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Finite energy Airy beams (FEAB) generated in laboratory have a short non-diffracting propagation 
distance (NDPD), which restricts its application in laser communication, laser detection and other 
fields. Effects of optical Airy transform (OAT) on NDPD of FEAB is analyzed. By comparing the 
theoretical formulas of the FEAB before and after the OAT, we find that when the transform pa-
rameter α of the OAT is larger than zero, the transverse scaling factor of the transformed FEAB is 
greater than that before the transformation, while the transformed exponential decay factor is small-
er than that before the transformation. Using the Huygens–Fresnel diffractive integral, we derive 
the propagation formula of the transformed FEAB. Initial intensity distribution of FEAB before 
and after the OAT is compared. Propagation dynamics of the transformed FEAB with different α 
is numerically simulated and its NDPD is quantitatively evaluated. Results show that: with the in-
crease of α, side lobes of the transformed FEAB increase, its main lobe and side lobes become wider 
than that  before the transformation, and the inclination of the propagation trajectory decreases. 
When α is greater than half of the transverse scaling factor, the NDPD of the transformed FEAB 
increases rapidly. 

Keywords: physics optics, non-diffracting beam, finite energy Airy beams, non-diffracting propagation 
distance, optical Airy transform. 

1. Introduction 

Free-space optical (FSO) communication is a promising communication technology 
for high-data-rate information transmission that is available at optical frequencies [1, 2]. 
For FSO links using Gaussian beam as an optical carrier, beam diffraction and atmos-
pheric turbulence are the two main factors affecting its performance, especially when 
the propagation distance is more than 1 km [3, 4]. Therefore, it is a natural idea to im-
prove the performance of FSO links by replacing the traditional Gaussian beam with 
a non-diffracting beam such as Airy beam or Bessel beam [5]. 

As a new type of non-diffracting beam, Airy beam is the solution of Helmholtz 
wave equation and can keep its transverse intensity distribution invariant in a long 
propagation distance [6–8]. it has attracted extensive attention due to its unique char-
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acteristics of non-diffracting, self-accelerating and self-healing [9–11]. Finite energy 
Airy beams (FEAB) has much longer non-diffracting propagation distance (NDPD) 
than the Rayleigh distance of traditional Gaussian beam and its scintillation index is 
also much smaller than that of Gaussian beam. These characteristics make FEAB have 
potential to suppress diffraction effect and atmospheric turbulence effect in laser com-
munication and laser detection systems. Therefore, researchers have extensively stud-
ied the propagation and evolution of FEAB in atmospheric turbulence [12–15], far-
field divergence [16, 17], scintillation behavior [18–20] and beam wander [21–23], 
etc., and applications of FEAB in optical route [24], image signal transmission [25], 
label-free imaging [8] and obstacle evasion in FSO links [26] have been reported. How-
ever, an important problem that has been selectively neglected in literatures is that the 
NDPD of FEAB generated in laboratories at present is very short, which can only trans-
mit a few centimeters to a few meters without diffraction, and cannot be used in the 
fields of FSO communication requiring long-distance transmission. Therefore, how to 
extend the NDPD of FEAB is one of the key problems hindering its application. 

In this paper, the influence of optical Airy transform (OAT) on the NDPD of FEAB 
is studied. Reference [27] gave the analytical expressions at the initial plane of the 
FEAB before and after the OAT, but did not analyze their propagation characteristics. 
Firstly, we compared the expressions at the initial plane of the FEAB before and after 
the OAT. We found that the OAT can increase the transverse scaling factor and reduce 
the exponential decay factor when the transform parameter α is greater than zero. Sec-
ondly, we developed the propagation dynamic formula of the transformed FEAB by 
using the Huygens–Fresnel diffractive integral. And numerical results show that the 
OAT can effectively extend the NDPD of the FEAB. 

2. Theoretical model of OAT 

Figure 1 shows the optical setup of the OAT [27–30]. The coordinates of input plane 
and output plane are (xi, yi) and (xo, yo), respectively. The directions of the x axis and 
y axis of the output plane are opposite to those of the input plane and the spatial light 
modulator (SLM) plane. 

If 1D FEAB is transformed, the phase pattern applied to the SLM is [27, 30] 

3α kxΦ x = -- -- --- – 4k f  + π (1)   -- ---s 3 

where α is transform parameters of the OAT and real constant, k = 2π/λ is the wave 
number, kx = kxs / f, and f  is the focal length of the lens. 

The electric field of the FEAB at the input plane is [9, 11] 

 xi   a0 x  
xi ----   -- -- --

 x0   x0  
Ui  = Ai --- exp -- -- -- - (2) 
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Fig. 1. The optical setup of Airy transform, f  is the focal length of the lens, the SLM imposes the cubic 
phase modulation on the input light beams. 

where Ai(ꞏ) is Airy function, x0 is transverse scaling factor, a0 is exponential decay 
factor. The FEAB becomes the 1D ideal Airy beam when a0 = 0. 

If x0  –α, the electric field at the output plane of the OAT is [27] 

Uo x  = 
2 α3   x a1 a1 x 

A1 Ai------- – -------------- exp-----------
γ 3 γ x x0   x  

(3) 

where 

3γx = 3α3 + x0 (3a) 

a1 = 22 /γa0 x0 x (3b) 

A1 = 
2 α3x0  a0  

----------- exp – --------------
γ 3 

x  3γ x 

(3c) 

Comparing Eqs. (2) and (3), we can see that an input FEAB is transformed into 
a new FEAB by the OAT [31]. The transverse scaling factor changes from x0 to γx , and 
the exponential decay factor also changes from a0 to a1. Because of x0 > 0, according 
to Eq. (3a), we can know the new transverse scaling factor γx which is greater than x0 
if the transform parameter α > 0. According to Eq. (3b), the new exponential decay 
factor a1 is smaller than a0. 

Figure 2 shows the curves of transverse scaling factor γx (a) and exponential decay 
factor a1 (b) as a function of the transform parameter α. From Fig. 2a, we can see 
that γx increases almost linearly when α is greater than x0. From Fig. 2b, it is clear 
that a1 decreases rapidly within the range of 0 < α < 2x0. As is known to all, if the trans-
verse scaling factor of FEAB is increased or the exponential decay factor is decreased, 



 476 XINGCHUN CHU et al. 
 

    
  

  
  

 
  

 
  

 
    

	 
���




�
�
�

��

��

��

	










          
 

a�
� 

������ 

�����  

���� 

� � � � �   

� 

� 

� 

� � � � �   
� 

���� 

���� 

���� 

���� 

��� 

� 

�����   

����    

���   

b 

� �  �  

Fig. 2. The curves of γx and a1 changing with parameter α of OAT and a0 = 0.1. (a) γx as function of α, 
and (b) a1 as function of α. 

the NDPD of the FEAB would be extended [32]. Therefore, choosing a proper trans-
form parameter α, the OAT may increase the NAPD of the FEAB. 

3. Comparison of propagation dynamics 
of FEAB before and after the OAT 

According to Eqs. (2) and (3), we can calculate the initial amplitude distribution of 
FEAB before and after the OAT, as shown in Fig. 3. The blue line represents the ampli-
tude distribution before the transformation, and the red dash line represents the ampli-
tude distribution after the transformation. The values of α in Figs. 3a–3c are 0.5, 1, 
and 2 mm, respectively. It can be seen that the peak amplitude of the transformed FEAB 
decreases with the increase of α, and its main lobe moves in the negative direction and 
widens. In addition, with the increase of α, the amplitude of the main lobe decreases 
while amplitudes of side lobes increase, and the trailing tail of the transformed FEAB 
becomes longer. This means that when the transform parameter α is positive, the OAT 
can extend the NDPD of the FEAB. 

In order to analyze the propagation dynamics of the FEAB, we derive its analytical 
expression. Before the OAT, the field of the FEAB at the initial plane (z = 0) is described 
by Eq. (2). Its propagation field can be expressed as [10, 11] 
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Fig. 3. The initial amplitude profile of FEAB before (blue line) and after (red dash line) the OAT as a func-
tion of x. The values of α are 0.5 mm (a), 1 mm (b), and 2 mm (c). The blue line is calculated from Eq. (2) 
and the red dash line from Eq. (3). The transvers scaling factor x0 = 1 mm and exponential decay factor 
a0 = 0.1, the wavelength λ = 1555 nm, 

 2  
x  z zx z  = Ai ------- – --------------- + ia0 -------------

Ubefore   2  2 x0  2k x0  k x0  

 2 3a0 x a0  z i  z exp ------------ – -------------------- – -------------------- x0 2  k x0
2  12  k x0

2  

2 ia0 z i x z
+ ------------ ------------- + ----- --------- ------------- (4)

2 k x0
2 2 x0 k x0

2 
 

After the OAT, the field of the transformed FEAB at the initial plane (z = 0) is de-
scribed by Eq. (3). Using Huygens–Fresnel diffractive integral, its propagation field 
can be deduced as follow [33] 

���� 
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�
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��
�� 
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��� ��� � � ��� � �� 
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��� c 

 k 2 2x z  = U x 1 z = 0 exp  –i --------- x – 2xx1 + x1
 dx1Uafter  2z  

i 
λ z 

----------

i 
λ z 

----------= 
2 α3 x1 a1   a1 x1 A1x Ai  ------- – --------------- exp------------- 3 γ γx x0   x  

 exp  –i --
2
--k--

z 
--- x2 – 2xx1 + x2

1
 dx1 = 
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 x  z 2 
z a1

2α3  
= x z  = Ai ------- – ------------- + ia1 ----------- – ---------------Uafter A1x   2  2 3 

 
 γx  2kγ  kγ x0 x x 

 2 3 2 
 a1 x a1  z i  z a1 z exp ----------- – -------------------- – -------------------- + i--------- ------------- 2 2 2γx 2  k γ  12  k γ  2 k γ x x x 

2 α3 
i x z a1 z

+ ----- ------- ------------- + i--------------- ------------- (5)2 3 2 2 γx k γ 2x0 k γx x  

where 

2 α3x0  a0 
A1x = ----------- exp– -------------- (5a)

3γ  3γ x x 

From Eq. (5), it can be seen that the accelerated trajectory of the transformed 
FEAB is 

x  z 2 a1
2 α3 

------- = ------------2--- + ---------
3
----- (6)

γx  2k γx  x0 

According to Eq. (4), the acceleration trajectory of the FEAB before the OAT is 

x  z 2 

------- = ------------2--- (7)
x0  2k x0  

If the transform parameter α is zero, Eq. (5) degenerates into Eq. (4), and Eq. (6) 
is also reduced to Eq. (7). According to Eq. (5), we can analyze the influence of the 
OAT on the NDPD of the FEAB. 

Figure 4 shows the propagation dynamics of the transformed FEAB with different 
transform parameter α. It can be seen that: with the increase of α, the number of side 
lobes of the transformed FEAB increases, the inclination of its propagation trajectory 
decreases, and the NDPD also extends significantly. 

The NDPD is defined as the distance where the peak magnitude of main lobe of 
a beam at certain propagation distance drops below the –3 dB point of that at an initial 
plane. According to Eq. (5), the NDPD of the transformed FEAB can be numerically 
evaluated. Figure 5 shows the curve of the NDPD of the transformed FEAB as a func-
tion of the transform parameter α. The input transverse scaling factor x0 = 1 mm, the 
exponential decay factor a0 = 0.1, and the light wavelength λ = 1555 nm. When α = 0, 
it means no OAT for the input FEAB, and its NDPD is about 16.7 m. When α is less 
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Fig. 4. Propagation dynamics of the transformed FEAB with different transform parameter α. The values 
of α are 0 (a), 1 mm (b), 2 mm (c), and 3 mm (d). The transverse scaling factor x0 = 1 mm and the expo-
nential decay factor a0 = 0.1, the wavelength λ = 1555 nm. 

��� 

��� 

��� 

��� 

��� 

�� 

� 

 �  � 

Fig. 5. NDPD of the transformed FEAB as a function of transform parameter α. Transverse scaling factor 
x0 = 1 mm and exponential decay factor a0 = 0.1, the wavelength λ = 1555 nm. 
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than 0.5x0, the NDPD of the transformed FEAB is less affected because the new trans-
verse scaling factor γx in Eq. (3a) and the new exponential decay factor a1 in Eq. (3b) 
change a little. And the NDPD of the transformed FEAB is almost the same as that of 
the input FEAB. When α is greater than 0.5x0, the NDPD of the transformed FEAB 
increases rapidly with the increase of α. When α = 3x0, the NDPD of the transformed 
FEAB extends to 250.6 m, which is much larger than the NDPD od the input FEAB. 
Figure 5 shows that the OAT can effectively extend the NDPD of FEAB by selecting 
proper transform parameter. This may expand the potential applications of the FEAB. 

4. Conclusion 

In this paper, the influence of OAT on the NDPD of the FEAB is analyzed. When the 
transform parameter is positive, the transverse scaling factor of the transformed FEAB 
becomes bigger than that of the input FEAB, and the exponential decay factor of the 
transformed FEAB changes less than that of the input FEAB. Based on Huygens 
–Fresnel diffractive integral, we derive the propagation dynamic formula of the trans-
formed FEAB. The simulation results show that with the increase of the transform pa-
rameter, the peak amplitude of the transformed FEAB decreases, and its main lobe 
moves to the negative direction and widens. The amplitude and the number of side 
lobes increase. The inclination of the propagation trajectory of the transformed FEAB 
decreases. The OAT can effectively extend the NDPD of the FEAB by selecting proper 
transform parameter. Therefore, potential applications of the FEAB can be expanded. 
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Podsumowanie
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