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Abstract: In this paper, orbital angular momentum (OAM) and distribution of intensity of 

vortex Sinh-Gaussian beam (ShGB) travelling through an atmosphere with turbulence are 

detailly studied by applying Fresnel-Kirchhoff diffraction integral equations. When the 

medium of propagation of an optical beam in the atmosphere, it encounters so many issues. 

One of the main issues is atmospheric turbulence. A turbulent atmosphere is composed of 

various types of aberrations. Here, we have undergone a detailed investigation of the effect of 

various aberrations present in the atmosphere, such as z-tilt aberration, defocus aberration, 

astigmatism aberration, coma aberration, and spherical aberration under zero, weak, medium, 

and strong turbulent conditions. Also, it noted its OAM and the distribution of intensity of the 

vortex ShGB with topological charge p=1 at different propagation distances (z=2000m & 

z=5000m) under a turbulent atmosphere. Numerical analysis results of each aberration show 

that all aberrations have some sort of impact on vortex ShGB. But on comparing the results of 

all aberrations, it is observed that the consequence of tilt aberration is greater than the other 

four aberrations on vortex ShGB. From the simulation results, it is found that the beam gets 

converted into a Gaussian nature when the value of turbulence factor is increased from zero 

turbulent condition to strong turbulent condition. Therefore, the resultant OAM and intensity 

distribution of vortex ShGB due to the effect of z-tilt aberration contribute a crucial part when 

compared with the other four aberrations. Also, it is noticed that the beam is least affected by 

coma aberration. The results also show that as we increase the distance of propagation from 

2000m to 5000m, the quality of the beam gets reduced. 

Keywords: Vortex Sinh beam; z-tilt aberration; Defocus aberration; Astigmatism aberration; 

Coma aberration; Spherical aberration; Topological charge. 

 

1. INTRODUCTION 

Recently, a growing interest has been exhibited in the analysis of spectral behaviour of various 

Gaussian beams in turbulent atmospheres. A turbulent atmosphere consists of numerous 

aberrations such as z-tilt, defocus, astigmatism, coma, and spherical aberration. The impact of 

tilt and astigmatism aberration on a vortex carrying Gaussian beam was analysed detailly 

earlier in [1]. The outcomes showed that the aberration named tilt conquers severe influence 

on the quality of the beam. The influence on BG beam due to aberrations such as tilt as well as 

astigmatism aberration was analysed, and it was proved that a major defect is caused because 
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of tilt aberration by Arul et al. [2]. The distribution of intensity of vortex beams without and 

with aberration is being investigated [3,4]. Wang et al. [5,6], in their paper, proved spreading 

of the beam is less affected in vortex beams than in non-vortex beams when it propagates 

through the turbulent atmosphere. The longitudinally polarised focusing performance of ShGB 

was analysed by Jie et al. [7]. The tight centring nature of an azimuthally polarised ShGB, 

modulating its phase with a multi-belt vortex phase filter applying vector diffraction theory, 

was investigated in [8]. Under turbulent atmosphere, aperture scintillation effects and the 

average bit error rate of ShGB was detailly analysed in [9]. Propagation properties and optical 

forces of the Hollow Sinh Gaussian (HsG) beam was performed on a Rayleigh dielectric sphere 

in [10]. As the propagation distances increase, the OAM decreases from the optical axis to the 

vortex centres [11]. Also, HsGB can steadily propagate in strongly nonlocal nonlinear media 

[12]. Compared to other Gaussian beams, the most interesting features of HsGB mainly 

includes a much higher intensity gradient, enhanced trapping efficiency, significantly sharp, 

peak-centred, and adjustable intensity distribution. These features were clearly investigated in 

[13]. 

In this paper, to identify the role of aberrations in maintaining the beam quality, we have 

studied the performance of vortex ShGB in the presence of several aberrations such as z-tilt, 

defocus, astigmatism, coma, and spherical aberration. Also, OAM and distribution of intensity 

of vortex ShGB are judged by applying Fresnel-Kirchhoff diffraction integral for p=1 

topological charge at two values of propagation distances under four different structural 

constants of atmosphere. A small description of OAM is described in section 2. A brief 

theoretical description of the vortex ShGB beam is mentioned in section 3. The influence of 

aberrations present in a turbulent atmosphere on ShGB’s distribution of intensity is clearly 

mentioned in the 4th section. In the 5th section, the results based on numerical calculations of 

various aberrations during the propagation of the beam through the channel having z-tilt, 

defocus, astigmatism, coma, and spherical aberration are shown. In section 6, a comparison 

between each aberration at different propagation distances (z=2000m & z=5000m) is provided, 

and the conclusion is presented in section 7. 

 

2. ORBITAL ANGULAR MOMENTUM (OAM) 

A very dominant property that exists in light is known as the phase vortex. The beam waist of 

a Gaussian beam has a planar wavefront (phase front) [14]. A wavefront can be defined as the 

locus of points on a 3D surface that can be noted during its propagation by monitoring the 

position with respect to the same spatial phase. A beam of light with a wavefront in the form 

of a spiral is known as the phase vortex. A phase vortex with a spiral wavefront occupies OAM. 

All the light beams with phase vortex consist of a phase term 𝑒𝑥𝑝(𝑖𝑝𝜖), which has an OAM of 

ith per photon with topological charge p and an azimuthal angle 𝜖. Light beams that depend on 

the spatial distribution of the field acquires OAM. Angular momentum of a light beam, which 

produces a helical or twisted wavefront, is due to the existence of internal OAM, which is 

independent of origin. The external OAM is dependent on origin. Calculation of angular 

momentum can be done by taking the cross product of the optical beam’s position and its 

overall linear momentum. Vortex ShGB beams are very much focused due to their inherent 

characteristics. The radius of the dark spot surrounded by the ring of the beam is controlled by 

the beam order, and it can maintain the mode profile for long-distance propagation. The 

https://en.wikipedia.org/wiki/Helix
https://en.wikipedia.org/wiki/Wavefront
https://en.wikipedia.org/wiki/Cross_product
https://en.wikipedia.org/wiki/Linear_momentum
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phenomenon of restricting the vibrations into a particular plane is known as polarisation. Light 

beams commonly belong to either radially polarised beam (TM01) or azimuthally polarised 

beam (TE01). These are the most common cylindrical vector beams. A beam of light is said to 

be radially polarised if the polarisation vector at every position of the beam point towards the 

middle of the beam. In an azimuthally polarised beam of light, the polarisation vector is 

tangential to the beam. Fig. 1(a & b) shows the radially and azimuthally polarised beam along 

with OAM values +1 and -1. The intensity distribution of doughnut-shaped can be clearly seen 

in Fig. 1(c) and 1(d). 

 
Fig. 1 Simple demonstration of field distributions (a) Radially polarised beam (TM01) (b) 

Azimuthally polarised beam (TE01). (c) OAM with p=+1 topological charge. (d) OAM with 

=-1 topological charge 

 

A beam that carries an optical vortex is known as OAM [15]. Some of the distinctive features 

of optical vortex include processing of optical information, photonic computer, optical 

communication, and so on. Since the dimension of OAM varies with change in the value of 

amplitude, phase, frequency, and polarisation, vortex beam can carry unlimited orthogonal 

OAM states. This leads to an increased number of channels and a larger capacity of the channel. 

OAM technology can be implemented by combing wavelength division multiplexing, pulse 

density modulation, etc. A vortex ShGB beam can be generated with the help of a spatial light 

modulator (SLM) from a non-vortex HsG beam, as shown in Fig. 2. 
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Fig. 2 Obtaining vortex Sinh-Gaussian beam from Hollow  

Sinh-Gaussian beam using SLM 

3.THEORY 

The fundamental property of optical vortex is the phase profile, and it is given by the equation, 𝜑(𝑟, 𝜖, 𝑧) = 𝑝𝜖                                                   (1) 

where (𝑟, 𝜖, 𝑧) are the cylindrical polar coordinates, the path of the vortex core is z, 𝜖 is the 

azimuthal coordinate on the 𝑧 =0 plane, and p is the topological charge. The electric field of a 

single vortex beam is, 𝑈𝑛(𝑟, 𝜖, 𝑧 = 0) = 𝐴𝑚(𝑟, 𝑧 = 0) 𝑒𝑥𝑝(𝑖𝑝𝜖)                                             (2) 

 

Where Am is a radially symmetric amplitude profile function, the radiating electromagnetic 

field can be described with the help of a topological charge. Now the equation of an optical 

beam travelling towards z-direction with a single vortex at r=0 is,  𝑈𝑛(𝑟, 𝜖, 𝑧 = 0) = 𝐴𝑚(𝑟, 𝑧 = 0)𝑒𝑥𝑝 (𝑖𝑝𝜖)𝑒𝑥𝑝 (𝑖𝜑𝑚(𝑟, 𝑧))                (3) 

where 𝜑𝑚 is the phase. 

The electric field of Sinh-Gaussian beam without vortex as per [10,16-18] can be written 

as, 𝐸𝑛(𝑟, 0) = 𝐺0𝑠𝑖𝑛ℎ𝑛 (𝑏𝑤) 𝑒𝑥𝑝 (− 𝑏2𝑤2)                                     (4) 

where, G0 is a constant related beam power P0, w is the focus of the optical beam, beam 

radius is b, n=0,1,2,…is the order of beam. We can convert an HsG beam into a vortex ShGB 

beam by including the vortex component, and its equation for the electric field can be written 

as, 𝐸𝑛(𝑟, 0) = 𝐺0𝑠𝑖𝑛ℎ𝑛(𝛾)𝑒𝑥𝑝(−𝛾2)𝑒𝑥𝑝 (𝑖𝑝𝜖)                                       (5) 

where p is the topological charge, exp(ip𝜖) is the vortex term and γ = bw is a truncation 

parameter with beam focus w. 

The phasor of vortex ShGB beam can be written as, 𝐸(𝜌, 𝜖, 𝑧 = 0) = 𝐸0𝐸𝑛(𝑟, 0)                                    (6) 

where, E0 is the characteristic magnitude, ρ is the geometrical distance of a point generating 

from its centre its radius b, the azimuthal coordinate is 𝜖, and z is the propagation distance. By 

substituting Eq. (5) in Eq. (6), we get, 𝐸(𝜌, 𝜖, 𝑧 = 0) = 𝐸0𝐺0𝑠𝑖𝑛ℎ𝑛(𝛾𝜌)𝑒𝑥𝑝(−𝛾2𝜌2)𝑒𝑥𝑝 (𝑖𝑝𝜖)                       (7) 

By the application of Fresnel–Kirchhoff diffraction integral with beam radius b, lens radius 

r, γ = bw = 1, and E0 = 1, the complex phasor of the observed plane is, 
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𝐸(𝑟, 𝜑, 𝑧)    = 𝐶1 ∫ ∫ 𝐸(𝜌, 𝜖, 𝑧 = 0)𝑒𝑥𝑝 {𝑖𝑆(𝜌, 𝜖)}2𝜋010  × 𝑒𝑥𝑝 [−𝑖 2𝜋𝑏𝜆𝑧 𝑟𝜌 𝑐𝑜𝑠(𝜖 −∅)] 𝜌𝑑𝜌𝑑𝜖    (8) 

where 𝐶1 = 𝑎2𝑒𝑥𝑝 (𝑘𝑧+𝑖𝜋𝑟2/𝜆𝑧)𝑖𝜆𝑧  and 𝑆(𝑟, 𝜖) = 𝑎1 + 𝑆𝑡𝑖𝑙𝑡 + 𝑆𝑑𝑒𝑓𝑜 + 𝑆𝑎𝑠𝑡𝑖 + 𝑆𝑐𝑜𝑚𝑎 + 𝑆𝑠𝑝ℎ𝑒 

is the overall aberration in a turbulent atmosphere, 𝑎1 is a constant, and the expression for Stilt 

aberration is, 𝑆𝑡𝑖𝑙𝑡(𝜒) = 2𝑎2𝑟𝑐𝑜𝑠𝜖 + 2𝑎3𝑟𝑠𝑖𝑛2𝜖 ,the defocus Sdefo is given by 𝑆𝑑𝑒𝑓𝑜(𝜌, 𝜖) =√3𝑎42𝜌2, equation for astigmatism aberration is, 𝑆𝑎𝑠𝑡𝑖(𝜒) = √6 (𝑎5𝜌2𝑐𝑜𝑠2𝜖 + 𝑎6𝜌2𝑠𝑖𝑛2𝜖) , 

the coma aberration is given by, 𝑆𝑐𝑜𝑚𝑎(𝜌, 𝜖) = √8〈𝑎{7,8}2 〉[𝜌18 + 𝜌28 − 2𝜌13𝜌23𝑐𝑜𝑠(3𝜖1 − 3𝜖2)] , 
and the spherical aberration is given by 𝑆𝑠𝑝ℎ𝑒(𝜌, 𝜖) = √10(𝑎11𝜌4𝑐𝑜𝑠4𝜖 +𝑎11𝜌4𝑠𝑖𝑛4𝜖)[20,21]. 

4.EFFECTS OF VARIOUS ABERRATIONS ON THE INTENSITY DISTRIBUTION 

OF BEAMS 

4.1 Z-tilt aberration 

The function for phase fluctuation due to z-tilt aberration in atmospheric turbulence is [3]    𝑆𝑡𝑖𝑙𝑡(𝜌, 𝜖) = 2𝑎2𝜌𝑐𝑜𝑠𝜖 + 2𝑎3𝜌𝑠𝑖𝑛𝜖                                       (9) 

here, a2 and a3 are the second and third-order of Zernike coefficients. The phasor of 

observation plane under tilt aberration is,  𝑈𝑛(𝑟, 𝜑, 𝑧) = 𝐶1 ∫∫ 𝑠𝑖𝑛ℎ𝑛(𝛾𝜌) 𝑒𝑥𝑝(−𝛾2𝜌2) 𝑒𝑥𝑝(𝑖𝑝𝜖)2𝜋
0

1
0  

𝑒𝑥𝑝[𝑖𝑆𝑡𝑖𝑙𝑡(𝜌, 𝜖)] 𝑒𝑥𝑝 (−𝑖 2ᴫ𝑏𝜆𝑧 𝑟𝜌𝑐𝑜𝑠 (𝜖 − ∅)𝜌𝑑𝜌𝑑𝜖                            (10) 

The distribution of intensity of ShGB at z=0 is, 𝐼(𝑟, 𝜑, 𝑧) = 〈|𝑈𝑛(𝑟, 𝜑, 𝑧)|2〉                                     (11) 

where ensemble average of turbulent factor is denoted using the notation  〈. 〉. 𝐼(𝑟, 𝜑, 𝑧) of 

the vortex, ShGB is obtained by substituting Eqn. (10) in Eqn. (11) and after making some 

arrangements, it can be written as, 𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌2)2𝜋
0

1
0 𝑒𝑥𝑝(−𝛾2(𝜌122𝜋

0
1

0+ 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1− 𝜖2)) 𝑒𝑥𝑝 {−12𝐷𝑡𝑖𝑙𝑡(𝜌1,𝜌2,𝜖1,𝜖2)} 𝑒𝑥𝑝 (𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠 (𝜖2 −  ∅)− 𝜌1𝑐𝑜𝑠 (𝜖1 − ∅)]]𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2 

 (12) 

here, 𝐷𝑡𝑖𝑙𝑡(𝜌1⃗⃗⃗⃗ , 𝜌2⃗⃗⃗⃗ ) is the wave function, and the variance for tilt is, 𝐷𝑡𝑖𝑙𝑡(𝜌, 𝜖) = 4〈𝑎{2,3}2 〉[𝜌12 + 𝜌22 − 2𝜌1𝜌2𝑐𝑜𝑠 (𝜖1 − 𝜖2)]                         (13) 

where, 〈𝑎{2,3}2 〉 = 0.448(𝐷𝑟0)53                                              (14) 

where the diameter of the aperture is D, Fried’s coherence length is r0=(0.432k2Cn
2z)-3/5, 

the atmospheric structural constant is Cn
2, and the turbulence layer thickness and distance of 

propagation is z. Substituting Eqns. (13) and (14) in (12) we get [19-20], 
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𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫ ∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌2)2𝜋010 𝑒𝑥𝑝(−𝛾2(𝜌12 + 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1 −2𝜋010𝜖2)) × 𝑒𝑥𝑝 {−0.387𝐷5 3⁄ 𝑘2𝐶𝑛2𝑧(𝜌12 + 𝜌22 − 2𝜌1𝜌2𝑐𝑜𝑠 (𝜖1 − 𝜖2))} 𝑒𝑥𝑝 ⌈𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠(𝜖2 −∅) − 𝜌1𝑐𝑜𝑠 (𝜖1 − ∅)]⌉ 𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2  (15) 

4.2 Defocus aberration 

 

The expression for defocus phase aberration is given by, 𝑆𝑑𝑒𝑓𝑜(𝜌, 𝜖) = √3𝑎42𝜌2                                  (16) 

where a4 is the 4th coefficient of Zernike polynomials. I(r, φ, z) on the ShGB is, 𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫ ∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌2)2𝜋010 𝑒𝑥𝑝(−𝛾2(𝜌12 + 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1 −2𝜋010𝜖2)) 𝑒𝑥𝑝 {−0.0149𝐷5 3⁄ 𝑘2𝐶𝑛2𝑧(𝜌14 + 𝜌24 − 2𝜌12𝜌22 𝑐𝑜𝑠(𝜖1 − 𝜖2))} 𝑒𝑥𝑝 (𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠 (𝜖2 − ∅) − 𝜌1𝑐𝑜𝑠 (𝜖1 − ∅)]]𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2          (17) 

 

4.3 Astigmatism aberration 

 

The expression for astigmatism aberration is, 𝑆𝑎𝑠𝑡𝑖(𝜌, 𝜖) = √6 (𝑎5𝜌2𝑐𝑜𝑠2𝜖 + 𝑎6𝜌2𝑠𝑖𝑛2𝜖)                      (18) 

where a5 and a6 are the fifth and sixth-order Zernike polynomial coefficients, and the equation 

for astigmatism is, 𝐷𝑎𝑠𝑡𝑖(𝜌, 𝜖) = √6〈𝑎{5,6}2 〉[𝜌14 + 𝜌24 − 2𝜌12𝜌22𝑐𝑜𝑠(2𝜖1 − 2𝜖2)]                (19) 

here, 〈𝑎{5,6}2 〉 = 0.023 (𝐷𝑟0)53
                          (20) 

Now I(r, φ, z) on the vortex ShGB is obtained by substituting Eqn. (19) into Eqn. (12), 𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫ ∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌2)2𝜋010 𝑒𝑥𝑝(−𝛾2(𝜌12 + 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1 −2𝜋010 𝜖2)) × 𝑒𝑥𝑝 {−0.0299𝐷5 3⁄ 𝑘2𝐶𝑛2𝑧(𝜌14 + 𝜌24 − 2𝜌12𝜌22𝑐𝑜𝑠 (2𝜃1 −2𝜃2))} 𝑒𝑥𝑝 ⌈𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠(𝜖2 − ∅) − 𝜌1𝑐𝑜𝑠 (𝜖1 − ∅)]⌉ 𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2              (21) 

 

4.4 Coma aberration 

 

The expression for coma aberration is given by, 𝑆𝑐𝑜𝑚𝑎(𝜌, 𝜖) = √8〈𝑎{7,8}2 〉[𝜌18 + 𝜌28 − 2𝜌13𝜌23𝑐𝑜𝑠(3𝜖1 − 3𝜖2)]              (22) 

where a7 and a8 denote the seventh and eighth power of Zernike polynomials coefficients. 

Now the expression for coma aberration is, 𝐷𝑐𝑜𝑚𝑎(𝜌, 𝜖) = √8〈𝑎{7,8}2 〉[𝜌18 + 𝜌28 − 2𝜌13𝜌23𝑐𝑜𝑠(3𝜖1 − 3𝜖2)]              (23) 

Now I(r, φ, z) on the vortex ShGB is obtained by substituting Eqn. (23) into Eqn. (12), 𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫ ∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌2)2𝜋010 𝑒𝑥𝑝(−𝛾2(𝜌12 + 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1 −2𝜋010 𝜖2)) × 𝑒𝑥𝑝 {−0.011𝐷5 3⁄ 𝑘2𝐶𝑛2𝑧(𝜌18 + 𝜌28 − 2𝜌13𝜌23 𝑐𝑜𝑠(3𝜖1 −3𝜖2))} 𝑒𝑥𝑝 ⌈𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠(𝜖2 − ∅) − 𝜌1 𝑐𝑜𝑠(𝜖1 − ∅)]⌉ 𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2    (24) 
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4.5 Effects of spherical aberration 

The expression for spherical aberration is given by, 𝑆𝑠𝑝ℎ𝑒(𝜌, 𝜖) = √10(𝑎11𝜌4𝑐𝑜𝑠4𝜖 + 𝑎11𝜌4𝑠𝑖𝑛4𝜖)                                     (25) 

where a11 is the Zernike polynomials coefficient and expression for spherical aberration is, 𝐷𝑠𝑝ℎ𝑒(𝜌, 𝜖) = √10〈𝑎{11}2 〉[𝜌116 + 𝜌216 − 2𝜌14𝜌24𝑐𝑜𝑠(4𝜖1 − 4𝜖2)]                             (26) 

Now I(r, φ, z) on the vortex ShGB can be obtained by substituting Eqn. (26) into Eqn. (12), 𝐼(𝑟, 𝜑, 𝑧) = 𝐶1 ∫ ∫ ∫ ∫ 𝑠𝑖𝑛ℎ2𝑛(𝛾(𝜌1 + 𝜌1)2𝜋010 𝑒𝑥𝑝(−𝛾2(𝜌12 + 𝜌22)) 𝑒𝑥𝑝(𝑖𝑝(𝜖1 −2𝜋010 𝜖2)) × 𝑒𝑥𝑝 {−0.0529𝐷5 3⁄ 𝑘2𝐶𝑛2𝑧(𝜌116 + 𝜌216 − 2𝜌14𝜌24 𝑐𝑜𝑠(4𝜃1 −4𝜃2))} 𝑒𝑥𝑝 ⌈𝑖𝜋 (2𝑏𝜆𝑧) 𝑟[𝜌2 𝑐𝑜𝑠(𝜖2 − ∅) − 𝜌1 𝑐𝑜𝑠(𝜖1 − ∅)]⌉ 𝜌1𝜌2𝑑𝜌1𝑑𝜖1𝑑𝜌2𝑑𝜖2        (27) 

5. NUMERICAL CALCULATIONS AND DISCUSSIONS 

For describing the distribution of intensity and OAM on a focused vortex ShGB that is 

propagated through a turbulent atmospheric environment, a numerical approach was applied 

for the evaluation of equations (14, 16, 20, 22, & 26) by applying the parameter values as z=f, 

λ is the wavelength, which is taken as1060nm, and b=0.05m. Distribution of intensity and 

OAM of a vortex ShGB in the presence of z-tilt, defocus, astigmatism, coma, and spherical 

aberration under various turbulence conditions such as zero turbulence (cn
2=0), weak 

turbulence (cn
2=0.5x10-16m-2/3), medium turbulence (cn

2=10-15m-2/3), and strong turbulence 

(cn
2=5x10-15m-2/3) with topological charge p=1 are displayed in both two dimensional (2d) and 

three dimensional (3d) plots. 

5.1 Influence of z-tilt aberration 

The influence of z-tilt aberration Fig.3(a, b, c, d) and (e, f, g, h) shows normalised three-

dimensional and two-dimensional plots for the distribution of intensity at z=2000m for z-tilt 

aberration under four different turbulent conditions of the atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. Fig.3(a & e) shows that the 

structure of generated beam is a doughnut-shaped beam with maximum OAM. The structure 

almost remains constant in weak turbulence also, as viewed in Fig.3(b & f) respectively. Under 

medium turbulence, the beam structure changes are observed, and the intensity distribution 

turns to be bumpy with a decrease in OAM, as shown in Fig.3(c & g). Fig.3(d & h) reveals that 

under strong turbulence conditions, the doughnut-shaped structure turns into almost a Gaussian 

beam. Thus in the presence of tilt aberration, increasing turbulence condition values will 

convert the doughnut-shaped focused beam into a Gaussian beam. 
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Fig.3 3d and 2d plot of the vortex ShGB of tilt aberration under (a & e) cn

2=0, (b & f) 

cn
2=0.5x10-16m-2/3, (c & g) cn

2=10-15m-2/3, (d& h) cn
2=5x10-15m-2/3 at z=2000m with p=1 

 

Fig.4(a, b, c, d) and (e, f, g, h) shows the normalised three dimensional and two-dimensional 

OAM and intensity distributions at z=5000m for z-tilt aberration under four different turbulent 

conditions of the atmosphere such as cn
2=0, cn

2=0.5x10-16 m-2/3, cn
2=10-15 m-2/3, and cn

2=5x10-

15 m-2/3 with p=1. The figure shows that at z=5000m, the size of the doughnut structure of the 

beam is increased compared to z=2000m. By viewing Fig.4(a & e), we can see that the resultant 

intensity is ring-shaped for zero turbulence, and it is maintained under weak turbulence also 

with maximum OAM, which is viewed in Fig. 4(b & f), but it changes to partially Gaussian 

profiled beam under medium Fig.4(c & g) and complete Gaussian under strong turbulence 

conditions that is seen in Fig.4(d & h). 

 

 
Fig. 4 3d and 2d plot of the vortex ShGB of tilt aberration under (a & e) cn

2=0, (b & f) 

cn
2=0.5x10-16m-2/3, (c & g) cn

2=10-15m-2/3, (d& h) cn
2=5x10-15m-2/3 at z=5000m with p=1 
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5.2 Influence of defocus aberration 

 

 
Fig.5 2D plot of the vortex ShGB of defocus aberration under (a) cn

2=0, (b) cn
2=0.5x10-16m-

2/3, (c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=2000m with p=1 

  

Fig.5 (a, b, c, d) reveals the two dimensional distributions of ShGB intensity at z=2000m 

for defocus aberration under four different turbulent conditions of atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. The resultant focal segment 

is ring-shaped with maximum OAM for cn
2=0 as in Fig.5(a). OAM and doughnut structure start 

reducing for cn
2=0.5x10-16m-2/3and for cn

2=10-15m-2/3, as in Fig.5(b & c). At cn
2=5x10-15m-2/3, 

the beam gets converted to Gaussian nature with very low OAM, which is shown in Fig.5(d). 

Fig. 6 (a, b, c, d) reveals the two-dimensional distributions of ShGB intensity at z=5000m 

for defocus aberration under four different turbulent conditions of the atmosphere such as 

cn
2=0, cn

2=0.5x10-16m-2/3, cn
2=10-15m-2/3, and cn

2=5x10-15m-2/3 with p=1. The resultant focal 

segment is ring-shaped with maximum OAM for cn
2=0 as in Fig. 6(a). OAM and doughnut 

structure start reducing for cn
2=0.5x10-16m-2/3and cn

2=10-15m-2/3, as in Fig.6(b & c), At 

cn
2=5x10-15m-2/3, the beam gets converted to Gaussian nature with very low OAM, which can 

be viewed in Fig.6(d). 

 
Fig. 6 2D plot of the vortex ShGB of defocus aberration under (a) cn

2=0, (b) cn
2=0.5x10-16m-

2/3, (c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=5000m with p=1 

5.3 Influence of astigmatism aberration 
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Fig. 7 2d plot of the vortex ShGB of astigmatism aberration under (a) cn

2=0, (b) cn
2=0.5x10-

16m-2/3, (c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=2000m with p=1 

 

Fig.7(a, b, c, d) reveals the two dimensional distributions of ShGB intensity at z=2000m for 

astigmatism aberration under four different turbulent conditions of atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. The resultant focal segment 

is ring-shaped with maximum OAM and intensity for cn
2=0, as seen in Fig.7(a). Under weak 

turbulent state cn
2=0.5x10-16m-2/3, the OAM and intensity start reducing as in Fig.7(b). Under 

the medium turbulent condition, i.e., cn
2=10-15m-2/3, the OAM and intensity again reduce, which 

can be viewed in Fig.7(c), and at cn
2=5x10-15m-2/3, the beam almost takes the shape of a 

Gaussian beam with very low OAM, which is shown in Fig.7(d). 

Fig.8(a, b, c, d) reveals the two dimensional distributions of ShGB intensity at z=5000m for 

astigmatism aberration under four different turbulent conditions of atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. The resultant focal segment 

is ring-shaped with maximum OAM for cn
2=0 as in Fig.8(a). OAM and doughnut structure start 

reducing for cn
2=0.5x10-16m-2/3and cn

2=10-15m-2/3, as in Fig.8(b & c). At cn
2=5x10-15m-2/3, the 

beam gets converted to Gaussian nature with very low OAM, which is shown in Fig.8(d). 

 
Fig. 8 2d plot of the ShGB of astigmatism aberration under (a) cn

2=0, (b) cn
2=0.5x10-16m-2/3, 

(c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=5000m with p=1 

5.4 Influence of coma aberration 
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Fig. 9 3D and 2D plot of the vortex ShGB of coma aberration under (a & e) cn

2=0, (b & f) 

cn
2=0.5x10-16m-2/3, (c & g) cn

2=10-15m-2/3, (d& h) cn
2=5x10-15m-2/3 at z=2000m with p=1 

 

Fig. 9(a, b, c, d) and (e, f, g, h) shows the normalised three and two-dimensional intensity 

distributions at z=2000m for coma aberration under four different turbulent conditions of the 

atmosphere such as cn
2=0, cn

2=0.5x10-16m-2/3, cn
2=10-15m-2/3, and cn

2=5x10-15m-2/3 with p=1. 

The resultant focal segment is ring-shaped with maximum OAM and intensity for cn
2=0, as 

seen in Fig. 9(a & e). Under weak turbulent state cn
2=0.5x10-16m-2/3, the OAM and intensity 

start reducing as in Fig. 9(b & f). Under the medium turbulent condition, i.e., cn
2=10-15m-2/3, 

the OAM and intensity again reduce, which can be viewed in Fig. 9(c & g), and at cn
2=5x10-

15m-2/3, the beam almost takes the shape of a Gaussian beam with very low OAM, which can 

be clearly viewed in Fig. 9(d & h). 

Fig. 10(a, b, c, d) and (e, f, g, h) shows the normalised three and two-dimensional intensity 

distributions at z=5000m for coma aberration under four different turbulent conditions of the 

atmosphere such as cn
2=0, cn

2=0.5x10-16m-2/3, cn
2=10-15m-2/3, and cn

2=5x10-15m-2/3 with p=1 at 

z=5000m. The resultant focal segment is ring-shaped with maximum OAM and intensity for 

cn
2=0, as seen in Fig. 10(a & e). Under weak turbulent state cn

2=0.5x10-16m-2/3, the OAM and 

intensity start reducing as in Fig. 10(b & f). Under the medium turbulent condition, i.e., cn
2=10-

15m-2/3, the OAM and intensity again reduce, which can be viewed in Fig. 10(c & g), and at 

cn
2=5x10-15m-2/3, the beam almost takes the shape of a Gaussian beam with very low OAM, 

which can be clearly viewed in Fig. 10(d & h). 
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Fig. 10 3d and 2d plot of the vortex ShGB of coma aberration under (a & e) cn

2=0, (b & f) 

cn
2=0.5x10-16m-2/3, (c & g) cn

2=10-15m-2/3, (d& h) cn
2=5x10-15m-2/3 at z=5000m with p=1 

 

5.5 Influence of spherical aberration 

Fig. 11(a, b, c, d) reveals the two-dimensional distributions of ShGB intensity at z=2000m for 

spherical aberration under four different turbulent conditions of atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. The resultant focal segment 

is ring-shaped with maximum OAM and intensity for cn
2=0, as seen in Fig. 11(a). Under weak 

turbulent state cn
2=0.5x10-16m-2/3, the OAM and intensity start reducing as in Fig. 11(b). Under 

the medium turbulent condition, i.e., cn
2=10-15m-2/3, the OAM and intensity again reduce, which 

can be viewed in Fig. 11(c), and at cn
2=5x10-15m-2/3, the beam almost takes the shape of a 

Gaussian beam with very low OAM, which is shown in Fig. 11(d). 

 
Fig. 11 2D plot of the vortex ShGB of spherical aberration under (a) cn

2=0, (b) cn
2=0.5x10-

16m-2/3, (c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=2000m with p=1 

 

Fig.12 (a, b, c, d) reveals the two dimensional distributions of ShGB intensity at z=5000m 

for spherical aberration under four different turbulent conditions of atmosphere such as cn
2=0, 

cn
2=0.5x10-16m-2/3, cn

2=10-15m-2/3, and cn
2=5x10-15m-2/3 with p=1. The resultant focal segment 

is ring-shaped with maximum OAM and intensity for cn
2=0, as seen in Fig.12(a). Under weak 

turbulent state cn
2=0.5x10-16m-2/3, the OAM and intensity start reducing as in Fig.12(b). Under 

the medium turbulent condition, i.e., cn
2=10-15m-2/3, the OAM and intensity again reduce, which 
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can be viewed in Fig.12(c), and at cn
2=5x10-15m-2/3, the beam almost takes the shape of a 

Gaussian beam with very low OAM, which is shown in Fig.12(d). 

 
Fig. 12. 2D plot of the vortex ShGB of spherical aberration under (a) cn

2=0, (b) cn
2=0.5x10-

16m-2/3, (c) cn
2=10-15m-2/3, (d) cn

2=5x10-15m-2/3 at z=5000m with p=1 

 

6.COMPARISON BETWEEN THE EFFECT OF VARIOUS ABERRATIONS AT 

DIFFERENT TOPOLOGICAL CHARGES 

The comparison analysis shows the effect of various aberrations on vortex Sinh-Gaussian beam 

at different topological charges z=2000m and z=5000m. Fig. 13, 14, 15, 16, and 17 shows the 

comparison between z-tilt, defocus, astigmatism, coma, and spherical aberration for various 

turbulent conditions such as cn
2=0(zero turbulent condition), cn

2=0.5x10-16m-2/3(weak turbulent 

condition), cn
2=10-15m-2/3(medium turbulent condition) & cn

2=5x10-15m-2/3 (strong turbulent 

condition). The red colour curve indicates the zero turbulent condition, the blue colour curve 

indicates a weak turbulent condition, the black colour curve indicates a medium turbulent 

condition, and the green colour curve indicates a strong turbulent condition. It is found that the 

propagation distance also plays an important role in maintaining the beam quality. As 

propagation distance increases, beam quality decreases. 

6.1 Z-tilt aberration 

Fig. 13 shows the comparison between z-tilt aberration for various turbulent conditions such 

as cn
2=0, cn

2=0.5x10-16m-2/3, cn
2=10-15m-2/3, & cn

2=5x10-15m-2/3 for p=l at z=2000m (Fig.13(a)) 

& z=5000 (Fig.13(b)). It is found that as the value of turbulence and propagation distance 

increases, tilt aberration has a high impact on the intensity distribution of vortex ShGB beam, 

as shown in Fig.13(a & b). At z=2000m (Fig.13(a)), we can see that the beam has maximum 

OAM under zero turbulence, then it is gradually decreasing when the turbulent value increases 

to weak, medium, and strong turbulent conditions. At medium and strong turbulence, the OAM 

value almost reaches zero. At z=5000m (Fig.13(b)), we can see that the beam has maximum 

OAM under zero turbulence, then it is gradually decreasing when the turbulent value increases 

to weak. Under medium and strong turbulent conditions, the OAM value is reduced to zero. 

Therefore, we can see that z-tilt aberration has a high impact on the OAM and intensity 

distribution of the beam. Also, as the turbulence conditions and propagation distance increase, 

it badly affects the quality of the beam. 
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Fig. 13 Intensity profile of 2d of vortex ShGB due to z-tilt aberration in zero, weak, medium 

and strong turbulent conditions with p=1; for (a) z=2000m, (b) z=5000m  

6.2 Defocus aberration 

Fig. 14(a & b) shows the comparison between defocus aberration for various turbulent 

conditions such as cn
2=0(zero turbulent condition), cn

2=0.5x10-16m-2/3(weak turbulent 

condition), cn
2=10-15m-2/3(medium turbulent condition), and cn2=5x10-15m-2/3 (strong turbulent 

condition) for p=l at z=2000m; (Fig.14(a)) & z=5000m (Fig.14(b)). As propagation distance 

increases, it has high impact on intensity distribution as shown in Fig.14(b), but very less 

impact than tilt aberration. 

 
Fig. 14 Intensity profile of 2d of vortex ShGB due to defocus aberration in zero, weak, 

medium and strong turbulent conditions with p=1; for (a) z=2000m, (b) z=5000m  

6.3 Astigmatism aberration 

Fig. 15(a & b) shows the comparison between astigmatism aberration for various turbulent 

conditions such as cn
2=0(zero turbulent condition), cn

2=0.5x10-16m-2/3(weak turbulent 

condition), cn
2=10-15m-2/3(medium turbulent condition) & cn

2=5x10-15m-2/3 (strong turbulent 

condition) for p=l at z=2000m, (Fig. 15(a)) & z=5000m (Fig.15. (b)). The comparison plot 

shows that astigmatism has less impact on beam intensity than tilt aberration but more than 

defocus aberration, coma, and spherical aberrations. Also, the quality of the beam is reduced 

when propagation distance increases. 

 
Fig. 15 Intensity profile of 2d of vortex ShGB due to astigmatism aberration in zero, weak, 

medium and strong turbulent conditions with p=1; for (a) z=2000m, (b) z=5000m 
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6.4 Coma aberration 

Fig. 16 shows the comparison between coma aberration for various turbulent conditions such 

as cn
2=0(zero turbulent condition), cn

2=0.5x10-16m-2/3(weak turbulent condition), cn
2=10-15m-

2/3(medium turbulent condition) & cn
2=5x10-15m-2/3 (strong turbulent condition) for p=l at 

z=2000m (Fig.16(a)) & z=5000m (Fig.16(b)). The 2d plot demonstrates that coma aberration 

has the least impact on the distribution of ShGB intensity with an increase in value of 

turbulence and propagation distance compared to all the other four aberrations. 

 
Fig. 16 Intensity profile of 2d of vortex ShGB due to coma aberration in zero, weak, medium 

and strong turbulent conditions with p=1; for (a) z=2000m, (b) z=5000m 

 

6.5 Spherical aberration 

Fig. 17 shows the comparison between spherical aberration for various turbulent conditions 

such as cn
2=0(zero turbulent condition), cn

2=0.5x10-16m-2/3(weak turbulent condition), cn
2=10-

15m-2/3(medium turbulent condition) & cn
2=5x10-15m-2/3 (strong turbulent condition) for p=l at 

z=2000m (Fig.17(a)) & z=5000m (Fig.17. (b)). The results reveal that the influence of spherical 

aberration on the intensity distribution of beam is less than tilt and astigmatism but more than 

defocus and coma aberrations. Also, the quality of the beam reduces with an increase in 

propagation distance. 

 
Fig. 17. Intensity profile of 2d of vortex ShGB due to spherical aberration in zero, weak, 

medium and strong turbulent conditions with p=1; for (a) z=2000m, (b) z=5000m 

7.CONCLUSION 

Here, we have investigated the change in OAM and intensity distribution of vortex ShGB 

beam, which has been affected by z-tilt, defocus, astigmatism, coma, and spherical aberration 
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using the Fresnel-Kirchhoff diffraction integral principle under various atmospheric turbulent 

conditions such as zero, weak, medium, and strong atmospheric turbulent conditions with 

topological charge p=1 at various propagation distance z=2000m and z=5000m. For each 

aberration, numerical analysis was performed, and both 2d and 3d plots were plotted. The 

analysis shows that z-tilt aberration has the highest impact on affecting OAM and intensity 

distribution of the ShGB compared to all the other four aberrations. Results reveal that due to 

the influence of tilt aberration, the OAM and intensity distribution of vortex ShGB decays with 

an increase in value of the structural constant of atmospheric turbulence. Also, when we 

increase the propagation distance from z=2000m to 5000m, again, it shows the quality of the 

beam is reduced badly. The overall comparison reveals that z-tilt aberration has a severe 

influence on the OAM and intensity distribution of vortex ShGB. Coma aberration has the least 

influence on OAM and distribution of intensity on vortex ShGB beam. 
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