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Abstract. The parameters of the height of individual zones of subwave ring gratings were
established in this paper for which the formation of a long light needle (7.85 wavelengths)
is observed in the near diffraction zone with azimuthal polarization of laser radiation. The
possibility of reducing the focal spot size to 0.31 wavelengths with circular polarization of the
Laguerre—Gauss mode (0,1) was also shown.
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UccnepoBaHue chokycupoeku mop Jlareppa-raycca (0,1)
B 6/1M)KHeH 30He AucdpakLuMu CyOGBOJIHOBbIMHU
KOJibLLE€BbIMM peLleTKaMM NepeMeHHOM BbICOTbI
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AnHoOTanmua. B paboTe ycTaHOBIEHBI MapaMeTPhl BHICOTHI OTIEIBHBEIX 30H CYOBOJIHOBBIX
KOJIBIIEBBIX PEIIETOK, MIJII KOTOPHIX B OJMMKHE! 30He nudpakimu HabmogaeTcst GopMUpoBaHUE
IJIUHHON cBeToBOI uriabl (7,85 HAMH BOJIH) MPU a3UMYTaAJIbHOM TOJSpPU3ALMM JIa3ePHOTO
u3nydyeHus. Takke MokazaHa BO3MOXHOCTb YMEHbIIEHUS pa3Mepa okaibHoro mnsaTHa 10 0,31
JUTUH BOJIH MPU KPyroBou nossipusanuu monsl Jlareppa—Taycca (0,1).

Kmouesbie ciaoBa: moma Jlareppa—Iaycca (0,1), ontuueckas urina, FDTD, cyoBonHOBas
KOJIblieBasl pelieTKa, MoJspu3alus
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Introduction

It should be noted that with the development of optical technologies, it has become
necessary to form structured optical fields with certain characteristics of phase, amplitude, and
polarization [1-3]. Such structured laser beams find application in such areas as data processing [4],
creation of three-dimensional images [5], optical manipulation [6], tight focusing [7], formation
of optical needles [8] and others. It should be noted that laser beams with phase and polarization
singularities [9] have become widely used to solve problems of modern photonics. Their formation
is possible using various optical structures, among which are metasurfaces [5, 10], diffractive
optical elements [11] and ring gratings [12].

In this paper, the finite difference time domain (FD7TD) method is used to study the optimization
of the height of individual zones of subwavelength ring gratings to form a long light needle. The
numerical calculations of the Laguerre—Gaussian (0,1) modes propagation in the near diffraction
zone (3D) are carried out using high-performance computer systems.

Materials and Methods

The numerical simulation by the FDTD method was carried out with the following parameters:
the size of the 3D region surrounded on all sides by the absorbing PML layer was 18\, the PML
thickness was 1.1A, A = 0.532 um. The following simulation steps were considered: the time step
was A/(100c), where c is the speed of light, and the spatial step was A/50.

The ring gratings with a period of 1.05\ were used, in this elements the relief height varied in
accordance with the phase of 7 radians. The refractive index of the relief n was chosen to be 2.46,
and the refractive index of the substrate was 1.46. Then, the relief height is:

PR
k(n—1)

=0,34A, (1)

where k = 2m/\ is the wave number. The height of individual zones of the grating relief changed
in multiples of this value.

The Laguerre—Gaussian mode (0,1) with circular and azimuthal polarizations was considered
as the input beam. The sign of the circular polarization was chosen to be opposite to the sign of
the vortex phase singularity in order to maximize the intensity value on the optical axis.

The assessment of the formed light segment on the optical axis in the transverse region was
determined by the full width at half maximum (FWHM) intensity value on the optical axis, and
similarly in the longitudinal region (depth of focus — DOF).

Results and Discussion

A diffraction axicon with a height of 2 = 0.34\ was used as a standard element for comparison
(Fig. 1, a, e). Also a diffraction patterns in the case of a simultaneous increase in the height of
all relief zones are shown in Fig. 1, which led to a reduction in the size of the light needle for
azimuthal polarization and its slight increase for circular polarization. Also it should be noted that
the focal spot broadened for circular polarization.

Let us move on to changing the size A, of individual zones of the ring gratings relief. The
following cases of changing the height of the relief rings were considered (Fig. 2): with a step of
0.34)\ (m), from the minimum height in the center (4, = 0.34)) to the maximum height at the
edge of the element (4, = 2.72)); a similar change in height, but with the height of even elements
h,=h,=h,=h, =0 (h, = 0.34A, h, = 1.02\, h, = 1.7k, h, = 2.381); the case when the height of
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Fig. 1. Laguerre—Gaussian mode (0,1) diffraction, intensity, (a—d) circular polarization and (e—h)
azimuthal polarization: (a, e) h = 0.34A, (b, /) h = 0.51A, (¢, g h = 0.68\, (d, h) h = 1.36\
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Fig. 2. Laguerre—Gaussian mode (0,1) dlffractlon intensity, (a—d) 01rcular polarization and (e—h)
azimuthal polarization: (a, e) h; = 0.34A, h, = 0.68%, h, = 1.02X, h, = 1.36\, hy = 1.7k, h, = 2.04A,
h, = 238\, hy = 2.72)\; (b, f) h, = 0.34%, h, = 1.02A, hy = 1.7\, h, = 2.3 SX h,=h, = h, = h, = 0;
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the odd zones was the same (h, = h, = h, = h, = 1.36)), and the height of the even zones was 0,
and also the opposite case (h, = h, = h, = h, = 1.36)\, and the height of odd zones is 0).

The required distribution on the optical axis can be formed by selecting the heights of individual
relief zones. The formation of a long light needle, a set of optical bottles, and a sharply focused
beam are shown in Fig. 2.

It should be noted that the reduction in the number of ring gratings relief zones made it
possible to increase the size of the light needle in the case of azimuthal polarization (Fig. 2, e, f),
and a significant reduction in the size of the focal spot is observed for circular polarization: from
FWHM = 0.52\ to FWHM = 0.38\ (Fig. 2, a, b) in the case of changing all relief zones, as well
as from FWHM = 0.94\ to FWHM = 0.31\ in the case of the same height of the remaining non-
zero relief zones (Fig. 1, d; Fig. 2, ¢).
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The smallest focal spot size was FWHM = 0.31\, and the longest light needle was DOF = 7.85A,
which was 2.54 times larger than the light needle formed by a standard diffractive axicon with
h = 0.34)\. Experiments have shown that using electron-beam lithography it is possible to produce
similar elements (with different heights of individual relief rings).

Conclusion

The numerical simulation using the FDTD method showed that it is possible to optimize the
height of individual zones of ring gratings to obtain the required distribution on the optical axis
in the near diffraction zone.

The parameters have been established at which the size of the formed light segment is maximum
(DOF = 7.85)L): the height of even zones is zero, and the height of odd zones of the element
increases from the center to the edges (A, = 0.34A, h, = 1.02A, h, = 1.7, h, = 2.38)) with
azimuthal polarization of the Laguerre—Gaussian mode (0,1). The minimum size of the focal spot
(FWHM = 0.311) was also obtained at zero height of even zones and h, = h, = hy = h, = 1.36\
with circular polarization of the laser radiation.
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