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Abstract 

We study the collisions of four self-focused counterpropagating 2D Airy beams 

propagating in free space. Their interactions demonstrate that can be obtained 

hollow beams through the superposition of more than two Airy beams and are 

well-preserved upon propagation. 
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1 Introduction 

Of the invariant optical fields as Mathieu beams, Caustic beams, parabolic beams (Gutiérrez-Vega 

et. al. 2000; Anguiano-Morales et. al. 2007; Bandres 2004), and others generalized beams, the 

Bessel beams (Durnin et. al 1987; Bouchal et. al 1988) are undoubtedly the best known. During 

the last decade, Bessel beams have been studied extensively by many researchers due to their non-

diffracting and self-healing features. Has also been shown that Laguerre-Gaussian beams and 

partially coherent beams also can self-regenerate (Wang et. al 2016; Vyas et. al 2011).  
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In recent years, considerable attention has been paid to the Airy beams due to interesting physical 

properties and broad application prospects such as in particle trapping (Baumgartl et. al 2008; 

Rafael 2021) plasma guidance (Polynkin et. al 2009), vacuum electron acceleration (Li et. al 2010), 

and routing surface plasmon polaritons (Salandrino et. al 2010).  

An ideal 2D Airy beam consists of two “wings”, with a right angle between the two “wings” of 

the Airy, Airy beams are a kind of non-diffracting beams and possesses the self-healing property 

(Qian et. al 2014); Xingchun et. al 2018), although there is self-healing ability; recently, several 

authors have reviewed the propagation properties of Airy beams.  

In (Yi et. al 2012) was shown that a partially blocked Airy beam cannot maintain their shapes 

during propagation, when the initial angle between two “wings” of the 2D Airy is non-orthogonal, 

then the self-healing property is absent. Chu et al. showed that the speed of self-healing process is 

affected by the size of the obstacle, since a large opaque obstacle causes slow reformation of the 

Airy beam (Xiuxiang et. al 2012). The propagation of Airy beam in turbulence was examined in 

(Yingjun et. al 2021; Huaili et. al 2022), results showed that the propagation through a disordered 

medium tend to affect the intensity distribution and the effect of self-healing ability does not 

succeed satisfactorily. 

Nowadays, there are many types of Airy beams that are experimentally generated, such as Airy 

beam arrays (Yalong et. al 2010; Chen et. al 2014; Deng et. al 2013), linear, rectangular, and 

circular Airy beam (Wenguo  et. al 2015; Zhong et. al 2016), and that deserve to be studied due to 

their wide applications to technical areas and their fascinating feature of transverse acceleration 

upon propagation (Siviloglou et. al 2007). 

https://www.sciencedirect.com/science/article/pii/S0030401814008062#!
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On the other hand, the Airy vortex beams (Hui et. al 2018; Rafael et. al 2020) and the Airy 

Gaussian vortex beams (Chen et. al 2015), are another variant of Airy beams. In recent years, the 

study of the propagation of an Airy beam with an optical vortex is a new direction in optics. 

This kind of Airy vortex beam, shows a autofocusing property, the Airy autofocusing beam via a 

vortex structure plays an important role, since they have a rotation during propagation caused by 

the topological charge. 

In this paper, we investigate the propagation of Airy vortex beam generated by a combination of 

individual standard 2D Airy beams. We show numerically that the superposition of these beams 

with a non-orthogonal angle between two “wings” of the superimposed 2D Airy beam produces 

very special and interesting structured light beams and the self-healing property is affected. 

2 Analytical expression for an Airy beam 

The amplitude of a two-dimensional Airy beam at initial plane, involves the multiplication of two 

individual one-dimensional Airy functions in terms of the x and y directions and is expressed as: 

  0 0

0 0 0 0

, , 0
i i

x x y y
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x x y y

       
         

       
                     (1) 

Here, Ai(⋅) denotes the Airy function, 0a  is the decay coefficient is a positive quantity, to ensure 

the beam carrying finite energy and thus ensure the physical realization of such beams. In which 

(Vallée et. al 2010): 
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To investigate the interaction of several ABs, we construct the incident light field as follow: 
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Here,  is the phase angle, and n is an integer-valued of topological charges.  The intensity 

distribution of a four-Airy autofocusing beam at different propagation positions can be defined as 

a sum of four two-dimensional Airy beams: 

   , , , ,m

m

E x y z E x y z                                                              (7) 

3 Superpositions of symmetrical Airy beams  

Figure 1 shows a series of intensity distributions of conventional Airy beams travel at different 

propagation positions in the free space. All of these Airy beams have 90° angles between their two 

“wings”. At the input, the set of independent 2D Airy beams are separated, which accelerate in the 
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mutually opposite directions after a certain propagation distance. During propagation, they 

converge gradually on the center with the same parameters until meet together at a certain 

propagation position (see Figs. 1(B), (F), (J)), which results in a sharply focusing point and a large 

intensity enhancement. 

During a long propagation distance, we can see that it maintains its intensity pattern almost 

unchanged, as heart beam for three Airy beams (see Figs. 1(B)) or as a square light for four Airy 

beams (see Fig. 1 (J)).  

Figure 1 (D) illustrate that beyond the focusing point, they still propagate individually moving 

away from each other, the path of the individual Airy beams always moves along the fixed 45° 

direction on the x–y plane. After a longer propagation from the focal point, an inverted profile is 

forms and do not affect their self-accelerating direction and the shape is not different from those 

of the initial plane. 

Now we examine the evolution process of the transverse intensity pattern of 2D Airy array beams 

propagating for the case of  2n  . The topological charge has a greater impact on the shape of the 

main lobe, after introducing a value to the topological charge, a vortex emerges into the center of 

the superposed 2D Airy beam and gradually becomes dominant (see Fig. 2).  

During a longer propagation this pattern always maintain a zero-central intensity and the position 

of the singular point does not change through the propagation, with a flow of the beams along an 

anticlockwise rotation direction. We believe that since the shape of the hollow at the center region 

is well-preserved along a long distance, it may find future applications, although it shows changes 

on propagation at distances very far from the focal point. 

Comparing with the case of no vortex (see Figs. 1(D), 1(H) and 1(L)) beyond the focusing point, 

the whole profiles yield a small change in their acceleration direction (see Figs. 3(A) – 3(C)).  As 



6 

the value of the topological charge increases, the displacement becomes more and more obvious. 

Then, the topological charge has an effect on the interaction between Airy beams, non-diffraction, 

and self-healing property is not affected since they are indeed composed of 2D Airy beams, only 

the direction of acceleration is slightly affected. 

From Fig. 4 we can detect the interaction of the superposed four 2D Airy beams, precisely before 

converging at the central region. Figure 4 (B), shows an intensity distribution when 0n  , the set 

of Airy beams always accelerates along the direction, that initially assigned. While the Fig. 4(C) 

shows the case when 2n  , as result of the orbital angular momentum, clearly can be seen that the 

2D Airy beams exhibits a small lateral deflection with respect to the initial direction that they had 

in the input plane. Then, its self-acceleration direction has a small shift along the x and y directions. 

We now investigate the propagation dynamics of 2D Airy beams with non-orthogonal angles 

between their two “wings”. In (Liang et. al 2014), was shown that when these beams present 

oblique angles and not orthogonal ones, they lose their non-diffraction property during 

propagation. 

Figure 5 illustrate that beyond the focusing point, they still propagate moving away from each 

other. After a longer propagation from the focal point, the shape is different from those of the 

initial plane. A second case (see Fig. 6) is when two 2D Airy beams interfere vertically with initial 

angle of 75° between the two “wings”, and other pair of beams interfere horizontally with initial 

angle of 90° between the two “wings”. Initially, all these have the same transverse separation with 

respect to the center point of the x-y plane. This family of optical fields, after converging in the 

central region, continue accelerating. 



7 

Moreover, despite of having a pair of 2D Airy beams with two “wings” forming a 90° angle, it is 

not easy to distinguish their inverted patterns as well as in the case when all 2D Airy beams 

colliding with a 90° angle. 

We observe that, at a smaller angle between the “wings” it accelerates faster than at 90°. This can 

be seen in Fig. 6 (D), the vertical main lobes can be seen at opposite ends, while the main lobes 

corresponding to the horizontal beam have traveled a shorter distance.  Both accelerations can be 

controlled by varying the initial wing angle. On the other hand, the main lobes of the vertical Airy 

beams gradually tend to become weaker than the horizontal Airy beams during propagation. 

4. Conclusion 

In summary, we have numerically demonstrated the generation of hollow Airy beams through the 

superposition of several 2D Airy beams affected by the value of the topological charge, the new 

distribution exhibits a transverse rotation and is non-diverging upon propagation. Our results may 

be useful for controlling dynamical Airy beams for various applications. Our results show that the 

self-acceleration of the main lobes increases when the initial wing angle turning small. 
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CAPTION FUGURE 

Figure 1 Propagation dynamics of conventional 2D Airy beams, (A), (E) and (I), at input plane z = 0, (B), (F) and (J) 

at z = 8 cm, (C), (G) and (K) at z = 15 cm, (D), (H) and (L) at z = 29 cm,  

Figure 2. Snapshots of the transverse intensity patterns at different propagation distances of two 2D vortex Airy beams, 

three 2D vortex Airy beams and four 2D vortex Airy beams carrying n=2 with initial wing angle 90°, (A) at z = 9 cm, 

(B) z = 15 cm, (C) z= 9 cm, (D) z= 15 cm (E) z= 9 cm, and (F) z= 15 cm respectively. 

Figure 3. Propagation of 2D Airy beams with a vortex of a unit topological charge (n =2) imposed at z= 29 cm, A) 

two Airy beams, B) three Airy beams, and C) four Airy beams.

Figure 4. Propagation of four 2D Airy beams at A) z= 0 cm (input plane), B) z= 6 cm, and C) z= 6 cm but with a 

vortex of a unit topological charge n =2. 
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Figure 5. Snapshots of the transverse intensity patterns at different propagation distances for two 2D vortex Airy 

beams with initial angle of 75° between the two “wings”.  (A) at z = 0 cm, (B) z = 8 cm, (C) z= 16 cm, and (D) z= 24 

cm respectively. 

Figure 6. Transverse intensity patterns at different propagation distances for four 2D vortex Airy beams with different 

initial angles between the two “wings”.  (A) at z = 0 cm, (B) z = 8 cm, (C) z= 15 cm, and (D) z= 24 cm respectively. 



Figures

Figure 1

Propagation dynamics of conventional 2D Airy beams, (A), (E) and (I), at input plane z = 0, (B), (F) and (J)
at z = 8 cm, (C), (G) and (K) at z = 15 cm, (D), (H) and (L) at z = 29 cm,



Figure 2

Snapshots of the transverse intensity patterns at different propagation distances of two 2D vortex Airy
beams, three 2D vortex Airy beams and four 2D vortex Airy beams carrying n=2 with initial wing angle
90°, (A) at z = 9 cm, (B) z = 15 cm, (C) z= 9 cm, (D) z= 15 cm (E) z= 9 cm, and (F) z= 15 cm respectively.

Figure 3



Propagation of 2D Airy beams with a vortex of a unit topological charge (n =2) imposed at z= 29 cm, A)
two Airy beams, B) three Airy beams, and C) four Airy beams.

Figure 4

Propagation of four 2D Airy beams at A) z= 0 cm (input plane), B) z= 6 cm, and C) z= 6 cm but with a
vortex of a unit topological charge n =2.



Figure 5

Snapshots of the transverse intensity patterns at different propagation distances for two 2D vortex Airy
beams with initial angle of 75° between the two “wings”. (A) at z = 0 cm, (B) z = 8 cm, (C) z= 16 cm, and
(D) z= 24 cm respectively.



Figure 6

Transverse intensity patterns at different propagation distances for four 2D vortex Airy beams with
different initial angles between the two “wings”. (A) at z = 0 cm, (B) z = 8 cm, (C) z= 15 cm, and (D) z= 24
cm respectively.
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