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Analytical expressions are obtained that describe the nonparaxial diffraction in free space of the TMor mode with radial polarization of
the field of the dielectric waveguide resonator of a terahertz laser during its interaction with a spiral phase plate with different
topological charge (n). The physical features of the obtained vortex beams during their propagation and tight focusing are studied by
numerical simulation. The integral diffraction Rayleigh-Sommerfeld transforms are used to simulate the propagation and focusing of
the obtained beams. In free space the use of the spiral phase plate at the waveguide output with a topological charge of n =1 leads to a
change in the transverse beam profile from annular to a beam that has a field maximum on the axis, and then for n = 2 again to annular.
During focusing the transverse distribution of the total field intensity in the absence of a spiral phase plate has a ring structure. In this
case there is a slight intensity on the axis due to the contribution of the longitudinal component of the field. The transverse profile of
the beam changes in the same way as during its propagation when using a phase plate. In this case the phase front changes from
spherical to spiral with the presence of two (r» = 1) and four (» = 2) branching vortices.
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propagation, Tight focusing
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1. INTRODUCTION

Terahertz waves refer to electromagnetic radiation with frequencies in the range of 0.1 THz to 10 THz. These waves
have unique characteristics such as high penetrating power, low ionizing power and small scattering. Due to these
advantages terahertz waves have broad application prospects in imaging, communication and material characterization
[1,2].

Among the various structural beams vector beams with nonuniform polarization states have shown significant
application value in many fields due to their unique light field distribution characteristics. Compared with spatially
uniform polarized beams the polarization distribution of vector beams is spatially variable. Due to these properties, vector
beams have a number of unique advantages such as precise focusing [3 — 6] and high image resolution [7, 8]. In the optical
range, using the Richards-Wolf integral transforms [9 — 11], the features of focusing beams with nonuniform polarization
were studied. It is shown that with tight focusing of radially polarized light a circular focal spot is observed. In this case
the redistribution of energy between the components of the electric field strength occurs in such a way that the longitudinal
component can make a significant contribution to the formation of the focal spot [12, 13].

Another type of structured optical fields with great potential for practical applications are vortex beams. Today
optical vortices are used to manipulate microparticles, to enhance image contrast in microscopy, for metrology tasks, and,
in particular, to increase the data transmission density in optical communication systems [14 — 17]. The expansion of
vortex beam generation techniques into the terahertz (THz) spectral range has been expected to expand the scope of THz
technologies. For example, THz vortex beams are attractive for wireless communications because they can support an
infinite number of orbital angular momentum eigenstates characterized by their topological charges [18].

The study of the propagation of vortex laser beams in free space is important for understanding the features of their
interaction with the environment. Such beams are characterized by the presence of orbital angular momentum, which
affects their behavior during propagation. In free space vortices can demonstrate the stability of the wave front structure,
which allows them to preserve their unique properties over long distances [19, 20].

Focusing of vortex laser beams in the terahertz range is a complex and at the same time promising area of research.
Focused beams have unique properties that can be used to create super-dense foci, compact foci with dimensions below
the diffraction limit, optical needles, light tunnels, flat-top foci, focal matrices, and others [21 — 23]. There are only a few
works known in which the focusing of vortex beams in the terahertz range is studied. In [24, 25], a series of terahertz
emitters with a spiral Fresnel zone plate was developed for direct generation of focused terahertz vortex beams. The
authors [26, 27] proposed metasurfaces that can be used to focus incident waves with arbitrary polarization states into
vortex beams carrying a certain topological charge.
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It is well known that terahertz optically pumped molecular lasers have the advantages of high power, room
temperature operation, and long-term stability over other practical terahertz radiation sources. Most optically pumped
lasers use waveguide resonators, which make it possible to obtain sufficiently high powers (up to 1 W) in a continuous
mode with relatively small cavity sizes [28]. Among the modes of such resonators the TMy; mode with radial field
polarization, which has the lowest losses in this class of modes, is of interest.

A spiral phase plate (SPP) with an azimuthally varying thickness is one of the most well-known optical elements for
the formation of vortex beams [29, 30]. The SPP works by directly imposing a helical phase shift on the incident laser
beam, allowing almost 100 % of the incident radiation energy to be converted into the optical beam.

The aim of this work is to obtain analytical expressions for describing nonparaxial diffraction during propagation
and focusing in free space of wave beams excited by the TMy; mode with radial polarization of the field of the waveguide
resonator of a terahertz laser, during its interaction with a spiral phase plate. In addition, using numerical modeling, this
work studies the physical properties of the resulting vortex beams during their propagation in free space and tight focusing.

2. THEORETICAL RELATIONSHIPS
We describe the propagation of laser radiation in free space along the 0z axis using the well-known integral Rayleigh-
Sommerfeld transformations [31 — 33]. In a cylindrical coordinate system, we use the following expressions for the field
components in different diffraction zones
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where k =27/ A is the wave number, A is the wavelength, (po , (p) are the polar coordinates in the area where the input

field is specified, (p1 ,B, Zl) are the cylindrical coordinates in the observation plane, EB (Pg>®) and Eg (py, @) are the

complex amplitudes r and ¢ components of the input electric field, 7 = \Iplz + zl2 .

The modes of the studied dielectric resonator coincide with the modes of a hollow circular dielectric waveguide.
Therefore, in the initial plane we specify radiation in the form of a symmetrical radially polarized TMy; mode. The
normalized expressions for the cylindrical components of the electromagnetic field of this mode in the source plane
z =0 have the following form [34]

Eg(po’(P):Bm Ji [Ump;()j >

TMo; mode @)

Ef; (Po’(P)=O’

where a is the waveguide radius, J; is the Bessel function of the 1st kind of the first order, Uy, is the first root of the

equation J,(x)=0, By = is the normalizing factor for TMy; mode.

1
a\lzJ 0(Uo1)
Let us consider the interaction between of this mode and a spiral phase plate with its arbitrary topological charge
(n) [35]. The SPP is positioned at the output of a waveguide with an aperture of the same diameter (Figure 1). The complex
transmission function of this SPP with a radius « in polar coordinates has the form [36]:
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where circ(-) is the circular function.

resonator

spiral phase

Figure 1. Topology of the model.

For simplifying calculations, integration over the angle ¢ in (1) can be performed using known relations for the
integer m = 0 from [32]

2n
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Then from here we can obtain the following relation
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Using Euler's formula for trigonometric functions and taking into account (4), we can obtain expressions for the
following integrals:
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Also, using formulas (5.1 — 5.4), we obtain expressions for the field components describing the nonparaxial
diffraction of vortex beams excited by the TMo; mode in free space. They have the following form:
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where the following notations are introduced
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The field at the input and output of a lens with radius a; is described using the phase correction function [37]

2
U(p,) =exp [_ZZ—?J, where F'is the focal length of a lens. By repeatedly applying the Rayleigh-Sommerfeld integral

transformations (1) to the components of the electric field strength vector (6) found after phase correction, we obtain

analytical expressions for the transverse and longitudinal components of the field in the focal region of the lens. These

expressions for the components of the field of the vortex beam excited by the radially polarized TMo; mode at a distance

z; from the lens have the form
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3. NUMERICAL RESULTS AND DISCUSSIONS
Using the obtained expressions, calculations were carried out to determine the distribution of the total intensity

2 2 2
(1=|Er| +‘E(p‘ +|EZ| ) as well as the intensity and phase (¢ = arctg(Im(E,;)/Re(E,)),i = x,y,z) of individual field

components of vortex laser beams excited by a radially polarized TMy; mode of a dielectric waveguide resonator of a
terahertz laser, as they propagate in free space and under tight focus conditions. In the calculations the radiation
wavelength was 4 = 0.4326 mm, which corresponds to the generation line of a formic acid (HCOOH) terahertz laser with
optical pumping [38]. The SPP was placed at the output of the waveguide resonator and formed the investigated vortex
laser beams. The waveguide and SPP had identical diameters of 2a = 35 mm, and the lens diameter was 2a; = 50 mm.
The focal length of the lens was F' = 36.36 mm [39, 40] which provided the conditions for tight focusing (the numerical
aperture of the lens was NA = 0.68, where NA = a, / F).

Figure 2 shows the longitudinal intensity distributions of the field (al — a3), as well as the transverse intensity
distributions in the regions of maximum field intensity (b1 — b3) for laser beams without SPP (» = 0) and vortex beams
(n =1, 2) in free space. The longitudinal field intensity distributions are presented in the Fresnel diffraction zone for
z1=100 — 1000 mm.

From Figure 2 (al, bl) it can be seen that for SPP with a topological charge of n = 0 in the absence of a phase plate
the investigated beam has a ring-like shape in the cross-section. The maximum intensity Imax of the laser beam at n =0 is
observed at a distance of z; = 175 mm from SPP and it is equal to 0.0023 absolute units, which corresponds to the intensity
at the output mirror of the waveguide resonator. The Imax values in the regions of maximum intensity remain almost
unchanged when using SPP. Additionally, at the distances where the maximum intensity regions are observed, the
effective beam diameter d; was calculated for different topological charges using the formula:
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Figure 2. Longitudinal intensity distributions of the field (al — a3), as well as transverse intensity distributions in the regions of
maximum field intensity (b1 — b3) for different values of the topological charge in free space. The first, second and third columns
correspond to n =0, n =1 and n = 2, respectively.

The use of SPP with a topological charge of n = 1 at the waveguide output leads to a change in the beam profile
from a ring-shaped structure to a profile with a field maximum on the axis (Figure 2 (b2)). This behavior of the beam
profile change is due to the fact that, as can be seen from the integral expressions for the field components (6.1 — 6.3),
these components have a minimum on the axis in the absence of SPP at the waveguide output. When SPP with n =1 is
installing, these field components reach their maximum value on the axis due to the influence of the second term in the
expressions for these components. In this case the region of maximum intensity shifts to a distance of z; = 527 mm from
SPP (Figure 2 (a2) and the effective beam diameter increases to d; = 27.5 mm.

A subsequent change in the value of the topological charge (n = 2) leads to a zero value of these field components
on the axis. As the topological charge increases from n = 1 to n = 2, the beam profile restores its initial ring-shaped
structure (Figure 2 (a3, b3)). The region of maximum intensity is located at a distance of z; = 130.5 mm (Figure 2 (a3)),
and the effective beam diameter d; in this region, as in the absence of SPP, is equal to 21 mm.

Additionally, the dependencies of the relative contribution # of the field components to the power of the laser beam
in the Fresnel diffraction zone were calculated for topological charges n = 1, 2 according to the formula:

i

(P1-Bzy | +|E¢ P12y | +|E

r.z (P1p Zl)| pidp,dp

n(z)=5=
i

In the absence of SPP the total field intensity is determined by the radial E, component. The contribution of the E,

&)

Pl’ﬁ Z )| }Pldpldﬁ

component to the total beam power is negligible; therefore, the graph of the field components contribution to the laser
beam power is not presented.
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The results of calculations of the dependence of the relative contribution # of the field components to the power of
the laser beam during its propagation in free space for topological charges of SPP n = 1, 2 are shown in Figure 3. For
n =1 the contribution of the radial £, component decreases with increasing distance from SPP, while the contribution of
the azimuthal component E,, gradually increases and begins to dominate at large distances (Figure 3a). The contribution
of the longitudinal component E. remains practically constant and has a negligible effect on the beam power over the
entire studied range. For n = 2 an increase in the contribution of the azimuthal component to the beam power is observed,
indicating a growing role of this component with increasing topological charge (Figure 3b).
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Figure 3. Dependencies of the relative contribution # of the field components (1 — E, 2 — Ey, 3 — E:) to the power of the vortex
laser beam on the function of the distance z1 from SPP for topological charges n =1 (a), n =2 (b).

The spatial-energy characteristics of vortex laser beams in the focal region of the lens were also studied under the
condition of tight focusing. A short focal length lens (F = 36.36 mm) was installed in the region of maximum field
intensity for different topological beam charges to fulfill this condition. The longitudinal field intensity distributions of
laser beams for various topological charge values (n = 0, 1, 2) are shown in Figure 4. The figures indicate that the
maximum intensity value for these topological charges is observed at n = 1 and reaches 2.2 absolute units (Figure 4b).
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Figure 4. Longitudinal field intensity distributions of the laser beam without SPP (n = 0) and vortex beams (n = 1, 2)
in the focal region of the lens.

The dependencies of the relative contribution # of the electric field components for focused laser beams to their total
power were calculated for different topological charges. The results are shown in Figure 5.
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Figure 5. Dependencies of the relative contribution 5 of the field components (1 — E,,2 — Ey, 3 — E:) to the power of the laser
beam without SPP (n = 0) and vortex beams (n = 1, 2) on the function of the distance z> from the lens.

In the case of zero topological charge the radial component is dominant, which maintains a stable high level of
relative contribution 7 = 90 % throughout the entire range of the focal region (Figure 5a). The contribution of the azimuthal
component in this case is zero, and the longitudinal component has a small increase in the central part of the focal region,
not exceeding 10 % of the beam total power. The introduction of a topological charge into the beam (n = 1) leads to a
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significant redistribution of energy in the beam between the radial and azimuthal components of the electric field in the
focal region (Figure 5b). The contribution of the azimuthal component is dominant at distances z> = 30 — 35 mm to the
geometric focus, while the radial component has a smaller contribution to the total beam power in this region. However,
the contribution of the azimuthal component significantly changes at a distance z; = 36 — 40 mm, while the contribution
of the radial component begins to grow and reaches a maximum after the geometric focus of the lens. The contribution
of the longitudinal component to the beam power, as in the case of » = 0, remains insignificant but it shows growth in the
region of the geometric focus. The redistribution of the contribution to the total beam power for the radial and azimuthal
components is observed even more for the topological beam charge n = 2. The contribution of the longitudinal component
also shows an increase in the geometric focus region of the lens (Figure 5c).

Figure 6 shows the spatial transverse distributions of the total intensity, as well as the intensity and phase of
individual components of the electric field for a tightly focused laser beam in the absence of SPP. In this case the total
intensity distribution has a ring-shaped structure. However, there is a small field intensity on the axis (Figure 6(al)),
which is caused by the influence of the longitudinal component (Figure 6 (b2)). In this case the azimuthal component is
zero. The phase front of both components is spherical (Figure 6 (c1, c2)), which is explained by the absence of orbital
angular momentum in the radiation. As a result of focusing the effective beam diameter dy defined similarly (8) in the
region of maximum intensity (z> =37 mm) decreases to dr = 2.4 mm compared to the beam diameter ds during propagation
in free space (z; = 175).
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Figure 6. Transverse distributions of the total field intensity (al), as well as the intensity (b1, b2) and phase (c1, c2) of the field for
the E- (b1, c1) and E: (b2, c2) components of a tightly focused laser beam in the absence of SPP.

Analysis of the vortex laser beam for » = 1 shows that the total intensity distribution has a maximum on the axis
(Figure 7(al)).
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Figure 7. Transverse distributions of the total field intensity (al), as well as the intensity (b1 — b3) and phase (c1 — c3) of the field
for the £, (b1, c1), Es (b2, c2) and E: (b3, ¢3) components of a tightly focused vortex laser beam with a topological charge of n = 1.

The effective beam diameter dy at z; = 37 mm compared to the beam diameter d; during propagation in free space
decreases to dy = 1.0 mm. Radial and azimuthal components make equal contributions to the field intensity distribution



100
EEJP. 3 (2025) Andrey V. Degtyarev, et al.

in the region of geometric focus (Figure 7 (b1, b2)). Meanwhile, the longitudinal component exhibits a ring-shaped field
distribution and has almost no effect on the total intensity (Figure 7 (b3)). The phase distribution of all three field
components represents a vortex with two branches (Figure 7 (cl — ¢3)).

For the beam with a topological charge of n = 2 the total field intensity distribution has a pronounced ring-shaped
structure (Figure 8 (al)). The transverse intensity distribution for all three field components also has a ring-shaped profile
in the focal region (Figure 8 (b2 —b3)). The effective beam diameter drat z; = 37 mm decreases to dr = 3.7 mm compared
to the beam diameter dy during propagation in free space. The phase distribution of all three components shows the
presence of a vortex with four branches (Figure 8 (c1 — c3)).
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Figure 8. Transverse distributions of the total field intensity (al), as well as the intensity (b1 — b3) and phase (c1 — ¢3) of the field
for the E; (b1, cl), Ey (b2, c2) and E: (b3, ¢3) components of a tightly focused vortex laser beam with a topological charge of n =2

3. CONCLUSIONS

Analytical expressions have been obtained that describe nonparaxial diffraction in free space of the TMy; mode with
radial polarization of the field of the dielectric resonator of a waveguide terahertz laser during its interaction with a spiral
phase plate with different topological charges (7). Physical features of the obtained vortex beams during their propagation
in free space and tight focusing are studied by numerical modeling.

It is shown that the use of SPP at the waveguide output with a topological charge n = 1 leads to a change in the beam
profile during its propagation in free space from a ring-shaped beam to a beam having a field maximum on the axis.
A subsequent change in the value of the topological charge (rn = 2) leads to a zero value of these field components on the
axis. In the absence of a spiral phase plate the total intensity of the beam field is determined by the radial and longitudinal
components, whereas in its presence it is determined by all three components of the field.

The distribution of the total field intensity in the absence of a spiral phase plate has a ring structure with tight
focusing. At the same time a slight field intensity is observed on the axis due to the contribution of the longitudinal
component. The total distribution of field intensity has a maximum on the axis and the effective beam diameter dy reaches
a minimum value of | mm when using SPP with a topological charge » = 1. In this case the phase distribution of the field
components is characterized by the presence of two vortices. For the beam with a topological charge of n = 2 the
distribution of the total intensity has a clearly defined ring structure and the phase distribution of the field components
demonstrates the presence of four vortices.
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MMPOCTOPOBA ITUHAMIKA PAJIAJIBHO ITOJISIPU3OBAHOI'O
TEPATEPHEBOT'O JIABEPHOI'O ITYYKA 3 ®A30BOIO CUHI'YJISIPHICTIO
Amnppiii B. lerrapboB, Mukosaa M. [1y6inin, Baueciap O. MacyoB, Koctsautun I. Mynrtsin, Oser O. CBHCTYHOB
Xapxiscokuii nayionanvhuil ynieepcumem imeni B.H. Kapaszina, maiioan Ceoboou, 4, Xapxis, Yxpaina, 61022

OTpuMaHO aHANITHYHI BUpa3H, IO ONUCYIOTh HEMapakciadbHy AHQpakmilo y BuTbHOMY mpoctopi TMoi Moau 3 pamianbHOIO
MOJISIPU3ALIEIO TTOJISI JIIeJIEKTPUYHOTO XBHIIEBITHOTO pEe30HATOpa TepareplioBOro jasepa IpH ii B3aeMoii 3i CHipanbHOIO (a30BOIO
IUIACTUHKOIO 3 Pi3HUM TOIOJIOTIUHUM 3apsiioM (n). I1IIsxoM YuceNbHOro MOJEIOBaHHSI BUBUEHO (i3HMYHI 0COOJIIMBOCTI OTPUMAHHUX
BUXPOBHUX ITyUKiB IIPH iX HOMIKPEHH]I Ta rocTpoMy (okycyBaHHi. st MOICIIOBaHHS OMIMPEHHS ITy4KiB Ta (POKYCYBaHHS OTPUMAHHUX
My4KiB BHUKOPHCTaHi iHTerpanmbHi audpakiiiiHi mneperBopenHs Penes—3ommepdernbaa. YV BUIBHOMY OPOCTOPI BHKOPHUCTAHHS
cripanbHOi (a30Boi IUIACTUHKY Ha BUXO/11 XBUJIEBOLY MPH TOMOJIOTIYHOMY 3apsii 7 = | IPU3BOJUTH 10 3MiHH ONEPEYHOTO MPOQiEo
IMy4Ka 3 KiTbLENOAIOHOTO Ha MYyYOK, SKAH Mae MaKCUMYM IIOJIS Ha oci, a naii (n = 2) 3HOB Ha KinmbuenoAiOxuid. [Ipu ¢pokycyBanHi
PO3MOMiT CyMapHOi IHTEHCHBHOCTI MOJIS 3a BiZICYTHOCTI cHipaibHOI (ha30BOI INTACTUHKY Ma€ KilbIEBY CTPYKTypy. BoxHouac Ha oci €
HEe3HAYHa IHTEHCHUBHICTH, IO 3YMOBJICHA BKJIAJOM IIOB3JJOBXHBOI KOMIOHEHTH mois. Ilpm BukopucranHi (a3oBoi IUIaCTHHKH
MONIEPEYHUI POdIIIb ITyyKa 3MIHIOETHCS TaK caMo sK i Ipu #oro nommupenHi. [1pu npomy da3oBuil GpoHT 3MIHIOETECS i3 chepraHOro
Ha CHipaJbHUHU 3 HAsIBHICTIO BOX (7 = 1) Ta 4OTHPBOX (1 = 2) TLIKOBUX BUXOPIB.

KuirouoBi ciioBa: mepacepyosuii nazep; Oierekmpuinuii X6UiesioHuUll pe3oHamop; Cnipaibha (azoea niacmuHKd; GUXpPOGi NYUKu;
padianvHa NOIApU3AYis,; NOWUPEHHS BUNPOMIHIOBAHHS, 20CHPe (POKYCYEAHHS



