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Quantitative characterization of autofocusing and trapping of multi-Airy vortex beams
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Abruptly autofocusing vortex beams were proposed for a variety of applications such as optical manipulation,
but their quantitative characterization of their trapping capability remains largely unexplored. In this paper,
we propose a type of autofocusing vortex beams named multi-Airy vortex beams (MAVBs) and investigate
their autofocusing and trapping characteristics theoretically and experimentally. It is found that the autofocusing
performance and trapping ability of MAVBs can be enhanced by adjusting the relevant parameters and increasing
the number of superposed Airy within a certain range. Although the trapping force and trapping stiffness of
MAVBs decrease as the topological charge increases, we found that MAVBs have advantages in capturing and
manipulating large-sized particles in our experiments. In the process of manipulating multiple particles for rota-
tion, the larger the topological charge, the more particles can be rotated simultaneously by MAVBs. Moreover,
the speed and even the direction of rotation can be easily adjusted by controlling the degree of dispersion between
particles. Our work provides a guide to quantitatively exploring the optical trapping capabilities of autofocusing
vortex beams, which may lead to different photonic tools for optical trapping and manipulation.
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I. INTRODUCTION

Since being first proposed in 1986 [1], optical tweezers
(OTs) have been widely applied in various fields such as bio-
science and chemistry [2–4]. Various types of OTs are being
developed for more features or functionalities, for example,
OTs based on structured light [4]. Structured light beams with
customized phase, amplitude, and polarization exhibit unique
properties, such as optical vortices carrying orbital angular
momentum (OAM), which are highly desirable in optical ma-
nipulation. The optical vortex possesses a helical wave-front
structure and acts as an “optical wrench” to rotate the particles
in the OT system. Furthermore, it can form a dark spot in
the beam center during its propagation [5], presenting a huge
potential on reducing photodamage in biomedical applications
of OTs [4,6]. Recently, a new kind of OT was proposed by
introducing and implementing another special structured light
called abruptly autofocusing beams (AAFBs) [7–9]. Without
the help of a lens or nonlinearity, autofocusing beams can be
automatically focused with a much strong focusing intensity,
enabling manipulating particles at low power and reducing
photodamage as well [10].
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To improve the performance of autofocusing beams on
optical manipulation and trapping, various abruptly autofo-
cusing beams were induced with optical vortices [11–13] to
form the so-called “dark beams” such as the circular Airy
vortex beam (CAVB) [11,14,15], Airy Gaussian vortex beam
[12,16–19], circular Pearcey vortex beam (CPVB) [20], and
so on. These types of “dark beams” in OTs not only carry
OAM to rotate particles, but also exhibit the possibility to
reduce photodamage due to their dark optical traps. They are
very valuable in optical manipulations and optical tweezers.
Although previous work has demonstrated these beams can
trap and manipulate particles, quantitatively characterizing
their trapping force and stiffness and further optimizing their
trapping performance lack detailed investigations [15,21,22].

In this paper, we propose a type of abruptly autofocusing
“dark beams,” called multi-Airy vortex beams (MAVBs), and
quantitatively investigate the autofocusing performance and
optical trapping capability of such beams in theory and exper-
iment. Our results show that, with the same incident power,
an increasing superimposed Airy number can enhance the
autofocusing intensity and trapping performance of MAVBs,
but increasing the topological charge number will generate a
weaker autofocusing intensity and trapping force. However,
increasing the topological charge number can help MAVBs
to capture a larger object at the dark center of the beam, as
demonstrated by the power spectra method in experiment. Our
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results present a quantitative understanding of the optical trap-
ping capabilities of autofocusing vortex beams in theory and
experiment, beneficial to different applications for optical ma-
nipulation and optical tweezers. For example, compared with
conventional Guassian beams, OTs generated from MAVBs
produce less photodamage when applied to biomedical re-
search.

II. AUTOFOCUSING CHARACTERISTICS OF MAVBs

In the Cartesian coordinate system, a two-dimensional
(2D) Airy beam at the initial plane can be defined as [7]
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where N represents the number of 2D Airy beams, ϕ j rep-
resents the jth 2D Airy beams, (Xj,Yj ) are the position
coordinates of the main lobes of the jth Airy beams on the x-y
plane, c0 is the transverse offset and l is the number of topo-
logical charges (TCs), and N is the number of superimposed
beams. To explore the influence of the number of the super-
imposed beams and TCs, we first numerically simulate the
propagation of MAVBs [24,25], where α = 0.04, r0 = 50 µm,
c0 = 90 µm. Then we further observe such propagation in
the experimental setup of Fig. 1(a). The setup is similar to
that of Ref. [23]. Finally, we quantitatively characterize the
autofocusing characteristic of the MAVBs in the experiment.

A. Propagation of MAVBs with different superimposed Airy
numbers

Here, we observed the autofocusing propagation of
MAVBs with different superimposed beam numbers N . Fig-
ures 1(b) and 1(c) and Fig. 2(a) show the results of the cases
with N = 4 [Figs. 1(b1)–1(b3)], N = 8 [Figs. 1(c1)–1(c3)],
and N = 12 [Figs. 2(a1)–2(a3)] for comparison. Clearly, the
initial and focal intensity distributions of these MAVBs can
reveal their superposed beam number. All the MAVBs exhibit
similar autofocusing behavior and have the same abruptly aut-
ofocusing positions. Due to the vortex which induces OAM,
the autofocusing propagation of each MAVB goes with a
transversal rotation (see Supplemental Videos 1–3 [26]), and
a hollow pattern is easily formed in the center of the beam
at the focal point. After autofocusing, beams diffract into
their corresponding polygonal patterns which are emptier at
the center. Notably, at the beginning (z = 0 mm), the peak
intensity decreases with the increase of the superimposed
beam number N [Figs. 1(b1), 1(c1), and 2(a1)]. Consequently,
the autofocusing peak intensity of MAVB at the focal point

FIG. 1. Propagation of MAVBs (l = 1) with different super-
imposed Airy numbers N (P = 1W ). (a) Experimental setup for
generating MAVBs: P1 and P2, polarizers; SLM, spatial light mod-
ulator; L, lenses; I, irises; CCD, charge-coupled device. (b) N = 4;
(c) N = 8. (b1) and (c1) and (b2) and (c2) are the intensity distribu-
tions of MAVBs (l = 1, N = 4, 8) in the initial position, and the focal
positions f = 98 mm (N = 4) and 96 mm (N = 8), respectively.
(b3) and (c3) are the side view. The white curve in the middle is
the corresponding intensity distribution curve, and the illustration in
the upper right corner shows the experimental results. The details of
the transmission process can be viewed in Supplemental Videos 1–2
[26].

increases [Figs. 1(b2), 1(c2), and 2(a2)]. For example, here,
when N is set from 4 to 12, the intensity is almost enhanced
one time. Thus, a larger superimposed beam number N can
enhance the peak intensity of the autofocusing ring. The sim-
ulation agrees well with the experiment, as shown in the insets
of the figures.

B. Propagation of MAVBs with different topological charges

Next, we explored the effect of TCs (l) on the propa-
gation of MAVBs. Figure 2 shows the intensity distribution
of MAVBs (N = 8) with different TCs (l = 1, 2, 3) in the
propagation process. As shown in Fig. 2 (see Supplemental
Videos 3–5), the input intensity distributions of MAVBs with
different TCs (l = 1, 2, 3) are the same [Figs. 2(a1)–2(c1)]
but the intensity distributions at other positions are different.
For instance, the central hollow area of the beams at the focal
point becomes wider as a result of large l [Figs. 2(a2)–2(c2)].
Furthermore, the peak intensity at the focal point decreases
significantly when l varies from 1 to 3. That is because
large l causes the power of MAVB is more dispersed and
power distributes at a large donut ring in the focal position.
Thus, the corresponding autofocusing performance decreases
[Figs. 2(a3)–2(c3)]. However, OAM of l empowers the beams
with a rotating force, which is valuable for optical manipula-
tion and especially benefits to optical trapping of big particles.
Furthermore, large l not only can increase the rotation speed
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FIG. 2. Propagation of MAVBs (N = 12) with different TCs.
(a) l = 1; (b) l = 2; (c) l = 3. (a1)–(c1) and (a2)–(c2) are the in-
tensity distribution of MAVBs (N = 12, l = 1, 2, 3) in the initial
position, and the focal positions f = 96 mm (l = 1), 95 mm (l = 2),
94 mm (l = 3), respectively. (a3)–(c3) are the side view. The white
curve in the middle is the corresponding intensity distribution curve,
and the illustration in the upper right corner shows the experimental
results. The details of the transmission process can be viewed in
Supplemental Videos 3–5 [26].

but also slightly reduce the autofocusing length [z = f =
96 mm (l = 1), 95 mm (l = 2), 94 mm (l = 3)]. The corre-
sponding MAVB with a much large l can reach its focal point
more quickly. The above phenomena are also demonstrated in
the experiment, as shown in the insets of Fig. 2.

C. Quantitative analysis of autofocusing on performance
of MAVBs

To quantitatively analyze the autofocusing performance of
MAVBs with different parameters (N , l , α, r0, c0), here, an
autofocusing coefficient K (K = Imax/I0) is defined to rep-
resent the ratio between the maximum light intensity (Imax)
at the focal plane and the maximum light intensity (I0) at
the initial plane. A large K indicates a better autofocusing
performance.

First, the changes of the autofocusing coefficient K with
N under different TCs is presented in Fig. 3(a). Obviously,
increasing N can enhance autofocusing performance because
large N causes a weaker initial intensity peak and stronger
focal intensity under the same incident power. However, when
N increase to a certain value, the autofocusing coefficient K
reaches a maximum and the enhancement of autofocusing
performance stops. Here, after N reaches 12, the K of MAVBs
with different TCs are unchanged at 44.92 (l = 0), 10.87 (l =
1), 5.75 (l = 2), and 3.65 (l = 3). Moreover, from Fig. 2, one
can know the initial intensity is the same for all TCs (l) while
the intensity peak in the focal point decreases with a large l .
Thus, increasing l will weaken the autofocusing performance

FIG. 3. Autofocusing performance of MAVBs (N = 12) with
different parameters. (a)–(d) are the changes of autofocusing co-
efficient K (Imax/I0 ) corresponding to N of MAVBs with different
TCs (l = 0, 1, 2, 3), exponential decay factor (α = 0.02, 0.04, 0.06),
arbitrary transverse scale factor (r0 = 40, 50, 60 µm), and transverse
offset (c0 = 80, 90, 100 µm), respectively.

of MAVBs, as shown in Fig. 3(a). Figures 3(b)–3(d) are the
simulation results of the K varying with N under different α,
r0, c0, respectively. The autofocusing performance of MAVBs
is weakened when α and r0 increase, while the effect of c0

is the opposite. Different from the influence of l on MAVBs
[Fig. 3(a)], the differences between the autofocusing coeffi-
cients K of MAVBs under different α, r0, or c0 are little when
N is small [Figs. 3(b) and 3(c)]. However, these three parame-
ters significantly affect the autofocusing coefficient maximum
when N is large. The autofocusing coefficient maximum goes
up with smaller α, r0, and larger c0.

III. POWER FLOW OF THE 2D MAVBs

The Poynting vector �S represents the electromagnetic en-
ergy per unit area per unit time that passes perpendicular to
the direction of the energy transfer (�S = �E × �H ), and its di-
rection is the direction of the electromagnetic energy transfer.
To better understand the above propagation phenomena of
MAVBs, we simulated the evolution of its transverse Poynting
vector �S⊥ with propagation. At the same time, the transverse
Poynting vector also reflects the transverse scattering force

FIG. 4. The transversal power flow of MAVBs (N = 12) in the
focal position, where the black arrows represent the direction of
energy flow. (a) l = 1; (b) l = 2; (c) l = 3. See Videos 6–8 in the
Supplemental Material [26].

043501-3



LIU TAN et al. PHYSICAL REVIEW A 107, 043501 (2023)

FIG. 5. (a) Experimental setup for trapping and manipulating
particles. Laser, λ = 1064 nm; PBS, polarizing beam splitter; BE,
beam expanders; M, mirror; SLM, spatial light modulator; L, lenses;
BS, beam splitter; CCD, charge-coupled device; Objective, oil ob-
jective [numerical aperture (NA) = 1.25, ×100]; QPD, quadrant
photoelectric detectors. (b) Phase image of MAVBs. BG, blazed
grating.

on the Rayleigh particle [2]. Usually, the transversal Poynting
vector �S⊥ can be expressed as [5]

�S⊥ = i

4η0k
[ψ�⊥ψ∗ − ψ∗�⊥ψ], (4)

where η0 = √
μ0/ε0 is the impedance of free space, �⊥ =

∂
∂x �ex + ∂

∂y �ey, and k = 2π/λ is the wave vector.

Figure 4 shows the distribution of the transverse Poynting
vector at the focal plane, and the black arrows in the fig-
ure represent the direction of energy flow. At the beginning
of the video (Supplemental Videos 6–8 [26]), the transverse
Poynting vector gradually converges to the center in a spiral
way, and reaches its maximum value at the focal point. At this
point, the energy flows neither inward nor outward, but along
the tangent direction of the surrounding hole. Therefore, we
can speculate that the small particles captured by the MAVBs
will rotate around the hole. After the focus, the energy diffuses
outward quickly. For power flow, the direction of the arrow is
related to the positive or negative of the TCs. Here, we only
discuss the case of l > 0, corresponding to a clockwise direc-
tion of power flow. Since the size of the focal ring increases
as the increase of topological charges, the Poynting vector of
MAVBs generally decreases with increasing TCs.

IV. TRAPPING FORCE CHARACTERISTICS OF MAVBs

To further demonstrate the benefits of using MAVBs in
particle manipulation, we constructed a holographic optical
tweezers platform based on MAVBs, as illustrated in Fig. 5(a).
The optical trapping force’s magnitude is generally propor-
tional to the particle’s position deviation from the optical
trap’s center, making the scaling factor (referred to as the opti-
cal trapping stiffness κr) a crucial parameter for characterizing
the beam trapping performance. In our experiments, the parti-
cle’s position information within the optical trap was recorded
using a quadrant photodetector (QPD). Subsequently, we ob-
tained the optical trapping stiffness κr by processing the data
using the power spectrum method [2,27]. Additionally, we
generated a hologram in conjunction with the blazed grating

FIG. 6. The ability of MAVBs to capture single PS microparticles. (a1)–(c1) Experiment: Power spectral density (PSD) maps of single
PS (3 µm red; 4 µm yellow) captured by MAVBs with different topological charges (l = 1, 2, 3) at a power of P = 32 mW. The dashed lines
indicate the position of the fc, and the trapping stiffness κr (κr = fc ∗ 2πγ ) is shown in the lower left-hand corner. (a2)–(c2) Simulation: The
trapping force distribution of MAVBs. The bottom left panel displays the corresponding trapping stiffness κr (κr = dF/dr).
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FIG. 7. MAVBs (N = 12, l = 1) rotate multiple PS (Ds = 1.5 µm) particles. (a)–(g) MAVBs manipulate five PS particles to rotate along
the clockwise direction. (h)–(n) After adjusting the degree of dispersion between particles, the direction of the rotation of particles changes
from clockwise to counterclockwise. See Videos 12–14 in the Supplemental Material [26].

[as shown in Fig. 5(b)], which helped enhance the capture
power to some extent.

A. Trapping force of MAVBs

Figures 6(a1)–6(c1) display the power spectral density
(PSD) of MAVBs (N = 12, l = 1, 2, 3) capturing a sin-
gle polystyrene particle (PS) (P = 32 mW). Based on the
Langevin equation, the corner frequency fc is defined as
fc = κr/2πγ , where γ is the particle friction coefficient (γ =
3πηDs, where η is the viscosity of the solution, and Ds is the
diameter of the particle). The red and yellow lines indicate the
trapped particle diameters of 3 and 4 µm, respectively, and the
dashed lines represent the position of the corner frequency fc.
In Mie regime, the calculation of optical forces can be based
on various approaches such as the generalized Lorentz-meter
theory and Cartesian multipole expansion theory [28,29].
Here, we simulated the trapping force of MAVBs using the
full-wave generalized Lorentz-meter theory and the Maxwell
stress tensor technique [30], as shown in Figs. 6(a2)–6(c2).

Through analyzing both the experimental and simulation
results, we found that increasing the topological charge re-
duces the trapping force and stiffness of MAVBs near the
focal point due to the dispersion of energy. However, when
comparing Fig. 6(a) and Fig. S1 [26], we noticed that MAVBs
(N = 12, l = 1) exhibit greater trapping stiffness than MABs
(N = 12), even though the energy of the latter is more con-
centrated at the focus [Fig. 3(a)]. This suggests that MAVBs
are more stable and advantageous in capturing larger particles.
Two scenarios must be considered when exploring the varia-
tion of trapping force and trapping stiffness with particle size.
If the particle’s size is bigger than the trap ring, the gradient
force will drive the particle to the beam center. The trapping
force increases with increasing particle size, while the trap-
ping stiffness decreases, as shown in Figs. 6(a1) and 6(a2).
When the particle size is smaller than the trap ring, the particle
will be trapped on one side of the trap ring [31]. As the scatter-
ing surface increases with the particle size, the trapping force
and trapping stiffness also increase, as depicted in Figs. 6(b1)
and 6(b2) and Figs. 6(c1) and 6(c2). The diameters of the trap

rings of MAVBs at the focus are approximately 2 µm (l = 1),
3 µm (l = 2), and 4 µm (l = 3). Moreover, considering the
important role of environmental damping forces in optical
vortex trapping, only particles with sufficient damping will
be stably trapped, otherwise they will undergo periodic or
nonperiodic orbital motions [32,33].

B. MAVBs rotate microparticles

MAVBs, being carriers of OAM, offer an additional de-
gree of freedom to manipulate particle rotation. Supplemental
Videos 9–11 [26] demonstrate that MAVBs (N = 12, l = 1)
can control the rotation of single polystyrene particles (PSs)
as long as the capture ring size is larger than the particle
size. Figure 7 shows the process by which MAVBs (N = 12,
l = 1) manipulate the rotation of multiple PS particles (Ds =
1.5 µm). In Figs. 7(a)–7(g), the direction of particle rotation is
consistent with the direction of the transverse Poynting vector
in Fig. 4. The frequent collisions between particles allow them
to transfer OAM, which overcomes the rotation difficulties
caused by the intensity inhomogeneity [34]. Therefore, the
speed of particle rotation can be experimentally regulated
by manipulating the degree of dispersion between particles.
MAVBs with larger topological charges can manipulate larger
and more numerous particles simultaneously.

In multiparticle systems, the particles sometimes exhibit
rotational orbital motion in the opposite direction of the in-
cident helicity, known as negative optical torque. Previous
studies have shown that the negative optical torque phe-
nomenon often appears in multiparticle arrays under the effect
of discrete rotational symmetry and phase delay [35,36]. The
number and size of particles, as well as their arrangement,
can affect the appearance of negative optical torque [35–38].
The degree of dispersion between particles can be adjusted
in the experiment to observe the phenomenon of positive and
negative torque crossing. Figures 7(h)–7(n) show the process
of changing the direction of particle rotation from clockwise
[positive optical torque (POT)] to counterclockwise [negative
optical torque (NOT)] by reducing the degree of dispersion
between particles. The emergence of negative optical torque
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further expands the range of applications of MAVBs in mi-
croparticle manipulation.

V. CONCLUSION

In this paper, we have investigated the self-focusing
propagation dynamics and quantitative capture properties of
MAVBs both theoretically and experimentally. Our findings
reveal that the autofocusing performance of MAVBs can be
improved by increasing the number of superimposed beams N
or decreasing the number of topological charges l . However,
we observed that when N is large, the maximum self-focusing
coefficient K of MAVBs does not significantly change. At this
stage, the self-focusing performance of MAVBs is mainly in-
fluenced by the other three parameters (α, r0, c0). Specifically,
we found that the effect of c0 is positive, while the effect of r0

and α is negative.
Our investigation of the trapping force characteristics of

MAVBs reveals that the trapping stiffness of MAVBs de-
creases with the increase of topological charge when trapping
a single particle, and their trapping force increases with the

increase of particle size. Our experimental results demonstrate
that MAVBs have advantages in capturing large-sized parti-
cles. Furthermore, we observed that by tuning the discrete
degree of particles, not only can the rotation speed be ad-
justed, but also the positive and negative torque crossover can
be observed in the experiment. Overall, our findings open up
the possibility of developing optical manipulation tools based
on abruptly autofocusing vortex beams for various biomedical
applications, such as accessing the deformability of cells and
reducing photodamage on biological samples, as has been
previously demonstrated by other researchers [2,3,39].
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