3þ l � arctanðx þ iyÞ ð3Þ

Consequently, the angular spectrum / is expressed as:

/ x; yð Þ ¼ exp½�aðx2 þ y2Þ� expðif Þ ð4Þ
A RAVB is performed by a Fourier transform on this
expression /. The optical field distribution at the initial
plane (z = 0) is described by:

w x; y; z ¼ 0ð Þ ¼ 1
2p

Z 1

�1

Z 1

�1
exp½�aðx2 þ y2Þ�

� expðif Þ exp½iðxx 0 þ yy0�dx 0dy0 ð5Þ

2.2 The general transmission situation of RAVB

RAVB not only addresses the issue of non-uniform intensity
distribution but also enhances the beam peak intensity. The
RAVB propagation characteristics of the three-dimensional
space can be simulated using the Fresnel diffraction integral
formula [11]:

w x; y; zð Þ ¼ expðikzÞ
ikz

ZZ
R2
w x; y; 0ð Þ exp½ik

� ðx � x 00Þ2 þ ðy � y00Þ2
2z

�dx 00dy00 ð6Þ

In this study, we set a = 0.01. Where l = 1, k = 632.8 nm,
the RAVB field distribution characteristics at various prop-
agation positions are numerically simulated. Figure 1a illus-
trates the spiral rectangular phase diagram. Figure 1b
presents intensity distribution at the initial plane. RAVB

intensity distribution exhibits a rectangular symmetric
distribution, and each lobe is separated from the others.
Due to OAM carried by the optical vortex, there is a rota-
tion effect on the entire beam, resulting in a hollow focusing
channel formation. Figures 1c–1e depict intensity distribu-
tions at propagation distances of z = 28 cm, 35 cm and
77 cm, respectively.

As the propagation distance increases, the transverse
self-acceleration property of the Airy beam results in a grad-
ual convergence of its four main lobes, and the hollow struc-
ture continuously shrinks. They converge at a single point
at some location (as z = 28 cm), where the peak intensity
achieves its maximum value, we call the corresponding
plane as the focus plane. The focusing effect formed as
the result of Airy beams self-acceleration property is called
as Airy beam self-focusing. The distance between the focus
plane and the initial plane is defined as the focus depth.

As propagation distance continues to increase, the sep-
aration between the rectangular Airy beam and the on-axis
vortex gradually expands. Consequently, the influence of
vortex-carrying energy on the beam diminishes and RAVB
rotational angle decreases. This rotational phenomenon
gradually dissipates as the RAVB propagates. It is notewor-
thy that reformation of the four main lobes occurs while
maintaining an intact structure throughout. Based on
equation (6) and the RAVB transmission characteristics,
it can be known that the focusing characteristics of the rect-
angular Airy vortex beam can be adjusted via c, l and k.
Here, we study the changes in the focusing characteristics
of RAVB via c, l and k.

3 Experiments and simulations

3.1 The influence of phase modulation linear factor (c)
on self-focusing characteristics of RAVB

In the computation of the symmetric cubic phase mask,
c can adjust the dimensions of the central rectangular
region within the phase mask, thereby affecting both
beam’s propagation and self-focusing behavior. We set
l = 2, k = 632.8 nm, Figures 2a1–2a4 depict the rectangular
vortex cubic phase maps which calculated using equation
(3) for c = 4, 5, 6, 8, respectively. Figures 2b1–2a4 and
Figures 2c1–2c4 display the intensity distributions of
RAVB in the initial plane and focus plane, respectively.
Figures 2d1–2d4 present three-dimensional intensity distri-
butions in the focus plane. As depicted in Figure 2, an

Figure 1. Phase diagram and intensity distributions with different distances of RAVB where c = 7, l = 1, k = 632.8 nm.
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Figure 2. (a1–a4) The phase maps. (b1–b4) The intensity distributions on the initial planes. (c1–c4) The intensity distributions
on the focused planes. (d1–d4) Three-dimensional intensity distributions on the focused planes. Where l = 2, and k = 632.8 nm.
(a1–d1) c = 4, (a2–d2) c = 5, (a3–d3) c = 6, (a4–d4) c = 8.
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Figure 3. (a1–a4) The phase maps. (b1–b4) The intensity distributions on the initial planes. (c1–c4) The intensity distributions on
the focused planes. (d1–d4) Three-dimensional intensity distributions on the focused planes. Where c = 8 and k = 632.8 nm, (a) l = 1;
(b) l = 3; (c) l = 5; (d) l = 7.
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increase in the value of c leads to a reduction in the
dimensions of the central rectangular region within the
phase mask. Consequently, the generated RAVB exhibits
a larger spot size at the initial plane. In contrast, at the
focus plane, RAVB dispalys a reduced focus spot size,
an increased focus depth, an enhanced peak intensity, and
a more uniform intensity distribution. Specifically, as
c increases from 4 to 8, the focusing depth increases from
8 cm to 41 cm, and the corresponding peak intensity is
amplified to 50 times.

As c increases, the diminished dimensions of the rectan-
gular structure at the center of the phase mask lead to an
improved beam focusing capability, and energy becomes
increasingly concentrated toward this center. The increase
in focus depth indicates that achieving complete self-focus-
ing for RAVB requires longer propagation distances. This
phenomenon can be primarily attributed to the self-bending
property of Airy beams.

When an Airy beam propagates along the z-axis, its
main lobe follows a parabolic trajectory within the x–y
plane. This trajectory can be described as [25]:

x ¼ k2

16p2x30
z2; y ¼ k2

16p2y30
z2 ð7Þ

The path of this main lobe is influenced by both transverse
scale x0 and wavelength k. For the same self-bending
displacement x, as the transverse scale x0 increases, it neces-
sitates longer propagation distance z. The same holds true
for the y-axis. When generating RAVB through phase
modulation techniques, adjustments to transverse scale are
achieved via c, thereby altering the dimensions of the central
rectangular region within phase mask. Consequently, as c
increases, the dimensions of the central rectangle in the
phase mask decreases, and the focus depth z increases.

3.2 The influence of topological charge (l) on
self-focusing characteristics of RAVB

In this section, we set c = 8, k = 632.8 nm, the rectangular
vortex cubic phase maps calculated using equation (3) are
presented in Figures 3a1–3a4 for l = 1, 3, 5, 7, respectively.
It is observed that l does not affect the area of the central
rectangular region within the phase map, but influences

beam rotation. The number of vortices can be distinctly
identified in these phase maps. Figure 3b1–3b4 depict the
RAVB intensity distributions at the initial plane. The
hollow area of intensity distribution at the initial plane
enlarges as l increases. Figures 3c1–3c4 present the RAVB
intensity distributions at focus planes z = 35 cm, 41 cm,
44 cm and 46 cm, respectively. I0 represents the maxi-
mum value of the light field intensity on the initial surface.
As l increases, RAVB requires a longer propagation
distance to achieve focusing, resulting in a gradual enlarge-
ment of the focus spot size. Figures 3d1–3d4 depict the
three-dimensional intensity distributions at the focus plane.
The peak intensity reveals that the intensity distribution of
the focal spot is notably non-uniform, even as the parame-
ter l varies only minimally.

The beam exhibits an increase in orbital angular
momentum with higher l, which leads to greater energy
dispersion. This phenomenon results in more pronounced
energy spreading during propagation, thereby complicating
the focusing at the focus plane. Due to the self-focusing
capability of the beam during its propagation, this
outward spreading is partially mitigated. Consequently, as
l increases, both the focus depth and the size of focus spot

Figure 4. Intensity distribution on the focused planes of RAVB. Where c = 8 and l = 1, (a) k = 380 nm; (b) k = 457.9 nm;
(c) k = 514.5 nm; (d) k = 632.8 nm.

Figure 5. The focus peak intensity and focus depth varying
with k. Where c = 8 and l = 1.
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also increase. When the value of l is negative, the sign of the
topological charge solely influences the rotational direction
of the beam.

3.3 The influence of wavelength (k) on self-focusing
characteristics of RAVB

When c = 8, l = 1, the values of k are 380 nm, 457.9 nm,
514.5 nm, and 632.8 nm, respectively. The numerical simu-
lation results indicate that the corresponding focus depths z
are 52 cm, 43.5 cm, 39 cm and 35 cm, respectively. Equation
(7) demonstrates that the trajectory of the main lobe is
dependent on k. For a constant self-bending displacement
x, an increase in k, leads to a reduction in the required
propagation distance.

The intensity distributions at the self-focusing plane are
illustrated in Figure 4. As k changes, the area of the focus
spot varies only slightly. The rotation of the focus spot is
quite pronounced at k = 632.8 nm. As the k decreases, the
rotation diminishes, and the focus spot approaches a rectan-
gular at k = 380 nm. Figure 5 presents the curves depicting
both focus depth and focus intensity as functions of wave-
length. The data indicates that focus peak intensity
increases with increasing wavelength. When k is changed
from 100 nm to 800 nm, there is a twofold increase in focus
peak intensity. Notably, this variation ismarkedlymore pro-
nounced within the visible spectrum than in the ultraviolet
range. Changes in focus depth exhibit an inverse relation-
ship with variations in the corresponding peak intensity.
These changes are substantial in the ultraviolet range while
remaining minimal within visible light wavelengths.

4 Results and discussion

The results indicate that variations in c, l and k significantly
influence self-focusing characteristics of RAVB, as detailed
in Table 1.

To achieve a more flexible adjustment of focus depth
while maintaining the uniformity of focus spot intensity,
c is identified as the most suitable adjustment parameter.
The adjustment of c sharply modifies the peak intensity
of RAVB, which is conducive to controlling particles.
Adjustments to l and k also hold significant application
value in some requirements. For instance, where it is
essential to maintain a constant size for the focus spot
while making minor changes to either the focus depth or
peak intensity; this can be accomplished through adjust-
ments to k.

5 Conclusion

In this paper, we present numerical simulations and
analyses based on the principle of phase modulation to
investigate the effects of modulation parameters on the
self-focusing characteristics of RAVB. This research estab-
lishes a theoretical foundation for precisely applying and
manipulating. The controllable self-focusing property is
particularly advantageous for optical lower-NA manipula-
tion micromanipulation. This work provides substantial
guidance for applications in laser medicine, scalable
patterning, and other optical handling techniques that are
independent of polarization.
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