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Abstract. The numerical study of the propagation of the Bessel beams in 

anisotropic media with different orientations of the crystal axis and different 

polarizations of the input beams has been carried out using distributed 

computing on supercomputers. The analysis is based on two models: the 

geometric optics model based on ray tracing and implemented using the 

ZEMAX software, and the wave model in the approximation of thin optical 

elements based on plane waves expansion and implemented using the 

VectorAnisotropicPropagators package. High-performance computing 

resources have been necessary to implement the wave model. The results 

obtained can be used in various fields of optical design, for example to 

determine the position of the crystal axis and for the development of devices 

that perform polarization conversion. 
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Introduction 
One of the major challenges for optical information science is the calculation of 

the propagation of electromagnetic waves in different media. Thus, optical devices 

that allow certain properties of electromagnetic radiation to be converted have 

acquired growing interest and practical use. Most often, mode and polarization 

conversions are needed. One tool for such transformations are anisotropic crystals [1-

20]. One method of modelling the propagation of electromagnetic waves in 

anisotropic media is the method of plane waves expansion [21-26]. As a rule, the use 

of this method causes large computational problems due to the need to calculate the 

direct and inverse Fourier transforms for all electromagnetic field components. One 

solution is the use of various fast algorithms, including FFT, which significantly 

reduces computation time. However, the use of the FFT algorithm has drawbacks 

associated with the fixed discreteness of input and output signals and the ability to 

calculate only the transverse distribution. Another option is the use of parallel 

algorithms using high performance computing resources (supercomputers). 
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In this work, a comparative modeling of the propagation of the Bessel and 

Gaussian beams with different polarization in a uniaxial crystal along and 

perpendicular to the axis of the crystal is carried out. It is shown that in this case there 

are different effects: one is the astigmatic distortion and the second is the interference 

interaction of ordinary and extraordinary rays. Furthermore, the influence of the 

anisotropic medium in the different types of modes has been varied and is dependent 

on the distribution of the spatial spectrum of the beam. 

The simulation has been carried out in three different ways – ray tracing, plane 

waves expansion and the finite-difference time-domain method. In the last two cases 

parallel execution of programs on supercomputers is used. A comparison of methods 

for speed, efficiency, scalability and the nature of the results has been performed. 

The theoretical part 
The laser beam with a super-Gaussian amplitude is determined by the formula: 
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where σ is the radius of the beam waist. 

Selecting 2p   and 0   we get the usual Gaussian beam, which will be 

modelled in the future: 
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In order to observe the paraxial effects, the beam is focused through the 

converging lens. Instead of lenses, it is possible to use the multiplication of the input 

beam amplitude with the corresponding converging wave front: 
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where f is the focal length of the lens. 

Another laser beam selected for modelling is the Bessel mode: 
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where α is the large-scale radial index of a Bessel beam and m is the angular index. 

Instead of the Bessel beam, it is acceptable to simulate the passage of a flat beam 

through a linear axicon: 

 exp ikpr , 

where 2k    is the wave number and p NA  is the numerical aperture of the 

axicon. 

The complex function of the axicon means that its structure is kept at a certain 

distance, but it has similar properties and does not require infinite energy. 
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Implementation 
The geometric optics approach is implemented in various commercial software 

products (e.g., ZEMAX, LightTrans) and is used to obtain a visual representation of 

the investigated phenomena. 

The ZEMAX program has been used for optical simulation. A detailed description 

of the software used is given in the manual [27]. The important advantage of this 

software is the ability to examine the distribution of ordinary and extraordinary rays 

separately. 

Submit the input Gaussian beam and place in front of the crystal thin converging 

lens. Then the ordinary and extraordinary rays will have different angles of refraction 

at the interface of two media, which will give rise to different effects. 

Figures 1-2 show that when the crystal axis is parallel to the z axis, the ordinary 

and extraordinary rays will focus at two different points on the z axis. Thus in the 

general case the output beam has elliptical polarization, the shape of which at any 

given point depends on the transverse coordinates and is different for these rays. 

 

Fig. 1. – The focusing of the Gaussian beam transmitted through a lens in the crystal of an 

Icelandic spar at the location of the crystal axis parallel to the z axis 

We have applied a flat beam for the entrance and put the axicon in its way to 

simulate the Bessel beam as in the ZEMAX program it is not possible to specify an 

arbitrary type of input beam. 
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a)     

b)  

Fig. 2. – The polarization of the Gaussian beam transmitted through a lens at the exit of the 

crystal of an Icelandic spar: a – the ordinary ray, b – the extraordinary ray 

Figures 3-4 show the simulation results of beam propagation in the crystal of an 

Icelandic spar along the axis of the crystal. It is evident that the ordinary and 

extraordinary rays are focused in different ways, however the result of their 

interaction remains unclear. During propagation along the crystal axis, the beam is 

elliptically polarized. For ordinary ray, polarization is close to linear and varies in a 

complicated way depending on the transverse coordinates, whereas for extraordinary 

ray polarization ellipses in an elongated fashion along the initial polarization of the 

beam. 

The use of ray tracing does not require considerable investment of time and allows 

for the focus in the crystal at different positions of the axis to be explored and for the 

beam polarization to be changed. However, it is difficult to define wave 

characteristics of generated fields in this case. Therefore, we have considered the 

focusing of radiation in an anisotropic medium on the basis of the wave theory of 

diffraction [21-26]. 
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Fig. 3. – The focusing of the flat beam having passed through an axicon in the crystal of an 

Icelandic spar at the location of the crystal axis parallel to the z axis 

a)  

b)  

Fig. 4. – The polarization of the flat beam having passed through an axicon, at the exit of the 

crystal of an Icelandic spar: a – the ordinary ray, b – the extraordinary ray 
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Fig. 5. – The longitudinal section of the amplitude of the electric field during x-polarization of 

the beam in the axial plane, 0,1500z m , the axis of the crystal is oriented along the y axis 

 

Fig. 6. – The cross section of the amplitude of the electric field during x-polarization of the 

beam in the plane 750z m , the axis of the crystal is oriented along the y axis 

The input Gaussian beam is submitted with a converging wave front 

corresponding to the thin lens in the path of the beam. 

The passage of the beam in an Icelandic spar is considered. 

The first case is the axis of the crystal is oriented along the y axis. 

Following this, the passage of the x-polarized beam is simulated. Figure 5 shows a 

longitudinal section of the amplitude, and figure 6 is the cross section of the 

amplitude near the area of focus of the beam. It is evident that the beam is distributed 

identically to an isotropic medium that is without a division into ordinary and 

extraordinary rays and without distortion. 

Polarization is defined at the angle of 45 degrees to the x axis. At this point, the 

split of the beam into ordinary and extraordinary rays appears: the former is 

unchanged while the second undergoes a distortion, stretching itself along the axis of 

the crystal. Figures 7 and 8 confirm this by showing the longitudinal and cross section 

of the beam as a whole and for each of the rays. 
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Fig. 7. – The longitudinal section of the amplitude of the electric field during xy-polarization of 

the beam in the axial plane, 0,1500z m , the axis of the crystal is oriented along the y axis 

a)  

b)    c)  

Fig. 8. – The cross section of the amplitude of the electric field during xy-polarization of the 

beam in the plane 750z m , the axis of the crystal is oriented along the y axis: a – the total 

amplitude, b – the ordinary ray, c – the extraordinary ray 

 

Fig. 9. – The longitudinal section of the amplitude of the electric field during y-polarization of 

the beam in the axial plane, 0,1500z m , the axis of the crystal is oriented along the y axis 
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a)  

b)    c)  

Fig. 10. – The cross section of the amplitude of the electric field during y-polarization of the 

beam in the plane 750z m , the axis of the crystal is oriented along the y axis: a – the total 

amplitude, b – the ordinary ray, c – the extraordinary ray 

The input beam is defined as y-polarized. Here, the electric field is formed mainly 

by the extraordinary ray, which is elongated as in the previous case, and the 

contribution of the ordinary ray is negligible (figures 9-10). 

The second case is where the crystal axis is oriented along the z axis. 

Where the linear polarization of the beam is defined the two focuses are formed on 

the optical axis, the near focus is formed by the extraordinary ray and the far focus is 

formed by the ordinary ray. This is well illustrated in figures 11-12. 

 

Fig. 11. – The longitudinal section of the amplitude of the electric field in the axial plane, 

0,1500z m , the axis of the crystal is oriented along the z axis 
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a)  

b)    c)  

Fig. 12. – The cross section of the amplitude of the electric field in the plane 750z m , the 

axis of the crystal is oriented along the z axis: a – the total amplitude, b – the ordinary ray, c – 

the extraordinary ray 

The Bessel beam has also been considered. 

In the case where the crystal axis is oriented along the y axis and the beam has an 

y-polarization, the electric field is almost completely formed by the extraordinary ray, 

which is astigmatically distorted (figures 13-14). 

 

Fig. 13. – The longitudinal section of the amplitude of the electric field during y-polarization of 

the beam in the axial plane, 0,1500z m , the axis of the crystal is oriented along the y axis 
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a)  

b)    c)  

Fig. 14. – The cross section of the amplitude of the electric field during y-polarization of the 

beam in the plane 250z m , the axis of the crystal oriented along the y axis: a – the total 

amplitude, b – the ordinary ray, c – the extraordinary ray 

At the x-polarization the beam is distributed as an isotropic medium, which means 

there is no distortion and the structure is preserved to certain distance. 

The most interesting results have been obtained when modelling the propagation 

of the Bessel beam along the crystal axis. Due to the interference of the ordinary and 

extraordinary rays, there are periodic oscillations of the axial intensity that persisted 

until the collapse of the beam that is clearly visible in figures 15-16. 

 

Fig. 15. – The longitudinal section of the amplitude of the electric field in the axial plane, 

0,1500z m , the axis of the crystal is oriented along the z axis 
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a)  

b)    c)  

Fig. 16. – The cross section of the amplitude of the electric field in the plane 500z m , the 

axis of the crystal is oriented along the z axis: a – the total amplitude, b – the ordinary ray, c – 

the extraordinary ray 

Conclusion 
The following results have been obtained in the course of work. 

Numerical simulations of the propagation of Gaussian and Bessel beams in a 

birefringent medium have been conducted. It has been shown that under certain 

conditions there is spatial separation of the ordinary and extraordinary rays; the more 

extensive the path the beam passes in the crystal, the stronger the discrepancy. 

The two beams are formed through the focusing of a Gaussian beam in the crystal 

having a different wave front curvature due to the variation in the refractive indices of 

the ordinary and extraordinary rays. 

At the propagation in the crystal, the axis of which is perpendicular to the 

propagation direction and the polarization direction, the Bessel beam behaves 

identically as in a homogeneous medium maintaining the mode properties. Otherwise, 

the Bessel beam experiences an astigmatic distortion. At the propagation of a Bessel 

beam along the axis of the crystal, in addition to the astigmatic transformation, there 

is also a periodic variation in the intensity on the axis of propagation; this is 

associated with the interference of the ordinary and extraordinary rays. 

The study was carried out in several ways, including using high-performance 

computing facilities, which allows physical processes to be visualized. The 

dependence of the time of the programs work on different parameters is demonstrated. 

It is easy to verify that the various simulation methods give qualitatively consistent 

results. 

Geometric optics modelling does not require considerable investment of time and 

allows the visualization of the polarization transformation to be implemented 

conveniently as the focusing in the crystal well at different positions of the axis and 
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the changes in the beam polarization are tracked. However, it is difficult to define the 

wave characteristics of the generated fields in this case. 

Wave simulation based on the decomposition of flat waves makes it possible to 

quantify the characteristics of the generated electromagnetic fields, but does not take 

into account the physical properties of the elements making up the bundles and 

requires a lot of time for the calculation. 

A numerical simulation with a different type of beam polarization and different 

positions of the crystal axis allows the conditions under which there is the greatest 

astigmatic distortion of the beams to be determined. The analysis can be useful in 

practice for ascertaining the position of the crystal axis. 
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