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We numerically and experimentally demonstrate that a three-Airy autofocusing beam can be generated by superposing
three deformed two-dimensional (2D) Airy beams with a triangle symmetry. When the initial angle between two wings of
the deformed 2D Airy beams increases, such a three-Airy autofocusing beam exhibits that the focusing length decreases
and the intensity contrast at the focal point changes. Moreover, after introducing an optical vortex phase, this three-Airy
autofocusing beam displays a transverse rotation in propagation. The rotation angle is determined by the topological charge
of the vortex and the initial wing angle. Our results may have some potential applications in optical manipulation.
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1. Introduction

Accelerating optical beams, represented by Airy beams,
have attracted a lot of attention due to their unique prop-
erties including self-acceleration, self-reconstruction, and
non-diffraction.[1–3] They have been used in various ar-
eas including optical micromanipulation,[4,5] filamentation,[6]

light bullets,[7] optical routing,[8] imaging,[9–13] guiding
discharges,[14] and material processing.[15] Triggered by the
prosperity in optics, accelerating wave-packets were continu-
ously realized in other wave systems such as plasmons,[16–18]

acoustic waves,[19] electronic beams.[20]

In these different classes of applications, a special family
of accelerating beams, namely, abruptly autofocusing (AAF)
beams, plays an important role because of their autofocusing
property.[21–27] The peak intensity for each of these beams al-
most is maintained at a constant level during early propaga-
tion, yet at a particular distance it abruptly increases by several
orders of magnitude.[23–27] In general, the AAF beams are pro-
duced from radially symmetric Airy beams. In order to better
control the autofocusing properties, many other methods were
developed.[22–27] One can synthesize the AAF via a superpo-
sition of multiple one-dimensional (1D) or two-dimensional
(2D) Airy beams distributed around a circle. Their autofo-
cusing propagation is thus readily changed by engineering the
lateral accelerations of the combining Airy beams. In these
approaches, standard 2D Airy beams, for each of which the
tangle between their two wings is the same, are employed.

Recently, it was shown that the acceleration of 2D Airy beam
changes with the angle between their two wings,[29–31] thus of-
fering us an additional degree of freedom to control the AAF.
Here, we propose a new kind of AAF beam via superpos-
ing three deformed 2D Airy beams with a triangle symmetry.
Propagation dynamics of this new kind of AAF beam, namely,
three-Airy autofocusing beam is investigated theoretically and
experimentally. It is found that the three-Airy autofocusing
beam definitely shows a focusing propagation and its focusing
length varies with the angle between two wings of the super-
posing 2D Airy beam. Moreover, by engineering the phase
profile of three-Airy autofocusing beam via a vortex structure,
we can make the beams have a rotation. This rotation can be
controlled by varying the topological charge of vortex struc-
ture and the initial wing angle. Our results will be very valu-
able for the optical manipulation.

2. Theoretical and experimental method
In the paraxial condition, the intensity distribution of a

three-Airy autofocusing beam at different propagation posi-
tions can be defined as a sum of three 2D Airy beams

I (x,y,z) = ∑
m

Im (x,y,z),

Im (x,y,z) =
exp(ikz)

iλ z

∫∫
R2

ϕm (x,y)

× exp

[
ik
(x− x′)2 +(y− y′)2

2z

]
dx′dy′,
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ϕm (x,y,z) = Ai(s1m)Ai(s2m)exp(as1m +as2m) ,

snm = (−1)n cos(θ/2)x/r0− sin(θ/2)y/r0 + c0,

θ = (−1)m−1
θ0 +(−1)n−1 (m−1)2π/3,

n = 1,2, m = 1,2,3, (1)

where Ai(·) represents the Airy function, θ is the angle be-
tween two wings of each superposed 2D Airy beam, r0 de-
notes an arbitrary transverse scale, sn expresses a dimension-
less transverse coordinate and a is an exponential decay factor,
c0 refers to the initial position of superposed 2D Airy beam, λ

is the wavelength, and k = 2πn/λ (n is the refractive index) is
the wave number. Specifically, a = 0.04, r0 = 20 µm, c0 = 1,
λ = 632.8 nm, θ = 75◦, 90◦, 110◦ are adopted in this work.

In experiment, we employed a setup similar to those in
our previous work[29–31] to generate a three-Airy autofocus-
ing beam (i.e., via Fourier transforming a proper phase), as
schematically shown in Fig. 1. The phase mask was obtained
by summing three spectral phases associated with each 2D
Airy beam, and was imposed on a spatial light modulator
(SLM). Then, a linearly-polarized light (λ = 632.8 nm) illu-
minating on the SLM was modulated and further shaped into
the AAF beams in the focal plane of a lens through a Fourier
transformation. The propagation of the three-Airy autofocus-
ing beam was monitored by scanning a CCD camera.

3. Results and discussion

Figures 1(b)–1(d) show side views of propagation for

three-Airy autofocusing beams with θ = 75◦, 90◦, and 110◦,

respectively. Figures 2(a)–2(c) show snapshots of the corre-

sponding beam patterns of these beams at different propaga-

tion positions. At the input, the three 2D Airy beams are

separated and have a distribution of threefold symmetry (see

Figs. 2(a1)–2(c1)]. During propagation, they accelerate to-

wards the center (see Figs. 2(a2)–2(c2)) and meet together at

a certain propagation position (see Figs. 2(a3)–2(c3)), lead-

ing to a sharply focusing point and a large intensity enhance-

ment. After the focusing point, they still propagate indi-

vidually and do not affect their self-accelerating and non-

diffracting propagation. Generally, after a longer propagation

from the focal point, the whole three-Airy autofocusing beam

starts to decrease in peak intensity, and its central main lobe

gradually splits into three weaker subsequent main lobes (see

Figs. 2(a4)–2(c4)). Then, an inverted triangular profile forms

(see Figs. 2(a5)–2(c5)). As a result of the interference of three

superposed 2D Airy beams, some new sidelobes appear among

the subsequent main lobes. In the end, the three-Airy autofo-

cusing beam shows a hexagonal shield shape (see Fig. 2(a6)–

2(c6)).
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Fig. 1. (a) Schematic diagram of experimental setup, with L denoting lens, BS: beam splitter; SLM: spatial light modulator; sideview of 30-mm propagations
of three-Airy autofocusing beams with different angles θ between two wings of each superposed 2D Airy beam: (b) 75◦, (c) 90◦, and (d) 110◦. Insets in
panels (b)–(d) show phase masks corresponding to θ = 75◦, 90◦, 110◦. The white dashed curves trace out Eq. (2), indicating trajectories of upper main lobes
of three Airy autofocusing beams.
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Fig. 2. Simulation results of beam transverse intensity patterns of three-Airy autofocusing beam with different initial wing angles: (a) θ = 75◦, (b) θ = 90◦,
(c) θ = 110◦ at different propagation positions: [(a1)–(a6)] z = 0, 5, 14, 16, 19, 25 mm; [(b1)–(b6)] z = 0, 4, 11, 13, 15, 20 mm; [(c1)–(c6)] z = 0, 3, 8, 10,
12, 16 mm; [(d)–(f)] experimental results corresponding to panels (a)–(c).

In contrast, for the cases of θ 6= 90◦, the superposed three
2D Airy beams cannot maintain their shapes, particularly for a
long distance propagation, because of a “hyperbolic umbilic”
catastrophe as mentioned in Ref. [29]. Instead, their profiles
tend to evolve into the 1D or 2D standard Airy patterns (see
Figs. 2(a6) and 2(c6)). Moreover, the “hyperbolic umbilic”
catastrophe divides the main lobe of the superposed three 2D
Airy beams into two parts during propagation, leading to a
less intense main lobe (see Figs. 1(b)–1(d)). Consequently,
the peak intensity of the three-Airy autofocusing beam with
θ 6= 90◦ at the focal point is weaker than that with θ = 90◦. For
a detailed comparison, the intensity contrast Imax/I0 of three-
Airy autofocusing beam versus angle θ is plotted in Fig. 3(a),
where Imax and I0 are the peak intensities at the focal point and
the input, respectively. As expected, the three-Airy autofocus-

ing beam reaches the maximum intensity contrast at θ = 90◦.
The cases with θ < 90◦ have a larger negative influence on the
intensity contrast than the case with θ > 90◦.

Also, from Fig. 1, it can be seen that the focusing length
of three-Airy autofocusing beam varies with wing angle. Fig-
ure 3(b) presents their detailed relationship (black circle). The
focusing length becomes shorter when wing angle θ is large.
This can be understood by the fact that the acceleration aθ of
the superposed Airy beam increases as the value of θ rises
up,[30] specifically, aθ = λ 2sin3(θ/2)/4π2r3

0.
In theory, the initial position of the upper super-

posed Airy beam (see Figs. 2(a1)–2(c1)) is extracted by
yd0 = (−1.018− c0)r0/sin(θ/2) (Ai(−1.018) is the first lo-
cal maximum of Ai(x)). Then, the trajectory of the main lobe
of the upper superposed Airy beam can be described by the
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following formula:

yd = (−1.018− c0)r0/sin(θ/2)

+λ
2z2 sin

3
(θ/2)/4π

2r3
0. (2)

Equation (2) is plotted with a white dash line in Figs. 1(b)–
1(d). Comparing with the simulation results shown, equa-
tion (2) indeed describes the trajectory of the main lobe of the
upper superposed Airy beam.

So, let yd = 0, i.e., three superposed Airy beams meet
together at the focal point, then we will have a relation to cal-
culate the focusing length Fz of three Airy autofocusing beams
as follows:

Fz =
2πr2

0

√
(1.018+ c0)

λ sin2(θ/2)
. (3)

This result is also plotted by a red solid line, which is in a good
agreement with the simulation result shown in Fig. 3(b). In
other words, the focusing length indeed decreases with wing
angle θ increasing.

Similarly, we also analyze the effects of initial displace-
ment (c0) of the 2D Airy beams on their propagation as shown
in Figs. 3(c) and 3(d). Obviously, the intensity contrast de-
creases with c0 increasing. The focusing length increases with
c0 increasing, consistent with Eq. (3).

Figures 2(d)–2(f) show the experimental results, which
agree well with the simulation results and the previous anal-
ysis: three-Airy autofocusing beam with larger initial wing
angle θ has a smaller focusing length and only the super-
posed three-Airy beam in the case of θ = 90◦ can maintain
their profiles, i.e., it does not experience deformation. In the
case θ = 90◦, the three-Airy autofocusing beam has a clearest
hexagon edge pattern.

Next, the propagation of three-Airy autofocusing beam
embedded an optical vortex phase with different topological
charges L is also studied in simulation and experiments. The
left three columns in Figs. 4 and 5 show the simulation results
associated with two topological charges (i.e., L = 2, 7), re-
spectively. Comparing with the case of no vortex (Fig. 2), the
superposed three-Airy beam exhibits a rotation during propa-
gation (see Figs. 4(a1)–4(c1) and 5(a1)–5(c1)) and cannot fo-
cus into a single spot (see Figs. 4(a2)–4(c2) and 5(a2)–5(c2)),
as a result of central singularity and the orbital angular mo-
mentum caused by the vortex phase. Finally, the main lobes
cannot stay on the corners of the inverted triangular pattern
(see Figs. 4(a3)–4(c3) and 5(a3)–4(c3)).

It should be noted that the rotation of three-Airy auto-
focusing beam is enhanced for larger topological charge that
brings about larger orbital angular momentum. Specially,
the rotation angle is proportional to the topological charge
as shown in Fig. 3(e). In addition, the three main lobes of
three-Airy autofocusing beam have somehow lateral shifting
and cannot completely overlap each other at the focal point,
causing a dark core in the center (see Figs. 4(a2)–4(c2)) and
5(a2)–5(c2)). Moreover, if the initial wing angle is larger, the
dark core is smaller, indicating that the influence of topolog-
ical charge decreases with a more opening initial wing angle
θ . Actually, from Fig. 3(e), one can find that the rotation of
the beam with bigger initial wing angle θ is smaller. In other
words, a larger initial wing angle θ can suppress the rotation
effect caused by the optical vortex. The right three columns
in Figs. 4 and 5 show the experimental results. All of these
results are in excellent agreement with the simulations.
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Fig. 3. (a) Intensity contrast Imax/I0, (b) focusing length of three-Airy autofocusing beam with different initial wing angles, (c) intensity contrast Imax/I0,
(d) focusing length of three-Airy autofocusing beam with different values of initial c0, with circles in panels (b)–(d) denoting simulation results and curve
being calculated from Eq. (3), (e) rotation angles of three-Airy autofocusing beam carrying vortex as a function of topological charge for initial wing angle
θ = 75◦, 90◦, 110◦, respectively.
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Fig. 4. Simulation results of the beam transverse intensity patterns of three-Airy autofocusing beam carrying L = 2 vortex with initial wing angle: θ = 75◦

(a), 90◦ (b), and 110◦ (c) at propagation positions: z = 3 mm (a1), 14 mm (a2), 19 mm (a3), 2 mm (b1), 11 mm (b2), 15 mm (b3), 1 mm (c1), 8 mm (c2),
and 13 mm (c3); Right three columns and central insets are for corresponding experimental results and phase mask, respectively.

Fig. 5. Simulations of beam transverse intensity patterns of three-Airy autofocusing beam carrying L = 7 vortex with initial wing angle θ = 75◦ (a), 90◦ (b),
and 110◦ (c) at propagation positions z = 3 mm (a1), 14 mm (a2), 19 mm (a3), 2 mm (b1), 11 mm (b2), 15 mm (b3), 1 mm (c1), 8 mm (c2), and 12 mm (c3).
Right three columns and central insets are for corresponding experimental results and phase mask.

4. Summary

In this work, we investigate the propagations of three-
Airy autofocusing beam with different initial wing angles the-
oretically and experimentally. Our results show that the focus-
ing length of the beam increases with initial wing angle turn-
ing small, due to the smaller transverse self-acceleration of the
main lobes. However, the main lobes of three-Airy autofocus-
ing beam with a non-90◦ wing angle shows a power separa-
tion in propagation, which is caused by “hyperbolic umbilic”
catastrophe. Finally, the beam presents a strongest intensity
contrast only in the case of 90◦. Furthermore, when a vortex is
imposed onto three-Airy autofocusing beams, a rotation pro-
portional to topological charge appears. This rotation becomes
weaker as the initial wing angle increases. Our result may be
useful for designing and controlling the dynamical autofocus-

ing beams for various applications such as optical manipula-
tion.
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