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Abstract. The finite difference time domain method was used to simulate the propagation of Gaussian
beams and optical vortices with circular, radial, azimuthal polarization on subwavelength ring gratings
with standard and GRIN substrates in this paper. The height of individual zones of the optical elements
relief was varied. It was shown that it is possible to select the beam type and element parameters in
such a way that a long light needle (up to 8.2)X) and a narrow focal spot are formed on the optical axis
(up to 0.33X).
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Introduction

The materials and media with gradient refractive index (GRIN) have found wide application
in many areas of human activity [1-13]. The use of GRIN materials for light collimation [8, 14],
solving optical communication problems [15], light propagation control [5,16], and in biology
[6,12] is well known. One of the main features of gradient refractive index media is the non-
uniform distribution of the refractive index in space [2,4,9,17]. Such media can be classified
depending on the shape of the surfaces, for which the refractive index is constant [9], often
distinguishing symmetrical GRIN media with respect to a given coordinate [9] and arbitrary
GRIN media (F-GRIN), where an arbitrary three-dimensional distribution of the refractive index
is observed [4]. Also, neural networks are known to be used for designing such media [18§].

The vortex and Gaussian beams have been actively used to solve problems in optics and
photonics [19-36] in recent years. In particular, such laser beams are used for tight focusing
[16, 30, 25, 37|, optical information transmission [22, 38|, optical manipulation [20, 24, 35, 39-41],
and probing [42]. To generate such beams, it is known to use such optical structures as metalenses
and metasurfaces [8, 20, 43], spiral phase plates [20,44, 45], and ring gratings [46-48]. It should
be noted that ring gratings and diffraction axicons in various combinations are also used to obtain
optical needles with a large focal depth [30,34,49-51].

The diffraction of Laguerre-Gaussian modes (0,0) and (0, 1) (Gaussian beams and first-order
optical vortices with the azimuthal index is equal to one were considered) with circular, radial,
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azimuthal polarization in the near zone of subwavelength ring gratings with a standard substrate
and a GRIN substrate was studied in this paper. The height of individual zones of the element
relief was varied. Numerical 3D-modeling was performed by the finite difference time domain
(FDTD) method using the Meep software package [52].

1. The Gaussian beams diffraction on different substrates
with varying relief height

The FDTD simulation was performed with the following simulation parameters: the wave-
length A of the input radiation was 0.532 um, the spatial simulation step was A/30, and the time
step was A\/(60c), where c is the speed of light.

The three-dimensional computational domain with 8.4 pm in size was considered in paper,
which was surrounded on all sides by a 0.6 pm thick PML absorbing layer.

The effect of three different types of substrates was analyzes in the paper: a standard sub-
strate with a refractive index of n = 1.47, and two types of GRIN substrates with different
directions of refractive index change. The case when the refractive index changes from a maxi-
mum value in the center to a minimum value at the edges will be called a direct GRIN substrate,
the opposite case, when the minimum refractive index is in the center and its uniform increase
occurs toward the edges of the substrate, will be called a reverse GRIN substrate.

The minimum refractive index size in the case of GRIN substrates was n = 1.47 (similar to
the standard substrate), the maximum refractive index was 2.7. The refractive index change step
was 0.123. It should be noted that the GRIN substrates were rings of the same width with differ-
ent radii, uniformly inscribed into each other on a square substrate measuring 16.5A x 16.5A X A.
The height of all substrates was fixed and was A.

The propagation of Laguerre-Gauss modes in free space can be described by the expression (1)
[63-55]:

Vor

|m|
GLym (1, ¢, 2) = <0<2)> exp(ikz) exp[—i(2n + |m| + 1)n(z)] x

where r? = 22 +y?, ¢ = arctg(y/z), n = arctg(z/2), R(z) = 2(1+ 23/2%) — radius of curvature
of the light field parabolic front, o(z) = og\/1 + 22/22 — the effective beam radius, zg = mo3 /A
— confocal parameter, L7 (x) — generalized Laguerre polynomial.

The input beams were first-order optical vortices (Laguerre-Gaussian modes (0, 1)) and Gaus-
sian beams with o = 1.5 ym with circular, radial and azimuthal polarizations. It should be noted
that the circular polarization, in which the sign of the circular polarization is opposite to the sign
of the introduced vortex phase singularity, was considered in this paper. In this case the maxi-
mum intensity value is formed on the optical axis for the Laguerre-Gaussian modes (0, 1) [21].

The optical elements were considered: a diffraction axicon with a height of h = 1.06\ (the
relief height was chosen based on the phase jump of 7 radians), a direct ring grating (the height
of the relief rings changed from a maximum in the center hmax = 4.79 to a minimum at the
edge hmin = 1.06\ with a step of 0.53)\), and an inverse ring grating (similar maximum height
and step of its change), in the case of which the height changed from a minimum in the center
hmin = 1.06\ to a maximum value hmax = 4.79\ at the edge of the element. The period of all
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optical elements considered was 1.05\.

The longitudinal and transverse dimensions of the light segments obtained on the optical axis
were estimated in the paper. The focal spot size was estimated by the standard full width at half
maximum (FWHM) at the point of maximum intensity on the optical axis outside the element,
and the length of the light needle along the radiation propagation axis (depth of focus — DOF)
was estimated in a similar manner.

It should be noted that a direct GRIN substrate allows for additional focusing of radiation
and, accordingly, a smaller focal spot size, while in the case of a reverse GRIN substrate, which
in this case acts as a diffusing lens, an extension of the light segment size is observed.

Fig. 1 shows the passage of a Gaussian beam through a diffraction axicon with a standard
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Fig. 1. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), diffraction
axicon for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f),
azimuthal polarization (g, h, i)

substrate and GRIN substrates for different polarizations of laser radiation; the element relief
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height was h = 1.06, and the numerical aperture was NA = 0.95. Focusing on the optical axis
is observed for circular and radial polarizations of laser radiation.

The minimum focal spot size was obtained for radial polarization with a direct GRIN substrate
FWHM = 0.33)\, which is 21.4% smaller than the focal spot size obtained with the same type of
polarization for a standard substrate.

The maximum size of the light needle was also obtained for radial polarization, but for a
reverse GRIN substrate DOF = 2.93)\, which is 23.6% longer than the light needle obtained in
the case of a standard substrate. It also should be noted that for circular polarization, the use
of a direct GRIN substrate led to focusing of the beam inside the element.

Let us now consider the diffraction of Gaussian beams on the direct and inverse ring gratings
described above (Fig. 2 and Fig. 3, respectively). We will also monitor the longitudinal and
transverse sizes of the light segment on the optical axis. Accordingly, we will now consider
circular and radial polarization of laser radiation.

Standard substrate : Direct GRIN substrate : Reverse GRIN substrate
b
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g
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Circular polarization
o
@

FWHM = 0.43, DOF = 0.67%

Radial polarization

The maximum is inside the element + The maximum is inside the element . FWHM = 0.45), DOF = .07

Fig. 2. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), direct ring
grating for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f)

So, as can be seen from Fig. 2, the formation of intensity peaks on the optical axis inside the
element is observed for the standard substrate, as well as for the direct GRIN substrate with ra-
dial polarization. The smallest focal spot size was obtained for the reverse GRIN substrate with
circular polarization FWHM = 0.43\. The maximum size of the light needle was also obtained
for circular polarization with the direct GRIN substrate (DOF = 7.7)).

It should be noted that in the case of the direct GRIN substrate for radial polarization a
redistribution of intensity from the optical axis and the formation of a ring are observed at a
distance of over 4\ from the element relief.

In the case of the inverse ring grating (Fig. 3) the main intensity peak is formed inside
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the element for circular polarization and the standard and direct GRIN substrates, but then
the formation of maxima of comparable intensity values was observed outside the element.
The minimum focal spot size was obtained for the direct GRIN substrate with radial polar-
ization (FWHM = 0.54\). In this case, the maximum size of the light needle also was obtained:
DOF = 8.2)\.

Reverse GRIN substrate

Standard substrate Direct GRIN substrate

a) )] .
C X 18}
' 16,
f=]
i) 1.4
*:E' i
S 12
E : |
a .
— 0.8 |
= .
3 06 |
= ]
&) 044
021
o
The main maximum inside, outside: ' The main maximum inside, outside: + FWHMi1 = 0.6%, DOF1=1.73%,
FWHM1 = 0.6, DOF1 = 1.64, ! FWHM = 0.59%, DOF = 1.65) ! FWHM2 = 0.71\, DOF2 = 3.74)
FWHMz2 = (.73}, DOF2 = 2.024 ' .
= .
8 !
E :
N '
=
S
=3
=
5
<
[~

FWHM = 0.55), DOF1 = 1.12,
FWHM2 = 1.21%, DOF2 = 6.14)

FWHM = 0.87), DOF = 4.45) FWHM = 0.54%, DOF = 8.2

Fig. 3. Longitudinal cross-section (xz) of Gaussian beam propagation (intensity), inverse ring
grating for different types of substrate, circular polarization (a, b, c), radial polarization (d, e, f)

Thus, the direct GRIN substrate with radial polarization of laser radiation demonstrated its
efficiency for Gaussian beams: the minimum focal spot size (FWHM = 0.33)) was obtained for
the usual relief of the diffraction axicon, the maximum size of the light needle was obtained for
the relief of the inverse ring grating (DOF = 8.2)).

Let us further consider similar optical elements with a different type of input laser radiation —
the Laguerre-Gauss mode (0, 1).

2. The Laguerre-Gauss mode (0, 1) diffraction on different
substrates with varying relief height

This section presents studies on the influence of changes in the height of individual relief zones,
the type of substrates, and the polarization of the input laser radiation for Laguerre-Gaussian
modes (0,1) on the diffraction pattern in the near zone.

Fig. 4 shows the passage of first-order optical vortices through a standard substrate and GRIN
substrates for different laser radiation polarizations (the element relief height was h = 1.06\). The
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focusing on the optical axis is observed for circular and azimuthal laser radiation polarizations
as expected [21].

The minimum focal spot size was obtained for the direct GRIN substrate for azimuthal
polarization of laser radiation (FWHM = 0.42)). However, it should be noted that the decrease
in the focal spot size is insignificant. The maximum size of the light needle was also obtained for

azimuthal polarization in the case of the reverse GRIN substrate (DOF = 3.07)\).
Direct GRIN substrate

Standard substrate Reverse GRIN substrate

a)
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o o B B N N oW W o n oA

FWHM = 0.7, DOF = 2.17A

Radial polarization

Azimuthal polarization

FWHM = 0.48), DOF = 3.07A

FWHM = 0.43)., DOF = 2.46) FWHM = 0.42%, DOF =2.38)

Fig. 4. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
diffraction axicon for different types of substrate, circular polarization (a, b, ¢), radial polarization
(d, e, f), azimuthal polarization (g, h, i)

Let us consider further, as before, the direct and inverse ring gratings (Fig. 5 and 6, respec-
tively), with circular and azimuthal polarization of laser radiation.

As can be seen from Fig. 5, the focusing is observed inside the element for a standard substrate,
as in the case of a Gaussian beam. It should be noted that the focusing on the optical axis is
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observed for a direct ring substrate only in two cases: for a reverse GRIN substrate with circular
polarization (with a focal spot size of FWHM = 0.52 \) and for a direct GRIN substrate in the
case of azimuthal polarization (DOF = 4.91)).

Reverse GRIN substrate

Standard substrate Direct GRIN substrate

a)

Circular polarization

Azimuthal polarization

The maximum is inside the element The maximum is inside the element

FWHM = 1.27i, DOF =4.91A

Fig. 5. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
direct ring grating for different types of substrate, circular polarization (a, b, c), azimuthal
polarization (d, e, f)

For a direct GRIN substrate a ring is formed in the case of circular polarization. But a
light needle was formed on the optical axis for a similar type of element and polarization for a
Gaussian beam.

In the case of a reverse ring grating (Fig. 6), for the considered types of polarization, intensity
oscillations are observed on the optical axis. Moreover, for circular polarization, with distance
from the element, a redistribution of intensity from the optical axis is observed and intensity
ring with a minimum intensity value on the optical axis is formed.

The minimum focal spot size was obtained for a direct GRIN substrate with azimuthal po-
larization of laser radiation (FWHM = 0.43)) in the first maximum outside the element.

The maximum size of the light needle is also obtained for this case, i.e. in the case of the
reverse GRIN substrate (DOF = 5.99)\). However, it should also be noted that a powerful
light needle is formed for the case of the reverse GRIN substrate with azimuthal polarization
(DOF = 5.58)).

Thus, the use of both the direct and reverse GRIN substrates also allows one to obtain longer
focal segments for the Laguerre-Gaussian modes (0, 1) than when using a standard substrate.

In particular, the use of the reverse GRIN substrate for circular polarization allowed one to
achieve an increase in the focal light segment size by 31.8% (DOF = 2.86\) than when using a
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standard substrate in the case of a diffractive axicon. And both the direct and reverse GRIN
substrates in the case of a reverse ring grating for azimuthal polarization allow one to obtain an
extended light segment.
Moreover, the formation of a light needle 2.43 times longer than the light needle formed by a
standard diffractive axicon (DOF = 5.99)\) is observed in the case of the direct GRIN substrate.
It should be noted that for a Gaussian beam, the maximum light tip size was also obtained
for the inverse ring grating relief (DOF = 8.2)) and the direct GRIN substrate.

Standard substrate ' Direct GRIN substrate ' Reverse GRIN substrate
. b .

Circular polarization

Azimuthal polarization

FWHMI = 0.47%, DOF1 = 3312,
FWHM: = 0.49%, DOF2 = DOF1,
FWHM:s = 0.58%, DOF3 = 3361

FWHM = 0.43%, DOF = 248},
FWHM2 = 0.53%, DOF2 = 5.992,
FWHM3 = 0.61%, DOF3 = DOF2

FWHMI = 0.49%, DOF2 = 0.61A,
FWHM:2 = 0.48}, DOF2 = 0.834,
FWHM3 = 0.624, DOF3 = 5.58L

Fig. 6. Longitudinal cross-section (xz) of the propagation of first-order optical vortices (intensity),
inverse ring grating for different types of substrate, circular polarization (a, b, ¢), azimuthal
polarization (d, e, f)

Conclusion

The FDTD method was used to simulate the diffraction of Gaussian beams and Laguerre-
Gauss modes (0, 1) with circular, radial, azimuthal polarization on subwavelength ring gratings
with standard and GRIN substrates in this paper. The height of individual zones of the element
relief was varied.

It should be noted that the use of a direct GRIN substrate resulted in a decrease in the focal
spot size for both the Gaussian beam (FWHM = 0.33)) and the Laguerre-Gaussian mode (0, 1),
FWHM = 0.42), compared to the action of a diffractive axicon with a conventional substrate.

The influence of the direct GRIN substrate for individual cases also manifested itself in the
formation of long light segments. In particular, for Gaussian beams, the maximum size of the
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light needle was obtained for the relief of the inverse ring grating (DOF = 8.2)) with radial
polarization. In the case of an optical vortex, this type of element also made it possible to form
an extended light segment with azimuthal polarization (DOF = 5.99\).

The use of the inverse GRIN substrate also resulted in the formation of extended light seg-
ments, in particular, for the inverse ring grating in the case of the Laguerre-Gaussian mode
(0,1), a powerful light needle with DOF = 5.58\ was obtained. The same type of element, when
illuminated by a conventional Gaussian beam, allowed the formation of a focal light segment
with an extension of DOF = 6.14\.

This research was funded by the Russian Science Foundation (project No. 24-22-00044),
https://rscf.ru/en/project/24-22-00044/.
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WccnenoBanme mudpakiimy rayCCoBbIX ITyYKOB U ONTUYECKUAX
BUXpeil B OJIM>KHell 30He CyOBOJTHOBBIX ONTHUYECKUX
3JIEMEHTOB EPEMEHHOI BbICOTHI

Jmurpuit A. CaBesibeB
Cal\lapCKI/Iﬁ HaHHOHaHbeIfI I/ICCHGI[OBB,TGJIBCKI/IIZ yYHUBEpCUTET
Camapa, Poccuniickas @eneparus

Awnnoranusi. B pabore MeTo0M KOHEYHBIX PA3HOCTEH BO BPEMEHHOI 00J1acTH OGBLIO IIPOBEIEHO MOJIe-
JIMPOBAHWE PACIPOCTPAHEHNUs TayCCOBBIX IIYYKOB M ONTUYECKUX BUXPEH MEPBOTO MOPSIKA C KPYTOBOI,
PaJuaIbHON, a3UMYTAJIBHON MOJIsipU3aliieil Ha CYOBOJIHOBBIX KOJIBIIEBBIX PeIleTKax CO CTaHJIapTHON u
GRIN-nognoxkamu. I3MeHssiach BbICOTa OTAE/IBHBIX 30H OITUYIECKUX 3JIeMeHTOB. [lokazano, 1To MOXKHO
moA006pATh THI IyYKa W TapaMeTPhI JIeMeHTa TaKUM 00pa30M, ITOOBI Ha ONMTHIECKO ocu (popMupoBa-
Jlach JUIMHHAs cBerToBasi umia (10 8.2)), a Takxke y3koe dokaybHoe nsTHO (10 0.33X).

Kuarouessbie cioBa: rayccoesl nmyukn, ontudeckrne Buxpu, FDTD, GRIN, cy6BoiHOBBIE KOJIBIIEBBIE pe-
meTkn, Meep.
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