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Laser Coherent Combination With Circular
Array of Airy Beams

Huahua Wang , Yang Liu , Jian Ma , Qin Wen, Xingwang Kang , Haoran Du, Xinglin Zhong , Fei Chen ,
Junjie Sun , Lu Gao , and Ze Zhang

Abstract—A high-efficiency laser coherent combination method
based on the virtue of the self-transverse acceleration effect of Airy
beams is proposed and demonstrated by converting an array of
Gaussian beams into Airy beams array to reduce laser beams sep-
aration distance. The coherent combination procedures of circular
array for both Airy and Gaussian beams are theoretically and
experimentally studied. The results show that the central intensity
of the laser coherent combination of the circular array of Airy
beams is 14.33 times higher than that of the Gaussian beams array,
and the combined efficiency of the circular array of Airy beams is
1.64 times higher than that of the Gaussian beams circular array.
The method may provide an efficient way to increase combina-
tion efficiency of laser coherent combination array and may have
a broad application prospect in optical communication, particle
capture, material processing.

Index Terms—Airy beam, circular array, coherent combination,
filling factor, self-transverse acceleration effect.
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I. INTRODUCTION

H IGH-POWER laser is always desired in many applica-
tions, such as free space laser communication, laser cut-

ting and welding, or even laser weapon system [1], [2], [3].
However, due to thermal and nonlinear effect, it is usually very
difficult to realize high power output for a single laser system.
For decades, laser coherent combination has been proved to be
an efficient way to combine multiple laser beams together for
achieving high power output due to its advantage of maintaining
good beam quality. And many studies have demonstrated filling
factor [4], [5], [6] is an important parameter to affect coherent
combination efficiency [7], [8], [9]. To increase beam coherent
combination, people need to reduce beams space and increase
the filling factor of coherent combination array.

Up to now, the transmission-type and reflection-type struc-
tures are mainly coherent combination techniques to increase
the filling factor. Numerous studies have shown that people are
more adopting transmission-type structure because the optical
elements in the reflection-type system are scattered and the
scalability is not strong [9], [10], [11]. In 2014, Tan et al.
achieved a multi-intersection array of wavelength size by means
of tight focusing [12]. The Thales Group of France theoret-
ically realized coherent beam combining of 60 femtosecond
fiber amplifiers by numerical simulation with programmable
algorithms [13]. In addition, Geng et al. successively carried out
the 7-beam coherent combination with a sub-aperture diameter
of 28 mm and adjacent sub-aperture spacings of 42 mm and
32 mm by using a 7-unit high-duty ratio fiber collimator in 2021
and 2022 [14], [15]. The transmission coherent combination
technique has a compact structure and good scalability, which
demonstrates a good application prospect in military fields such
as laser weapons in recent years. However, due to the limitation
of the filling factor of the laser array, it is difficult to further
improve the beam quality beyond the diffraction limit.

In this paper, we report a coherent combination method by
converting Gaussian beams array to Airy beams array. By the
virtue of self-transverse acceleration effect [16], [17], [18],
[19], all Airy beams bend towards center so that their beams
separation distance could be reduced and thus the filling factor is
increased during propagation. This method, which has a simple
structure, can be expanded into a large array of thousands of
beams, and also has more precise position compared to a tiled
array. The propagation characteristics and coherent combination
efficiency of circular array of Airy beams combination beams
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Fig. 1. Schematic diagram of circular array of Airy beams generated by phase
mask modulation. (a) represents the intensity distribution of 2D Airy beam spot;
(b) represents the intensity distribution of Gaussian beam spot.

are studied both theoretically and experimentally. Compared
with traditional method of using Gaussian beams, our method
shows higher central intensity and better coherent combination
efficiency.

II. THEORETICAL ANALYSIS

The mechanism for highly efficient generation of circular
array of Airy beams through a phase mask can be understood
intuitively from Fig. 1. The insets (a) and (b) represent the inten-
sity distribution of 2D Airy beam and the intensity distribution
of Gaussian beam, respectively.

The sub-beams of the input Gaussian beam arranging in a
ring around the center are modulated by a phase mask into many
truncated Airy beams. In the initial state, the distance between
two adjacent beams in the radial direction is d, and then the
distance decreases d′ with the beams bend toward the center
because of the self-acceleration effect after modulated by the
diaphragm. Therefore, the filling factor of the beam array can
be improved. Each of wave components with Airy-type phase
modulation propagates along curved trajectory. It is obvious that
the transverse wave-vectors can be cancelled for radially sym-
metric beams on the same ring. Consequently, the combination
beam can maintain stable transmission in a certain range. The
detailed theoretical explanations are shown below.

The electric field of the Airy sub-beams in the initial plane z
= 0 of the Cartesian coordinate system is designed as [20], [21]:

E(x, y, 0)

= A exp

(
aXn,i

ω0

)
Ai

(
Xn,i

ω0

)
exp

(
aYn,i

ω0

)
Ai

(
Yn,i

ω0

)
,

(1)

where Ai(·) represents the Airy function, Xn,i = x+ xn,i and
Yn,i = y + yn,i. x and y are two transverse coordinates, respec-
tively.xn,i, yn,i is the center position coordinate of the sub-beam
and it is determined by that distance of the sub-beam off the
central optical axis, where n denotes the number of rings in the
circle array, i is the count number of sub-beam in the ring. z-axis
is the longitudinal coordinate and is consistent with the beam
propagation direction. 0 < a ≤ 1 is an exponential decay factor
and w0 is a constant governing the size of the Airy sub-beam. A
is a real constant and ensures that the maximum light intensity
in the initial plane I0 is always 1. The electric field of the Airy

beams propagating in free space is described as [22], [23]:
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where k = 2π/λ with λ being the wavelength and j is an imagi-
nary unit. To understand the influence of these phase modulation,
let us first consider the one-dimensional domain case ofE(x, z).
E(x, z) can be written as:
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We find that the Airy beam evolves can be analytically given
as:
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By using the same expression as above, the analytical expres-
sion of E(y, z) turns out to be
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From the argument of the Airy function in (4) and (5), one
can conclude that main lobe beam of this sub-beam follows
a trajectory in the X–z and Y-z plane described by the curve
X = z2/4 k2w3

0a. The trajectory of the beam intensity fea-
tures is the parabolic deflection proportional to the propaga-
tion distance in the physical units. The corresponding Newto-
nian (kinematical) equations describing these trajectories are
d2X/dz2 = 1/2 k2w3

0a = g and dX/dz = gz. The wave will
follow a parabolic trajectory and the wave packet will decelerate
downwards. Using the analysis of the reference [24] we study
the motion of the center of gravity of these finite energy Airy
wave packets. As usual, the intensity centroid is defined as
〈X〉 = ∫

X|Ψ(X, z)|2dX/N , where in our case the constant
norm N is given by N =

∫ |Ψ(X, z)|2dX [17], [25]. Fig. 2
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Fig. 2. Trajectories of sub-beam intensity centroid.

clearly shows the trajectories of sub-beam intensity centroid.
We can see that with the increase of n, the beam converges to
the central optical axis faster and the spacing between sub-beams
decreases, as well as the beam energy involved in coherent
combination also increases. The results indicate that each Airy
beam of radial symmetry converges toward the central axis,
therefore the separation distance between the beams is reduced.
And the filling factor of the circular array in the cross-section
over each specific transmission distance increases due to the
reduced distance between the sub-beams. It can also enable the
peripheral sub-beams far away from the center to participate
in the coherent combination process more effectively. At the
same time, the stronger coherence between each of them can
be ensured in the transmission of long distance, and finally the
coherent combined beam of the Airy beam array can have higher
energy and more stable transmission.

III. EXPERIMENTAL SETUP

The experimental diagram to generate Airy beams circular
array is shown in Fig. 3(a). The Gaussian light (Coherent,
Genesis CX480-4000) with a wavelength of 480 nm and a beam
waist radius of 1 mm is collimated and magnified 20 times by a
beam expander (BE). Then it is truncated by a metal mask with
a size of 50 mm × 50 mm and a thickness of 1 mm to produce a
circular array, which is composed of 469 circular apertures with
a radius of 0.5 mm and 1.5 mm between adjacent apertures. The
circular array and phase structure array are shown in Fig. 3(b).
The Gaussian beams circular array is modulated into an Airy
circular array by the phase mask. Finally, the beam transverse
structure at different positions is monitored by moving the beam
analyzer (Jingili Optoelectronics).

In particular, the phase mask we designed is shown in Fig. 3(c)
with a phase depth of 20π. To reduce the thickness and pro-
cessing difficulty of the diaphragm, the phase folding technique
is used to optimize the cubic phase into 10 concentric rings
structure with same phase depth of 2π, and a step height of each

Fig. 3. (a) Experimental diagram of circular array of Airy beams. (b) The
array with circular arranged through holes (b1) and the phase structure (b2). (c)
The phase mask for modulation of the circular beam array (c1) and the phase
distribution structure (c2) of phase mask.

Fig. 4. Numerical and experimental results of coherent combination of circular
array of Airy beams. (a): Side-view of the beam of 30-meter propagation
numerically retrieved from the phase mask. (b1)− (b5): Snapshots of trans-
verse intensity patterns of the beam at planes 1-5 marked in (a). (c1)− (c5):
Experimental results corresponding to (b1)− (b5).

ring is 40 nm [18], [26], [27]. The right subgraph in Fig. 3(c)
shows the cubic phase curve of a diaphragm with 10 phase
depths.

IV. EXPERIMENTAL RESULTS AND ANALYSIS

The experimental results are shown in Fig. 4, where (a)
displays the numerical longitudinal beam structure traveling
through 30 meters. Snapshots of the transverse intensity patterns
at positions from 1 to 5, which are at the distances of 5 m, 15 m,
20 m, 25 m and 30 m, respectively. The corresponding exper-
imental profiles are shown in Fig. 4(b1–b5) and (c1–c5). Our
experimental results agree well with the numerical simulations
in all cases. It can be seen that as the distance increases, the
spot size becomes smaller and the energy converges towards the
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Fig. 5. Comparison between the experimental results of the Gaussian and
Airy circular array beams. (a) Side-view of the beam of 120-meter propagation
numerically retrieved of the Airy (up) and Gaussian beams circular array (down)
from the phase mask. (b) The beam radius of the Gaussian and Airy beams cir-
cular array versus the propagation distance with the power ratio of 84%. (c) The
transmission intensity curve diagram along the central axis with the propagation
distance of 120 meters. (d) The combination efficiency of the Gaussian and Airy
beams circular array versus the propagation distance propagation distance when
the bucket power ratio radius is 0.75 cm.

central axis, and the stable transmission of high energy can be
maintained.

In order to effectively evaluate the coherent combination
quality of the circular array of Airy beams, we analyzed the
energy distribution from the target spot by using two comparison
methods of power in the bucket (PIB) [24], [28]. The comparison
results are shown in Fig. 5. The inset (a) represents the side-view
of the beam of 120-meter propagation numerically retrieved of
the Airy (up) and Gaussian beams circular array (down) from the
phase mask. The inset (c) represents the transmission intensity
curve diagram along the central axis with the propagation dis-
tance of 120 m. From Fig. 5(c), we can calculate that the central
intensity of the laser coherent combination of the circular array
of Airy beams is 14.33 times higher than that of the Gaussian
beams. In the first comparison method of PIB, we fixed the ratio
of the energy in the bucket to the total energy of the target spot.
The fixed ration is 84%, then the bucket radius satisfying this
ratio is calculated, as shown in Fig. 5(b). The black dots and red
dots are the simulation fitting curves of the Gaussian beam array
and Airy beam array, respectively. It can be seen that the bucket
radius of Airy beam array is always smaller than that of the
Gaussian beam array under the first 60 m propagation distance,
and the difference is not significant after 60 m.

In another comparison method of PIB, we fixed the bucket
radius 0.75 cm. Then the ratio of the energy in the fixed bucket
to the total energy of the target spot can be calculated, as shown in
Fig. 5(d). It is obvious that the coherent combination efficiency
of the Airy beam array is always higher than that of the Gaussian
beam array in the scope of the detection distance, and the
combined efficiency of the circular array of Airy beams is 1.64

times higher than that of the Gaussian beams circuar array. The
experimental results in Fig. 5 show that the coherent combination
efficiency of Airy beam array is always better, and the energy
of coherent combination beams is also more concentrated. The
coherent combination beam of Airy beam array can maintain
long-distance transmission with high-energy.

V. CONCLUSION

According to the basic principle of coherent combination, a
method to improve the filling factor of beam array by using the
transverse self-acceleration property of Airy beam is proposed
in this paper. The results of simulation indicate that the coherent
combination beam of circular array of Airy beams has higher
energy, better quality and longer stable transmission distance.
In the experiment, the circular array of Airy beams is obtained
by using the metal sheet and phase mask. The experimental
results further verify the improvement of circular array of Airy
beams in terms of beam quality, energy and shape retention in
coherent combination. This beam combination method has great
application prospects in improving the distance of spatial optical
communication, laser cutting efficiency, improving the power of
high-energy laser.
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