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Propagation and self-healing properties of Lom-
mel-Gaussian beam through atmospheric turbulence* 
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The superposition of basic non-diffracting beams triggered new research hotspots lately, laying opportunities for 

long-distance wireless optical communication. The Lommel-Gaussian (LMG) beam formed by the superposition of 

Bessel-Gaussian light not only possesses non-diffraction feature, but also has tunable symmetry. With the help of 

Poynting vector analysis, we observed a smaller radial energy flow component during the propagation of the high or-

der symmetrical LMG beam, which allows it to maintain the original beam profile over long distance. Thanks to the 

energy oscillation of the mainlobe and sidelobes, the mainlobe blocked by the symmetrical LMG beam can be restored. 

Also, the random phase screen with angular spectrum method is used to describe the beam behaviors in turbulence. 

The results show that the symmetry LMG  is preferred in free space optical communication, and the asymmetric LMG 

performs poorly due to asymmetric energy transfer. 
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Recently, a series of special beams have attracted wide-
spread attention in the field of turbulence suppression. 
Taking advantage of their diffraction-free and stable 
wavefronts properties, long-distance transmission with 
smaller divergence can be achieved. Compared with tra-
ditional turbulence suppression schemes (e.g., adaptive 
optics, radio frequency/free space optics hybrid systems, 
multiple-input multiple-output[1]), using special beam has 
an absolute advantage in the case of system simplicity, 
which can be prepared only by designing a phase holo-
gram or phase plate reasonably[2]. 

As a typical case, Weng et al[3] realized the ultralong 
anti-diffracting beam based on the principle of multiple 
energy oscillation in 2018, which clearly explains the 
mechanism of non-diffracting beams for long-distance 
propagation. Zhang et al[2] prepared a shape-preserving 
optical pin beams (OPB) in 2019 and achieved excellent 
turbulence suppression results, based on the principle of 
transverse wave vector elimination. Actually, the OPB is 
a superposition of radially symmetric Airy beams. It can 
be concluded that the combination of the above beams 

will open up new prospects for optical communication. 
Some other “diffraction-free” beams, such as Bessel 
beams[3], Mathieu beams[4] and Airy beam[3] have been 
extensively studied and reported. Their self-healing and 
self-accelerating properties are also very suitable for op-
tical communication or optical interconnection.  

Similarly, Kovalev et al[5], proposed a symmetrically 
tunable quasi-non-diffracting beam in 2014, called 
Lommel beam, which is the linear superposition of Bes-
sel modes with identical axial projection of the wave 
vector. As a member of non-diffracting beam family, 
ideal Lommel beams with infinite energy is physically 
unrealizable. Therefore, only Lommel-Gaussian (LMG) 
beam with finite energy and apertures can be achieved in 
experiments, which is similar to traditional Bes-
sel-Gaussian (BG) beam[6]. The high-order LMG beam 
has a spiral phase distribution and presents a 'doughnut' 
shapes in intensity profile, so it can be used to carry or-
bital angular momentum (OAM) for space division mul-
tiplexing like traditional Laguerre-Gaussian (LG) beam. 
Besides, with continuously tunable symmetry and OAM, 
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LMG beams exhibit excellent potential applications in 
some basic research fields such as optical tweezers, mi-
croscopic imaging. In 2015, Zhao et al[7] reported the 
first generation of various LMG beams using digital mi-
cromirror devices (DMD), leading the above vision pos-
sible. 

In terms of optical communication, Yu et al[8] calcu-
lated the propagation feature of a symmetrical LMG in 
non-Kolmogorov turbulence based on the spiral harmon-
ic expansion method in 2017. In the same year, they con-
tinued to theoretically study the crosstalk properties of 
symmetrical LMG beams in ocean turbulence[9]. Until 
2020, our previous work reported the application of 
LMG beams in optical communication for the first time, 
and discussed the influence of symmetry on OAM chan-
nel crosstalk carried by LMG beams both theoretically 
and experimentally. Also, we demonstrated the multi-
plexed superposition state generation method of asym-
metric LMG beams[10,11]. 

In this letters, we tend to clearly explain physical rea-
son for the enhanced anti-turbulence ability of LMG 
beam over LG beams, and dicuss the field and energy 
flow evolution during propagation using the theory of 
diffraction’s anglar spectrum transfer and random phase 
screen methods. 

The field distribution under cylindrical coordinates 
can be written as[10]          

1 2LMG ( , , ) ( ) exp[i i / 2 ( )l rr z q z kz zk kq z        

2 2 2
0 0

/ ( )] ( ) exp[i( 2 ) ]p

p
r q z c l p 


      

2 [ / ( )],l p rJ k r q z                            (1) 

where r, φ, z are the radial position, azimuthal angle and 
propagation distance in cylindrical coordinates, respec-
tively. k=2π/λ is wavenumber with wavelength λ, kr=βk is 
transverse wave vector with scaling factor β, l is the top-
ological charge, and p is the radial mode numbers. ω0 
denotes initial radius of Gaussian envelop, q(z) is defined 
as q(z)=1+i2z/(kω0

2), and Jl+2p(ꞏ) is Bessel function of the 
first kind. Importantly, c is the asymmetry factor, whose 
modulus can tune the asymmetry of transverse intensity 
and is limited in |c|<1. Its phase angle defines the rota-
tion angle of the LMG beam. 

As shown in Fig.1(a-d), by tuning the phase angle of c, 
the transverse distribution can be symmetrical around any 
angle. From Fig.1(d-f), one can clearly see that the abso-
lute value of c can adjust the circular symmetry of the 
transverse field. As |c| increases, the asymmetry of LMG 
mode would gradually increase. Moreover, scaling factor 
β can control the size of the transverse field in Figs.1(d), 
(g) and (h), which is similar to the p of LG beam[12]. Ac-
cording to its electromagnetic field expression Eq.(1), we 
can design phase holograms to load into the spatial light 
modulator to generate the corresponding beams. 

We calculated the propagation properties of the LMG 
beam using angular spectrum diffraction theory, which 
offers a more reliable application range[13]. U0(x0, y0) and 
U(x, y) are the initial field and diffraction field at Δz

plane, respectively, which can be written as                    

0 0 0( , ) IFFT{FFT[ ( ' , ' )]U m x n y U m x n y        

2 2exp[i 1 ( ) ( ) ]},x yk z p f q f                 (2) 

where FFT and IFFT denote fast Fourier transform and 
inverse Fourier transform, respectively. In order to adapt 
to the random phase screen method in simulating turbu-
lence effect section, we adopted the following configura-
tion. The size and pixels of simulating region/ phase 
screen are ΔL×ΔL and N×N, respectively. So the spatial 
sampling interval and spatial frequency sampling interval 
are Δx=Δy=ΔL/N and Δfx=Δfy=1/ΔL, respectively. 
m'=n'=−N/2, −N/2+1, …, N/2−1 is the discretization 
process. The simulation parameters in Tab.1 are assumed 
unless ortherwise specified. Besides, as shown in Tab.1, 
the waist width setting for LG and LMG beams are dif-
ferent, owing to the scaling factor β of LMG beams. We 
need to set the waist width of the LMG beams to be 
slightly larger to ensure that the mainlobe sizes of two 
beams are equal on the initial plane. 
 

 
Fig.1 The transverse field distribution of LMG with 
basic parameters of β0=1.67×10-4, ω0=0.02 m, l=2 and 
different asymmetry factor c or scaling factor β  

 
In order to clearly illustrate the divergence of the light 

energy, we use the fellowing normalized intensity formula:    
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Note that, the radial area in Eq.(3) should be limited to 
the initial waist width ω0 . As shown in Fig.2(a) and (c), 
unlike the gradual divergence of the LGl=0 beam with the 
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propagation distance, the symmetrical LMG l=0,|c|=0.1 
beam shows a long self-focusing distance (over 60 m 
under current beam parameters), which is similar to the 
OPB beam behaviors[2]. Based on the above phenomena, 
we expect that LMG beams possess self-healing or 
self-reconstruction properties like BG beams. According 
to the Weng’s theory[6], non-diffracting effect is based on 
transverse energy transfer between central maximum and 
peripheral rings. Hence, a circular obstacle with a radius 
of r' (see Tab.1) is placed at the center of the source 
plane to block the mainlobe of beams. From the diffrac-
tion pattern in Fig.2(b) and (d), one can clearly see that 
the blocked central energy re-appears after being propa-
gating tens of meters. However, owing to the natural 
divergence of the LG beam as mentioned above, the en-
ergy divergence in the center is very serious, while the 
symmetrical LMG beam can maintain the reconstructed 
center energy at a long distance. In addition, the energy 
transition of the LMG beam during the reconstruction 
process is more stable than that of the LG beam, accord-
ing to the normalized intensity curve. 
 

Tab.1 Parameters used in numerical calculation 

Parameter Symbol Value

Wavelength λ 1 550 nm 
Propagation distance ztotal 150 m 

Thickness of turbulent layer Δz 1 m 
Phase screen size ΔL×ΔL 0.5 m×0.5 m

Phase screen pixels N×N 1 000×1 000
Non-Kolmogorov turbulence-parameter a 11/3 

Waist width of LG in initial plane (*) ω0 0.02 m 
Waist width of LMG in initial plane (*) ω0 0.01 m 

Scaling factor of LMG β 1.67×10-4 
Obstruction size at mainlobe r' 0.005 m 
Obstruction size at sidelobe r'' 0.01 m 

Obstruction offset at sidelobe r''' 0.01 m 

 

 

Fig.2 Propagation properties of LGl=0 beam in (a) free 
space and (b) blocked by circular obstacle at source 
plane; (c) LMG l=0,|c|=0.1 in free space condition; (d) 
LMG l=0,|c|=0.1 under blocked condition (The insets give 
the transverse field at each ordinate scale value, and 
the red dotted line is the normalized intensity evolu-
tion of the beam mainlobe.) 
 

In order to clearly illustrate the physical process of the 
self-reconstruction of the LMG beam, we calculated the 
Poynting vector / energy flow vector after destruction, 
which is given by[3] 

2 * *
0= + (1/2 )| | ( /4 )( ),0U i η k U U U U      zs s s z (4) 

where s  and zs  are the the longitudinal and trans-

verse components of the Poynting vector, respectively. 

0 0 0= μ / ε indicates the free space impedence. 

In the first part of the propagation (~30 m), the energy 
of the sidelobes is transferred to the blocked central area, 
which corresponds to the process of beam self-focusing. 
When the LMG beam travels to around 63 m, the inward 
and outward energy flow balances, a sufficiently strong 
field in the center can be seen. At 90 m of propagation, 
the energy flow of the mainlobe and sidelobes are di-
rected from the inside to the outside, which means that 
the beam is experiencing divergence. 
 

 
Fig.3 Calculated transverse power flow s  of LMG 

l=0,|c|=0.1 beam with blocked mainlobe propagating at (a) 

30 m, (b) 63 m and (c) 90 m, respectively 
 

For high-order fields (i.e., vortex light state), our focus 
is the reconstruction process of the sidelobes. A circular 
obstacle with a radius of r" is built on the initial plane 
with r"' offsets (see Tab.1), which destroys both the 
sidelobes and the mainlobe of LMG beams. As shown in 
Fig.4, owing to the vortex phase, both beams can recover 
most of the blocked parts during propagation. Important-
ly, the symmetrical LMG beam can almost maintain its 
original beam size, while LG beam exhibits a larger di-
vergence. The former is preferred by free optical com-
munication. However, the asymmetric LMGl=3,|c|=0.9 beam 
does not perform well. Although the central light field is 
reconstructed, most of the energy is dispersed to the 
sidelobes, which means that the asymmetric LMG beam 
may not be suitable for applications in turbulent envi-
ronments. The above explains the result of high crosstalk 
occurred in the asymmetric LMG beam in our previous 
work from the perspective of the field[10]. Also, some 
works indicated that the asymmetric energy transfer may 
cause serious degradation in one direction in turbu-
lence[14]. 
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Fig.4 Propagation properties of (a) LGl=3, (b) 
LMGl=3,|c|=0.1, (c) LMG l=3,|c|=0.9 beam with blocked side-
lobes 
 

The results of energy flow analysis indicate that the 
sidelobes of the 'doughnut-shaped' high-order beams can 
be well restored during the propagation. By carefully ob-
serving the energy flow of the LG beam (Fig.5(a1-a4)) and 
the symmetrical LMG beam (Fig.5(b1-b4)) in various 
propagation planes, one can find that the symmetrical 
LMG beam has a smaller radial component of energy 
flow, which leads to the LMG can maintain its size in a 
long distance.  
 

 

Fig.5 Calculated transverse power flow s of (a1-a4) 
LGl=3 and (b1-b4) LMGl=3,|c|=0.1 beam with blocked 
sidelobes propagating at 0 m, 30 m, 60 m and 90 m 
 

Using the random phase screen method and diffraction 
theory, we simulated the propagation behavior of the 
above two types of beams under different turbulence 
intensities. The non-Kolmogorov spectrum of turbulent 
atmosphere in this simulation is represented by[15]     

  
2

atm 2

cos( /2)
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where Γ is the Gamma function, α is the power-law ex-
ponent of the non-Kolmogorov spectrum, 2

nC  is the the 

refractive index structure parameter, and κ is spatial fre-
quency. So the phase modulation on the slice can be 
written as     

2
atm( , ) 2 ( , , 0).s x y x y zk z                    (6) 

Finally, the phase screen can be obtained through power 

spectrum inversion and low frequency compensation. 
1/2
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The phase screen should match the previous angular 
spectrum calculation model. So m, n, m', n' in Eq.(7) 
should meet m=n=m'=n'=−N/2, −N/2+1, …, N/2−1. 
a=a+iB is a complex Gaussian random matrix to filter 
the atmospheric turbulence power spectrum, in which A 
and B are both two dimensional Gaussian white noise 
with mean of 0 and variance of 1. 

Parameters for simulation are shown in Tab.1, the 
demodulation results using phase conjugation method at 
each z are shown in Fig.6. As the strength of turbulence 
increases (i.e., 2

nC ), all beams begin to deteriorate, such 
as multiple speckle formation, beam wandering. Never-
theless, the symmetrical LMG beams can still maintain a 
better profile compared to the other two. Asymmetrical 
LMG beams are even inferior to LG light under 
low-intensity turbulence (Fig.6(b1-b3)). Together with 
the results of self-reconstruction (Fig.4(c)), one can find 
that the orientation in the energy transfer process leads to 
possible beam walk-off. Additionally, the demodulated 
asymmetric LMG beam is not symmetrical, so it needs to 
be re-shaped to match the circularly symmetrical receiver. 
As far as we know, phase mask generated based on 
Gerchberg-Saxton algorithm is a fast convergence and 
implementable solution. While the symmetrical LMG 
beam can be demodulated under strong turbulence 
(Fig.6(b3)). 
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Fig.6 Simulated field distribution after demodulation 
over 150 m vs. different turbulence intensity by ran-
dom phase screen methods: (a1) 

,demod.
=3LGl

α
nC 2 -16 3-=10 m ; (a2) ,demod.

=3LGl  α
nC 2 -16 3-=5 10 m ; 

(a3) ,demod.
=3LGl  α

nC 2 -15 3-=5 10 m ; (b1) demod.
=3,| |=0.1LMGl c , 

α
nC 2 -16 3-=10 m ; (b2) demod.

=3,| |=0.1LMGl c ,  α
nC 2 -16 3-=5 10 m ; (b3) 

demod.
=3,| |=0.1LMGl c ,  α

nC 2 -15 3-=5 10 m ; (c1) l c
demod.
=3, =0.9exp(i3π/4)LMG , 

α
nC 2 -16 3-=10 m ; (c2) l c

demod.
=3, =0.9exp(i3π/4)LMG ,  α

nC 2 -16 3-=5 10 m ; 

(c3) l c
demod.
=3, =0.9exp(i3π/4)LMG ,  α

nC 2 -15 3-=5 10 m   

 

In conclusion, based on angular spectrum diffraction 
theory and random phase screen method, we perform 
beams propagation analysis to give a physical reason for 
the enhanced anti-turbulence ability of LMG beam over 
LG beams. For the blocked symmetrical LMG beam, 
most of the mainlobe energy can be recovered in the 
self-focusing range. Owing to the small radial energy 
flow component, the high-order LMG beam can better 
maintain its profile over LG beam. On the contrary, for 
asymmetric LMG beams, due to the asymmetry of the 
energy transfer during propagation, it exhibits greater 
sensitivity to turbulence. The beam wandering and mul-
tiple speckle still occur, despite the lower intensity tur-
bulence. The simulation results presented in this work 
are expected to provide important reference for the de-
sign and optimization of novel beams for optical co-
munication. 
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