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Abstract. The optical vortex diffraction on subwavelength optical elements with a standard 
and GRIN substrate using the finite difference time domain method was simulated in this 
paper. The possibility of increasing the light needle (up to 7.86λ) for input radiation with azi-
muthal and radial polarization was shown using a GRIN substrate and a subwavelength element 
with zones alternating in height. 
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Аннотация. В работе методом конечных разностей во временной области проведено 
моделирование дифракции оптических вихрей на субволновых оптических элементах 
со стандартной и GRIN-подложкой. Показана возможность увеличения фокального 
светового отрезка для азимутальной и радиальной поляризации входного излучения 
при использовании GRIN-подложки и субволнового элемента с чередующимися по 
высоте зонами. 
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Introduction

Optical vortices are known for their use in various applications [1–5], among which are 
optical manipulation [2], sensing, optical information transmission, and sharp focusing [3, 5, 6]. 
Some optical structures can be used to generate optical vortices such as spiral phase plates [7], 
metasurfaces, and ring gratings [1, 6]. The ring gratings and diffraction axicons in various 
combinations are also used to obtain optical needles with a large depth of focus [6, 8].

Also currently well known is the use of materials with a gradient refractive index (GRadient 
Index, GRIN) to control the propagation of light, solve problems of optical communication, and 
light collimation [6, 9], in biology [10]. 

Thus, the study of the diffraction of Laguerre-Gaussian modes (optical vortices) on 
subwavelength ring gratings with a GRIN substrate was carried out in this paper to form an 
elongated focal segment (light needle).

Materials and Methods

The numerical simulations (3D) were carried out using the finite difference time domain 
(FDTD) method on an 900 Gflop computing cluster with using Meep software package [11]. 
This modeling parameters were considered: the wavelength λ of the input radiation was equal to 
0.532 μm, space step – λ/35, time step – λ/(70c), where c is the speed of light. The size of the 
three-dimensional computational domain is 15.8 λ. The computational region was surrounded on 
all sides by an absorbing layer PML (with size 1.12 λ). The Laguerre-Gauss mode (1,0) (optical 
vortices of the first order, σ = 1.5 μm) with radial and azimuthal polarization were considered as 
input radiation.

The variable-height ring gratings with a standard substrate (refractive index n = 1.47) and a 
GRIN substrate were considered. The refractive index of GRIN substrate was varied uniformly 
from the maximum refractive index in the center (n = 2.7) to the minimum refractive index at 
the edges (n = 1.47). The GRIN substrate consisted of rings of the same width.

The refractive index of the relief was n = 1.47. The relief height of the elements h was chosen 
based on the phase jump π radians, respectively, for n = 1.47 the base height h was 1.06 λ (π). 
Next, the height of the odd (h1) and even (h2) relief zones of the elements was varied, also based 
on the phase jump π radians. 

The production of such elements seems possible, since the possibility of producing a relief of 
optical elements with an aspect ratio of more than 1000 was previously shown [12].

Results and Discussion

The length of the light segment was estimated by the full length by the half maximum of the 
radiation intensity (DOF), similarly to the assessment of the focal spot on the optical axis – by 
the full width at half maximum (FWHM) of the intensity.

A diffraction axicon with a height of h = 1.06 λ (Fig. 1, c) with a standard substrate acted as 
a basic optical element for comparison. Increasing the height of the relief, as well as the use of 
a GRIN substrate, made it possible to increase the length of the light needle. Separately, cases 
were assessed when the height h1 was fixed (1.06 λ) and the height h2 changed (Fig. 2) and the 
reverse case (Fig. 3). 

It should be noted that an increase in height led to the formation of a powerful light needle 
for radial polarization, in contrast to the case of the same polarization for a standart axicon with 
a height h1 = 1.06 λ (a minimum on the optical axis and the formation of a ring were observed). 

The maximum light needle size was obtained for radial polarization at h1 = 5.32 λ, h2 = 1.06 λ 
(DOF = 7.86 λ), which is 3.19 times longer than in the case of the basic optical element. 
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Fig. 1. The two-dimensional diffraction pattern (xz plane) of an optical vortex on ring gratings (total 
intensity), with relief height h = 1.06 λ, radial polarization and (a) standard substrate, (b) GRIN 

substrate; azimuthal polarization and (c) standard substrate, (d) GRIN substrate

Fig. 2. The two-dimensional diffraction pattern (xz plane) of an optical vortex on ring gratings (total 
intensity, for fixed h1 = 1.06 λ), with radial polarization (a, b, c, d) and azimuthal polarization (e, f, g, h)

Fig. 3. The two-dimensional diffraction pattern (xz plane) of an optical vortex on ring gratings (total 
intensity, for fixed h2 = 1.06 λ), with radial polarization (a, b, c, d) and azimuthal polarization (e, f, g, h)
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And for azimuthal polarization, the maximum size of the light segment was obtained for 
h1 = 5.32 λ, h2 = 1.06 λ (DOF = 7.25 λ). An increase in the size of the light segments is 
accompanied by an increase in the size of the focal spots. 

It should also be noted that for a number of cases considered, a set of maxima is formed on 
the optical axis (especially noticeable for azimuthal polarization at a fixed h1 =1.06). The intensity 
oscillations on the optical axis were observed inside the element for the case with fixed h2.

Conclusion

The diffraction of first-order optical vortices with azimuthal and radial polarization on 
subwavelength ring gratings of variable height with a GRIN substrate using the FDTD method 
was simulated in this paper. 

The maximum light needle on the optical axis (DOF = 7.86 λ) was obtained for an element 
with alternating zones (h1 = 5.32 λ, h2 = 1.06 λ) with radial polarization of input radiation.
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