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Abstract: The characteristics of high-power vortex Bessel beams in the terahertz range (A = 141 um)
obtained with the use of diffractive axicons (DAs) illuminated by a Gaussian beam of the Novosibirsk
free-electron laser were studied. Two of the three possible types of DA recently described in our
previous paper, namely, binary spiral silicon axicons (BAs), forming beams with a topological charge
I equal to 0—4 and 9, and a diamond “holographic” axicon (HA), forming a beam with | = 9, were
used in the experiments. These axicons formed beams whose cross sections in the region of inner
Bessel rings were close to those of ideal Bessel beams, but their intensities varied in azimuth with a
frequency of I and 2I for the BAs and HA, respectively. However, in the case of the BAs, the beams
had a pronounced helical structure at the periphery, whereas for the HA, the beam was axisymmetric.
By focusing these beams with a lens, we studied the structure of the so-called “perfect” beams
(PBs). While an ideal Bessel beam exhibits a PB as a thin ring, in the case of the BAs, we observed a
broadened ring structure consisting of 2/ short spirals, and for the HA, we observed a narrow ring
with 2] maxima in azimuth. A comparison of the numerical calculations and experiments showed
that the observed azimuthal intensity variations can be attributed to inaccuracies in the preparation
of the axicon relief and/or discrepancies between the calculated and actual wavelengths, within a
few percent. The results of this work enable the establishment of quality requirements for axicon
manufacture and the appropriate selection of the axicon type in accordance with the requirements for
the beam.
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1. Introduction

Photon beams with orbital angular momentum [1-3], or vortex beams, play an increas-
ingly important role in modern optics and various applications. Most of these applications
relate to the visible and infrared spectra [4,5]. For example, optical tweezers allow the
manipulation of not only the spatial position of particles but also the various degrees of

Copyright: © 2023 by the authors.
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as well as dielectric and metal particles, have been demonstrated in [6,7]. Optical tweezers
enable the manipulation of proteins, DNA, and enantiomers [8,9] and can be used for
single-cell microsurgery [10].

Vortex beams have expanded the scope of imaging optics. Several papers have demon-
strated the use of vortex beams to achieve resolution beyond the diffraction limit [11],
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enable phase contrast imaging in microscopy [12], determine the topography of a tar-
get [13], study turbulence in the atmosphere [14] and the ocean [15], and measure the
rotation speed of objects [16]. The orbital angular momentum of vortex beams has opened
up new possibilities in materials processing technology [17-20].

One of the promising applications of vortex beams is in communication systems. The
possibility of using one frequency to transmit information through several beams with
different topological charges enables the creation of multiplex transmission lines in free
space [21,22], including those in the long-wave band [23-25].

The methods used to generate vortex beams vary significantly (see, e.g., [26-28]).
Currently, the most widely used devices for generating vortex beams are spatial light
modulators (SLMs). In the visible range, the most convenient technique for the formation
of vortex beams is the application of liquid crystal SLMs. They are computer-controlled,
have a high spatial resolution, and their amplitude-phase function can be changed with
a high frequency. In [29], for example, the generation of liquid crystal helical axicons
for the optical range is described. Digital holograms formed with SLMs are also widely
employed for the modal decomposition of arbitrary wave fields. In [30-36], methods that
enable the determination of both the radial and azimuthal wave numbers of vortex beams
are discussed.

In the terahertz range, the development of SLMs is just beginning. The progress in this
field is described in [37-40], but these modulators have not yet reached the level required in
practical applications in terms of resolution, speed of operation, and the number of resolved
elements. Additionally, when working with high-power terahertz radiation sources, such
as gyrotrons [41,42] and free-electron lasers [43—46], liquid crystal devices can be damaged
by radiation. For this reason, classical diffractive optical elements [47,48] currently remain
the most suitable devices for controlling terahertz radiation beams, including the formation
of beams of a given mode composition.

In our previous works, we have designed and manufactured a wide range of diffrac-
tive optical elements (DOEs), including binary and continuous-relief elements, for the con-
trol of high-power terahertz radiation. These elements include focusing elements [49-51],
elements for generating beams with different mode compositions [52], elements for con-
centrating terahertz radiation into specific two- or three-dimensional domains [53,54],
sub-wavelength metastructures that produce vector beams with different polarization
states [55,56], and others. When DOEs are used to transform the mode content of a beam,
they can be considered computer-synthesized holograms [57,58]. These DOEs have been
studied by applying high-power continuous-wave terahertz radiation from the Novosibirsk
free-electron laser (NovoFEL [44]).

In this paper, we focus on Bessel beams, which are used in many applications due
to their unique properties. It is well known that it is impossible to create an ideal Bessel
beam in real life since it would need to be infinitely wide and, consequently, have infinite
energy. Real beams whose properties closely resemble those of Bessel beams are produced
by applying phase radial diffraction gratings and axicons. A zero-order quasi-Bessel beam
can be obtained with axisymmetric axicons, whereas for the production of beams of higher
orders, the phase function of the axicon must ensure the azimuthal rotation of the beam.
Vortex Bessel beams in the terahertz range were first experimentally obtained via the
transformation of the Gaussian beam of the NovoFEL with binary spiral axicons [59,60].
Later, terahertz vortex beams were obtained through other methods (see [61]).

The generation of terahertz Bessel beams paves the way for the development of new
applications. In [62,63], it was shown that the diffraction of a Bessel beam by a periodic
two-dimensional grating in the Talbot planes results in the formation of periodic gratings of
annular microbeams, which can be regarded as analogs of perfect beams. A very interesting
application was demonstrated in [64], where beams with orbital angular momentum were
first used to excite vortex surface plasmon polaritons propagating along a cylindrical
conductor for a distance of up to 150 mm. The Bessel beam was first transformed by
means of a lens into the so-called “perfect beam” of an annular configuration [65-68]
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(see detailed description in Section 3.3), which when diffracting at the front edge of the
cylinder [69-71], excited vortex plasmons around the perimeter. Using this method to
excite a superposition of vortex plasmons by beams with different topological charges, each
encoding a separate portion of information, opens up the possibility of creating a multiplex
plasmonic transmission line. The properties of the generated plasmons and the efficiency
of their generation are significantly dependent on the properties of the excitation of vortex
beams. Clearly, in all other applications, the characteristics of beams are also of significant,
or even decisive, importance.

In [72], the wave fields of quasi-Bessel beams formed by three types of axicons (binary,
kinoform, and holographic) were calculated numerically (and analytically for a binary
axicon). In the experiments described below, we investigate beams formed by five binary
silicon axicons and one diamond holographic axicon, listed in Table 1. We analyze the
Bessel beams produced by these two types of diffractive axicons and their correlation with
the ideal Bessel beam, described by Equation (1), as well as with each other, and compare
the results with numerical simulations.

2. Materials and Methods
2.1. Diffractive Axicons

Ideal Bessel beams are known to be described analytically by the Bessel function [73]

E(r,¢,2) = Ji(xr) expli(lg + kz2)], ey

which occupies all free space and has an infinite width and, therefore, infinite energy. Here,
x is the radial wave number, ¢ is the azimuthal angle, k; is the axial component of the
wavevector 27t/A, and | is the azimuthal quantum number, known as the “topological
charge” (TC). The function can be expanded to a superposition of conically converging
plane waves

E(r) = Eyexp(ik.z) / wy (k) exp(ikr) a2k, / (270)2 )

under an angle
0, = atan(x/k;). 3)

The Fourier amplitudes in Equation (2) are
a (ki) = (2mi! /k L) exp(ilg)d(ky — x). 4)

Table 1. Design parameters used in the manufacture of binary axicons (BA) and holographic axicons
(HA) (see Figure 1). p = 271/« is the period of the binary axicons, [ is the topological charge modulus
of the beam produced by the axicon, R is the radius of the axicon, and Z is the distance at which
the Bessel beam decays (see Figure 2). The HA9 is not periodic in radius; the width of its zones
corresponds to the Bessel beam with a wave number of x = 271/2.03 (see Equation (8) below). The
axicons are designed for a radiation wavelength of 141 pum.

Axicon BAO BA1 BA2 BA3 BA4 BA3-2 BA9 HA9
) 0 1 2 3 4 3 9 9

p, mm 3.1 3.1 3.1 3.1 3.1 2.03 2.03 N/A

R, mm 22 22 22 22 22 22 22 10

Zp, mm 550 550 550 550 550 360 360 144
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Figure 1. Photographs of axicons used in this work. (a—f) Silicon helical binary axicons with diameters
of 50 mm. (a—e) Axicons with I = 0+ 4 and period p = 3.1 mm. (f) Axicon with ! = 9 and
p = 2.03 mm. (h) Diamond holographic axicon with a diameter of 20 mm and I = 9. (g) Yellow lines:
local normals to Archimedean spiral of axicon shown in (c); red circle: evolute of spirals. (c). Axicons
form beams with positive topological charges when the initial Gaussian beam is incident normally
onto the axicon surface. To generate beams with a negative topological charge, the axicons should be
rotated by 180° about the vertical axis. The aperture of the axicons was limited by frames, and their
radii are indicated in Table 1.

+1 order

-1 order

JQA

A
v

d
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Figure 2. Experimental schematics. (a) Conically converging plane waves (minus first-order diffrac-
tion on helical binary or annular holographic phase grating) forming a Bessel beam. For clarity,
the converging and divergent waves from different sides of the axicon are shown in different col-
ors. The optimal region for the formation of the Bessel beam lies in the vicinity of Zy/2, and the
beam collapses at a distance of Zj. (b) Beams behind the axicon. Dashed lines indicate beams of
plus first-order diffraction. (c) Formation of the perfect beam with a kinoform polypropylene lens
(f =75 mm, D = 80 mm). Dotted red lines indicate the plain wave that passed through the axicon in
the experiments (for details, see text).

The ideal Bessel beam cannot exist in reality, but a quasi-Bessel beam of limited
diameter with features similar to those of the ideal Bessel beam can exist within a limited
distance Zj along the optical axis if an optical element forming conically converging plane
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waves is used (Figure 2a). A volumetric optical element (see Figure 1a in [72]), which forms
conically converging twisted beams, is a combination of a refractive conical lens (axicon)
and a spiral plate with a phase that linearly increases in azimuth. Its phase function is

tRSA(T/ (P) = 7k0(1’(1’l — 1) + lgp = qu — K7, ®)

where 7 is the refractive index of the substrate material of the optical element. In [72], three
types of diffractive optical elements, which can replace such elements, were described:
(1) a binary spiral axicon, (2) a holographic axicon, and (3) a continuous relief spiral
kinoform axicon (KA). The latter is a diffractive analog of a refractive spiral axicon (RSA)
with the phase function

_ . [l —xr
txa(r, @) = 1o —kr 27Tf1X( = ) (6)

The function fix(z) converts a real number into an integer, discarding the fractional part.
This axicon can be considered as a blazed-helical-phase diffraction grating. The charac-
teristics of the Bessel beams formed by these three elements and their Fourier transforms,
obtained through analytical and numerical calculations, are described in the aforemen-
tioned paper.

In this paper, we study beams formed by two types of axicons, binary and holographic,
and compare the beam characteristics with the results of numerical simulations performed
within the framework of the scalar theory of diffraction. The phase functions of these
axicons are

ta(r, @) = rrsign[sin(lp — xr)]/2, (7)
where
+1 x>0
sign(x) =< 0 x=0
-1 x<0
and

taa(r,9) — g+ 7+ Hy (k1) - /1) —27TfiX<l<(P+ 7+ H(J (xr) - 7r/|l|)>, ®)

27

where
+1 x>0
H(x) = { 05 x=0
0 x <0

is the Heaviside step function.

A spiral phase plate is an optical element with a transmission function proportional
to exp (ilg). It was first fabricated and investigated in [74]. A spiral phase plate can be
realized as a diffractive optical element by means of the reduction of the phase of the
transmission function to the range of [0, 27z]. The results of an investigation of optical-range
spiral phase plates realized through lithography, the molding technique, and the use of a
liquid crystal modulator are presented in [75-77], where it was experimentally shown that
the spiral phase plate enables the generation of a beam with an orbital angular momentum
(OAM) of order [. Digital holography methods [78] could also be applied to the design
of optical elements that generate beams with orbital angular momentum (OAM). One of
the first such elements with phase function sign[cos(I¢ + kr?)] was described in [78]. A
silicon binary axicon with spiral zones and the transmission function (7) was used in [57]
for generating terahertz beams with orbital angular momentum.
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2.2. Experimental Setup

Experiments using axicons were carried out at the Novosibirsk free-electron laser
facility. The laser beam at the input to the workstation had an almost flat wavefront and its
intensity was well approximated by the Gaussian function I = Iy exp (—2r?/w?), where
the beam radius was w = 12.1 mm. The irradiation consisted of an infinite sequence of
pulses with a duration of about 100 ps, followed by a repetition rate of 5.6 MHz. The
average radiation power in the experiments was several tens of watts. The laser generation
wavelength could vary over a very wide range. Most of the experiments were carried out
at a wavelength of Ag = 141 pm, for which the axicons were designed, with a generation
spectrum width of about 1 um. However, we also carried out experiments at other wave-
lengths that differed from the calculated values. In particular, a helical binary axicon was
shown to efficiently form a Bessel beam at a wavelength of A = 130 um, as well as at the
third harmonic wavelength of A = Ag/3 = 47 pm. In the latter case, the Bessel beam was
formed at a distance of z < 3Zy/2.

Figure 2b,c show the optical systems used for the study of the beams. The laser
beam was incident on an axicon installed in the input aperture of the optical system. The
beam images were recorded with one of two terahertz cameras: a microbolometer array
or a pyroelectric camera called Pyrocam IV. The receiving matrix of the first camera had
a size of 16.36 x 12.24 mm? (320 x 240 pixels), whereas the size of the second camera
was 25.6 x 25.6 mm? (320 x 320 pixels). Scheme (b) was used for the study of the beam
cross-section as a function of distance. A quasi-Bessel beam was formed in the zone of
intersection of the minus-first order of diffraction beams (solid lines in the figure) from the
incident Gaussian beam. By analogy with the Ronchi linear binary phase grating, it can
be assumed that the fraction of energy carried by these beams was approximately 40.5%
of the energy of the incident wave that had passed through the phase element (without
taking into account the Fresnel reflection losses). Beams of the plus-first order of diffraction
diverging from the axis (dashed lines) also carried the same fraction of energy. The intensity
of beams of higher diffraction orders was negligible.

As shown in Figure 2a, the distance at which the waves of negative diffraction order
intersect depended on the diffracting beam radius, which was limited either by the diameter
of the illuminating beam or by the diameter of the axicon frame. The radii of the axicon
apertures in the experiments are presented in Table 1. The Bessel beams were formed within
the diamond-shaped area, which is highlighted in the figure in purple, and collapsed at
a distance of Zy = 27tR/xA. Divergent beams of the first positive order of diffraction did
not participate in the formation of a Bessel beam, but in the case of a large-diameter lens
installed in the optical system, as shown in Figure 2c, they contributed to the formation of
the Fourier transform of the beam.

So far, we have not taken into account the Fresnel reflections. However, the material
of our diffractive elements had high refractive indices: n = 3.42 for silicon and n = 2.4
for diamond. Therefore, additional beams may have appeared behind the axicons in the
experiments, which distorted the mode structure of the Bessel beam. In particular, in the
case of a binary axicon (see Section 3.3), the double internal reflection produced a plane
wave of lower power at the output [57]. With the holographic axicon, the reflections were
more complex, though less intense, but they could also distort the output wave.

2.3. Axicons: Fabrication and Profile Measurements

Helical axicons were fabricated at Samara University using the lithography technique.
As demonstrated below, the manufacturing accuracy of axicons can affect the quality of the
beams produced, resulting in a deviation of their mode composition from the theoretically
calculated beam. The microrelief of the fabricated binary silicon axicons was measured
at Samara University using a WLI DMR white-light interferometer (Fraunhofer Institute,
Jena, Germany).

The deviations of the surfaces of the axicons from parallelism were measured with
an accuracy of several nanometers using a Fizeau Intellium Z100 interferometer at the
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Institute of Automation and Electrometry of the Siberian Branch of the Russian Academy
of Sciences (IA&E SB RAS). The method is based on the interference of the reference wave
reflected from the reference surface and the object wave reflected from the surface of the
axicon. Based on the resulting interference pattern, the deviation of the surface from the
front of the reference wave was determined. The study of the axicons was carried out from
both the front and back sides. The inaccuracy of the period of the fabricated binary axicons
was measured using photographs taken at the IA&E SB RAS.

A 20 mm diameter continuous-relief holographic axicon made of synthetic diamond
was fabricated at the General Physics Institute of the Russian Academy of Sciences. The
fabrication method and optical characteristics of the holographic axicon are described
elsewhere. This diffractive element is an intermediate type of axicon, with a piecewise
continuous phase relief in the azimuthal direction, and can be referred to as a kinoform
element, whereas in the radial direction, it has a stepwise profile.

2.4. Analytical Calculations and Numerical Simulations

Experiments carried out on large-scale facilities, such as the Novosibirsk free-electron
laser, are very expensive, and researchers often have limited time to conduct them. In such
cases, analytical and numerical calculations make it possible to model the processes under
study in a wider range of parameters and help interpret the experimental results. In this
work, in both the planning of the experiments and the data processing, we used analytical
and numerical calculations of beams propagating in our optical systems. We compared
these beams with ideal Bessel beams (see Figure 3) in which the intensity distribution
was calculated according to Equation (1). Here and after all the calculated images have

dimensions of 25.6 x 25.6 mm?2.

'Bessel, =1 hessel, =2 'Bessel, =3

Bessel, |/| =0

Figure 3. Intensity distribution for ideal Bessel beams with different topological charges calculated
according to Equation (1).

The numerical calculations of the complex amplitude of the electric field in the op-
tical systems shown in Figure 2 were performed using the approximation of the scalar
theory of diffraction [79]. The phase functions of the axicons were calculated according
to Equations (7) and (8). Since the axicons and the kinoform lens employed in the experi-
ments can be considered flat masks, it is more convenient to use the Rayleigh-Sommerfeld
integral [80] for the calculations. To calculate the optical fields in our optical systems, we
used the program described in [81] with minor modifications. For the geometric parameters
corresponding to our experiments and the dimensions of the recording arrays in the case
of terahertz radiation, the impulse response function approximation had to be used in the
calculations when the distance from a transparency along the z-axis exceeded 30 mm. It is
important to note that the Fresnel reflections were not taken into account in the numerical
calculations.
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We have previously derived analytical expressions describing the electromagnetic
field of a quasi-Bessel beam behind a binary helical axicon [57], as well as the Fourier
transform of this beam in the focal plane of a lens (“perfect” beam) [72]. We compared
these experiments with each other for various configurations of optical systems. The
results obtained from the analytical expressions coincided with the results of the numerical
simulations with high accuracy, indicating the reliability of the latter. In this paper, for the
sake of brevity, we do not present the results of the analytical calculations.

3. Results and Discussion
3.1. Bessel Beams Obtained Experimentally

In Figure 4, we present 3D surface plots depicting the intensity distributions in the
cross-sections of beams formed by the axicons listed in Table 1. The measurements were
conducted at a wavelength of 141 pum in the optical system configuration shown in Figure 2b.
In this and other figures, we utilize 3D representation of graphs to enhance the visibility of
subtle details in the distributions when compared to 2D images. Here and after all images
have dimensions of 25.6 x 25.6 mm? unless otherwise noted.

BA, |/ =1 ‘ BA, || =2 ‘ BA, |/ =3 ‘

BA, || =4

Figure 4. Intensity distributions in cross-sections of quasi-Bessel beams formed by axicons listed in
Table 1. Axicons were illuminated with a Gaussian laser beam with a wavelength of 141 um and a
beam radius of 12.1 mm. The corresponding optical setup is presented in Figure 2b. The first two
images were recorded with a microbolometer array camera, which is described in [82,83], and the
other images were recorded with a pyroelectric camera, the Pyrocam IV.

First, we compared the experimentally obtained distributions with the ideal Bessel
beams shown in Figure 3. We can see that the diameters of the rings of the experimentally
obtained beams, particularly their first rings, are nearly identical to those of the rings of
ideal beams, but there are also significant differences. In the experiment, the intensities
of the Bessel rings clearly varied in azimuth. In the case of the binary helical axicons, the
number of peaks corresponded to the topological charge of the beam |I|. At |I| = 1, the beam
was almost symmetrical (the beveling of the beam can be explained by the inhomogeneity
of the axicon illumination), and at higher topological charges, this dependence was also
evident. We explain this effect below.

The binary axicon with [ = 9 formed a beam on the periphery that differed from the
beams generated by the other binary axicons. The outer ring observed in it consisted of
segments of spirals, with the number of segments being twice the value of the topological
charge. This ring can be explained as a pattern formed by diffracted beams of the plus-first
order originating from the axial zone of the axicon. The diameter of this ring, approximately
20 mm, closely corresponded to the diffraction angle of the grating. In the other axicons,
the outer rings were less pronounced. The outer annular structure, composed of spirals,
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can be qualitatively explained as the result of the rotation of the center of curvature of local
normals over the evolute (see an example in Figure 1g).

Next, we compared (see the right column in Figure 4) the Bessel beams with the same
topological charge but created by different types of axicons. It can be seen that near the
optical axis, the Bessel beams with | = 9 formed by the binary helical and holographic
axicons were very similar; however, the beam formed by the HA had 18 azimuthal lobes
instead of 9, as seen in the case of the binary helical axicon. However, at the periphery, the
structures of the beams exhibited significant differences. Instead of the spiral structures
discussed in the case of the BA, the beam formed by the HA was axisymmetric, and in
terms of intensity distribution, it was closer to the ideal Bessel beam. Although weaker, the
symmetrical outer ring observed for the HA case can also be attributed to the diffraction
of the plus-first order. The reason for these differences is clear when we compare the
geometries of these axicons in their corresponding photographs shown in Figure 1f,h. The
expectation of distinct symmetries in the beams formed by the BAs and HAs can be verified
mathematically. In the analytical expression (8), which describes the phase function of a
holographic axicon, the variables are separated. However, this is not the case for a spiral
axicon, as shown in Equation (7). When the diffraction problem is solved in the spiral
axicon case, the diffraction pattern will inevitably be non-axisymmetric.

To conclude this section, in Figure 5, we present the cross-sections of beams from
binary and holographic axicons, which were recorded using a pyroelectric camera at a
distance of 50-150 mm from the axicon (reprinted with permission from Computer Optics
Editorial [84]). To ensure an accurate comparison, we limited the size of the illuminating
beam for both types of axicons by using a diaphragm with a diameter of 20 mm. It can be
seen that the beam cross-section closely resembled that of the Bessel beam at a distance of
approximately 80 mm, as expected with such a diaphragm. The holographic axicon beam
in the region of diffraction order intersection at a distance of up to 150 mm was mainly
axially symmetric, whereas the binary axicon beam had a pronounced helical structure at
the periphery.

Figure 5. Comparison of cross-sections of beams formed with spiral axicons (bottom row) and
holographic axicons (top row) using the experimental configuration shown in Figure 2b. The aperture
radius for both cases was 10 mm. Reprinted with permission from Computer Optics Editorial [84].
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3.2. Numerical Simulations: Effect of Wavelength Change and Phase Profile Inaccuracy

In this section, we present the results of numerical simulations of Bessel beams and
compare them with data for ideal beams and experimental data. The calculation algorithm
is described in Section 2.4. For the sake of brevity, we consider only beams generated by
three axicons (BA3, BA9, and HA9), which allows us to find patterns common to all axicons.
In columns (a) and (d) of Figure 6, we include the necessary graphs from Figures 3 and 4.
We have rearranged the latter in a format that is more convenient for comparison with
calculations. The intensity distributions obtained from the numerical simulation with a
wavelength of 141 um are shown in column (b). The simulation results agree well with
the analytical expressions, and for the BAs, the agreement is better compared to the HA.
However, the simulation for the HA shows better agreement with the experimental data.

Bessel, |/| =9, Analytical

AR
Bessel, |/| = 3, Analytical

BA, /=+3,2. =141 um, Calc | | BA, /=+3, A =135 um, Calc J BA, /=+3, Exp

Figure 6. (a) Ideal Bessel beams (Equation (1)). (b,c) Numerically simulated Bessel beams formed with
diffractive axicons BA9, HA9, and BA3 illuminated by a Gaussian beam with a radius of 12.1 mm at
wavelengths of 141 and 135 um. Axicons are designed for wavelengths of 141 pm. (d) Experimentally
recorded Bessel beams.

The small variations in the intensity along the azimuth of the rings in the calculated
cross-sections of the beams can be attributed to calculation errors. However, we did not
observe pronounced azimuthal variations, as seen in the experimental beams. We assumed
that they could be caused either by a shift in the wavelength of the illuminating laser beam
from the calculated value of 141 um (taking into account the laser generation bandwidth
of approximately 1 um) or by profile errors in the manufacture of an axicon. The latter
can be one of two types: variations in the thickness of the silicon or diamond plate, or
errors in the etching depth or width of the grooves (profile inaccuracy in the case of a
holographic axicon).

We have explored all possible causes for binary axicons (see Section 2.3). For a binary
silicon axicon, the groove depth should be h = A/2(n — 1), which is 29.1 pm for the given
wavelength. The depth of the grooves was measured along two mutually perpendicular
diameters. The measurement results for axicons BA3 and BA9 are shown in Figure 7a.
The depth spread for them was +1 and +4 pum, respectively, that is, about 3-10% of the
average value. Inaccuracies in the length of the period and the width of the grooves may
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Depth (um)

32

have also contributed to the error. The inaccuracy in the period of the axicons, as seen
in Figure 7b, was approximately 1-3%. The non-parallelism of the outer surfaces of the
axicons throughout the area was approximately 5 um but was not localized and did not
introduce any noticeable error.
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Figure 7. (a) Depth of grooves of binary axicons along two perpendicular diameters: circles—BA9Y;
triangles—BA3. (b) Examples of measuring periods of binary axicons BA3 and BA3-2 (not used
in other experiments) with different periods (see Table 1), which formed beams with a topological
charge of I = 3.

To understand whether these deviations could cause the appearance of “teeth” on the
beam rings produced by the axicons, we calculated the cross-sections of the beams at a
wavelength of 135 um, i.e., at a wavelength shift of 4%. The results are shown in column (c)
in Figure 6. It can be seen that the calculation results, including the number of peaks, are
now in good agreement with the experimental results. We did not measure the profile of
the diamond axicon, but it can be assumed that in this case, the peaks were caused by a
mismatch in the wavelength and local errors in the manufacture of the profile.

3.3. Perfect Beams Formed with Binary and Holographic Axicons

In recent years, in the field of vortex beams, much attention has been paid to the
perfect beams [65,85-87], that is, beams that are formed by quasi-Bessel beams in the focal
plane of a lens. Their name reflects the fact that, in the case of ideal Bessel beams, an
ideal ring corresponding to Expression (4) is expected to form in this plane. However, in
experiments, these rings are far from perfect.

The beam images obtained in the focal plane of a lens with a focal length of 75 mm
are shown in Figure 8. In the case of the binary axicons, the cross-sections of the beams
exhibited the form of rings divided into segments of nested spirals. The number of spirals
corresponded to twice the topological charge /. These spirals were twisted inward if the
beam had a positive topological charge, and outward otherwise. The beams obtained from
the numerical simulations had the same helical ring structure with very high accuracy.
However, because they agreed so well with the experimental data, we chose not to present
them here. The only difference was that they did not have a central peak, which was
observed in the experimental results.

The origin of the central peak can be easily explained [57] in the case of the binary
axicon as being due to internal Fresnel reflection. The plane wave reflected twice from
different levels on the front and back faces of the binary axicon had a phase difference of
A® = t(3n —1)/(n —1). In the case of the silicon axicon, this value was A® = 3.837 = 471,
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indicating that the secondary waves interfered constructively at the output, whereas the
primary wave, with a phase difference of 77/2, interfered destructively. Thus, the plane
wave passed through the axicon with an intensity approximately equal to 10% of the
intensity of the diffracting waves. Interestingly, this conclusion holds for silicon binary
elements of any type, designed for any wavelength.

BA, || = 1

BA, |/ =2

BA, |[| =3 '

BA, |/ =4

&

HA, |1]=9

Figure 8. Perfect vortex beams: cross-section of Fourier transform of Bessel beams formed by binary
axicons (I = +1, 42, 43, +4, +-9) and holographic axicon (I = +9), recorded using the configuration
in Figure 2c.

In the case of the holographic axicon, we also observed a central peak, although with
lower intensity. In this case, the secondary plane wave in the axicon did not appear due
to internal reflections since its faces were inclined. The appearance of a zero order of
diffraction can be explained, in particular, by the imperfection of the profile manufacturing.
It should be emphasized that the perfect beam formed by the holographic axicon was much
closer to an ideal one compared to that formed by the binary axicon. It had the shape of
a narrow ring. The only difference from the perfect beam was the intensity variation in
azimuth. The number of peaks was also equal to 21.

It is important to note that information about the intensity distribution in the cross-
section of perfect beams is crucial for planning and conducting experiments on the ex-
citation of vortex plasmons on cylindrical samples [64] (see Section 1). Plasmons were
excited on a brass cylinder coated with a ZnS dielectric layer using the end-fire coupling
technique. Consequently, the excitation efficiency could be estimated by calculating the
overlap integral between the field of the perfect beam and the expected field distribution of
the surface plasmon polariton. The results of this section show that the holographic axicon
facilitates the formation of vortex surface plasmons with higher efficiency and uniformity
along the front edge of a cylindrical conductor.

4. Conclusions

Zero-order and higher-order Bessel beams carrying orbital angular momentum are
widely used in a variety of practical applications in the visible and infrared ranges. Un-
doubtedly, the use of such beams in the region of long wavelengths also has broad prospects.
Many optical schemes and technologies that have successfully been implemented in the
shortwave bands are yet to be extended to longer wavelengths. This is especially true
for applications in which the characteristic resonant frequencies of a substance lie within
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these ranges. For example, the use of terahertz and microwave vortex beams for plasma
diagnostics was discussed in [88-90]. Another promising application is communication
systems [91,92]. Radiation sources in the terahertz (free-electron lasers) and millimeter
(gyrotrons and backward wave lamps [70]) ranges have been shown to generate beams
with a wavefront that closely resembles the Gaussian profile. A Gaussian beam can be trans-
formed into a Bessel beam with an optical element that is a combination of a spiral phase
plate and an axicon lens. Such an element in the long-wavelength range, especially in the
case of high-order beams, would be impractical due to excessive thickness and absorption.
Another approach for forming Bessel beams is through the use of phase diffractive optical
elements. At high radiation powers, the best DOE substrate materials are high-resistant
silicon and synthetic diamond. At low powers, the DOE can be made of plastic.

In real life, when Bessel beams are formed by any type of axicons, they can exist
only in a limited interval along the optical axis. If they are created by diffractive axicons,
then the degree of agreement between their cross-section and the cross-section of an ideal
Bessel beam essentially depends on the type of axicon used. There are three types of basic
profiles of diffractive axicons, two of which were studied experimentally and via numerical
calculations in this work. We aimed to solve two problems that were not previously studied
or studied insufficiently. First, we aimed to find out how much quasi-Bessel beams obtained
using real phase axicons differed from ideal Bessel beams, as well as the level of agreement
between the observed beam cross-sections and the cross-sections calculated within the
framework of the scalar diffraction theory. Within the framework of this task, we aimed
to study the influence of axicon fabrication imperfections and the radiation spectrum
illuminating the axicons on the shape of the beams. Second, we compared the beams
produced by a binary helical axicon and a holographic axicon.

Bessel beams produced using a binary silicon axicon with a profile consisting of nested
Archimedean spirals tended to helicity at the beam periphery. In the case of a holographic
axicon whose phase profile closely approximated the axisymmetric phase profile of a
Bessel function of a given order, the resulting Bessel beams had a ring structure even at
the periphery. Additionally, the perfect beams that formed in the focal plane when Bessel
beams were focused by a lens and theoretically represented a homogeneous narrow ring
also had characteristic differences. For binary axicons, the broadened ring was a set of
nested segments of spirals, with the number of segments equal to twice the topological
charge of the beam, whereas, in the case of a holographic axicon, indeed, a narrow ring
was observed.

An important result of the experiments was the discovery of regular intensity vari-
ations in the azimuthal direction in the rings of Bessel and perfect beams. The number
of maxima in Bessel beams created by binary axicons was equal to the topological charge
of the beam. In the case of a holographic axicon, the number of maxima was twice the
topological charge, as observed for all perfect beams. A comparison between the observed
beam cross-sections and the results of the numerical calculations, where the radiation
wavelength was varied close to that used for the axicon calculations, helped explain the
appearance of these variations. Three factors were found to contribute to these variations,
although to varying degrees. The first factor was the shift in the wavelength from the
calculated value and the width of the laser emission spectrum. The second factor was
related to manufacturing inaccuracies in the axicons, i.e., variations in the depth of the
grooves for binary axicons and the height of the steps for the holographic axicon. The third
factor involved variations in the period of Archimedes’ spirals or errors in the width of the
zones of the holographic axicon. The measured scatter in the geometric characteristics of
the axicons provided a satisfactory explanation for the observed variations.

Overall, it has been shown that the fabricated axicons facilitated the creation of quasi-
Bessel and perfect beams of sufficiently good quality. The choice of axicon type for the
formation of such beams can be made based on the experiments performed in this paper,
the numerical calculations described in [72], and the specific application requirements for
the beam in question.
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