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LIST OF ABBREVIATIONS

CCD Charge-coupled device
CGH Computer generated hologram
CMOS Complementary metal–oxide–semiconductor
CO2 Carbon dioxide
DMD Digital micromirror device
DOE Diffractive optical element
GP Geometric phase
HG Hermite-Gaussian
IG Ince-Gaussian
LC Liquid crystal
LCoS Liquid crystal on silicon
LG Laguerre-Gaussian
OAM Orbital angular momentum
PAN Parallel-aligned nematic
PBP Pancharatnam-Berry phase
SLM Spatial light modulator
STED Stimulated emission depletion
TEM Transverse Electro-Magnetic
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1. INTRODUCTION

Light is an important part of nature, providing people with energy and
visual information about their surroundings and the universe. The no-
tion of structured light refers to its modulation in all degrees of freedom.
This includes control of spatial degrees of freedom, such as phase, am-
plitude, or polarization, as well as temporal degrees of freedom, such as
pulse length and frequency. A magnifying glass could be considered as a
form of incoherent light shaping used by people for several millennia [1].
Such optics could be used not only for magnification purposes but also
to start fires by concentrating solar energy into a small area. One could
regard this as an early material modification by non-coherent light.

A few decades after the development of the laser, a field now known
as laser beam shaping took off. Advances in optical technology allowed
us to improve lithographic techniques, which led to faster computers
that could calculate the new optical designs required to create new
structured laser beams [2]. In practice, various light patterns can be
formed by diffractive optical elements (DOEs), which are manufactured
according to the computer generated holograms (CGHs) [3]. Such ele-
ments are usually designed and made to generate a specific beam shape
using a laser emitting a certain wavelength. Versatile phase and ampli-
tude modulation of light can be achieved with devices such as a liquid
crystal on silicon (LCoS) spatial light modulator (SLM) and a digital
micromirror device (DMD), which, respectively, work on the basis of
liquid crystals (LCs) or controllable micromirrors [4, 5]. These devices
facilitate the development of structured fields by allowing quick change
of CGHs to experimentally verify designed beams. LC arrays can also be
implemented to localize the polarization states in the light field to cre-
ate vector beams [6,7]. In the experiments presented here, SLM was an
important tool used to investigate propagation dynamics of the designed
beams. Subwavelength structures within the transparent material or on
metasurfaces are also used to modulate amplitude, phase, and polariza-
tion [7, 8]. This type of optics is known as geometrical phase elements
(GPEs). In the case when nanogratings are inscribed in a transparent
sample, GPEs can have transmittance higher than 90% in a broad spec-
tral region and their damage threshold is comparable to that of clear
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fused silica [9]. Such GPEs enable the generation of high-quality, high-
energy beams and can be used in high power setups. Because of this,
fabrication tasks of this work require some CGHs to be made as GPEs.

Generally, the most common shape of the laser beam has an in-
tensity distribution shaped like a Gaussian function, also known as the
TEM00 (transverse electromagnetic) mode. Using the aforementioned
methods, other forms of structured light can be created. For instance,
Hermite-Gaussian (HG) [10], Laguerre-Gaussian (LG) [11], and Ince-
Gaussian (IG) [12] are some of the prominent laser beam modes. An-
other category, which has gained particular interest in recent years, is
nondiffractive beams. For example, a notorious Bessel beam [13], has
a central region that seems to propagate without spreading. Another
well-known Airy beam has a main lobe that appears to accelerate trans-
versely while propagating on a curved trajectory [14]. Some forms of
structured light, such as higher-order Bessel beams or LG modes, are
able to carry orbital angular momentum (OAM). These beams have a
spiraling phase front and phase singularity with no intensity at the cen-
ter. Similarly, zero-intensity regions form in vector beams that possess
polarization singularities. Many intensity patterns reminiscent of flow-
ers [15], stars [16], or other shapes can be formed by shaping various
degrees of freedom of light. Some of the structured light fields even ac-
quired peculiar names such as photonic wheels [17], hooks [18], optical
bottles [19], needles [20], drills [21], knives [22] and shovels [22]. Never-
theless, more efficient methods, that allow a flexible focal zone control
are desirable as these types of laser beams, combined with high power
setup, could find use in various fields of physics.

Many advances have been made in numerous laser applications as a
result of the developing field of structured light. In Stimulated emission
depletion (STED) microscopy the use of a hollow core beam allows the
super resolution to be reached [23]. In the field of optical trapping,
beams carrying OAM can rotate particles [24], and Airy beams can
be used to relocate particles [25]. In laser manufacturing, the use of
different spatial intensity or polarization distributions of the laser beam
can offer better process quality or increased processing speeds. Vector
beams have been shown to be beneficial for cutting metal sheets [26],
while the use of nondiffracting beams offers a tremendous advantage for
transparent material processing.
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This work focuses on the development of beam structuring methods
used for the formation of fields with complex transverse and longitudi-
nal intensity distributions. All of the main results are described in the
publications that are also provided in this work. Particular attention
is paid to the shaping of nondiffractive beams such as optical needles,
which are long beams possessing a uniform longitudinal intensity pro-
file. Experimental conditions can have an influence on the formed beam,
therefore, one of the works is dedicated to the exploration of these effects.
For some applications, it could also be desirable to have a controllable
transverse intensity profile together with an optical needle beam. In this
work, Airy beams were employed to create high aspect ratio beams with
controllable main lobe ellipticity. More elaborate light structures are
constructed by adding several Bessel beams. This approach also allows
to create parallel optical needles and is covered in this work as well.
Some selected intensity patterns of the considered beams were used to
modify transparent materials. Full details of all the experiments are
given in the supplied articles.

1.1. The aim of this thesis

Investigate the latest beam shaping methods, design and produce effi-
cient optical elements for the creation of spatially structured light beams
having continuous intensity distributions that are relevant for laser mi-
cromachining applications.

To achieve this aim, several tasks were set:

1.2. Tasks of this work

1. Investigate methods to obtain Bessel-Gauss beam superpositions.
Perform Bessel ring phase modulation to form combined Bessel
beams with different vortical charges. Obtain and characterize
surface and bulk modifications in a transparent medium using the
combined beam.

2. Experimentally form the superpositions of Bessel beams with dif-
ferent vortical charges and cone angles. Experimentally determine
the positions of individual optical vortices in the combined beam.
Compare numerical and experimental results.
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3. Investigate the possibility of generating an optical needle with a
smooth axial intensity distribution using geometrical phase ele-
ments. Perform the required experiments to generate such an op-
tical needle and benchmark its stability under imperfect experi-
mental conditions.

4. Investigate the possibility of generating transversely elongated op-
tical needles using Airy beams. Evaluate the possibility of control-
ling the transverse ellipticity of the beam by varying the parame-
ters of the binary phase mask. Generate these beams experimen-
tally and compare them with numerical simulation. Describe the
impact of this beam when it is focused on the surface and most of
the transparent media.

5. Create an array of optical needles with individual topological
charges, axial intensity distributions, and positions in the trans-
verse and longitudinal coordinates. Describe the influence of the
distance between optical needles on the total intensity distribution
of an array.

6. Experimentally form a top-hat beam using geometrical phase el-
ement. Characterize the propagation in free space of this beam.
Determine the influence of imperfect experimental conditions on
the characteristics of the top-hat beam. Compare numerical and
experimental data.

1.3. Novelty and relevance

1. A method to experimentally produce a superposition of several
Bessel-Gauss beams of different topologies using a pair of axicon
and a geometrical phase element was introduced. This method
was also used in high-power laser applications. This is relevant
for the creation of multiple microchannels within glass at higher
speeds.

2. A geometric phase element was used to shape the amplitude of the
beam entering an axicon to create an optical needle with a uniform
intensity distribution on the propagation axis. The generation
stability of the optical needle under imperfect placement of the
shaping element was also benchmarked.
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3. The position of the top-hat beam depending on the incident beam
diameter was numerically and experimentally benchmarked when
the top-hat beam is generated by a geometrical phase element.
It is important to know the tolerable deviations when designing
optical systems.

4. Airy beams were used to create an optical needle with flexibly
adjustable main lobe ellipticity in the transverse plane. This beam
was also used to produce directional modifications inside the glass.

5. The generation of an array of optical needles with a controllable
axial intensity distribution and distinct topological charge at each
position was demonstrated. This method facilitates the creation of
various spatial intensity distributions in three dimensions. Flexible
beam positioning is desirable in laser micromachining applications.

1.4. Statements to be defended

1. Azimuthal modulation of the spatial spectrum of a Bessel-Gauss
beam using two helical phase distributions of different topologies,
creates a superposition of Bessel-Gauss beams that is applicable
for the single shot modification inscription in glass volume.

2. In a superposition of Bessel-Gauss beams with different topological
charges, the transverse and longitudinal intensity distributions of
a complex light field are determined by the positions of single
charged optical vortices.

3. The longitudinal intensity distribution of the optical needle formed
by a geometrical phase element, polarizer, and an axicon remains
constant within the Bessel zone.

4. Superposition of Airy beams, produced by a binary phase mask in
the +1 and -1 diffraction orders, is eligible for the formation of an
elliptical optical needle.

5. The direction of the microcracks, induced by the elliptical opti-
cal needle inside EXG glass, is controlled through the mechanical
rotation of the geometrical phase element around its axis.
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1.5. Contribution of the author

The author was responsible for the experimental part of all the pa-
pers provided in this thesis. This includes designing and assembling
experimental setups, obtaining, analyzing, and describing experimental
results, as well as comparing them with numerically modeled results.

In [P1], author performed numerical simulations, designed a GPE
with 180 zones, assembled the experimental setup, made the samples
and beam measurements, analyzed the data, and wrote most of the text.
E. Nacius designed a GPE with 6 zones. O. Ulčinas fabricated GPEs.
S. Orlov wrote Theoretical background, supervised the work, and edited
the text.

In [P2], author assembled the setup, performed experimental mea-
surements, and wrote an experimental description. P. Gotovski numer-
ically modeled optical needle, prepared illustrations, wrote most of the
text. O. Ulčinas fabricated GPE. S. Orlov, supervised the work and
edited the text.

In [P3], author assembled the setup, experimentally obtained the
required data, and described the results. P. Gotovski performed nu-
merical simulations, prepared illustrations, and wrote most of the text.
O. Ulčinas fabricated GPE. S. Orlov supervised the work and edited the
text.

In [P4], author assembled both experimental setups, performed ex-
perimental measurements, sample fabrication, analyzed the data, and
wrote most of the text. K. Mundrys performed numerical simulations.
O. Ulčinas fabricated GPE. S. Orlov, supervised the work and edited
the text.

In [P5], author performed numerical simulations, assembled the ex-
perimental setup, performed all measurements, analyzed, and described
the theoretical and experimental data, edited the text. S. Orlov wrote
introduction and theoretical background sections, edited the text.

In [P6], the author assembled the optical setup. performed experi-
mental measurements, analyzed the data, prepared data for publication,
and edited the text. S. Orlov did theoretical calculations, prepared the
original manuscript, and edited the text.
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2. LITERATURE OVERVIEW

2.1. Non-diffracting beams

The most well-known beam profile emitted by a typical laser source is
known as a Gaussian beam. During propagation, it diverges as a result of
diffraction. Microprocessing applications require a tight focus. However,
the divergence angle of a Gaussian beam is inversely proportional to the
beam waist; therefore, when focused it can maintain a small diameter
only for short distances.

The concept of nondiffractive beams in optics was introduced by
Durnin in 1987 [13, 27]. As the name suggests, such beams would re-
main invariant during propagation. This is contrary to the most com-
mon transverse Gaussian profile. Durnin’s suggested solution to the
wave equation included a Bessel function; therefore, such a beam is now
called a Bessel beam. In theory, the ability to remain impervious to
spreading requires the ideal Bessel beam to carry infinite power. This is
impossible to achieve in practice. Shortly after its theoretical introduc-
tion, the finite energy approximation known as the Bessel-Gauss beam
with a limited nondiffractive zone was experimentally realized using ring
apertures, computer-generated holograms, and conical lenses [3, 27–30].
In the literature, the terms Bessel-Gauss and Bessel beam are often used
to refer to experimentally realizable beams to simplify terminology.

During the years, variations of the nondiffractive beams, which can
be regarded as Bessel-like beams, have been proposed. A common prop-
erty is a high aspect ratio of longitudinal to transverse dimensions,
whereas the difference is the shaped transverse or longitudinal intensity
distribution. Mathieu beams, for example, are solutions to the wave
equation in cylindrical elliptical coordinates [14, 31–33]. They have a
transversely elongated intensity distribution and maintain their shape
over long distances. Solutions of the Helmholtz equation expressed in
terms of parabolic cylinder functions are known as parabolic beams, as
they have a transverse intensity distribution of this form [34, 35]. Be-
cause of their unique properties, such as long focal zone, narrow high
intensity peak, and ability to carry orbital angular momentum, Bessel
beams and their variations found their place in a variety of applications,
which are discussed later in this chapter.
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The nondiffractive Airy beam was proposed by Berry and Balazs
[36] in 1979 as a solution to the Schrödinger equation. However, only
in 2007 Siviloglou introduced the concept of the Airy beam in optics
[14, 37] and showed the experimental generation of such beams [38].
Apart from their ability to resist diffraction, they also possess a unique
ability to propagate in a curved parabolic trajectory, which also makes
the beam interesting for a number of applications, also described later
in this chapter.

2.2. Bessel beams

Bessel beams were found by Durnin [13] by investigating solutions to a
scalar wave equation for free space:(

∇2 − 1
c2

∂2

∂t2

)
E (r, t) = 0. (2.1)

Durnin’s solution representing a non-diffracting scalar field, propa-
gating in free space is:

E (r, t) = exp[i(βz −ωt)]J0 (αρ) , (2.2)

where ρ2 = x2 + y2, α2 + β2 = (ω/c)2, J0 is a zero-order Bessel function
of the first kind. When β is real, the intensity does not depend on z. In
the case when α = 0, the solution represents the plane wave, but when
0 < α ≤ (ω/c), the solution is a nondiffracting beam that has an intensity
profile that decays at a rate inversely proportional to αρ [13]. A more
general representation of equation (2.2) is presented in [39,40]:

E (r, t) = exp[i(βz −ωt)]
∑

n

pn exp(−inφ)Jn (αρ) , (2.3)

where φ is an azimuthal coordinate, pn are coefficients and Jn is n-th
order Bessel function of the first kind, which can be expressed as [41]:

Jn (x) =
∞∑
m

(−1)m

m!Γ(n+m+1)

(
x

2

)n+2m

, (2.4)

where Γ() is the gamma function. Equation (2.3) is a discrete-mode
representation of the solution represented in Equation (2.2). A 0-th-
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order Bessel beam has a high intensity peak at the center and the phase
shifts by a value of π between adjacent rings (see Figure 2.1 (a,d)).
Higher-order Bessel beams have a minimum intensity in the center (see
Figure 2.1). As the topological charge increases, the diameter of the
central core increases. Higher-order Bessel beams also have a helical
wavefront [42] because of which the phase in the center of the beam is
not defined and the intensity minimum is formed. Such beams also carry
OAM [43,44] and are known in the literature as Bessel vortices [45].

a) b)

e)d) 0

0.2

0.4

0.6

0.8

1
c)

f )

Figure 2.1: Intensity distributions of Bessel beams having topological
charge 0, 1, 5 in (a), (b), (c) respectively. Phase distributions of Bessel
beams having topological charge 0, 1, 5 in (d), (e), (f).

The perfect Bessel beam has infinite power, while its spatial spec-
trum is an infinitely narrow ring. In practice such a beam does not exist,
and only finite power and dimension approximations, known as Bessel-
Gauss beams, can be experimentally generated. A complex amplitude
of such a beam is as follows:

A(r,φ) = anJn (kρρ)exp(inφ)exp
(

−ρ2

d2

)
, (2.5)

where an is an amplitude, kρ = k sinθ = (ω/c)sinθ, θ is an angle be-
tween propagation axis z and a wave vector k, also known as a Bessel
beam cone angle, which can also be expressed as θ = atan(kr/kz). d

is a Gaussian beam radius at the intensity level 1/e2. If d → ∞, then
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the Bessel-Gauss beam is an ideal Bessel beam. Instead of comparing
the diffraction characteristics of a central lobe of a Bessel beam with a
Gaussian beam, in [46] the authors included the size of the ring structure
when estimating the diameter of a truncated Bessel beam and then com-
pared it with a Gaussian beam of the same diameter. They concluded
that in this case the Bessel beam diffracts faster than the Gaussian as
the rings diffract sequentially starting from an outer one, whereas the
central lobe persists as long as there are off-axis rings to replenish its
diffraction losses [46]. However, comparing the central lobe of a Bessel-
Gauss beam shows that it is more resistant to diffraction and transports
power more efficiently than a regular Gaussian beam [47]. The central
core diameter of a Bessel beam can be calculated as follows: [48]:

r0 = 2.405
kr

. (2.6)

The experimental demonstration of a Bessel beam was first demon-
strated by Durnin et. al. [27]. In their work, the authors used collimated
light to illuminate a circular slit, which was placed in the focal plane of
a lens as shown in Figure 2.2 (a). Each point along the slit acts as a
point source, which the lens transforms into a plane wave. The set of
plane waves formed this way has wave vectors lying on the surface of a
cone, which is a defining characteristic of a Bessel beam [27]. The max-
imum propagation distance (Zmax) of a beam formed in this way can
be determined using geometrical optics by finding the location where a
shadow zone begins:

zmax = R

tanθ
, (2.7)

where R is the radius of the imaging lens. Such method of modulating
an amplitude of an incoming light is not very efficient. Most of the
power is lost at the aperture.

Another common and very popular method for generating Bessel
beams is the use of a conical lens known as an axicon (see Figure 2.2
(b)). The thickness of the axicon increases or decreases along the radial
direction from the center; therefore, a plane wave propagating through
an axicon experiences a linear phase shift in the radial direction. In
this way, most of the power of an incident wave is converted to a Bessel
beam. If the axicon is transparent to the laser wavelength, then losses

16



Zmax

R

f

L
A(a)

Zmax

α

𝜃 = 𝑛𝑎 − 1 𝛼

Ax

(b)

Figure 2.2: Examples of Bessel beam formation method. (a) Using a
circular aperture, (b) using a conical lens – axicon.

occur due to reflections from surfaces only, which can be minimized using
antireflective coatings. The main specifications of an axicon are its base
angle (marked α in Figure 2.2 b) and its refractive index na. The cone
angle of the generated Bessel beam is related to the base angle of the
axicon by the relation θ = (na −1)α. The maximum propagation length
of a Bessel beam formed by an axicon can be expressed as [48]:

zmax = k

kr
d ≈ d

θ
. (2.8)

It is worth mentioning that, in addition to the long and narrow in-
tensity peak at the center, Bessel beams have another interesting prop-
erty, which is to reconstruct after propagating through the obstacle.
Bouchal has studied the interaction of the beam with an obstacle of the
2D on the axis and showed that the phase topology and intensity pattern
regenerate after further propagation in the free space [49].

Axicon transforms a Gaussian beam into a 0-th order Bessel beam.
Using Laguerre-Gaussian modes to illuminate an axicon, higher-order
Bessel beams can be obtained [30,50,51]. Jarutis et. al. found a complex
amplitude of a Laguerre-Gaussian beam focused by an axicon [51]:

c1 (ρ,ϕ,z) = a0
√

2πkρd

(
z

zmax

)l+ 1
2

exp
(

− z2

z2
max

)

exp
[
i

(
lϕ− lπ

2 − π

4

)]
Jl (kρρ) ,

(2.9)

where l is the azimuthal mode index of the Laguerre-Gaussian beam, ρ,
ϕ and z denote cylindrical beam coordinates. The spatial spectrum of

17



higher-order Bessel beams has the same shape of a ring as a 0-th order
beam, but the phase of this ring varies along the azimuth. Interfering two
Bessel beams of different topologies produces interesting non-diffracting
patterns [52–55]. This interference, also known as a superposition of two
vortical Bessel beams, can be expressed as:

E(ρ,φ,z, t) =
[
amJm

(
kρ1ρ

Z

)
exp

(
−i

k2
ρ1

2k

z

Z

)
exp(imφ+ikz1z)

+ anJn

(
kρ2ρ

Z

)
exp

(
−i

k2
ρ2

2k

z

Z

)
exp(inφ+ikz2z)

]

× 1
Z

exp
(

− ρ2

d2
0Z

)
exp(−iωt), (2.10)

where Z = 1 + iz/z0, z0 = kd2
0/2 is the Rayleigh length, d0 is the radius

of Gaussian aperture, m and n are topological charges of the first and
the second beam respectively. The two main degrees of freedom that
affect the intensity distribution of a combined beam are the topological
charge and the cone angle of the individual beam. Some examples of
the superpositions of two Bessel beams with different topological charges
and cone angles are shown in Figure 2.3. Many phase singularities can
be observed in the phase maps of Figure 2.3 (f, g, h). Orlov et. al
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Figure 2.3: Transverse intensity and phase distributions of a combined
Bessel beam with topological charge pair m = 0, n = 3 in (a, e), m = 1,
n = 4 in (b, c, d, f, g, h) and cone angle ratio θ1/θ2 = 1 in (a, b, e, f),
θ1/θ2 = 2 in (c,g), θ1/θ2 = 0.5 in (d, h).
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showed that such structured beams carrying optical vortices has richer
vortex structure in the near field (Bessel beam) than in the far field
(a ring shaped Bessel spectrum) [54]. During propagation of such a
structured field, individual single charged positive and negative vortices
move in the field, rotate under diffraction, are being created, and are
being annihilated. Such vortice braiding was reported in Bessel beams
in superposition with Gaussian mode [56,57].

A single vortex is a dark spot of light with a phase singularity in
its core. Thus, its three-dimensional trajectory can be considered as
a single entity, especially given the fact that the time reversal would
change signs of single vortices in the beam. For this reason, a negatively
charged optical vortex can be interpreted as a positively charged back-
ward propagating vortex, and the creation and annihilation of positive
and negative vortices in pairs under diffraction can be seen as a dark
knot of light [58–60]. This interpretation of the complex evolution of
vortical structures with rich topologies has caused the appearance of
terminology such as knots, braids, and bundles of dark light [61].

The experimental formation of superimposed Bessel beams of dif-
ferent topologies and the same cone angles was demonstrated using
computer-generated holograms [52]. They have also been generated us-
ing a spatial light modulator (SLM) to shape the phase of the incoming
Gaussian beam and, in addition using a ring-slit aperture to form a
ring spectrum, which can then be Fourier transformed into a combined
beam by a lens [62]. Rotation rate measurements of a superposition of
two Bessel beams with the same magnitude but different sign topologies
are provided in [63]. In [P1], a method for the generation of superim-
posed higher order Bessel beams with different topologies using GPEs is
presented and the ability to use such beams in high power applications
to create surface and volume modifications is demonstrated. Paper [P5]
expands the discussion further by considering individual Bessel vortices
with different cone angle and how the vortical dynamics influence the
three-dimensional pattern of the combined beam. An extended review of
the beams, which incorporate angular momentum, is presented in [64].

Because of their non-diffracting properties, Bessel beams are used
in various fields. For example, they have been used successfully in light
sheet microscopy [65–67], terahertz imaging to improve focal depth and
contrast [68,69], and optical trapping [24,70,71].
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In laser micromachining, there are two main advantages to using
Bessel beams. First, because of the propagation invariance, the tech-
nical issue of maintaining the surface of a workpiece within the laser
focus can be alleviated. Second, the nonlinear propagation of the Bessel
beam inside the transparent material can also be invariant, in contrast
to the non-linear propagation of Gaussian beams [72, 73]. Because of
the second property, high aspect ratio nanostructures can be inscribed
using a single laser pulse. The nonlinear propagation of Bessel beams is
described in [74] where the authors distinguish three regimes of Bessel
beam filamentation. The first is a weakly non-linear regime when the
power at the central peak of the beam is sufficient to induce self-focusing,
but not sufficient to induce significant multiphoton absorption [75]. The
second regime is an unsteady Bessel filamentation, where multiphoton
absorption and material damage occur. Gaižauskas et. al. used this
to obtain periodically arranged damage traces in borosilicate glass [76].
The third is a steady Bessel filamentation regime in which strong self-
focusing of the central peak of the Bessel beam occurs, which triggers
multiphoton absorption. Therefore, the peak intensity in the core starts
to reduce and the process can occur again because Kerr self-focusing of
the external ring periodically brings energy to the core [74, 77]. Using
a Bessel beam with moderately high fluence (typ. 1013 W/cm2) and
low to moderate focus conditions (θ < 15° in transparent material) can
induce structural rearrangements that can result in positive or negative
modifications of the refraction index [72, 78–80]. In [81, 82] the authors
used the Bessel beam to inscribe Bragg gratings inside fused silica glass
at a significantly higher speed compared to the Gaussian beam due to
reduced scanning repetitions. In [83] the authors demonstrated a tech-
nique employing Bessel beams that allows the fabrication of photonic
crystal filters in inorganic glass, with a transmission passband of nearly
100% and a transmission stopband of nearly 0%.

When the high-energy Bessel beam is focused strongly on the trans-
parent material, a high aspect ratio nanovoid will be inscribed inside
the bulk [84]. This process was demonstrated in materials such as fused
silica [85–87], borosilicate glass [84], and sapphire [88]. However, a mod-
ification produced in a transparent material is not always a void. After
initial heating with a laser pulse, the material can be redistributed dur-
ing cooling, and bubbles can form that can split or close the void [89].
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In [90] the authors investigated material responses (fused silica) in the
surface and subsurface regions triggered by the impinging Bessel beam.
Irradiation of material with a pulse of high energy density creates tem-
peratures and pressures that are high enough, exceeding the bulk mod-
ulus of the solid, to form a void in the center of a beam [91]. The
diameter of a void is smaller than the diameter of the central peak of a
Bessel beam. Around the void, where the material experiences exposure
to photons, no apparent crack is found because of laser-induced local
melting. Outside the laser irradiated region, microcracks have a radial
direction due to laser-induced mechanical stress that exceeds the critical
mechanical strength [90]. The appearance of the microcracks depends
on the irradiation parameters, and it is crucial for a transparent material
dicing application.

Dicing glass using non-diffracting Bessel beams offers several advan-
tages compared to mechanical methods such as saw dicing, scribe, and
breaking, or laser methods such as ablation. The technique allows one
to achieve high processing speeds, near zero kerf, and low chipping while
also allowing one to process arbitrary shapes. Depending on the glass
sample thickness, it can be modified all the way through by a single pass
of the laser beam. At first, it was demonstrated on 100 µm thin flexible
glass at a low speed of 1 mm/s [92] but the process was quickly improved
to be applicable to thicker glasses at a significantly higher speed [93].
To reach higher processing depths, several repetitions of the same tra-
jectory can be done together with a change of focus position, moving
it from the bottom to the top. However, the use of high-energy pulses
(several mJ) and optical setups comprised of several axicons allows the
processing of thick glass with a single pass of a laser [94–97]. This al-
lows us to maintain a good dicing speed. In [96], for example, the entire
depth of a 10 mm thick glass sample was modified by scanning the laser
only once. To achieve complete glass separation, two processing steps
are needed. The first step is the creation of defects within the depth of
the material by an ultrashort pulse laser. The second step is an applica-
tion of stress that would lead to fracture through the defects. A second
step can be completed by mechanical flexure or applying a CO2 laser to
heat the surface to induce thermal stress due to the temperature gra-
dient [98, 99]. The surface quality of a sidewall is relatively rough after
such a process (approximately 1 µm) [100]. This might be related to
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the fact that microcracks obtained by an ordinary Bessel beam have an
irregular direction [90]. Shaping the transverse beam profile allows one
to control their behavior. In [101] Dudutis et.al. reported that using an
imperfect axicon with an elliptical cross section, or by tilting the axicon
perpendicular to its optical axis [102,103] results in directional cracking
of glass, which can be controlled by the rotation of the axicon. Similarly,
shaping the amplitude or phase of the Bessel beam spectrum [104–106] or
designing specific diffractive optical elements [107] allows the creation of
asymmetric transverse Bessel beam profiles that can induce a preferred
direction microcrack inside transparent material. Better material sepa-
rability and bending strength are achieved with this technique [108]. It
is worth mentioning that glass dicing at an angle can be utilized using
aberration-corrected Bessel beams [99,109]. In article [P4] an elongated
in-transverse-plane high aspect ratio beam is created using a method
that employs two diffraction orders of Airy beam, created by a binary
phase mask. Glass modifications were made using this beam revealed
the potential of this beam-shaping approach. An overview of different
glass cutting technologies with a quantitative comparison of their edge
qualities is given in [110].

Another field of laser micromachining that benefits from the use of
structured light is multiphoton polymerization, where the length of the
voxel can be increased using high aspect ratio beams [111]. In [112]
higher-order Bessel beams were used to create cylindrical structures
without the need to scan the beam in circles. The diameter of the struc-
tures can be controlled by choosing a topological charge of the beam.
A superposition of Bessel beams of the same cone angle was used to
create a grid of high intensity cores that was applied for the parallel
polymerization of several high aspect ratio structures [113, 114], while
in [115] the authors demonstrated a technique to manufacture 3D helical
structures using a single exposure.

Laser surface nanostructuring requires very high precision. By con-
trolling the sample area in which fluence exceeds the ablation threshold,
nanostructures can be created with dimensions below the laser wave-
length [116]. Precise control of the longitudinal position is required
when processing nanostructures with a Gaussian beam. The use of
Bessel beams with longitudinally elongated focus allows us to compen-
sate for thickness variation of the sample or even process non-flat sur-
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faces [117–120]. The intensity distribution of a regular Bessel beam
slightly varies along the axis. However, for such sensitive applications,
it would be beneficial to have a nearly constant longitudinal intensity
distribution. Beam with a flat on-axis intensity profile, can also help
stabilize the propagation of the Bessel beam in a nonlinear medium as
shown in [121]. Such type of beams are know as optical needles. To
create them, various methods were developed. For example, it can be
done using logarithmic axicon [122, 123], however the transverse width
of such a Bessel-like beam is increasing during the propagation. It can
also be done by creating a spatial spectrum of a Bessel beam with the
desired amplitude and phase [124–126], but efficiency of this method is
low. Different transverse profile beams can be input to the axicon to
shape axial intensity distribution [127]. In [P2] a GPE, polarizer and
an axicon is used to form an optical needle with efficiency of around
50%. The shape of the optical needle can be influenced by ellipticity of
the incident Gaussian beam, the misalignment of optical axes, misad-
justment of the polarizer, and the GPE. These effects are also considered
in [P2]. Authors of [126] demonstrated a generation of optical needle
array with controllable needle positions. Paper [P6] expands on this by
also studying topological charge influence to the overall formation of the
array.

2.3. Airy beams

In 1979 Berry and Balaz noticed that a wavepacket described by the
Airy function could be a solution to the Schrödinger equation for a free
particle [36,38]:

i
∂u

∂ξ
+ 1

2
∂2u

∂s2 = 0. (2.11)

This equation is very similar to the paraxial diffraction equation when
u(s,ξ) is a function of the electrical field envelope, s = x/x0 – dimen-
sionless transverse coordinate, ξ = z/(kx2

0) – dimensionless longitudinal
coordinate. A solution to equation 2.11 that describes a nondispersive
Airy wavepacket is given as [38]:

u(s,ξ) = Ai

(
s− ξ2

4

)
exp

[
i

(
− ξ3

12 + sξ

2

)]
, (2.12)
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where Ai() is the Airy function. It can be seen that u(s,0) = Ai(s) at the
beginning of the beam propagation. Similarly to Bessel beams, an ideal
Airy beam remains invariant during propagation and also contains infi-
nite power. The term ξ2/4 in Eq. (2.12) reveals that the intensity profile
experiences constant acceleration while propagating on a parabolic tra-
jectory (see Figure 2.4 (b)). To describe real Airy beams and ensure
containment of the infinite Airy tail, an exponential aperture function
is introduced as described in [36]:

u(s,ξ = 0) = Ai(s)exp(as), (2.13)

where a is a damping parameter with typical values a << 1. Solving
equation 2.11, using Eq. 2.13 as initial condition, a solution of Airy beam
with one transverse and one longitudinal coordinate can be expressed
as [36–38]:

u(s,ξ) = Ai

(
s− ξ2

4 + iaξ

)
exp

[
as− aξ2

2 + i

(
a2ξ

2 − ξ3

12 + sξ

2

)]
. (2.14)

Another beam dimension can be added by multiplication, therefore, elec-
tric field envelope of an Airy beam with two transverse coordinates can
be expressed as:

u(sx,sy, ξ) = Ai
(
sx − ξ2

4 + iaξ
)

exp
[
asx − aξ2

2 + i
(

a2ξ
2 − ξ3

12 + sxξ
2

)]
×Ai

(
sy − ξ2

4 + iaξ
)

exp
[
asy − aξ2

2 + i
(

a2ξ
2 − ξ3

12 + syξ
2

)]
, (2.15)

where, sx = x/x0 and sy = y/y0. Examples of transverse and longitudinal
intensity distributions, obtained using Eq. 2.15, with x0 = 1, y0 = 1 and
a = 0.02, are depicted in Figure 2.4. A main lobe and multiple side
lobes that have exponentially decaying intensity is visible in transverse
intensity distribution (Fig. 2.4 (a)). Applying a Fourier transform to
Eq. 2.14 gives the spatial spectrum of the wavepacket.

ũ(kt) = exp
[
(at + ikt)3/3

]
, (2.16)

where kt denotes the normalized (i.e. proportional to x0 or y0 ) x or
y component of the wave vector, at is the exponential truncation fac-
tor (either ax or ay) [128]. Consequently, the spatial spectrum of the
three-dimensional Airy beam is ũ(kx,ky) = ũ(kx) ũ(ky). So, the general
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Figure 2.4: An example of Airy beam transverse intensity distribution
in (a). Red line marks a cross section used to obtain a longitudinal
intensity distribution in (b). Red line in (b) marks longitudinal coor-
dinate at which distribution in (a) is calculated. In (b) axis denoted d
represents a diagonal coordinate of a red line in (a).

expression of the spatial spectrum is:
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here the spatial coordinates are normalized with respect to x0 and y0.
The number of parameters in this expression is commonly reduced to
achieve a Gaussian envelope with an additional cubic phase [129]:

ũ(kx,ky) = A0 exp
[
−a
(
k2

x +k2
y

)]
exp

(
i
k3

x +k3
y

3

)
, (2.18)

where A0 is a constant, kx and ky are Fourier spectrum coordinates.
This equation shows that to obtain Airy beam, a Gaussian beam has
to be modulated by a cubic phase and then Fourier transformed with a
lens. This way Airy beam was experimentally generate by Siviloglou et.
al. [38].

Airy beams are usually generated using SLM by modulating the
phase and/or amplitude of the beam [130, 131]. However, other meth-
ods, such as cubic phase plates made on a lithographic basis [132], or
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a combination of negative and positive cylindrical lenses [133] were also
demonstrated. It was also shown that Airy beams can carry an optical
vortex. When close to the core, the vortex follows a parabolic trajectory,
but eventually is pushed to the center of the beam by a reconstructed
main lobe [134–136].

There are a variety of applications in which Airy beams are used.
For example, a plasma channel with a curved trajectory can be gener-
ated by a high-intensity 2D Airy beam in air or water [137,138]. Because
of the curved trajectory, the supercontinuum radiation generated by the
filament is angularly resolved in the far field. In the field of imaging,
a self-bending point spread function based on Airy beams was intro-
duced to achieve high resolution fluorescence imaging [139]. The main
reason for using Airy beams as point spread functions is that they can
propagate over several Rayleigh lengths without experiencing significant
diffraction and are self-healing after being obscured in scattering me-
dia [140]. In [141] the authors demonstrate the use of Airy beam in light
sheet microscopy and also compare it to the Bessel beam. Because of the
ring structure, illumination by a Bessel beam produces background flu-
orescence. An asymmetric excitation pattern induced by the Airy beam
helps to increase the contrast of the image. In [69] the authors demon-
strated the THz imaging technique using Airy beams and found that,
compared to other illumination methods, it offers better performance
when there is an obstacle that covers part of the image. Yet another
application for Airy beams is small particle transportation and manip-
ulation. In [25], an Airy wave packet was utilized to achieve optically
mediated particle clearing. The beam drags the particles into the main
lobe, which vertically guides them along parabolic trajectories.

The curved beam trajectory and nondiffractive properties of the
Airy beam were also used in laser material processing. A big challenge is
the machining of structures that have longitudinally varying dimensions.
Mathis et al. employed accelerating beams to ablate curved trenches
and rounded edges in silicon [142,143] and inscribe curved modifications
within glass [144]. However, the beams used in [142–144] could curve
only over a distance of 50 to 70 µm [72]. In [145] curved modifications of
0.7 mm radius were inscribed inside 525 µm thick glass and then etched
in potassium hydroxide solution to obtain complete glass separation with
rounded edges.
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2.4. Beam shaping techniques

A beam shaping element can be any transparent material with varying
thickness and/or curved surfaces. A beam of light passing through this
material will experience refraction and a phase delay of different mag-
nitude depending on the spatial position of the beam-shaping element.
The most simple example for this is a spherical lens, which is a piece of
glass that has one or two surfaces shaped as a sphere. It allows the beam
light to be focused or spread depending on the curvature of the surfaces.
Another example is the already discussed implementation of the conical
prism (axicon) used for the creation of Bessel beams (see section 2.2).
Reflective surfaces having similar geometry are also used for the same
purpose [146]. However, such optics are bulky and the manufacturing
of free-form surfaces or delicate parts like the axicon tip is a challenge.
Because of this, the quality of the generated beam is reduced [147]. For
example, the use of diffractive optics helps overcome these challenges.
These types of elements and the use of spatial light modulators and
geometrical phase elements are discussed in this section.

Diffractive optical elements

The role of diffractive optical elements (DOEs) is to modulate light.
Usually a DOE surface is divided into many subelements with each
subelement modulating only a local part of the beam. There are two
methods to shape light using DOEs: amplitude modulation and phase
modulation. Sometimes, these methods are combined [148]. The trans-
fer function of an amplitude modulation-based element (also called a
mask) is as follows.

T (x,y) = A(x,y), (2.19)

where A(x,y) is an amplitude with possible values from 0 to 1, while
the phase remains constant. A light beam interferes with itself after
propagating through such mask to create a diffraction pattern. One
disadvantage of using such element is that intensity of the passing light
is attenuated. Such mask can be quantized. For instance, when the
number of values is 2 a DOE is called binary a transfer function is
expressed as [3]:
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TB(x,y) =

1, for 0 ≤ A(x,y) ≤ b

0, for b < A(x,y) ≤ 1
, (2.20)

where b = A0max/2 for the case considered by Vasara et. al. [3].
Phase shaping DOEs (phase masks) allow one to modulate the phase

of the incoming beam. The transfer function in this case is expressed as

T (x,y) = A0eiφ(x,y), (2.21)

where A0 is constant, while the phase φ(x,y) depends on spatial coor-
dinates. After propagating through a phase mask, light beam does not
lose intensity which is an advantage compared to amplitude masks. For
a binary phase mask transfer function can be expressed as:

TB(x,y) = A

 eiπ, for π < φ(x,y) ≤ 2π

ei0, for 0 < φ(x,y) ≤ π.
(2.22)

It is possible to have amplitude modulation with phase-only modu-
lating DOE by encoding the following transfer function [149]:

T (x,y) = 1
2
{

ei[φ+arccos(A)] +ei[φ−arccos(A)]
}

= 1
2
(
eiφ1 +eiφ2

)
. (2.23)

For this to work, a subelement of the DOE has to be divided in to 4
parts, then φ1 and φ2 has to be calculated and placed in checkerboard
pattern [150]. Because of this pattern, light is diffracted away to realize
amplitude modulation. There is also a method to obtain a result of a
phase shaping mask using only amplitude modulation that mathemati-
cally can be described [151]:

T (x,y) = 1
2{1+cos[φ(x,y)]}. (2.24)

One can note that this function values can vary from 0 to 1.

Spatial light modulators

The spatial light modulator (SLM) is a dynamic DOE that allows one to
modulate or manipulate properties of light, such as phase, amplitude,
or polarization. This technology uses unique properties of LCs that
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can be implemented to work with the reflection or transmission of light.
Reflective SLMs have their LCs assembled on a high-performance silicon
complementary metal–oxide–semiconductor (CMOS) [4, 152] to make a
pixelated display formed by cells filled with LCs. Each of these pixels can
be individually addressed and controlled by an electronic circuit located
beneath the pixel arrays. An important characteristic of the LC display
is the molecular alignment within the pixels, which determines how the
beam is modulated: amplitude only, phase only, or both [148]. Some of
the most common LC display types are those that are electro-optical,
which means that the molecular alignment is controlled by an electric
field. In the case of amplitude modulation, the light signal is modified by
controlling the direction of polarization of incident light passing through
a linear polarizer. In the case of phase-only modulation, light passes
through the LC, where it experiences a phase delay, then is reflected by
the mirror, and passes through the LC layer again. The most important
property for which LCs are used in SLMs is birefringence. This means
that the refractive index of the material depends on the direction of
polarization and propagation of light. The magnitude of birefringence
is the following:

∆n = ne −no, (2.25)

where no is ordinary and ne is extraordinary indices of refraction for
the incident beam. Most LCs have a positive birefringence (∆n > 0)
[4, 153–155].

LCs are phases of matter with intermediate properties of solid and
liquid. There are many types of LC phases, but the smectic and nematic
phases are the most widely used [4]. Smectic LC have a higher degree
of degree of order which means their state is more ’solid-like’. They
have a viscosity higher than that of nematic LCs, which leads to slower
response times when the crystals are placed in an electric field. There-
fore, they are not suitable for phase-only SLMs. However, arranged
in a specific order [156], they can be used in a binary phase-only light
modulation [157]. Nematic LCs are less viscous and can be easily and
continuously manipulated in an electric field. A big advantage of using
them in devices like phase-only SLM is that multilevel phase modula-
tion can be achieved. When the crystals are aligned in a PAN (parallel
aligned nematic) configuration, the molecules of LC are parallel to each
other when no electric field is applied. When an electric field is used,
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the LC molecules rotate at an angle θ. The effective extraordinary re-
fractive index ne(θ) depends on this rotation angle and can be expressed
as [158]:

ne(θ) = neno√
n2

e cos2 θ +n2
o sin2 θ

, (2.26)

where ne is extraordinary refractive index in the off state of the LC pixel,
when no voltage is applied. The total phase retardation of the LC can
be expressed as follows:

δ = 2πd|ne(θ)−no|
λ

, (2.27)

where d is the thickness of LC layer. Dielectric anisotrpoty is another
important property of LCs. Electrical properties of the nematic phase
are described by 3×3 dielectric tensor of the form [159]:

εij = ε⊥δij +∆εLiLj , (2.28)

where ∆ε = ε|| − ε⊥, i, j = x,y,z, L is a LC director, which shows the
mean direction of the long axis of the molecules. Because of the dielec-
tric anisotropy, molecular orientation can change when electric field is
applied. Torque that acts the LC molecule is equal to [159]:

Γ = ε0∆ε(L ·E)(L×E). (2.29)

When the angle between the electric field applied to LCs (E) and the
director is 0 or 90 deg torque is 0, while the maximum torque for positive
∆ε is achieved at an angle of 45 deg. In this way, the director is aligned
with the direction of the electric field. LCs in SLMs are arranged on a
matrix of controlled electrodes; therefore, modulation can be controlled
by varying the voltage applied on an individual pixel [159,160]. By ap-
plying a specific phase mask to the SLM screen and illuminating it with
a laser beam, it is possible to generate various modes of light [161]. They
can be changed relatively quickly, making SLM a versatile, although ex-
pensive, tool for beam shaping. It was shown that the use of SLM in
an optical setup can improve the quality and speed of such processes as
holographic imaging [162], multiphoton polymerization [112–114], foil
drilling [163], optical aberration compensation [99], etc.
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Geometrical phase elements

The concept of geometrical phase (GP), also known as the
Pancharatnam-Berry phase (PBP), is associated with the polarization
of light. Polarization states can be depicted on the Poincaré sphere with
circular polarizations of the right and left at the poles, linear polariza-
tion on the equator, and points on the hemisphere representing right-
or left-handed elliptical polarizations [164]. When the polarization of
the light wave creates a closed loop on the sphere, the final state differs
from the initial state by a phase that is proportional to the area of the
closed loop on the sphere [165–167]. The final polarization state is the
same, but the wave gained additional phase. This was shown in the
experiment by inserting several waveplates into one of the arm of the
Mach-Zehner interferometer. Even when the polarization of light enter-
ing and exiting a stack of waveplates is the same, the intensity pattern
depends on the intermediate states of polarization in the stack [168]. A
typical waveplate is a birefringent crystal with an optical axis parallel
to the surface of the plate. Due to birefringence, there are two axes on
the surface plane: the ordinary axis with the refraction index no that
is perpendicular to the extraordinary axis with the refraction index ne.
Depending on no and ne, these axes are also called the slow or fast
axis. The polarization change induced on a light beam by a wave plate
depends on the angle between the electric field and the crystal optical
axis.

A GPE can be viewed as an array of wave plates with spatially
varying axis angles. To design a GPE, it is necessary to calculate the
required optical axis distribution θ(x,y) within the element. This can
be done by using the Jones matrix formalism [169]. An electric field
passing through an optical retarder will result in a field [170]:

Eout = MEin, (2.30)

where M is a matrix of an optical retarder, Ein is a Jones vector of an
incoming light field. For example Jones vectors for horizontal, vertical,
circular right and left handed polarizations respectively are:
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A matrix of a wave plate with a spatially varying axis distribution
can be expressed [167]:

M(x,y) = R[(θ(x,y))]J(δ)R−1[θ(x,y)], (2.32)

where J(δ) is the waveplate operator with retardance δ, R is the operator
for optical rotator, θ is the local orientation of the axis at each point
(x,y). Rotation operator is expressed as:

R(θ) =

 cosθ sinθ

−sinθ cosθ

 , (2.33)

With everything considered, a general form of a Jones matrix for
an arbitrary retarder is expressed as [171]:

M(x,y) = e− iδ
2

 cos2 θ +eiδ sin2 θ (1−eiδ)e−iϕ cosθ sinθ

(1−eiδ)e−iϕ cosθ sinθ sin2 θ +eiδ cos2 θ.

 (2.34)

Here ϕ is the circularity. For linear retarders it has a value of ϕ = 0, for
elliptical retarders ϕ takes values between −π/2 and π/2.

To make a GPE, one needs to create a birefringent optical element
with a space-varying optical axis. Very small structures with dimensions
below the wavelength of light act as birefringent materials. An example
of this could be a grating with a sub-wavelength period. Controlling
the depth and direction of a grating allows us to produce a GPE [167].
Such small structures can be produced on optical surfaces by a pho-
tolithographic process, for example [172,173]. Another way is to deposit
nanoparticles of various shapes and sizes to create metasurfaces [174].
GPEs used in this research were created by inscribing nanogratings in-
side fused silica glass by femtosecond laser pulses [170]. During the in-
scription process, such gratings align perpendicular to the polarization
of the inscribing beam. The slow axis of these gratings is perpendicular
to the corrugation of the grating. Therefore, controlling the polarization
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of the incident beam during the inscription process allows us to produce
an optical element with a space-variable optical axis. The resistance of
the inscribed structures depends on the pulse energy used, the duration
of the pulse, the laser wavelength, the writing speed [170,175]. Depend-
ing on the design, these elements can be used as polarization converters
or phase retarders [8, 176] when a certain incident beam polarization is
chosen. For example, in [8], a described GPE acts as a radial or az-
imuthal polarization converter when linear polarization is used, but it
can also generate an optical vortex beam if a circularly polarized beam
passes through an element.
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3. EXPERIMENTAL METHODS

3.1. Calculations of the DOE

In this work, beam shaping was performed using two different tech-
niques: beam generation with SLM and beam generation using GPEs.
In both cases, a phase mask is required to load onto the screen of SLM or
to inscribe inside a fused silica sample. These masks can be calculated
according to a specific transfer function. For example, for an axicon,
this transfer function is:

T (ρ,θ) = exp(ikθρ)exp(imφ). (3.1)

Cone angle θ is related to a base angle of refractive axicon by θ =
(na − 1)α relation. Examples of a phase masks for generation of Bessel
beams with topological charge 0 and 3 are given in Figure 3.1 (a) and
(b) respectively. It is also possible to add two transfer functions together
to obtain a mask for generation of Bessel beams superpositions. More
details about this approach can be found in paper [P5], where super-
posed masks were used for the formation of complex light structures. An
example of a phase mask when same cone angle transfer functions with
topological charges 0 and 3 are added together, is depicted in Figure 3.1
(c).
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Figure 3.1: Examples of phase masks needed to generate a) Bessel
beam with topological charge 0, b) Bessel beam with topological charge
3, c) a superposition of Bessel beams of topological charges 1 and 3, d)
an Airy beam.

The phase mask for Airy beam generation is calculated using the
following transfer function:
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T = e−i(a(x3+y3)+b(x+y)), (3.2)

and the example of a cubic phase mask is given in Figure 3.1 (d). In the
experiments described in [P4] such phase patterns were loaded to the
SLM to verify the designed beams. Afterwards one of the masks was
made as a GPE to be used in high energy laser setup.

Phase-only modulation can also be obtained using GPEs. When
the retardance of a GPE is set to be equal to δ = π (or λ/2), the general
Jones matrix equation 2.34 simplifies to the following:

M =

cos2θ sin2θ

sin2θ −cos2θ

 . (3.3)

If the polarization of an incident beam is circular, then the output elec-
tric field is:

Eout = MEin = ME0

 1
±i

= E0ei2θ

 1
∓i

 . (3.4)

We see that phase modulation of the GPE is ei2θ. Therefore, by con-
trolling the angle of the local optical axis, it is possible to modulate the
phase of the incident beam. GPEs were extensively used in this work
(see papers [P1], [P2], [P3], [P4]).

3.2. Beam focusing systems

After a Bessel beam is formed with an axicon or DOE, a beam with
a rather long central peak is created. For example, using the equa-
tion 2.8 for a Bessel beam with a cone angle of 2 deg and an incident
Gaussian beam radius of 4 mm, the length of the Bessel zone would be
4/(2π/180) ≈ 115 mm, while the diameter of the central spot would be
around 11 µm for 1 µm irradiation. The energy density in such a large
volume is far from sufficient for laser micromachining applications. To
increase the energy density, a Bessel beam is demagnified by a 4f imag-
ing setup such as the one shown in Figure 3.2. A primary Bessel beam
enters the set of lenses, is demagnified, and creates a secondary Bessel
beam after the last lens. The magnification coefficient of such a setup
is M = f2/f1 with f1 and f2 being focal lengths of the first and second
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lenses, respectively.

Ax

f1 f1 f2 f2

L1
L2

Z1
Z2

Figure 3.2: Examples of Bessel beam demagnification by a 4f imaging
system

The cone angle, length and central core radius of the secondary
beam are expressed as follow [109,177,178]:

θ2 = θ1
M

; Z2 = Md

θ2
; r2 = Mr1, (3.5)

where, d is the Gaussian beam radius entering an axicon. It can be seen
that transverse dimensions scales linearly, while longitudinal dimensions
scales as a square of magnification. If the beam is entering a transparent
material, then the cone angle of a secondary beam should be divided
by a refraction index of the sample, which means that the beam in
elongated when entering transparent material. Imaging setups of various
magnifications were used in the experiments presented in [P1], [P2],
[P4], [P5] [P6].

3.3. Detection of optical vortices

To detect optical vortices, a setup containing two optical branches is
used. In one branch, a beam containing an optical vortex is generated,
while in another branch a reference plane wave is propagating. These
two beams are then coupled at an angle to create an interference pattern.
An example of such interference is depicted in Figure 3.3.

At the location of the optical vortex, the interference fringes fork.
The number by which fringes increased on the one side of the fork is equal
to the magnitude of a topological charge of the analyzed beam. This can
be seen by comparing Figures 3.3 (a) and (b). The sign of topological
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charge can be determined by the direction of forking (see Figure 3.3 (a)
and (c)). More complex interference patterns are analyzed in [P5].
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Figure 3.3: Examples of higher order Bessel beam interference with a
plane. Topological charges of the Bessel beam are 1, 3 and -3 in (a), (b)
and (c) respectively.
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4. OVERVIEW OF THE INVESTIGATION

In this work, several instances of light structuring were investigated.
From the family of nondiffractive beams, the ability to generate optical
needles with a controllable longitudinal and transverse intensity distri-
bution using Bessel and Airy beams was studied. The use of Bessel beam
superpositions for generation of braided beams with complex transverse
and longitudinal intensity structures was also considered. The case of
top-hat beam generation using the same beam-shaping methods was also
studied. The results obtained during this work have been published in
six scientific papers, and a short overview of them is presented in this
chapter.

Bessel beam superpositions

Paper P1 "Azimuthally modulated axicon vortical beams for laser mi-
croprocessing"

A way to create high aspect ratio nondiffracting beams with com-
plex transverse intensity distribution patterns was introduced. It is done
by using an axicon together with a geometrical phase element (GPE)
that is used to azimuthaly modulate a spatial spectrum of the beam.
GPE also introduces a topology to create a vortical beam structure.
The resulting beam is a superposition of two Bessel beams with the
same angle but different topologies. Two designs were selected to pro-
duce GPEs that azimuthaly modulate the beam spectrum to obtain
multiple high aspect ratio intensity peaks in the Bessel zone. The high
damage threshold of the GPE and phase-only modulation used in this
method allow one to use such beams in a high-power optical setup to
induce volume and surface modifications on a transparent sample with
a single pulse of a laser. These modifications were characterized for dif-
ferent irradiation conditions. When short pulse durations are used, the
surface damage resembles the beam profile. Increasing the pulse dura-
tion results in only the most intense peaks that affect the surface of the
material. Volume modifications were less pronounced when the axicon
beam was constructed from beams of high topological charges because
their length was shorter than that of a beam constructed of smaller
topological charges.
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Paper P5 "Braiding of vortices in superpositions of Bessel-
Gaussian beams for creation of high-contrast intensity structures"

The impact of the topological charge, as well as the cone angle of
each constituent beam, on the topology of the vortical structure and
the overall shape of the superposition was investigated both theoreti-
cally and experimentally. The difference in the modulus of topological
charges controls the number of single charged optical vortices created
in ever-increasing circles around the central peak or the central vortical
void. The presence of an azimuthally symmetric vortical matrix influ-
ences the shape of the high-intensity regions. The ratio of cone angles
influences the angular rotation of the vortical structure and the accom-
panying high-contrast intensity shapes. It also affects the individual
position of the vortices and the contrast of the intensity areas surround-
ing them. Braided vortical and intensity structures are created only
when the cone angles of the constituent beams are not equal, and the
number of braids in the combined beam depends on the difference in
topological charges. The presence of optical vortices and their positions
were experimentally determined by interfering a structured beam with
a plane wave to confirm numerical findings.

Optical needles

Paper P2 "Generation of an optical needle beam with a laser-inscribed
Pancharatnam-Berry phase element under imperfect conditions"

An amplitude-based optical geometrical phase element was intro-
duced for the modification of the beam profile entering the axicon to
generate a Bessel-like optical needle with a smooth and constant on-axis
intensity profile. The stability of the generation of an optical needle un-
der various imperfect conditions was investigated both numerically and
experimentally. After investigating the effect that a different-size inci-
dent beam has on the optical needle, it was determined that the optical
needle was preserved for small deviations of |∆w0|/w0 ≈ 0.05 from the
beam of ideal dimensions. In the case of azimuthal misalignment of the
GPE and the linear polarizer, it was concluded that the optical needle
remains smooth for angular misalignments of |β| < 5◦. The transverse
displacement of the GPE can result in a convex axial intensity profile,
but the optical needle is insensitive to displacements of ∆x/w0 < 0.125.
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Paper P4 "An optical needle with elongated transversal profile
created using Airy beams for laser processing of glasses"

A method was proposed to create an elliptical optical needle with
controllable elongation in the transverse profile using binary phase masks
containing cubic and linear phases with carefully selected coefficients.
The selection of these coefficients allows one to control the spatial po-
sition of two diffraction maxima independently, and placing them close
to each other results in creation of an elliptical optical needle. Its char-
acteristics such as the ratio of energy in the main lobe compared to the
entire beam, the ratio of the semi-major and semi-minor axes of the
main lobe, the length of the optical needle, the homogeneity length, and
the directionality length were studied for different combinations of linear
phase coefficients. An elliptical optical needle with a ratio of the ma-
jor to minor axis of 1.7, good homogeneity, propagation length can be
formed when two independent linear phase coefficients are b1 = −1400π,
b2 = −300π. This case was realized experimentally using SLM as well as
a GPE. Surface and volume modifications of the transparent material
were obtained using this GPE in an optical setup with a high-energy
laser. Investigations of volume modifications showed that directional
cracking of glass is obtained around the center of the optical needle,
where an elliptical main lobe is formed. However, this control is main-
tained only in a short distance around the focus plane of the lens, and
direction control is lost when the beam defocuss and the two lobes of
the Airy beam split apart.

Paper P6 "Creating an Array of Parallel Vortical Optical Needles"
The paper describes a method for the creation of an array of op-

tical needles. A plane wave is directed into a phase-only SLM that
shapes the phase and amplitude of a wave according to the uploaded
phase mask. This phase mask is designed to create a spectrum of an
optical needle array that is comprised of two spectra: one containing a
function of longitudinal intensity of an optical needle array and another
containing transverse positions and topological charges of the Bessel
beams. Amplitude modulation is encoded in the final phase mask by
using a checkerboard method. An array of optical needles is created by
a Fourier lens. The interplay between the separation of optical needles
is analyzed according to their individual length and distance between
adjacent needles. Destructive interference is observed when the optical
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needles are generated close to each other. This destruction is less pro-
nounced when the length of the optical needle is short. The preliminary
findings suggest that this phenomenon was caused by distinct spatial
modulation in the Fourier space associated with optical needles of dif-
ferent lengths. The distortion between neighboring optical needles was
the result of spatial overlap, emphasizing the importance of minimizing
such overlap for optimal results.

Top-hat beam

Paper P3 "Investigation of the Pancharatnam-Berry phase element for
the generation of the top-hat beam"

A method to control the incident beam amplitude via the
Pancharatnam-Berry geometrical phase was presented, and the appli-
cation of Gaussian to the top-hat converter was analyzed. The phase
profile required to generate a top-hat beam from a Gaussian beam is
presented. It was shown that the quality of the top-hat beam increases
with the waist of the top-hat for distances closer to the PBP element.
The formation dynamics of the top-hat beam with a PBP element was
investigated numerically. The mismatch of the incident Gaussian beam
waist by 16% will result mainly in a change of the top-hat beam for-
mation position either further or closer to the element by ≈ 10%. The
small transverse shift (around 10%) of the element does not affect the
intensity profile of the top-hat beam, but this tolerance to shifts is more
pronounced if the incident Gaussian beam is smaller than intended. For
larger incident beams, the element shift produces a distinct C-shaped
intensity modulation on the edge of the beam. The experimental results
were in good agreement with the numerical estimations.
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CONCLUSIONS

During this work, several conclusions were drawn.

1. Azimuthal modulation of the spatial spectrum of a Bessel-Gauss
beam using two helical phase distributions of different topologies,
creates a superposition of Bessel-Gauss beams that is continuous
along propagation axis and is suitable to inscribe volume modifi-
cations inside glass using a single laser pulse.

2. In a superposition of Bessel-Gauss beams with different topological
charges, the transverse and longitudinal intensity distributions of
a complex light field are determined by the positions of single
charged optical vortices, which is determined by the cone angle
ratio and topological charge difference of the constituent Bessel
beams. The creation of braided vortical and intensity structures
is possible only for uneven cone angles and the period of braids in
the combined beam increases with increasing cone angle ratio and
decreasing topological charge difference.

3. The longitudinal intensity distribution of the optical needle formed
by a geometrical phase element, polarizer, and an axicon remains
constant within the Bessel zone when the intensity distribution of
the beam impinging the axicon is shaped by reducing the ampli-
tude in the center and within the radius of a Gaussian beam.

4. Superposition of Airy beams, produced by a binary phase mask in
the +1 and -1 diffraction orders, is eligible for the formation of an
elliptical optical needle.

5. An elliptical optical needle is formed by a superposition of Airy
beams which is produced by the overlapping +1 and -1 diffraction
orders that are formed by a binary phase mask.

6. The direction of the microcracks, induced by the elliptical opti-
cal needle inside EXG glass, is controlled through the geometrical
phase element mechanical rotation which determines the parabolic
trajectory of the individual Airy beam.
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SANTRAUKA LIETUVIŲ KALBA

Įvadas

Struktūrinės šviesos sąvoka suprantama kaip šviesos valdymas visais
laisvės laipsniais. Erdvinių laisvės laipsnių: fazės, amplitudės ar po-
liarizacijos, bei laikinių charakteristikų: impulso ilgio, dažnio kontrolė
yra laikoma šviesos struktūrizavimu. Jau kelis tūkstantmečius žmonės
naudoja vieną paprasčiausių nemonochromatinės šviesos formavimo bū-
dų – vaizdo didinimą didinamuoju stiklu [1]. Šis optinis elementas, taip
pat buvo naudojamas primityviai medžiagų modifikacijai. Juo galima
sukoncentruoti saulės spindulius į mažą tašką ir uždegti toje vietoje esan-
čią medžiagą.

Keli dešimtmečiai po to kai Maiman sukonstravo pirmąjį lazerį, pra-
dėjo vystytis ir lazerinių pluoštų formavimo sritis. Besivystančios opti-
nės technologijos skatino pažangą litografijos srityje, o tai leido tobulinti
kompiuterius, kuriais buvo galima projektuoti optiką, reikalingą įvairių
lazerinių pluoštų struktūrizavimui [2]. Daug įvairių pluošto intensyvumo
skirstinių galima suformuoti panaudojus difrakcinius optinius elementus,
kurie yra gaminami pagal tam tikras kompiuteriu suskaičiuotas hologra-
mas [3]. Vienas toks optinis elementas yra skirtas suformuoti tam tikro
bangos ilgio ir erdvinės struktūros pluoštui. Erdviniai šviesos modulia-
toriai (EŠM) ir skaitmeniniai mikro veidrodžių įrenginiai (DMD) gali
būti naudojami gretai moduliuoti krintančios šviesos fazę ir amplitudę,
pagal hologramas, atvaizduotas ant prietaisų ekrano [4,5]. Šiame darbe
pristatomų tyrimų metu EŠM buvo svarbus įrenginys, kurio dėka buvo
eksperimentiškai įvertinami sumodeliuotų pluoštų sklidimai. Naudojant
tam tikrus metodus įmanoma moduliuoti ne tik pluošto fazę ir ampli-
tudę, bet ir jo poliarizaciją. Pavyzdžiui, panaudojus skystųjų kristalų
masyvą, metapaviršius arba į skaidrios medžiagos tūrį įrašytas mažo pe-
riodo struktūras, galima lokaliai keisti poliarizacijos kryptis kiekviena-
me pluošto taške ir taip formuoti vektorinius pluoštus [6–8]. Tokio tipo
optika yra vadinama geometrinės fazės elementais (GFE). Kai GFE ga-
minami į skaidrios medžiagos tūrį įrašant nano gardeles, tokių elementų
lazerinės spinduliuotės pralaidumas gali siekti daugiau nei 90% plačiame
spektriniame diapozone [9]. Taip pat jie pasižymi aukštu optinio pažei-
dimo slenksčiu ir gali būti naudojami didelės energijos lazerinių pluoštų
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formavimui. Dėl šios priežasties daliai šio darbo uždavinių atlikti buvo
naudojami GFE.

Tipiniai lazeriniai šaltiniai kuria vieną populiariausių Gauso pluoš-
tą, kitaip vadinamą TEM00 modą. Naudojant paminėtas technologijas
galima suformuoti įvairias intensyvumo struktūras turinčius pluoštus,
pavyzdžiui, HG [10], LG [11] ir IG [12] modas. Sklindant laisva erdve
šios modos dėl difrakcijos plečiasi. Daugumoje mikroapdirbimo taiky-
mų reikalingi mažų skersinių, ir santykinai ilgų išilginių matmenų pluoš-
tai. Gauso pluošto plitimo kampas yra atvirkščiai proporcingas pluošto
sąsmaukos matmenims. Dėl to mažas pluošto diametras galimas tik
trumpuose sklidimo atstumuose. Įdomi sąvoka optikos srityje yra ne-
difraguojantys pluoštai. Iš jų vienas populiariausių – Beselio pluoštas
turi centrinę smailę, kuri, sklidimo metu, tam tikru atstumu išlaiko savo
matmenis [13]. Kitas taip pat gerai žinomas yra Airy nedifraguojan-
tis pluoštas [14]. Intensyviausia jo smailė sklinda lenkta trajektorija, o
skersinėse koordinatėse atrodo, jog ji sklinda su pagreičiu. Tam tikri
struktūriniai pluoštai, pavyzdžiui, aukštesnės eilės Beselio pluoštai, LG
modos turi įdomią savybę pernešti orbitinį judesio kiekio momentą. Šie
pluoštai turi sraigtinį bangos frontą susuktą apie centrinį nulinio intensy-
vumo tašką, kurio fazė nėra apibrėžta. Poliarizacijos singuliarumai taip
pat sukuria intensyvumo minimumus vektoriniuose pluoštuose. Taigi,
valdant šviesos laisvės laipsnius, galima gauti įvairių intensyvumo skirs-
tinių, kartais primenančių gėles [15], žvaigždes [16] ar kitokias formas.
Kai kurie pluoštai vadinami gana keistais vardais, pavyzdžiui, fotini-
niais ratas [17] ir kabliais [18], optiniais buteliais [19], adatomis [20],
grąžtais [21], peiliais [22] ir kastuvais [22].

Struktūrinė šviesa yra naudojama įvairiuose taikymuose. Stimuliuo-
to emisijos gesinimo mikroskopijoje pluošto su intensyvumo minimumu
centre panaudojimas leidžia pagerinti vaizdavimo skyrą [23]. Pluoštai
turintys orbitinį judesio kiekio momentą, naudojami optiniuose pince-
tuose, leidžia sukioti daleles [24], o Airy pluoštai gali būti naudojami
dalelių pernašai [25]. Lazerinio apdirbimo srityje, įvairių intensyvumo
struktūrų bei poliarizacijų pluoštai dažnai leidžia pagerinti procesų ko-
kybę ir greitį. Vektoriniai pluoštai yra efektyvesni metalų pjovime [26],
o nedifraguojantys pluoštai yra naudingi skaidrių medžiagų apdirbimui.

Šioje disertacijoje yra aprašomi metodai skirti kurti struktūrinius
šviesos pluoštus, turinčius sudėtingus skersinius ir išilginius intensyvu-

44



mo skirstinius. Pagrindiniai šio darbo rezultatai yra aprašyti publika-
cijose, kurios pateikiamos kartu su disertacijos tekstu. Didelis dėmesys
skiriamas nedifraguojančių pluoštų – optinių adatų formavimui. Prak-
tikoje formuojant šiuos pluoštus, gaunamas intensyvumo skirstinys gali
priklausyti nuo eksperimentinių sąlygų, o dėl šių sąlygų netobulumo at-
sirandtantis pokytis yra nagrinėjamas vienoje iš pateikiamų publikacijų.
Tam tikriems taikymams reikia valdyti ne tik išilginį, bet ir skersinį
pluošto intensyvumo skirstinį, tad kitas darbo uždavinys buvo sufor-
muoti optinę adatą su valdomo elipsiškumo intensyvumo smaile skersi-
nėse koordinatėse. Tai buvo atlikta panaudojant Airy pluoštą. Sudėjus
kelis nedifraguojančius Beselio pluoštus, gaunamos sudėtingos šviesos
struktūros. Šis metodas taip pat buvo nagrinėjamas tyrimų metu ir jį
naudojant buvo suformuojami lygegriačių optinių adatų masyvai. Ga-
liausiai, pasirinkti struktūriniai pluoštai buvo panaudoti skaidrių terpių
modifikavimui, o detalesnė eksperimentų informacija pateikiama pridė-
tose publikacijose.

Darbo tikslas

Ištirti naujus lazerinių kompleksinių pluoštų formavimo metodus ir kurti
efektyvius optinius elementus, kurie formuotų pluoštus turinčius erdvi-
nius ir tolydžius intensyvumo skirstinius, aktualius lazerinio mikro ap-
dirbimo srityje, galinčius modifikuoti skaidrias terpes vienetiniu lazerio
impulsu.

Sprendžiami uždaviniai

Darbo tikslui įgyvendinti buvo iškelti šie uždaviniai:

• Išnagrinėti galimus metodus Beselio-Gauso pluoštų superpozicijos
formavimui. Suformuoti erdvinę šviesos struktūrą, sudarytą iš ke-
lių topologinių krūvių Beselio pluoštų, moduliuojant spektro fazę.
Gauti pažaidas skaidrioje terpėje panaudojant sudėtinius pluoštus.

• Eksperimentiškai realizuoti Beselio-Gauso pluoštų superpozicijas,
sudarytas iš pluoštų su skirtingais topologiniais krūviais ir kū-
gio kampais. Eksperimentiškai nustatyti tokioje erdvinėje šviesos
struktūroje esančių optinių sūkurių padėtis. Palyginti eksperimen-
tinius rezultatus su skaitmeninio modeliavimo rezultatais.
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• Išnagrinėti galimybę formuoti optinę adatą Beselio-Gauso pluoštu,
pasitelkiant geometrinės fazės elementus. Eksperimentiškai reali-
zuoti optinę adatą ir ištirti eksperimente pasitaikančių netobulumų
įtaką optinės adatos formavimo stabilumui.

• Ištirti elipsinės adatos formavimo galimybę Airy pluoštais. Įvertin-
ti binarinės Airy fazinės kaukės parametrų įtaką elipsinės optinės
adatos charakteristikoms. Eksperimentiškai suformuoti šį pluoštą,
palyginti eksperimentinius rezultatus su skaitmeninio modeliavimo
rezultatais. Ištirti elipsinės Airy pluošto adatos poveikį skaidrioje
terpėje.

• Suformuoti optinių adatų masyvą, kuriame būtų galima valdyti
kiekvienos atskiros optinės adatos topologinį krūvį, bei adatos pa-
dėtį išilginėse ir skersinėse koordinatėse. Ištirti pluoštų masyvo
skersinio intensyvumo skirstinio kokybę priklausomai nuo indivi-
dualių pluoštų ilgių, bei parinkto atstumo tarp pluoštų.

• Suformuoti plokščios intensyvumo viršūnės pluoštą geometrinės
fazės elementu. Charakterizuoti šio pluošto sklidimą laisva erd-
ve. Įvertinti galimų eksperimentinių netobulumų įtaką šio pluošto
formavimui ir palyginti rezultatus su skaitmeninio modeliavimo
rezultatais.

Darbo naujumas ir aktualumas

• Pademonstruotas metodas eksperimentiškai suformuoti kelių to-
pologinių krūvių Beselio-Gauso pluoštų superpoziciją naudojant
kūginį lęšį ir geometrinės fazės elementą, bei pademonstruotas šio
metodo panaudojimas didelės impulso energijos reikalaujantiems
taikymams. Tai yra aktualu norint greičiau formuoti mikrokanalus
skaidrioje terpėje.

• Geometrinės fazės elementas buvo panaudotas moduliuoti į kūginį
lęšį krintančio pluošto amplitudę, ir suformuoti lygaus ašinio in-
tensyvumo profilio optinę adatą. Taip pat buvo įvertintas optinės
adatos formavimo stabilumas, kai šio elemento pozicija optinėje
schemoje nėra tobula.

• Skaitmeniškai ir eksperimentiškai įvertinta plokščios viršūnės
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pluošto formavimosi atstumo priklausomybė nuo pluošto, krintan-
čio į geometrinės fazės elementą, diametro. Galimų pluošto neto-
bulumų žinojimas yra aktualus projektuojant optines sistemas.

• Pademonstruotas metodas iš Airy pluoštų suformuoti optinę adatą
su lanksčiai valdomu pagrindinės intensyvumo smailės elipsiškumu
skersinėje plokštumoje. Parodyta, kad stiklo tūrį paveikus tokios
erdvinės struktūros impulsu, galima gauti kryptingus mikro įtrū-
kius.

• Pademonstruotas optinių adatų masyvo formavimas, kuriame ga-
lima ne tik laisvai pasirinkti individualios optinės adatos padėtį,
bet ir jos topologinį krūvį.

Ginamieji teiginiai

• Azimutiškai moduliuojant Beselio-Gauso pluošto erdvinį spekt-
rą dviejų skirtingų topologinių krūvių sūkurinių pluoštų faziniais
skirstiniais, gaunama šių topologinių krūvių Beselio-Gauso pluoštų
superpozicija, tinkama "vienašūviam" modifikacijų įrašymui stiklo
tūryje.

• Skersiniai ir išilginiai kompleksinio šviesos pluošto intensyvumo
skirstiniai priklauso nuo vienetinio topologinio krūvio sūkurių pa-
dėčių įvairių eilių Beselio-Gauso pluoštų superpozicijoje.

• Geometrinės fazės elementu, poliarizatoriumi ir eksikonu sufor-
muotos optinė adatos išilginis intensyvumo skirstinys išlieka pa-
stovus Beselio zonoje.

• Binarine fazine kauke formuojamų +1 ir -1 eilės difrakcinių maksi-
mumų Airy pluoštų superpozicija tinkama elipsinės optinės adatos
formavimui.

• Eplipsinėmis optinėmis adatomis formuojamų mikroįtrūkimų
kryptys EXG stikle valdomos geometrinės fazės elemento sukimu
aplink jo ašį.

47



Autoriaus indelis
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pluoštų formavimo metodais. Dauguma tyrimų buvo atlikti naudojant
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nedifraguojančius pluoštus: optinių adatų su valdomu skersiniu ir išilgi-
niu intensyvumo skirstiniu formavimas naudojant Beselio ir Airy pluoš-
tus; Beselio optinių adatų masyvo formavimas; Beselio pluoštų superpo-
zicijos panaudojimas formuoti pluoštus turinčius sudėtingus skersinio ir
išilginio intensyvumo skirstinius. Taip pat buvo nagrinėjamas plokščio
intensyvumo pluošto formavimas. Doktorantūros metu atliktų tyrimų
rezultatai buvo atspausdinti 6-uose moksliniuose straipsniuose, o trumpa
straipsnių apžvalga pateikiama žemiau.

Beselio pluoštų superpozicijos

Straipsnis P1 "Azimuthally modulated axicon vortical beams for laser
microprocessing"

Straipsnyje pristatomas metodas sudėtingos skersinės intensyvumo
struktūros pluoštų, su dideliu ašinių ir skersinių matmenų santykiu, for-
mavimui. Tai buvo įgyvendinta panaudojant kūginio lęšio ir geometri-
nės fazės elemento (GFE) porą. GFE buvo naudojamas Beselio pluoš-
to spektro fazės moduliacijai, Gautas struktūrinis pluoštas yra dviejų
skirtingų topologinių krūvių Besselio pluoštų superpozicija. Straipsnyje
pristatomi du GFE, kuriais moduliuojant Beselio pluošto spektrą, gau-
namas struktūrinis pluoštas su keliomis aukšto intensyvumo smailėmis.
Dėl aukšto GFE pažeidimo slenksčio ir gero fazinės moduliacijos efekty-
vumo suformuotos superpozicijos buvo panaudotos stiklo paviršiaus ir
tūrio modifikacijoms gauti. Tam buvo panaudoti skirtingi lazerio pluoš-
to parametrai, o gautos modifikacijos buvo apibūdintos pagal pažaidos
formą ir jos ilgį. Naudojant trumpus impulsus, paviršiaus modifikaci-
jų struktūra atkartoja pluošto skersinio intensyvumo pasiskirstymą, o
parinkus ilgesnes impulso trukmes tik intensyviausios smailės pažeidžia
paviršių. Kai naudojamo pluošto struktūra yra sudaryta iš aukštų topo-
loginių krūvių Besselio-Gauso pluoštų, tūrinės modifikacijos yra trum-
pesnės lyginant su tūrinėmis modifikacijomis gautomis esant žemesnio
topologinio krūvio pluoštų superpozicijoms.

Straipsnis P5 "Braiding of vortices in superpositions of Bessel be-
ams for creation of high-contrast intensity structures"

Straipsnyje teoriniu ir eksperimentiniu metodu buvo nagrinėjama
sudedamų pluoštų topologinių krūvių ir kūgių kampų įtaka sudėtinio
pluošto sūkurinei struktūrai ir bendram pluošto intensyvumo pasiskirs-
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tymui. Topologinių krūvių skirtumo modulis nusako pirmojo topologinio
krūvio sūkurių skaičių, kurie formuojasi aplink centrinį intensyvumo mi-
nimumą arba maksimumą. Šių sūkurių pozicijos lemia bendrą aukšto
intensyvumo smailių struktūrą. Sklidimo metu stebimas kampinis struk-
tūrinio pluošto sukimasis priklauso nuo sudedamų Beselio pluoštų kūgio
kampų santykio. Nuo šio santykio taip pat priklauso ir individualių op-
tinių sūkurių pozicijos ir sudėtinio pluošto intensyvumo skirstinio forma.
Aukšto intensyvumo smailių pynė susiformuoja tik tuo atveju kai sude-
damų pluoštų kūgio kampai nėra lygūs. Darbe buvo eksperimentiškai
nustatytos optinių sūkurių padėtys kelių Beselio-gauso pluoštų superpo-
zicijoje.

Optinės adatos

Straipsnis P2 "Generation of an optical needle beam with a laser insc-
ribed Pancharatnam-Berry phase element under imperfect conditions"

Šiame darbe buvo pristatytas geometrinės fazės (GF) optinis ele-
mentas, leidžiantį formuoti didelės galios optinę adatą su glotniu ir pa-
stoviu ašinio intensyvumo profiliu. Darbe tiek skaitmeniškai, tiek eks-
perimentiškai buvo ištirtas GF elemento ir poliarizatoriaus poros for-
muojamos optinės adatos sklidimas esant tokiems eksperimentinių sąly-
gų netobulumams, kaip į elementą krintančio pluošto matmenų neatiti-
kimas, GF elemento ir tiesinio poliarizatoriaus kampinis išderinimas, bei
elemento skersinis poslinkis nuo optinės ašies centro. Buvo nustatyta,
kad geriausios sąlygos optinės adatos formavimui yra kai: į elemen-
tą krintančio pluošto diametro nuokrypio ir idealaus pluošto diametro
santykis <0.05, elemento ir poliarizatoriaus kampinis išderinimas <5°,
skersinio elemento poslinkio santykis su pluošto spinduliu <0.125. Tai-
gi, esant nedideliems sistemos iškraipymas, formuojama optinė adata
yra stabili.

Straipsnis P4 "An optical needle with elongated transversal profile
created using Airy beams for laser processing of glasses"

Straipsnyje pristatomas metodas formuoti elipsinę optinę adatą
naudojant binarines kubinės fazinės kaukes su papildoma tiesine fazės
moduliacija. Parenkant kubinės ir tiesinės fazių koeficientus galima val-
dyti dviejų difrakcijos maksimumų, kuriuose formuojasi Airy pluoštai,
pozicijas. Kai šie maksimumai yra arti vienas kito, formuojama optinė
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adata. Buvo ištirtos šios adatos charakteristikos: energijos pagrindinė-
je smailėje santykis su energija likusiame pluošte, pagrindinės smailės
ilgosios ir trumposios elipsės ašių santykis, optinės adatos ilgis, homo-
geniškumo ilgis, kryptingumo ilgis. Parinkus binarinės kaukės tiesinės
fazės koeficientus b1 = −1400π, b2 = −300π, kaukė formuoja elipsinę
optinę adatą su ilgosios ir trumposios ašies santykiu 1.7, sąlyginai il-
gu sklidimo ir homogeniškumo ilgiu. Ši optinė adata buvo panaudota
paviršinių ir tūrinių pažaidų gavimui stikle. Židinio plokštumoje sufor-
muoti mikroįtrūkiai yra kryptingai išdėstyti lygiagrečiai pluošto ilgąjai
ašiai, tačiau tokia mikroįtrūkių kontrolė galima tik trumpame sklidimo
atstume.

Straipsnis P6 "Creating an Array of Parallel Vortical Optical Ne-
edles"

Straipsnyje aprašomas metodas lygiagrečių optinių adatų masyvo
formavimui. Struktūrinių pluoštų masyvas yra formuojamas erdviniu
šviesos moduliatoriumi (EŠM), jį apšviečiant plokščiąja banga. EŠM
moduliuoja bangos fazę ir amplitudę pagal ant jo ekrano atvaizduotą
fazinę kaukę, kuri yra apskaičiuota taip, kad sukurtų optinių adatų ma-
syvo spektrą. Šis spektras yra apskaičiuojamas sudedant išilginio in-
tensyvumo spektro funkciją ir skersinio intensyvumo spektro funkciją,
kurioje yra Beselio pluoštų pozicijų ir topologinių krūvių informacija.
Reikalinga amplitudinė moduliacija yra gaunama užkoduojant galuti-
nę fazinę kaukę šachmatų lentos metodu. Optinių adatų masyvas yra
formuojamas lęšiu atliekant spektro Furje transformaciją. Straipsnyje
yra nagrinėjama sąveika tarp gretimų optinių adatų priklausomai nuo
parinkto adatų ilgio, bei atstumo tarp jų. Kai parinkti atstumai tarp
optinių adatų yra nedideli (iki 40 bangos ilgių) –stebima destruktyvi in-
terferencija, individualios optinės adatos neišskiriamos. Parinkus trum-
pesnius individualių optinių adatų ilgius, destruktyvi interferencija yra
silpnesnė ir adatas galima formuoti arčiau viena kitos. Skersinio intensy-
vumo iškraipymai tarp optinių adatų atsiranda dėl individualių optinių
adatų erdvinių spektrų persiklojimo. Norint pasiekti optimalius rezul-
tatus reikėtų mažinti šį persiklojimą.
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Plokščios intensyvumo viršūnės pluoštas

Straipsnis P3 "Investigation of the Pancharatnam-Berry phase element
for the generation of the top-hat beam"

Straipsnyje aptartas metodas Pancharatnam-Berry geometrinės fa-
zės elementu valdyti kritusio Gauso pluošto amplitudę ir paversti jį
plokščios viršūnės pluoštu. Tam pasiekti reikalinga fazės moduliacija
specifiniu fazės portretu, kuris yra pristatytas straipsnyje. Skaitmeniš-
kai bei eksperimentiškai buvo ištirta plokščios viršūnės pluošto forma-
vimosi dinamika kai į elementą krinta netikslių matmenų pluoštas ir
kai elemento centras nesutampa su į jį krintančio pluošto centru. Kai į
elementą krintančio pluošto diametro neatitikimas yra iki 16% nuo idea-
laus, keičiasi atstumas, kuriame susiformuoja plokščios viršūnės pluoš-
tas. Nedidelis skersinis elemento poslinkis (apie 10 %) neiškreipia plokš-
čios viršūnės intensyvumo profilio. Jeigu skersinis elemento poslinkis
yra didelis, tuomet formuojamo pluošto intensyvumo skirstinys tampa
C formos.

Išvados

Atliekant darbą buvo padarytos tokios išvados:

1. Azimutiškai moduliuojant Beselio-Gauso pluošto erdvinį spekt-
rą dviejų skirtingų topologinių krūvių sūkurinių pluoštų faziniais
skirstiniais, gaunama šių topologinių krūvių Beselio-Gauso pluoš-
tų superpozicija tolydi trimatėje erdvėje bei tinkama modifikacijų
įrašymui stiklo tūryje paveikus vienu lazerio impulsu.

2. Skersiniai ir išilginiai kompleksinio šviesos pluošto intensyvumo
skirstiniai priklauso nuo vienetinio topologinio krūvio sūkurių pa-
dėčių įvairių eilių Beselio-Gauso pluoštų superpozicijoje dėl sude-
damų skirtingų sūkurinių Beselio pluoštų kūgio kampų. Pynių
persipynimo periodas didėja mažėjant sudedamų pluoštų topolo-
ginių krūvių skirtumui ir didėjant kūgio kampų santykiui, o esant
santykiniam kūgio kampui 1 – pynių nelieka.

3. Geometrinės fazės elementu, poliarizatoriumi ir eksikonu sufor-
muotos optinė adatos išilginis intensyvumo skirstinys išlieka pa-
stovus Beselio zonoje, dėl prieš eksikoną suformuojamo intensyvu-
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mo skirstinio, sumažinant jo amplitudę ne tik centre, bet Gauso
pluošto spindulio atstume.

4. Dėl binarine fazine kauke formuojamų +1 ir -1 eilės persiklojančių
difrakcinių maksimumų – Airy pluoštų – superpozicijos sukuriama
elipsinė optinė adata.

5. Eplipsinėmis optinėmis adatomis formuojamų mikroįtrūkimų
kryptys EXG stikle valdomos geometrinės fazės elemento sukimu
aplink jo ašį, lemiančiu individualaus Airy pluošto parabolinę skli-
dimo trajektoriją.
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K. Volke-Sepúlveda, Experimental generation of Mathieu–Gauss
beams with a phase-only spatial light modulator, Appl. Opt.
49(36), 6903–6909 (2010), https://doi.org/10.1364/AO.49.006903.

[34] M. A. Bandres, J. C. Gutiérrez-Vega, S. Chávez-Cerda, Parabolic
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A B S T R A C T

Non-diffracting beams have contributed greatly to recent developments in high power applications such as
laser micromachining. Well known for their elongated focal region (also known as a focal line) are zeroth-
order Bessel and Bessel vortical beams which allow achieving high aspect ratio modifications inside transparent
materials. A superposition of several optical Bessel vortices of different topological charges allows generating
high aspect ratio beams with complexly engineered transverse intensity patterns. Non-diffracting Bessel vortices
commonly are created using a conical prism — an axicon. Therefore, they can be referred to as axicon beams.
In this work, we have studied the formation of high power and energy axicon vortical beams both numerically
and experimentally. We have inscribed sub-wavelength birefringent structures inside fused silica glass to create
geometrical phase elements for the azimuthal modulation of the spatial spectra of a zeroth-order axicon (Bessel)
beam which allows creating a high power superposition of several Bessel vortices. To prove the concept, we
apply azimuthally modulated axicon vortical beams to create modifications inside fused silica glass samples.

1. Introduction

Laser technology is a rapidly progressing research field developing
new ideas to improve laser average output power, maximum pulse
energy, shorten pulse duration, or enhance other parameters of this de-
vice [1]. Therefore, methods to utilize these improvements in practice
are desirable. A conventional laser outputs a Gaussian beam which is
versatile and perfect for most applications such as laser ablation [2],
welding [3], waveguide inscription [4], polymerization [5] and more.
However, because of a short Rayleigh length and simple transverse
intensity distribution, Gaussian beam can limit speeds for some applica-
tions. For instance, in Bragg grating inscription Gaussian beam must be
scanned for several layers to obtain a required length of a grating [6].
This requires precise alignment of the beam, so the consecutive layer
would match the previous one.

The engineering of the focal spot has evolved since then to control
the axial behavior of the laser beam. The so-called non-diffracting
Bessel beams [7] exhibit a large ratio between the transverse and
longitudinal widths of the focal spot [8]. They have stipulated ongoing
research into a variety of non-diffracting beams — Mathieu [9], We-
ber [10], and Airy beams [11]. Bessel beams can be generated using
a circular aperture [7] or a conical prism (axicon) [12]. Among others
methods, diffractive holograms [13], spatial light modulators [14–16]
and geometrical phase elements (GPEs) [17,18] are also used and in
some cases they offer a better quality of a beam [19,20].

Bessel beams have an elongated focal region (focal line) located
along the propagation direction, which is desirable in many high-power

∗ Corresponding author at: Center for Physical Sciences and Technology, Sauletekio Ave. 3, Vilnius, Lithuania.
E-mail address: paulius.slevas@ftmc.lt (P. Šlevas).

laser applications. For example, microchannel fabrication [21,22], a
glass cutting [23] and a variety of other applications [24]. Generation
of Bessel beams using an aperture is inefficient due to the high energy
losses [25] and the axicon usually creates axial profiles with high pitch
oscillations due to the imperfect tip [26]. A variety of approaches were
used to improve the quality of the Bessel zone: the creation of optical
needles [27], engineering of the focal line [28,29] etc.

Higher-order non-diffracting Bessel beams 𝐽𝑚 have a helical wave-
front, described by a topological charge 𝑚. They possess some fas-
cinating qualities such as carrying orbital angular momentum [30]
and are usually referred to as optical vortices [31,32], which find
their applications nowadays everywhere [33]. A linear superposition of
several Bessel vortices enables the creation of beams of high aspect ratio
and elaborate transverse intensity distribution [34,35]. The nonlinear
superposition of Bessel vortices produces an even richer structure [36].
They can be successfully applied in high-power applications [37].

Vortical non-diffracting Bessel beams can be represented as a su-
perposition of plane waves with vectors lying on a cone [38,39]. An
axicon is known as a conical prism [40], which converts beams with
homogeneous spatial spectra into optical beams with a ring-like shaped
spatial spectral distribution [12]. In practice, the main difference be-
tween individual Bessel beams and their linear superposition is the
azimuthal modulation in the ring-shaped spectra.

In this work, we extend our previous findings [41] and present a
method for generation of superimposed higher-order Bessel beams with
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different topologies using geometrical phase elements (GPEs). We first
form a Bessel beam using a diffractive axicon. We then modify the beam
in its’ spectral region using a GPE and create in such way superimposed
Bessel vortical beams. In our experimentations we have used GPEs
which were manufactured by Altechna R&D with the transmittance
being higher than 90% in a broad spectral region [42]. Such elements
routinely beam shape high energy pulses, because they can withstand
1.5 mJ energy, 158 fs FWHM duration pulses at 1030 nm [19,43] or
even higher [42].

We check the agreement of our experimental results with numerical
expectations. Lastly, we demonstrate the ability to use such beams in
high power applications and create surface and volume modifications
inside a fused silica sample.

2. Theoretical background

The main idea of the theoretical considerations is closely related to
the problem studied in Ref. [34], where propagation of superposition
of two Bessel vortices was analyzed

𝐸 (𝜌, 𝜑, 𝑧 = 0) =
[
𝑎1𝐽𝑚

(
𝑘𝜌𝜌

)
ei𝑚𝜑 + 𝑎2𝐽𝑛

(
𝑘𝜌𝜌

)
ei𝑛𝜑

]
e
− 𝜌2

𝑑20 , (1)

where 𝑘𝜌 = 𝑘 sin 𝛼 is the radial frequency of BG beam. 𝛼 is the half-angle
of the Bessel cone and 𝑑0 is an aperture radius. Here, 𝑚 and 𝑛 are integer
topological charges, 𝑎1, 𝑎2 are the amplitudes of the respective order
Bessel beams. This field creates a rather rich vortical structure, which
was in great detail analyzed in Ref. [34]. However, at that time it was
not realized that this field has also a potentially interesting intensity
distribution for laser applications. First of all, the azimuthal angles of
vortex cores are determined by

𝜑𝑘 = 𝜋𝑘
(𝑚 − 𝑛)

, 𝑘 = 0, 1, 2,… , 2(𝑚 − 𝑛) − 1. (2)

Vortices are singular zero-intensity points where the phase is un-
determined [12,34,35]. Because of their presence, the intensity distri-
bution of the superposition has a distinct azimuthal modulation. Areas
with dark vortex cores interchange with higher intensity bright spots
and the number of dark and bright azimuthal areas is always |𝑚 − 𝑛|.
A few examples are presented in Fig. 1. Here we fix the difference
of topological charges 𝑚 and 𝑛 and plot intensity distributions of the
superposition for different values of 𝑚 and 𝑛, and amplitude ratio 𝑎2∕𝑎1.
Although the azimuthal modulation is in all cases the same (𝑚−𝑛 = 6),
the structure depends not only on the amplitude ratio but also on the
smallest topological charge. The central part of the beam either has a
maximum or void of different sizes. The peaks surrounding the central
spot are either separated or interconnected.

The complex amplitude of a vortical Bessel–Gaussian beam is ob-
tained in the paraxial approximation from the parabolic diffraction
equation [34,35]

𝐸(𝜌, 𝜑, 𝑧) = 1
𝑍
𝐽𝑚

(𝑘𝜌𝜌
𝑍

)
e
− 𝜌2

𝑑20𝑍
−i

𝑘2𝜌𝑧
2𝑘𝑍 +i𝑚𝜑+i𝑘𝑧𝑧

, (3)

where 𝑍 = 1+i𝑧∕𝑧0 and 𝑧0 = 𝑘𝑑20∕2 – Rayleigh length, 𝑑0 – is the radius
of Gaussian aperture.

The spatial spectrum of the scalar Bessel–Gaussian beam is given
by:

𝑔(𝑘𝑟, 𝜙, 𝑚) =
𝑑20
2
e−(𝑘

2
𝑟+𝑘

2
𝜌)𝑑

2
0∕4𝐼𝑚(𝑘𝑟𝑘𝜌𝑑20∕2)e

i𝑚𝜙, (4)

where 𝐼𝑚 - is modified Bessel function and 𝑘𝑟 = (𝑘𝑥 + 𝑘𝑦)1∕2 is a radial
vector in Fourier space. The spatial spectrum of Bessel–Gaussian beam
is a ring of radius 𝑘𝜌 and has a width of 1∕𝑑0. When 𝑚 > 0, the spectrum
is azimuthally modulated with phase modulation of 2𝜋𝑚.

Therefore, the spatial spectrum of the superposed field is

𝑆(𝑘𝑟, 𝜙) = 𝑎1𝑔(𝑘𝑟, 𝜙, 𝑚) + 𝑎2𝑔(𝑘𝑟, 𝜙, 𝑛), (5)

Fig. 1. Intensity distributions of superpositions of Bessel vortex pairs for topological
charges 𝑚 = 6 and 𝑛 = 0 (a, i, l), 𝑚 = 5 and 𝑛 = −1 (b, j, m), 𝑚 = 4 and 𝑛 = −2 (c, k,
n), 𝑚 = 3 and 𝑛 = −3 (d), 𝑚 = 7 and 𝑛 = 1 (a), 𝑚 = 10 and 𝑛 = 4 (b), 𝑚 = 13 and 𝑛 = 7
(c), 𝑚 = 16 and 𝑛 = 10 (d). The amplitude ratio 𝑎2∕𝑎1 is 1 (a–h), 0.5 (i–k) and 2 (l–n).

Usually, Bessel–Gaussian vortices are obtained from LG𝑚
0 (Laguerre–

Gaussian) vortices by focusing them with an axicon [12]. As a result,
the spatial spectrum of the LG mode is transformed into a ring with
azimuthal phase modulation.
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Fig. 2. Representation of an individual plane wave wavevector traveling at cone half
angle 𝛼.

In what follows we will analyze Bessel vortices as superpositions
of 𝑁 (ideally 𝑁 → ∞) plane waves (or Gaussian beams). First of all,
the ring-shaped spatial spectrum means that each individual spectral
component propagates in a such way, that its wavevector is located
on a 2𝛼 angle cone. For the sake of brevity, let us assume that 𝑁
individual waves are azimuthally equilocated, i.e. 𝜑 = 2𝜋

𝑁 𝑖, where
𝑖 = 0, 1,… , 𝑁 − 1 (see Fig. 2). So, let us assume that we have 𝑁
equilocated points in the plane 𝑧 = −𝑧0 on the radius 𝜌 = 𝑟0. Let us point
vectors e𝑧𝑁 from these points to the point (0, 0, 0). Coordinates for these
vectors are e𝑧𝑁 = (𝑟0 cos𝜑, 𝑟0 sin𝜑, 𝑧0). The radius 𝑟0 is 𝑟0 = 𝑧0 tan 𝛼, so
e𝑧𝑁 = 𝑧0(tan 𝛼 cos𝜑, tan 𝛼 sin𝜑, 1).

Now, we define two orthogonal directions e𝑥𝑁 and e𝑦𝑁 which are or-
thogonal to e𝑧𝑁 . The plane containing those two vectors is 𝑥 tan 𝛼 cos𝜑+
𝑦 tan 𝛼 sin𝜑 + 𝑧 = 0. Let us choose e𝑥𝑁 as e𝑥𝑁 = (𝑥𝑎, 𝑦𝑎, 0) and e𝑦𝑁 as
e𝑦𝑁 = (−𝑦𝑎, 𝑎𝑎, 𝑧𝑎). As those two new orthogonal directions belong to
the plane, it holds true

{
𝑥𝑎 tan 𝛼 cos𝜑 + 𝑦𝑎 tan 𝛼 sin𝜑 = 0,
𝑧𝑎 = −𝑦𝑎 tan 𝛼 cos𝜑 + 𝑥𝑎 tan 𝛼 sin𝜑

, (6)

We choose here wisely 𝑥𝑎 = sin𝜙 and we get 𝑦𝑎 = −cos𝜙 and
𝑧𝑎 = tan 𝛼.

Thus, we did end up with three orthogonal directions, which can
build new coordinate orts. After normalizing, we end up with a local
coordinates system for the 𝑖th beam on the cone

𝐞1𝑖 = {sin 𝛼 cos𝜑, sin 𝛼 sin𝜑, cos 𝛼}
𝐞2𝑖 = {sin𝜑,−cos𝜑, 0},
𝐞3𝑖 = {− cos 𝛼 cos𝜑,−cos 𝛼 sin𝜑, sin 𝛼}

(7)

These are the local coordinates of 𝑖th local component of the spatial
spectrum. In a trivial way, we end up with the following expressions for
local coordinates 𝑥𝑖, 𝑦𝑖, 𝑧𝑖 in the coordinate system of the Bessel beam
𝑥, 𝑦, 𝑧

⎛
⎜⎜⎝

𝑧𝑖
𝑦𝑖
𝑥𝑖

⎞
⎟⎟⎠
=
⎛
⎜⎜⎝

cos 𝛼 sin 𝛼 sin𝜑 sin 𝛼 cos𝜑
0 − cos𝜑 sin𝜑

sin 𝛼 −cos 𝛼 sin𝜑 −cos 𝛼 cos𝜑

⎞
⎟⎟⎠

⎛
⎜⎜⎝

𝑧
𝑦
𝑥

⎞⎟⎟⎠
. (8)

Now, having this in mind, we recall that the amplitude of a Gaussian
beam traveling along the cone is [44]

𝐸
(
𝐫𝑖
)
= 1(

1 + i𝑧𝑖∕𝑘𝜌20
) e

−
𝑥2𝑖 +𝑦

2
𝑖

2𝜌20

(
1+i𝑧𝑖∕𝑘𝜌20

)
ei𝑘𝑧𝑖 , (9)

where 𝜌0 is the beam width. The resulting electric field is

𝐸𝛴
(
𝐫, 𝑘, 𝜌0, 𝜃

)
=

𝑁−1∑
𝑖=0

𝐸
(
𝐫𝑖
)

𝑁
. (10)

These considerations enable us to estimate the effects caused by the
discretization of the spatial spectra of the Bessel beam, see Fig. 3. Here
we investigate a superposition of Bessel beams with topological charges

Fig. 3. Intensity distributions of superpositions of Bessel vortex pairs for topological
charges 𝑚 = 6 and 𝑛 = 13 created using 𝑁 = 180 (a), 𝑁 = 40 (b–d) plane waves (a, b),
Gaussian beams with width 𝜌0 = 0.5 (c) and 𝜌0 = 0.05 (d).

Fig. 4. Dependency of the phase distributions on azimuthal angle in geometrical phase
elements for topological charges 𝑚 = −3 and 𝑛 = 3 (a), and 𝑚 = 6 and 𝑛 = 13 (c)
and binary 𝑚 = −3 and 𝑛 = 3 (e). Resulting azimuthally modulated axicon beams are
depicted in the transverse plane, (b), (d), and (f) respectively.

𝑚 = 6 and 𝑛 = 13, which was created using Eq. (10). As the number of
plane waves is 𝑁 = 180, the electric field intensity closely resembles
the field expressed by Eq. (1). However, as the number of plane waves
decreases to 𝑁 = 40, we start to notice an appearance of new structures
further away from the center, see Fig. 3(b). When we additionally
switch from plane waves to Gaussian beams with 𝜌0 = 0.5, the intensity
of these new structures diminishes, see Fig. 3(c), and disappears, when
the beam width reaches 𝜌0 = 0.05, see Fig. 3(d).

3. Geometrical phase elements

Conventional refraction-based optical elements such as lenses or
conical prisms modify the wavefront of a beam by controlling the
length of the optical path. The phase shift that is introduced by these
optical elements is known as a static phase shift and it relies on the
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Fig. 5. Experimental setup. HWP — half wave-plate, BP — Beam Polarizer, QWP — quarter wave-plate, A — Axicon, L1 and L2 — lenses 𝑓 = 150 mm and 𝑓 = 8 mm respectively,
GPE — geometrical phase element.

refractive index of the material (𝑛) and its’ thickness (𝑑) 𝛿 = 2𝜋𝑛𝑑
𝜆 ,

where 𝜆 is the wavelength of a beam. In contrast, the geometrical phase,
also known as the Pancharatnam–Berry phase [45] depends only on
the geometry of the pathway through an anisotropic medium [46]. For
example, in a homogeneous birefringent plate, the geometrical phase
shift is proportional to twice the orientation angle 𝜃 of a fast axis [46]:

𝛿 = 𝜋
𝜆

(𝑛𝑒 + 𝑛𝑜) ± 2𝜃 (11)

where 𝑛𝑜 and 𝑛𝑒 are refraction indices for ordinary and extraordinary
waves, respectively.

There are several ways to use the geometrical phase for beam shap-
ing element manufacturing, which require the formation of periodic
nanostructures of small size compared to the wavelength of light. These
can be metasurfaces [47], based on dielectrics [48] or nano-gratings in-
scribed in fused silica glass [49] as it is in our case. These nano-gratings
are self-assembling structures which are created in fused silica glass by
irradiating it with a certain set of laser emission parameters [50]. Their
birefringence is characterized by two parameters: retardance 𝜏 and
azimuth 𝜃 of the fast axis, which is respectively controlled by adjusting
the fluence and polarization direction of the incident beam [50]. The
effect that a GPE would have on an incident beam can be evaluated
using the Jones matrix [51]. At any point of the GPE, the output
polarization can be described as 𝐸𝑜𝑢𝑡 = 𝑀(𝑥, 𝑦)𝐸𝑖𝑛 where 𝐸𝑖𝑛 is the
Jones vector of the incident polarization [52]. In what follows, we
consider mainly geometrical phase elements of retardance 𝜏 = 𝜆∕2. In
this case, the Jones matrix 𝑀(𝑥, 𝑦) is expressed as

𝑀(𝑥, 𝑦) =
(
cos2(𝜃) + i sin2(𝜃) (1 − i) cos(𝜃) sin(𝜃)
(1 − i) cos(𝜃) sin(𝜃) i cos2(𝜃) + sin2(𝜃)

)
, (12)

where 𝜃 is the angle of the fast axis of a local birefringent nano-grating.
For a circularly polarized incident beam 𝐸𝑖𝑛 the modulation of the
output beam 𝐸𝑜𝑢𝑡 is:

𝐸𝑜𝑢𝑡 = 𝑀(𝑥, 𝑦)𝐸𝑖𝑛 = e2i𝜃
(

1
±i

)
. (13)

In this section, we implement the theoretical considerations de-
scribed previously and devise a number of GPEs for azimuthal modula-
tion of the spatial spectrum of the axicon beam. The performance of this
GPEs was evaluated numerically for different topological charges 𝑚 and
𝑛 (see Fig. 4(a), (c), (e)). Numerically obtained intensity distributions
of the resulting beams are depicted in Fig. 4(b), (d), (f).

We note here that in Fig. 4(a–d) the number of plane wave com-
ponents 𝑁 = 180. As we know from our previous experience that a
GPE with such a large number of azimuthal sectors might be difficult to
produce, we additionally devise a binary GPE element where the phase
changes 6 times over the azimuthal angle 2𝜋 (see Fig. 4(e)). Surpris-
ingly, this binary element creates an intensity distribution (Fig. 4(f))
that strongly resembles the initial one obtained with a continuously
changing phase (Fig. 4(b)). As expected, a distinct azimuthal modula-
tion remains — several (six) intensity peaks are observed. The main
differences are observed in small intensity regions further away from
the center. This can be explained considering the azimuthal phase mod-
ulation on the ring, which can be expressed as exp(𝑖𝑚𝜑) + exp(−𝑖𝑚𝜑) =
2 cos(𝑚𝜑). As the cosine function does not change very rapidly it can

Fig. 6. Experimentally obtained fast axis angle distributions of the manufactured
geometrical phase elements. On the left — the binary element for the generation of
the 𝑚 = −3 and 𝑛 = 3 superposition, on the right — the GPE for the generation of the
𝑚 = 6 and 𝑛 = 13 superposition.

be approximated in a binary fashion. For case (d), these (seven) peaks
are also elongated.

We have selected a pair of particular designs of GPE for experi-
mental verification. Their azimuthal phase modulation is depicted in
Fig. 4(c) and (e). Those two elements represent two radically opposite
implementations of the axicon beam azimuthal modulation. In the first
case, the number of zones with constant phase on the cone is large and
they are relatively small. Thus, in (c) the zones have a fine modulation
of vortex beams. Half of the zones represent a topological charge of
𝑛 = 6 and another half – a topological charge of 𝑚 = 13. In the second
case, the number of zones with constant phase on the cone is low and
they are large. Thus, in (e) every second zone has a modulation of 𝜋.

4. Experimental setup

We have used a Yb:KGW oscillator and a regenerative amplifier
system ‘‘Pharos’’ (Light Conversion) which can deliver pulses up to 1.5
mJ with the shortest pulse duration of 158 fs which can be increased
up to 13 ps. A simplified picture of the experimental setup is given in
the diagram of Fig. 5. The laser power was controlled using an external
attenuator composed of a half-wave plate (HW) and a beam polarizer
(BP). Afterward, the polarization of the beam was changed to circular
using a quarter wave-plate (QWP) and the Gaussian beam was delivered
to a Bessel beam forming GPE, which is equivalent to a 176-degree
Axicon lens. The beam is then focused on the sample with the help
of 4𝑓 de-magnifying telescope consisting of lenses L1 (𝑓 = 150 mm)
and L2 (𝑓 = 8 mm) while at a focal position of the first lens (L1) a GPE
was used to introduce Bessel beam spatial spectrum phase modulation.

The sample was mounted on motorized XYZ translational stages
perpendicular to the beam propagation direction. A camera together
with a 40x magnifying objective was also placed on the same stage.
This allowed us to inspect the focal region of the beam and made the
alignment procedure easier.

The selected designs for fixed pairs of topological charges (𝑚, 𝑛) of
GPEs were manufactured in the Workshop of Photonics.

We devise such an element and encode it as a GPE with the
transmittance being higher than 90% in a broad spectral region [42].
Such GPEs enable the generation of high-quality, high-energy beams
and can be used in high power setups, where they withstand 1.5 mJ
energy, 158 fs FWHM duration pulses at 1030 nm [19,53]. Even higher-
energy intensity pulses can be transformed into Bessel-like beams by
scaling the optical elements used in the experimental setup [42].
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Fig. 7. Experimentally obtained transverse intensity profiles of superimposed Bessel
beams of topological charges (a) 𝑚 = −3, 𝑛 = 3 and (b) 𝑚 = 6, 𝑛 = 13.

The fast axis distribution of these GPEs is depicted in Fig. 6. In
general, the quality of the manufactured elements is high and their
performance, transmittance was as expected [42]. As the orientation
of the nano-grating cannot change very rapidly, designs of the GPEs
with many sectors might be problematic as we move to the center
of the element. On the other hand, these areas are larger in numbers
so effectively this should introduce undesirable phases in these small
areas, see Fig. 6.

5. Experimental results

In this section, we present experimental verification of the gener-
ation of azimuthally modulated beams. We start our experiments by
investigating beam intensity profiles. In the first set of experiments,
we study the performance of a binary design of the GPE. Here, we
superimpose Bessel beams of topological charges 𝑚 = −3 and 𝑛 = 3,
so we obtain a beam with 6 intensity maxima which are triangularly
shaped, see Fig. 7(a). The recorded intensity profile demonstrates a
good agreement with the theoretical predictions.

The second set of experiments is devoted to the investigation of a
finely modulated axicon beam. For this, the topological charge 𝑚 = 6
was superimposed with 𝑛 = 13. As a result, 7 intensity maxima are
observed. They are azimuthally elongated, as expected in the theo-
retical section. Results are shown in Fig. 7(b). In this case, the main
difference compared to the numerical simulation (see Fig. 4(d)) is a
visible zeroth-order intensity maximum in the center of the beam.

This could be explained as a result of GPE manufacturing process.
The jump-like transition between one nanograting angle to another
in adjacent pixels is not achievable — orientations of nano-gratings
cannot be perpendicular. Therefore, it is not possible to inscribe a sharp
phase transition. As this design has many zones, subsequently, it means
that there may be situations in the design when the phase makes a
sharp jump. While implementing this design, many transition regions
appear. This leads to the appearance of a small background zeroth-
order Bessel beam. This situation is avoided in the previous design as
the azimuthally modulated zones are large and there are few transition
regions. No central maximum is observed in Fig. 7(a).

As the azimuthally modulated axicon beam can achieve high flu-
ence, our aim in the last set of experiments is to investigate a few laser
microprocessing scenarios. For this, we continue the experiment and
investigate the interaction of the beams with a transparent material.
A polished fused silica sample was used and the surface, as well as
the bulk modifications of the sample were performed. This fabrication
experimentation was executed with varying energy (from 150 μJ to 250
μJ) and with varying pulse (FWHM) duration (from 158 fs to 10 ps).

For this range of parameters, surface modifications were produced
after focusing the beam on the surface. These modifications are de-
picted in Fig. 8. When the pulse duration is short, the surface damages
resemble the beam profile with many azimuthally modulated rings
around the main peaks. When the pulse duration increases to 10 ps
while maintaining the pulse energy, only the most intense peaks of the
beam modify the surface.

Fig. 8. Microscope images of surface modifications on fused silica samples using
azimuthally modulated axicon beams. The pulse energy of 200 μJ was used. Pulse
durations are given in pictures. (a) Modifications with a superposition of Bessel beams
of topological charges 𝑚 = −3 and 𝑛 = 3, (b) topological charges are 𝑚 = 6 and 𝑛 = 13.

Fig. 9. Dependency on pulse duration of the minimum and maximum number of rings
around main peaks visible on a surface of fused silica sample after modifying it with
azimuthally modulated axicon beams of topological charges 𝑚 = −3, 𝑛 = 3 and 𝑚 = 6,
𝑛 = 13. Lines with circle and triangles mark energy used: 250 μJ and 200 μJ respectively.

These findings are summarized in Fig. 9, where the minimum and
the maximum number of rings appearing in the surface modification
around the main peaks is plotted. Most peripheral azimuthally modu-
lated rings appear on the surface when sub-picosecond duration is used.
This number gradually decreases, when the pulse duration increases.

Lastly, we investigate volume modifications produced by superim-
posed azimuthally modulated axicon beams. In this experiment, we
have focused superimposed Bessel beams below the surface of a sample.
As a result, long bulk modifications were produced by the main peaks
of the beams. A side view of a sample is presented in Fig. 10.

The length of volume modifications was larger for the first GPE ele-
ment than for a second one, see Fig. 11. We observe that a superposition
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Fig. 10. Microscope images of bulk modifications inside fused silica sample using
azimuthally modulated axicon beams. Pulse energy is 250 μJ. Pulse durations are
specified in pictures. On the left volume modification produced by superimposed Bessel
beams of topological charges, 𝑚 = −3 and 𝑛 = 3 are shown. On the right topological
charges are 𝑚 = 6 and 𝑛 = 13.

Fig. 11. Dependency on pulse duration of the length of volume modifications in the
bulk of fused silica produced with azimuthally modulated axicon beams of topological
charges 𝑚 = −3, 𝑛 = 3 and 𝑚 = 6, 𝑛 = 13. Circle, square, and rhombus represent different
pulse energy: 250 μJ, 200 μJ, and 150 μJ respectively.

of Bessel beams with 𝑚 = −3 and 𝑛 = 3 topological charges produce
relatively long channels. A superposition of Bessel vortices with charges
𝑚 = 6 and 𝑛 = 13 results in a smaller length of volume modifications.
This can be well understood given the fact that the topological charges
are different and the number of azimuthal modulations is |𝑚 − 𝑛|. For
the first GPE, this number is 6 and for the second one it is 7, so the
energy is redistributed in a larger number of intensity peaks. Secondly,
the energy density in a ring is linearly decreasing as the ring radius
increases. For the first GPE, the center of the beam is taken by a vortex
of topological charge 𝑚 = −3 and for the second one a vortex with a
topological charge of 𝑚 = 6. This means that the first ring does appear
in the second case relatively further away from the center than for the
first case. As a result, the intensity of the material modifying peaks is
further decreased. For this reason, the region in the material where the
threshold for modification is exceeded is smaller in the second case. A
summarizing graph is presented in Fig. 11.

As expected the increase in the pulse duration results in even shorter
modifications. No changes in the sample exposed to a 158 fs pulses
were observed under an optical microscope as most of the absorption
happens on the sample surface.

6. Conclusions

In conclusion, a superposition of two optical Bessel vortices of
different topological charges was investigated. It allows the generation
of high aspect ratio non-diffracting beams with complexly transverse
intensity patterns. In this work, we have studied a way to create such

patterns using an axicon with a discrete spatial spectrum. Because of
the intrinsic use of the conical prism in the generation of such beams,
we refer to them as azimuthally modulated axicon beams.

As the spatial spectrum of a vortex Bessel beam is a ring, the
spatial spectrum of vortex axicon beam is also a ring comprised of 𝑁
azimuthally equilocated plane wave (or Gaussian beam) components.
As our investigation reveals, the central part of such beams, in general,
resembles the complex transverse intensity pattern of the superposed
Bessel beams. However, as the number of the plane wave components
𝑁 decreases, some discrepancies start to appear in the periphery of
the axicon beam. Of course, plane waves are merely a theoretical
construct. A realistic spatial spectrum has a width, so axicon beams
are implemented by the superposition of Gaussian beams with spectral
widths coinciding with the width of the ring. In this consideration, the
width of the Gaussian beams starts to influence the central part of the
complex pattern, when the impinging beams become smaller.

We propose to implement a vortical axicon beam using a geometri-
cal phase element. We do so by inscribing subwavelength birefringent
structures inside fused silica glass to create spatially varying structures
for the azimuthal modulation of the spatial spectra of a zeroth-order
Bessel beam. These optical elements are commonly used to produce
various high-power beams for laser applications. We theoretically in-
vestigate a few selected designs of the GPEs. Based on this investigation,
we manufacture two GPEs — one with continuously varying azimuthal
phase and one with binary variation in the phase. We observe a good
quality of manufacturing as the experimentally observed axicon beams
are in good agreement with the numerical simulation.

We demonstrate the ability to use such beams in high-power ap-
plications and create surface and volume modifications inside a fused
silica sample. To prove the concept, we investigate different pulse dura-
tions of azimuthally modulated axicon vortical beams for the creation
of modifications inside fused silica glass samples.

For a short pulse duration, the surface damages resemble the axicon
beam profile. Increasing pulse duration to 10 ps results in only the most
intense peaks affecting the surface.

The volume damage was observed to be rather nontrivial. In this
experimentation, the spatial structure of the axicon beams is important.
In general, the central part of the beam has a vortex of lesser topological
charge [34]. This means that the size of the vortex core depends on
the charge. Larger topological charges affect the radius of first intensity
spikes. For this reason, volume modifications are less pronounced when
the axicon beam is constructed with charges 𝑚 = 6 and 𝑛 = 13. The
length of volume modifications is smaller than for an axicon beam with
charges 𝑚 = −3 and 𝑛 = 3. Moreover, the intensity pattern is more
complex in the first case, so the relative intensity in a single hotspot is
smaller than in the second case.

As a summary, this implementation of non-diffracting vortical Bessel
beams is useful in various laser microfabrication scenarios such as
inscription of long structured volume modifications [17,19].
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Abstract: Beams exhibiting long focal lines and small focal spot sizes are desired in a variety
of applications and are called optical needles, with Bessel beams being a common example.
Conical prisms are regularly used to generate Bessel beams, however, this method is usually
plagued by an appearance of on-axis oscillations. In this work, we consider an optical element
based on the space-domain Pancharatnam-Berry phase (PBP) to generate a high-power optical
needle with a smooth and constant on-axis intensity profile. The phase in PBP elements is not
introduced through optical path differences but results from the geometric phase that accompanies
space-variant polarization manipulation. Our implementation is based on a type 2 modification of
bulk transparent glass material, resulting in the formation of nanogratings with slow axes aligned
perpendicular to the grating corrugation. We investigate both numerically and experimentally the
stability of an optical needle generation under imperfect conditions. Influences of misalignments
in the optical schema are investigated numerically and experimentally.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Structuring the light for various applications is becoming a hot topic nowadays. This subject
has started from shaping the transverse intensity profile of laser beams (beam shaping) [1].
The engineering of the focal spot has evolved since then to the control of the on-axis behavior.
This was caused by the introduction of the so-called non-diffracting Bessel beams [2], which
exhibit a large ratio between the transverse and longitudinal widths of the focal spot [3]. Such
non-diffracting beams can be generated using a circular aperture or a conical prism (axicon)
[4]. In practice, the first method is inefficient due to the high energy losses and the second
method is plagued by the appearance of the on-axis high pitch oscillations due to the imperfect
axicon tip [5]. These oscillations are also present in implementations of Bessel beams using
diffractive optical elements [6]. Due to the geometry of these methods, the on-axis intensity of
the Bessel beam is increasing when moving away from the element. This was counteracted by
the logarithmic axicon (logaxicon), however, the transverse width of such a Bessel-like beam is
increasing [7,8].

The introduction of nonhomogeneous polarization states (radial and azimuthal) has not only
enabled the sharp focus of light [9] and also has allowed the creation of very long optical needles
[10]. The generation of these polarization states requires vectorial diffractive elements such as
q-plates [11], s-wave plates [12] or metasurfaces [13,14]. The desire to control the axial intensity
profile of vector and linearly polarized Bessel-like beams has resulted in various techniques being
proposed [15–18]. The proper description of such beam-shaping vectorial elements becomes
possible after the introduction of the Jones matrix formalism [19,20]. This approach has not
only enabled a better understanding of Pancharatnam-Berry phase elements [21] but also has
contributed to the design of various metasurface-based elements [22,23].

#438709 https://doi.org/10.1364/OE.438709
Journal © 2021 Received 27 Jul 2021; revised 9 Sep 2021; accepted 10 Sep 2021; published 29 Sep 2021
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Practical implementation of such metasurface-based elements has a broad range of underlying
techniques: from dielectric to metallic meta-atoms, from discrete to continuous structures, from
orientation induced to size-controlled sub-elements, etc [24–27]. In this work, we implement a
Pancharatnam-Berry phase element using a type 2 modification of bulk transparent dielectric
material [28–30]. We use a femtosecond laser system to form nanogratings with slow axes
aligned perpendicular to the corrugation of the gratings. In such a way we create a metasurface
inside the dielectric with continuously varying Pancharatnam-Berry phase (PBP) [31,32].

The main idea of this work is to implement a vectorial diffractive element to shape the axial
intensity of the Bessel beam without any change in the width of the transverse profile. We
devise such an element and encode it as a PBP element produced by Altechna R&D with
the transmittance being higher than 90% in a broad spectral region [33]. Such PBP elements
enable the generation of high-quality, high-energy beams and can be used in high power setups,
where they withstand 1.5 mJ energy, 158 fs FWHM duration pulses at 1030 nm [34,35]. Even
higher-energy intensity pulses can be transformed into Bessel-like beams by scaling the optical
elements used in the experimental setup [36]. These high-power beams could find use in various
fields of physics.

We systematically investigate the performance of the element both theoretically and experi-
mentally under various imperfect conditions. The ellipticity of the incident Gaussian beam, the
misalignment of optical axes, misadjustment of the polarizer, and the PBP element - all these
parameters are affecting the quality of the focal line. The structure of the paper is as follows:
We start with the methods that describe the underlying theory for the generation of the optical
needle; next, we introduce various misalignments and estimate numerically their impact; lastly,
we verify our numerical predictions in the experiment. We report on a good agreement between
the theory and the experiment.

2. Methods

2.1. Optical needle beam with a constant on-axis intensity

We will consider the case when a laser emits a TEM00 mode, its electric field is defined as
E = exp

(︁−r2/w2
0
)︁
. For the generation of a Bessel-Gaussian beam, we consider a general optical

element (GOE), modulating the phase front of the incoming beam with exp (−ik sinα0r) where
α0 is the Bessel angle. It transforms the wavefront in a such manner that the projection of the k
vector onto the optical z axis is kz = k cosα0. In this case, a high-intensity zone known as the
Bessel zone is formed right after the GOE, the zone is extending up to zmax = w0 cotα0. If we
consider an infinitesimally small ring-shaped illuminating area with radius r′ incident on to the
GOE as depicted in Fig. 1(a), this region focuses in such a way that its rays are crossing the
z axis at the distance z′ = r′ cotα0. Similarly, a second infinitesimally small ring-shaped area
with a radius that is twice as big as the previous one focuses its rays on the z axis at distance
z′′ = 2r′ cotα0. However, in the second case, the on-axis intensity is twice as big as in the first
case because the ring area dS = 2πrdr is proportional to the radius r. With this in mind, we treat
the action of GOE on the incident TEM00 mode as the focusing of many infinitesimally small
ring-shaped areas and thus the on-axis intensity profile is estimated as [5,15]

I (r = 0, z) ∝ z exp
(︃
−2

z2

z2
max

)︃
. (1)

The transverse intensity distribution solely depends on the phase modulation introduced by the
GOE and is proportional to the zero-order Bessel function [5] as I(r) ∝ J2

0 (kr sinα0). We aim to
create a constant intensity profile along the optical axis (in a certain range z1<z<z2) which is
usually called the optical needle beam [10]. This kind of intensity profile is formed when the
GOE is illuminated with a beam that has an intensity profile I inversely proportional to the radius
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r of the GOE: I (r) ∝ a/r, see Fig. 1(b). This is achieved by spatially varying the transmittance to
shape the intensity of the incoming TEM00 mode in the following way

Iinc (r) =
{︄

exp
(︁−2r2/w2

0
)︁
, 0<r<r1 ∪ r2<r<D/2,

a/r, r1<r<r2,
(2)

where D is the diameter of the GOE. The on-axis intensity in the predefined range z1<z<z2 can
be considered constant as demonstrated in Fig. 1(c).

Fig. 1. (a) Schematical depiction of the GOE. An infinitesimal ring-shaped area of radius r
and width dr is depicted in red with the rays coming from it being focusing at the distance
z′. (b) An exemplary graph of the incident beams TEM00 profile (blue solid) and the
desired intensity profile (red dashed) for the generation of an optical needle. (c) Schematical
depiction of the optical needle generation.

2.2. Estimation of parameter a
In this subsection, we will investigate how the proportionality coefficient a influences the
efficiency of the optical needle generation. First, we choose a particular value for the parameter a
and find corresponding intersection points r1 and r2 by solving an equation

exp

(︄
−2

r2

w2
0

)︄
− a

r
= 0, (3)

which gives two solutions (for the case when values of a/r are smaller than TEM00 in the range
from r1 to r2) as depicted in Fig. 1(b). The analytical solution is very cumbersome to obtain, so
we use numerical methods for the estimation of approximate values of r1 and r2 instead. Next,
we determine a single root r0 = w0/2 for a = w0/(2

√
e). This root indicates the upper limit of

a, which it cannot exceed. As a consequence, the corresponding points of the start and the end
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of the optical needle are bound as r1<w0/2 and r2>w0/2. It indicates that the solution of the
Eq. (3) depends on the ratio a/w0. We define the efficiency of the element as the ratio between
the energy stored in the optical needle and the initial energy of the TEM00 mode

η (a) =
∫ r2
r1

a
r rdr∫ D/2

0 exp
(︂
−2 r2

w2
0

)︂
rdr
=

a[r2 (a) − r1 (a)]
1
4w2

0

[︂
1 − exp

(︂
− D2

2w2
0

)︂]︂ ≈ 4
a

w0

[︃
r2 (a)
w0

− r1 (a)
w0

]︃
. (4)

Expression in Eq. (4) is further simplified for D>>w0, for small values of a the dependency is
linear. The point a/w0 = 1/(2√e) is the limiting point for the generation of an optical needle.
Efficiency η is presented in Fig. 2. The efficiency η reaches the maximum value of η ≈ 50.6%
for a ≈ 5.3w0 and the corresponding coordinates for the start r1(a = 5.3w0) ≈ 0.19w0 and for the
end r2(a = 5.3w0) ≈ 0.89w0 of the optical needle, when w0 = 2mm. This dependency of the
efficiency can be well understood considering that the amplitude of the TEM00 mode is modified.

Fig. 2. Dependency of the efficiency η of the element on the parameter a, w0 = 2 mm and
D = 4w0.

2.3. Implementation of the Pancharatnam-Berry phase

In our further investigation, we implement the optical needle using a combination of the GOE
and a Pancharatnam-Berry phase (PBP) element. The GOE is a diffractive axicon with a Bessel
angle α0. The PBP element is encoded in such a way that its transmittance spatially varies and
the intensity distribution of the incident TEM00 mode is transformed according to the Eq. (2).
The principal schema is given in Fig. 3. The PBP element is implemented using birefringent
nanogratings induced by direct femtosecond micromachining of glass [37]. This element is
considered as a space-variant phase retarder and described using the Jones matrix formalism
[19,33]. The general expression for the Jones matrix of the element is [12,37,38]

M =
⎡⎢⎢⎢⎢⎣

cos2 θ − exp (i kτ) sin2 θ [1 − exp (i kτ)] cos θ sin θ

[1 − exp (i kτ)] cos θ sin θ exp (i kτ) cos2 θ + sin2 θ

⎤⎥⎥⎥⎥⎦
, (5)

where θ = θ (x, y) is the slow axis angle of the local birefringent nanograting and τ is the
retardance. In the case when the retardance is equal to λ/2 and the incident TEM00 mode is
linearly polarized (along the x axis), the output beam is

E′ = ME
⎡⎢⎢⎢⎢⎣
1

0

⎤⎥⎥⎥⎥⎦
= exp

(︄
− r2

w2
0

)︄ ⎡⎢⎢⎢⎢⎣
cos θ (x, y)
sin θ (x, y)

⎤⎥⎥⎥⎥⎦
. (6)

A linear polarizer whose optical axis coincides with the y axis is placed right after the PBP
element, so the electric field is given by

Eout =

⎡⎢⎢⎢⎢⎣
0 0

0 1

⎤⎥⎥⎥⎥⎦
E′ = exp

(︄
− r2

w2
0

)︄ ⎡⎢⎢⎢⎢⎣
0

sin θ (x, y)

⎤⎥⎥⎥⎥⎦
. (7)
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From the Eq. (6) we conclude that by locally changing the nanograting’s slow axis angle
θ (x, y) we locally alter the beam intensity distribution of the Ey component and filter out the Ex
component. Finally, when a particular parameter a value is chosen, the locally varying slow axis
of the PBP element is defined as

θ (x, y) = π
4
− 1

2
arccos

⎡⎢⎢⎢⎢⎢⎣
⌜⃓⎷ Ides (x, y)

exp
(︂
−2 x2+y2

w2
0

)︂
⎤⎥⎥⎥⎥⎥⎦
. (8)

Here, the Ides is the desired intensity distribution, see Eq. (2). In our implementation,
nevertheless, we alter the intensity distribution in Eq. (2) and rewrite it as

Ides (r) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

a
r1

exp
[︂
− (r−r1)2

(w0/7)2
]︂
, 0<r<r1 − ∆r,

spline, r1 − ∆r<r<r1 + ∆r,
a
r , r1 + ∆r<r<r2 − ∆r,
spline, r2 − ∆r<r<r2 + ∆r,
exp

(︂
−2 r2

w2
0

)︂
, r2 + ∆r<r<D/2,

(9)

where ∆r = w0/12.5. Here we have introduced two additional regions - designated as spline -
specific sections, where smoothing using the basic spline method is performed [39]. This is
important due to the fact, that on-axis intensity oscillations happen when abrupt intensity changes
are present in the profile of the beam, which is incident on the axicon. An illustration of such
modifications in the beam profile is given in Fig. 4(a). As a result of Eq. (9) the desired intensity
Ides appears as in Fig. 4(a). The locally varying slow axis θ(x, y) of the PBP element is depicted
in Fig. 4(b).

Fig. 3. A schema of the optical setup for the generation of an optical needle using a PBP
element. The PBP element, a linear polarizer, and a diffractive axicon are denoted in the
graph. Linearly polarized constituents Ex, Ey are depicted in red and green, respectively.
Optical axes with their directions are shown in dashed black.
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Fig. 4. (a) A particular example depicting the intensity of the incident TEM00 mode (blue,
dotted), the beam profile required for the generation of an optical needle (red, dashed), and
the desired intensity profile used in this work (green, solid). (b) A radial dependency of the
slow axis angle θ distribution of the PBP element on the ratio r/w0.

3. Stability of the optical needle to imperfect conditions

In this section, we numerically investigate the stability of the formation of the optical needle under
various imperfect conditions. As the optical setup, Fig. 3 contains three crucial elements – the
PBP element, the linear polarizer, and an axicon – the setup is sensitive to various misplacements
and misadjustments. Since the PBP element is rotationally symmetric the main cause of possible
imperfections in the generated optical needle is the beam size mismatch and the transverse
displacement of the element. The linear polarizer is non-sensitive to the transverse displacements,
however, it has its own spatial orientation. When the orientation of the polarizer is mismatched
with the orientation of the PBP element additional imperfections in the optical needle are
introduced. Additionally, the axicon can be also displaced transversely, but it has no predefined
orientation as its transmission function is azimuthally uniform.

These imperfect conditions can be characterized using the beamwidth of the TEM00 mode, the
ellipticity of the incident beam, the angle β between the optical axis of the PBP and the linear
polarizer, the displacement of the center of the PBP element in a relation to the optical axis of
the incident beam in the transverse XY plane.

First, we investigate the stability of the optical needle to mismatches of the incident beam width
w0. We have designed an optical element that generates the optical needle when the beamwidth
of the TEM00 mode is w0 = 2 mm. Here, we introduce two smaller and two larger nonoptimal
beam widths and numerically investigate both effects on the spatial filtering of the TEM00 modes
and the on-axis intensity profile of the needle, see Fig. 5. We note that the constant intensity
zone gains a positive tilt for beam waists that are bigger and negative for the beam waists that are
smaller than the initial value (w0 = 2 mm) as depicted in Fig. 5. Our numerical investigation
reveals that the on-axis profile remains stable for ∆w0 ≈ ±0.1 mm. Here we introduce an
ellipticity parameter γ = w0x/w0y - a ratio between the beam sizes (wx, wy) of the TEM00 mode
in the x and y directions, respectively. Results are presented in the Fig. 5(c). We observe a similar,
although less pronounced, effect on the axial profile of the optical needle.

As a next step, we investigate a scenario when the inner direction of the PBP element does
not coincide with the axis of the linear polarizer. This situation is among the common ones as
it might be difficult to ensure the perfect alignment of those orientations. As we assume that
the optical axes coincide, the only possible mismatch is described by the angle β between those
two directions. In our simulations the β angle is varying from −60◦ to +60◦, see Fig. 6. We
additionally include two graphs showcasing this influence with a fine-grained change in the angle
β, see Fig. 6(a,b). The numerical modeling reveals that a stable optical needle is generated when
β angle is within the range of β ± 5◦.
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Fig. 5. Investigation of the effect caused by the mismatch of the incident beam width w0
on the on-axis intensity profile of the optical needle. (a) The intensity distribution of the
beam which enters the axicon (i.e. filtered by the PBP element and the linear polarizer) for
different values of the incident beam widths w0. The optimal beam width is w0 = 2mm.
(b) The intensity distribution of the optical needle for different values of the incident beam
widths w0. (c) The intensity distribution of the optical needle for different values of the
ellipticity γ of the incident beam.

Fig. 6. Distortions in the optical needle are caused by the azimuthal misalignment angle
β between the polarizer and the PBP element. (a,c) The transverse intensity distribution
of the beam entering the axicon for different values of the angle β. (b,d) On-axis intensity
distributions of the optical needle for different values of the angle β.
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Here we note that the rotation of the PBP element has a two times larger effect than the rotation
of the polarizer because the PBP element acts as a half-wave plate. When it rotates by 45 degrees
the polarization of the exiting beam rotates by 90 degrees.

Lastly, we look into the effects caused by the displacement ∆x between the center of the
PBP element and the axis of the optical system. This situation is a common one because of
the misadjustment of optical mounts holding elements. Therefore, we numerically calculate
the spatial filtering of the incident beam, see Fig. 7(a,b). Expectedly, we observe the break
of the radial symmetry, which has a strong effect on the axial intensity profile of the optical
needle, see Fig. 7(c,d). Here, we additionally look at the whole transverse profile of the beam
entering the axicon, see the first row in Fig. 7(e). Nevertheless, as the investigation reveals

Fig. 7. Effects on the axial profile of the optical needle caused by the displacement ∆x
between the center of the PBP element and the axis of the optical system. (a,b) The intensity
distribution of the beam enters the axicon for different values of the displacement ∆x. (c,d)
On-axis intensity distribution of the optical needle for different values of the displacement ∆x.
(e) An array of pictures demonstrating the effect of the displacement ∆x on the spatial profile
of the beam entering the axicon (first row) and on the transverse profile of the optical needle
(second row) for different values of the displacement ∆x. Pictures depict the cross-section of
the corresponding beams.
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the transverse profile of the optical needle remains pretty much the same, see the second row
in Fig. 7(e). This means that the Bessel-like profile is stable, however, the on-axis intensity
is strongly affected. At first, this result comes as a surprise, because the beam entering the
axicon is axially non-symmetric, see Fig. 7(e, first row). However, it turns out that the azimuthal
dependency is only slightly affected and the average intensity on the infinitesimally small ring of
radius r changes more or less uniformly so the transverse beam profile is retained, but the on-axis
amplitude changes.

Additionally, to explain these counter-intuitive results we have prepared Visualization 1, where
an animated sequence compares non-displaced transverse intensity distribution of the optical
needle with the displaced one. The third distribution which we present in the animated sequence
the difference (I∆x − I∆x=0mm) for three values of ∆x and several propagation distances z. As this
investigation reveals, there is a small asymmetry caused by the transverse displacement of the
PBP element. However, it affects mostly the outer-part of the optical needle, where the intensity
is relatively low.

From this, we conclude that the optical needle stays stable up to displacement values of
∆x ± 0.25 mm.

4. Experimental verification

In this section, we experimentally verify the performance of a manufactured Pancharatnam-Berry
phase element. Parameters of the PBP element were selected for further experimentation in
high-power laser microprocessing. We have used an optical setup depicted in Fig. 8. A beam
from a 1030 nm femtosecond laser “Pharos" (Light Conversion) operating at 5 ps, 100kHz, and
2W was attenuated with a half-waveplate (HWP) and a polarizer (Pol1) pair to 40mW (to avoid
camera damage), then the size of the beam was adjusted with a variable beam expander (BE). The
polarization of the Gaussian beam was modulated using a Pancharatnam-Berry phase element
(PBPE presented in Fig. 9(a)) and one polarization component filtered out by a polarizer (Pol2).
The resulting beam was recorded with a camera (CCD1) after routing it with a flipping mirror
(FM). An optical needle was formed by sending a transformed beam (see Eq. (9)) into a diffractive
axicon with a Bessel angle of 1.8◦ (Holo/Or, DA-030-I-Y-A). The exit beam was demagnified
using a 4f setup consisting of lenses L1 (f = 150 mm) and L2 (f = 12 mm). Both an axicon
and a 4f setup were mounted on a translational stage (z) which allowed to scan the exit beam
along its propagation axis. The focal region of the system was scanned with an imaging setup
comprising of 60x, NA 0.85 microscope objective, and a CCD camera which were mounted on a
XY stage for easier navigation around the focal region. The transverse resolution was limited by
the size of the pixel of the CCD camera. In the further investigation, it was about 0.5 µm.

The retardance of the PBP element is τ ≈ λ/2 and its diameter is D ≈ 6 mm, see Fig. 9(a). The
slow axis distribution θ was devised from Eq. (8) and is in good agreement with the experimentally
determined one, see Fig. 9(a). The proposed approach can generate optical needles with high
energy and quality because the PBP element has a high damage threshold of 63.4 J/cm2 at 1064
nm in the nanosecond regime (10 ns) and 2.2 J/cm2 at 1030 nm in the femtosecond regime (212
fs) [36]. Thus, the optical setup can be used in high-power experimentation if the attenuating
part is removed.

From resulting scan images of the optical needle a three-dimensional intensity distribution
was obtained, see Fig. 9(b). The length of the optical needle is around 600λ and its width
is about 20λ. In general, the quality of the optical needle is good, we observe some non-
uniformity and fluctuations due to the vibrations of the positioning stage and the noise from other
experimental imperfections. Other causes of the non-uniformity are due to the discretization
of the scan space, the camera exposure, mechanical shocks in the imaging setup during the
measurement, and the step-size of the positioning stage (which is around 6 µm). We assume
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Fig. 8. An experimental setup for the generation of the optical needle under various
imperfect conditions. In this schema: a half-waveplate (HWP), polarizers (Pol1, Pol2), a
variable beam expander (BE), Pancharatnam-Berry phase element (PBPE), cameras (CCD1,
CCD2), a flipping mirror (FM), lenses L1 (f = 150 mm) and L2 (f = 12 mm), mirrors (M1,
M2, M3), a diffractive axicon (Ax), a femtosecond laser “Pharos" (Laser).

Fig. 9. (a) Distribution of the retardance τ and the slow axis θ in the PBP element
manufactured by Altechna R&D. (b) 3D intensity distribution in the optical needle created
by a combination of the PBP element, a linear polarizer, and an axicon.

slight misalignment of secondary optical elements and some small deviations in the PBP element
due to the manufacturing process inaccuracy.

Similarly as in the theoretical section, first we analyze the influence of the mismatch in the
beam width w0. In this experiment, 3 different beam diameters were introduced: 3.6 mm, 4
mm, and 4.4 mm at the 1/e2 of the beam peak intensity. We have used an optical telescope to
change the beam diameter, therefore amplitudes are changing too. The intensity distribution of
the optical needle was mapped in the focal region by recording its transverse profile at different
longitudinal coordinates. In total, 200 images of the transverse profiles were taken, each separated
by ∆z = 6µm. Maximal values of the central peak intensities were detected and are presented in
Fig. 10. For the correct incident beam of diameter 2w0 = 4 mm, the on-axis profile was constant.
As expected, in the case of a wider (2w0 = 4.4 mm) entering beam, the optical needle loses
its shape as the intensity towards the end increases. A smaller (2w0 = 3.6 mm) beam at the
entrance results in an opposite effect, the intensity towards the end decreases. This behavior is in
accordance with the theoretical expectations, see Fig. 5(b). We observe small differences due
to the experimental implementation of the beam size control. We proceed now to the analysis
of the misalignment of the polarizer and the PBP element. In the experiment, we change the
angle (β) between the PBP element and the polarizer. Here, the PBP position and the orientation
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are fixed and the polarizing cube is rotated instead. We note again that due to the properties
of nano-gratings (the PBP element behaves as a half-wave plate) if the PBP element is rotated
instead of the polarizer, a half-angle rotation of the PBP element gives the same effect as a
whole-angle rotation of the polarizer. The transverse intensity distributions of the beam before
the axicon (after shaping it with the PBP element and the polarizer) for several different mismatch
angles β are depicted in Fig. 11. When the angle β is zero, the intensity in the beam center drops
in the same manner as in the Eq. (9), where the a/r dependency changes, see Fig. 4(a). When the
angle β decreases to −40◦ the beam becomes similar to a Gaussian beam, see Fig. 11.

Fig. 10. Experimental investigation of the effect caused by the mismatch of the incident
beam width w0 on the axial intensity profile of the optical needle. The optimal beam width
is w0 = 2mm.

Fig. 11. Experimental investigation of distortions in the beam impinging the axicon caused
by the azimuthal misalignment between the polarizer and the PBP element. (first row)
Intensity distributions of the beam entering the axicon for different values of the angle β.
(second row) Cross-sections of the pictures in the first row. The beamwidth w0 = 2mm.

Experimentally detected on-axis intensity distributions usually are concave or convex depending
on the value of the mismatch angle β, see Fig. 12. This behavior of the on-axis intensity distribution
is in accordance with the theoretical expectations as in Fig. 6(b,d).

Lastly, we investigate experimentally the effects caused by the mismatch between the center
point of the PBP element and the optical axis of the system. A Gaussian beam of 2w0 = 4
mm impinges onto the PBP element which is shifted from the axis up to ∆x = 1.5 mm with a
0.25 mm step. The resulting transverse beam profiles registered after the polarizer are shown in
Fig. 13(a). Comparing with simulation results (Fig. 7(e) first row), diffraction fringes are present
in experimental results. They are caused by the edge of the inscribed structure which is only 6
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Fig. 12. Experimental investigation of distortions in the optical needle caused by the
azimuthal misalignment between the polarizer and the PBP element. Axial intensity
distributions for various values of the mismatch angle β = 0◦,±5◦,±10◦ (a) and β =
±15◦,±20◦,±25◦,±30◦,±40◦ (b). For a comparison, the on-axis distribution of the Bessel
beam is provided (blue star). The beam width w0 = 2mm.

mm in diameter. As expected, the transverse profiles of the optical needle are in line with the
numerical simulations and prove that the asymmetry in the Bessel beam is indeed very small
for values of the transversal displacements under consideration Fig. 13(b). It seems, that the
non-uniform azimuthal modulation disturbs only the very periphery of the beam. Cross-section

Fig. 13. Experimentally observed effects on the beam profile before the axicon caused
by the displacement ∆x between the center of the PBP element and the optical axis. (a)
The intensity distribution of the beam which enters the axicon for different values of the
displacement ∆x. (b) Transverse profiles of the optical needle. (c, d) Cross-sections of the
beam profile in the first row for different values of the displacement ∆x. The beamwidth
w0 = 2mm.
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intensity distributions presented in Fig. 13(c) and (d) are predominantly on par with the theoretical
estimations (Fig. 7(a) and (b)).

We verify experimentally the influence of the lateral shift of the PBP element on the formation
of the optical needle. Results are presented in Fig. 14. The optical needle is preserved when
the displacement is small (less than 0.25 mm). Starting from ∆x = 0.3 mm axial intensity
distribution gradually gains steepness as it develops a convex shape. This behavior is in
accordance with the simulation results depicted in Fig. 7(c) and (d). Of course, some sporadic
values in the axial intensity profile are present due to the reasons already discussed above.
Our experimental investigation reveals that the transverse intensity profile of the optical needle
sustains its Bessel-like beam shape for all values of the displacement ∆x as in the theoretical
consideration.

Fig. 14. Experimentally observed axial profiles of the optical needle for different values
of displacement ∆x = 0, 0.25, 0.5, 0.75 mm (a) and 1.0, 1.25, 1.5 mm (b). The beam width
w0 = 2mm.

5. Conclusions

We have introduced an amplitude-based optical element for the modification of the beam profile
entering the axicon to generate a Bessel-like optical needle with a smooth and constant on-axis
intensity profile. We implement this element by introducing the space-domain Pancharatnam-
Berry phase (PBP). Our implementation is based on transparent nanogratings inscribed in the
glass by femtosecond laser pulses. Elements produced this way withstand very high laser beam
powers both in nanosecond and femtosecond regimes. This makes such an optical setup attractive
for high-power applications of Bessel beams with smooth and flat axial profiles.

In particular, we have fabricated a PBP element generating an optical needle with the length
of 600λ and the width of 20λ. The efficiency of the PBP element is 50%, for the a = 5.3w0.
In this case the optical needle is created in the region z1 = 0.19zmax and z2 = 0.89zmax, where
zmax = w0 cotα0. This PBP element was successfully manufactured by Altechna R&D and the
experiment is in good agreement with theoretical expectations. The element was being tested in
a high-power laser microfabrication setup, results will be presented elsewhere.

We have both numerically and experimentally investigated the stability of an optical needle
generation under various imperfect conditions. It turns out that a wider beam entering the
system results in a Bessel-like needle with steadily increasing on-axis intensity. When the beam
is smaller the on-axis intensity decreases. The ellipticity of the beam has the same but less
pronounced effect - when one of the beam widths is larger the on-axis intensity rises, when one of
the beam widths is smaller - it drops. Surprisingly for the ellipticities of the incoming beam we
have considered the transverse profile of the needle remains Bessel-like. This can be understood
by keeping in mind that the azimuthal asymmetry is averaged. The optical needle was preserved
for |∆w0 |/w0 ≈ 0.05.

The azimuthal misalignment of the PBP element and the linear polarizer has a more complicated
effect since the polarizer is responsible for filtering out unwanted components and ensuring the
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proper functioning of the PBP element. In this case, for the values of the azimuthal misalignment
β =∈ −40◦, 40◦ the optical needle is distorted - the axial dependency becomes concave or convex.
For values of β>40◦, the optical needle splits into few parts with rather complicated axial intensity.
We conclude that the optical needle stays smooth for |β|<5◦.

Lastly, the effect caused either by the transverse displacement of the PBP element or by the
transverse displacement of the beam was looked into. The displacement of the beam gives in
general a steadily rising axial intensity profile. However, as this situation is not a common one,
we have presented only results for the displacement of the PBP element as in our opinion it is
a more common misalignment. In this case, the axial intensity profile becomes convex. The
optical needle is insensitive to the displacements of ∆x/w0<0.125. Surprisingly the transverse
profile preserves its Bessel-like shape.
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1 Center for Physical Sciences and Technology, Sauletekio av. 3, LT-10257 Vilnius, Lithuania
2 Workshop of Photonics, Mokslininku st. 6A, LT-08412 Vilnius, Lithuania
3 Laser Research Center, Vilnius University, Saulėtekio Avenue 10, LT, 10223 Vilnius, Lithuania
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Abstract
Within optics, the Pancharatnam–Berry phase enables the design and creation of various flat
special optical elements such as top-hat converters. We present a study on engineering efficient
vectorial top-hat converters inscribed in glass by high-power femtosecond laser pulses. We
phase-encode a top-hat converter and demonstrate how its quality is influenced by various
parameters. We investigate theoretically the generation of the top-hat beam under imperfect
conditions such as the mismatch of the incident beam width or the misalignment of the center of
the converter. Experimental verification of the concept is also presented.

Keywords: Pancharatnam–Berry phase, geometrical phase, beam shaping,
centered optical systems

(Some figures may appear in colour only in the online journal)

1. Introduction

Optical elements are essential in transforming an optical beam
for various applications. The traditional way of manufactur-
ing such optical elements is to precisely polish the surface
of a transparent material, which will transform the beam by
refraction. An unconventional, but very promising, process for
manufacturing optical elements is to controllably distribute
small-scale structures on the surface or inside the volume of
the element [1]. Spatial variation of size, shape, material and
orientations of these small-scale structures results in changes
to the local (geometrical) phase of a photonic element [2]
and ultimately alters the incoming beam. The local geomet-
rical phase is usually referred to as the Pancharatnam–Berry
phase (PBP) [3, 4]. The PBP element finds its use in many
areas such as metalenses with high numerical aperture [5],
or special optics transforming the beam intensity to a top-hat
beam [6–8]. Advancements in the fields of lithography, laser

∗
Author to whom any correspondence should be addressed.

microprocessing, chemical etching, thin film deposition, etc
have enabled a fine control of these small-scale structures over
a large area and made possible the production of high-quality
optical components [9, 10].

Such special optics are becoming highly functional due to
the concept of so-called metasurfaces, where individual meta-
atoms are arranged with a flexibly changing internal orient-
ation (and the PBP) [11–13]. In most cases, such structures
(meta-atoms) are smaller than the wavelength of the interact-
ing optical field. The shape, material, orientation and other
properties of meta-atoms can be changed fairly easily [14].
Under these conditions, light behaves non-intuitively, and
phenomena such as slow light, chirality or birefringence are
observed [15, 16]. Two-dimensional functional meta-surfaces
suitable for different wavelengths are created by variation of
the scale of the structures. This makes PBP elements advant-
ageous in many implementations because they can be tuned
for a broad spectrum of radiation sources ranging from ultra-
violet [17] to THz [18, 19] and even radio frequencies [20]. An
additional advantage of such elements is their flatness, which
is caused by the fact that changes in the beam phase appear not

2040-8986/22/035607+9$33.00 Printed in the UK 1 © 2022 IOP Publishing Ltd
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because of the locally different optical path but rather due to
the locally induced phase difference between two orthogonal
components of the electric field and the possibility to easily
produce phase wrapping [21, 22].

In this work, we utilize PBP-based elements, based on
the formation of nanogratings inside the volume of fused
silica [23]. When an ultrashort linearly polarized laser beam
is focused inside the sample with the fluence close to the dam-
age threshold, a type II volume modification occurs and a
birefringent nanograting is formed. Due to the repetitive non-
linear interaction of a laser and fused silica lattice a periodic
volume structure is induced. The orientation and the depth of
the nanogratings can be flexibly controlled via rotation of the
pulse polarization and change of the pulse energy. This tech-
nology allows one to manufacture spatially distributed vari-
able waveplates, with an S-plate [24] being a good example.
Since the nanograting structure can be seen as a metasurface,
it is convincingly described via a geometric phase or PBP
[25, 26]. The actual optical elements with custom orienta-
tion of the nanograting and with custom retardance are usu-
ally called geometric phase optical elements (GPOEs). Those
nanogratings act as meta-atoms and are applied for the spa-
tial manipulation of amplitude, phase or polarization of the
incoming beam [27–34]. Themain advantage of such elements
over other implementations is a high optical damage threshold,
reaching 2.2 J cm−2 at 1030 nmwavelength (212 fs regime) or
63.4 J cm−2 at 1064 nm wavelength (10 ns regime) [35, 36].
The material optical damage threshold for fused silica is very
close to that, therefore these optical PBP elements are flexible
and reliable choices for beam shaping in laser micromachining
[37–43].

The generation of various exotic vector electromagnetic
beams—radially polarized light [44], optical vortices [45],
Bessel beams [46], spin-dependent accelerating beams [47]
and complex source vector vortices [48, 49]—is increasingly
associated with PBP-related special optics [50], which opens
up new possibilities for precise control of the wavefront and
polarization state in various applications [35].

Here, we are interested in beam shaping elements for
high-power laser microprocessing applications. It was already
shown that it is beneficial to have a non-Gaussian irradi-
ance profile in the microprocessing of transparent materials,
such as Bessel beams [51], optical needles [32], knives [52]
and shovels [53]. Most high-power interactions of laser light
and matter are threshold-based [54]. Therefore, it is benefi-
cial to form a profile of constant intensity over a given focal
area (so-called top-hat beams) [6, 55, 56]. Top-hat beams are
applied in the processing of transparent materials, semicon-
ductor wafers and nonlinear frequency conversion [57]. More
accurate and predictable laser microfabrication with cleaner
cuts and sharper edges becomes possible [58]. However, addi-
tional system complexity and costs are introduced [59, 60]. In
our previous work, we have proposed a new approach to gen-
erate top-hat beams via GPOE that enables a reduction of the
number of optical elements in the scheme [8]. This element is
based on transmittance (i.e. amplitude) modulation, therefore
despite the high quality of the beam achieved, the energy loss
is substantial.

In this publication, we introduce a phase-modulating PBP
element based on the inscription of nanogratings inside the
fused silica for the generation of the top-hat beam. We dis-
cuss its properties, study its performance and quality, and
investigate its implementation. We devise a pair of top-hat
generating PBP elements that are manufactured by our part-
ner ‘Altechna R&D’ (‘Workshop of Photonics’, see Special
Optics [35]). A systematic numerical and experimental invest-
igation of the quality and feasibility of such elements is per-
formed and results are presented. We study the behavior of the
PBP element-generated beam under various imperfect condi-
tions. Our main concern is the offset of the beamwidth of the
laser beam impinging onto the PBP element and the transverse
misplacement of the PBP element with respect to the beam
propagation axis.

2. Theoretical methods

2.1. Gauss to top-hat transformation

The electric field EG of the Gaussian beam is defined as

EG (ρ) = E0e
−ρ2/w2

0 , (1)

where E0 is the amplitude, ρ is the radial coordinate and w0

is the beam waist. From an experimental point of view, it is
easier to measure the beam waist d0 = w0/

√
2, which gives

the beam radius at the 1/e level from the peak beam intens-
ity. The action of a phase-modulating element that transforms
the field of the incident beam into the electric field ETH of a
top-hat beam at distance z0 from the phase element is depic-
ted in figure 1. The optical element redistributes the intensity
of the incident Gaussian beam into a top-hat beam, and this
action can be understood as a change in the density of indi-
vidual light rays that is achieved by the phase modulation of
the input beam.

The derivation of the phase distribution required to achieve
this action is based on the energy conservation law, which is
defined as

ˆ 2π

0

ˆ ρmax

0
IGρdρdφ=

ˆ 2π

0

ˆ Rmax

0
ITHRdRdφ, (2)

where IG = |EG (ρ)|2 is the incident Gaussian beam intensity,
ITH = |ETH (ρ)|2 is the intensity of the top-hat beam, ρmax =
1.7 w0 is the radius covering 95% of the total innermost incid-
ent Gaussian beam energy, Rmax is the radius of the top-hat
beam and φ is the azimuthal angle. The target function ITH(R)
in equation (2) is required to be a constant ITH(R) = ITH. The
integration of both sides of equation (2) results in

ITH = |E0|2
w2
0

(
1− e−2ρ2

max/w
2
0

)

2R2
max

. (3)

For the sake of simplicity, we can define |E0|2 as equal to 1.
In this case, the intensity ITH is normalized to the maximum
intensity of the incident Gaussian beam. Next, we integrate
equation (2) with variable integral bounds for the second time

2
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Figure 1. Depiction of a phase-modulating (PM) element that
converts the electric field EG of the Gaussian beam into a top-hat
beam. R(ρ) is the radial distance at which the light ray coming from
the point (ρ,z= 0) arrives at the plane (z= z0). The angle β (ρ) is
the angle at which the ray crosses the z-axis.

and use the derived expression for ITH to arrive at the following
equation that defines the ray mapping from the initial plane at
z= 0 to the one placed at z= z0 (see figure 1):

R(ρ) =±Rmax

√
1− e−2ρ2/w2

0

1− e−2ρ2
max/w

2
0

. (4)

The optical element performs spatially-dependent phase
modulation of the incident beam so that immediately behind
the optical element its complex amplitude distributionEG(ρ) is
transformed to Et(ρ) = exp[iΦ(ρ)]EG(ρ). The gradient of the
phase modulation Φ(ρ) is

dΦ(ρ)

dρ
= ksinβ (ρ) , (5)

where β (ρ) is the angle of the ray coming from the initial plane
at z= 0 with respect to the z axis as presented in figure 1 and
k is the wavenumber. By integrating equation (5) and using
trigonometric identities, the phase modulation function Φ(ρ)
is written in integral form as

Φ(ρ) =

ˆ ρ

0
ksinβ (r) dr, (6)

where

sinβ (r) =
tanβ (r)√

1+ tan2β (r)
, (7)

and

tanβ (r) =
R(r)− r

z0
. (8)

The complex integration operation in equation (6) is approx-
imated as

Φ(ρ+ dρ) = Φ(ρ)+ ksinβ (ρ+ dρ)dρ. (9)

An example of the phase modulation profile and the sim-
ulated intensity distribution at z= z0 is presented in figure 2.

Figure 2. Phase profile of the PM element (a) and the diffraction
intensity pattern at z0 (b),which resembles the top-hat beam.
Parameters are z0 = 0.06zr, zr = 2πd20/λ (the Rayleigh length),
Rmax/ρmax = 0.25, d0 = 1.7 mm and λ= 1 µm.

Figure 3. Distribution of the quality criterion µ (a) for the different
Rmax/ρmax and z0 values. 1D cross sections of the transverse
intensity distribution |ETH|2 of the top-hat beam at z= z0
(b). Cross-section numbers represent corresponding points in the
graph on the left. zr = 2πw2

0/λ (the Rayleigh length).

The intensity distribution is numerically calculated using the
Fresnel diffraction theory [61]. The generated beam resembles
the top-hat beam, i.e. has a sharp increase in intensity and
almost constant intensity in the vicinity of the beam center.

2.2. Quality of the top-hat generation

The computed intensity profile presented in figure 2(b) devi-
ates from the ideal top-hat profile. Its intensity varies in a cer-
tain range and the edge of the top-hat is not abrupt but has a
slope. To define the quality of the beam and its dependence on
the parameters Rmax/ρmax and z0 we define a quality criterion
as

µ=
∆I
⟨I⟩ , (10)

where ⟨I⟩ is the mean intensity and ∆I is the standard devi-
ation; both of them are evaluated in the most central part
of the top-hat beam that constitutes 90% of the total beam
energy (see figure 2(b)). After determining realistic ranges of
Rmax/ρmax and z0, the 2D plot in figure 3(a) depicts the distri-
bution of the numerically obtained quality parameter µ of the
diffracted beam. Three examples of the simulated diffracted
beam’s intensity distributions with different Rmax/ρmax and z0
values are presented in figure 3(b) and their relative positions

3
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in the graph determining the top-hat beam quality are depicted
in figure 3(a).

2.3. Phase modulation using a PBP element

We implement the phase element using the PBP [3, 4]. Our
approach is based on birefringent nanogratings induced by dir-
ect femtosecond micromachining in a glass volume [24]. Such
nanogratings are self-assembling structures with the direction
of the fast axis perpendicular to the incident beam polariza-
tion. The retardance of these structures is related to the length
of nanogratings. Precise control of incident beam parameters
allows for the creation of a beam-shaping element. This ele-
ment is a space-variant phase retarder and is described using
the Jones matrix formalism [62]. The general expression of the
transmission matrix of the element is

M=

[
cos2α+ eikσ sin2α

(
1− eikσ

)
cosαsinα(

1− eikσ
)
cosαsinα eikσ cos2α+ sin2α

]
(11)

where α is the slow-axis angle of the local birefringent nano-
grating and σ is the retardance. In the case when the retardance
is equal to λ/2 and the incident beam is circularly polarized,

E⃗inc =

[
1
∓i

]
, the output beam is also circularly polarized

and

E⃗out =ME⃗inc = e2iα
[

1
±i

]
. (12)

Local changes to the slow-axis angle α of the nanogratings
modulate the phase front of the incident beam; see equation
(12). Inwhat follows, the linear phasemodulation of the blazed
grating is considered together with the phase Φ to separate the
undiffracted beam from the desired intensity pattern at z= z0,

α(x,y) = Φ(x,y)/2+ γx, (13)

where γ is the deflection coefficient of the grating.

3. Numerical simulation

In this section, we investigate the performance of the Gaus-
sian to top-hat converter under various imperfect conditions.
We are concentrating mainly on the two following situations:
the width of the incoming beam is misadjusted and the PBP
element is transversely misplaced with respect to the propaga-
tion axis.

3.1. Misadjustment of the width of the incident Gaussian
beam

The phase distribution encoded in the PBP element defined
as in equation (6) is valid only for a specific beam, i.e.
centered at the element center and with given beam width
w0; see equation (6). Therefore, aligning the axes of optical
elements as well as finding their proper diameter is a typ-
ical experimental challenge. For example, for some com-
plex elements, treating 1/e2 as the limit of beam diameter

is not sufficient because distant edges, up to, say, 1/e3, may
have a significant influence on the result. It is natural to ask
ourselves how sensitive the top-hat profile is to such imperfect
conditions.

We have performed a numerical experiment in which we
have designed PBP elements (to be used with λ= 1030 nm
wavelength laser beams) for the generation of a top-hat profile
having a radius of Rmax = 1.38 mm from a Gaussian beam of
width d0 = 1.25 mm at the distance z0 = 1 m from the PBP
element. This amounts to Rmax/ρmax = 0.46 and z0/zr = 0.1.
This situation is reflected in figure 3 (point 3). In this set of
simulations, we have also determined the effect that the blazed
grating (see equation (13)) has on the transverse profile of
the top-hat. Interestingly, the profile of the top-hat does not
change very much with small realistic changes of the deflec-
tion coefficient γ. The deflection must be by at least Rmax at
z0 to be able to block the zero-order diffraction maximum
coming from the discretization of the experimentally fabric-
ated element. In our experiment, γ was 1.6 deg mm−1 so as
to deflect the beam by a required amount at z0. Of course,
as the deflection angle increases, the resulting beam profile is
affected. However, in further practical implementations, those
situations are not observed. Therefore, for the sake of brevity,
we omit here unnecessary discussion and consider what fol-
lows the performance of the phase profile of the top-hat gen-
erating element.

As expected, when the beamwidth of the incident Gaussian
mode is matchedwith the expected beamwidth d0 = 1.25mm,
our numerical simulation reveals that the PBP element acts
as intended; see figures 4(c) and (d). We observe the trans-
verse intensity profile, which resembles the target profile in
figure 3(b) (curve 3). As we decrease the width of the incident
beam to d0 = 1.05 mm (approximately by 16%) the transverse
top-hat profile becomes convex at z= z0. Nevertheless, as
the beam propagates, a slightly disturbed top-hat profile does
appear further away (from the expected position z0). We note
that this behavior is observed also when the size of the beam
increases. In this case, the top-hat profile is formed before the
expected position.

This behavior can be well understood by a simple con-
sideration of the Gaussian beam diffraction. Smaller beams
grow during diffraction as they move away from the beam
waist. They get additional positive wavefront curvature while
propagating and the top-hat profile is further away. Larger
beams have a negative wavefront curvature before the beam
waist and thus the top-hat profile is formed before the expec-
ted position.

We conclude that the main influence from the mismatch of
the incident beam sizes manifests itself in the longitudinal pos-
ition of the top-hat profile.

3.2. Axial (transverse) misalignment of the PBP element

Yet another imperfection occurring during the alignment of
the optical elements is the transverse displacement of the PBP
element. As we did observe it during the experimentation
(see a section 4.3 below) we have decided to investigate it
numerically.

4
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Figure 4. 1D cross sections of the transverse intensity profiles of
propagating beams produced by the PBP element for different beam
widths d0 (a), (c), (e) and propagation distances z. The 2D intensity
distributions (b), (d), (f) at the position where a top-hat beam profile
is expected are marked in dashed red (on the left) and are depicted
on the right. d0 = 1.05 mm in the first row, d0 = 1.25 mm in the
middle row and d0 = 1.45 mm in the last row.

In this set of simulations, we change the width of the incid-
ent Gaussian beam and the position of the PBP element with
respect to the optical axis to obtain a full spectrum of vari-
ation. The transverse intensity profiles at the distance z= z0
are depicted in figure 5. Here an array of transverse profiles is
presented as a matrix, where the horizontal coordinate is the
displacement∆x and the vertical coordinate is the beam width
d0. Underneath each beam, the intensity cross section is depic-
ted by a light blue line.

These results showcase an interplay between two misalign-
ments. In general, the axial misalignment of the PBP element
introduces the intensity slope of the beam. However, when a
Gaussian beam of smaller diameter impinges on the PBP ele-
ment, the effect of the axial misalignment is not as pronounced
as for the larger beam diameters. When a smaller Gaussian
beam impinges on the PBP element the effect of large displace-
ments is not so pronounced because of the convex shape of the
beam profile. As the incident beam width increases, the distor-
tion in the beam intensity profile due to the displacement of the
PBP element is increasing—it becomes skewed, forming a C-
shaped intensity modulation, with the slope being negative or
positive depending on the direction of the displacement; see
figure 5.

As our previous investigation has demonstrated, for beam
widths that are larger than intended, the beam profile at the

Figure 5. The transverse intensity distribution of beams produced
by the PBP element at the distance z= z0 for various displacements
of the PBP element∆x (horizontally) and sizes of the incoming
Gaussian beam d0 (vertically).

distance z0 demonstrates the appearance of horns in the 1D
cross section. The transverse profile as a result has a distinct
ring-like structure. Because of this, the transverse displace-
ment results in a more pronounced horn appearing to the left
or right depending on the sign of the displacement ∆x.

4. Experimental verification

In this section, we report on the performance of the PBP ele-
ment that was manufactured by Altechna R&D with the trans-
mittance being higher than 90% over a broad spectral region
[63]. This implementation of GPOE enables beam-shaping
of high-energy beams because these elements can withstand
pulses of 1.5mJ energy and 158 fs FWHMduration at 1030 nm
[41, 43]. Scaling optical elements and beam size would reduce
the impinging beam fluence and would enable the transform-
ation of even higher-energy pulses [36].

4.1. Optical setup

The optical setup used in the experiment is presented in
figure 6. A femtosecond laser (Amplitude Systems, λ= 1030
nm) produced pulses of 500 fs FWHM duration at the rate of
200 kHz and 1 W power. The power of the pulses was attenu-
ated to 100mWby an external attenuator to avoid camera dam-
age during the beam scan. The beam size was controlled using
a variable beam expander (BE) placed in reverse to de-magnify
the beam. The polarization of the Gaussian beam was conver-
ted to circular by a quarter-wave plate (QWP) and the beam
phase front was modulated by a Pancharatnam–Berry phase
element (PBPE) presented in figure 7. The resulting beam was
recorded with a camera (CCD) placed on the linear translation
stage.

For our experiments, we have devised two designs of
PBP elements: with and without a blazed grating. Figure 7
shows the slow-axis angle distribution of the two fabricated
PBP elements without (figure 7(a)) and with (figure 7(b)) the
blazed grating. The retardance of both elements was fixed to
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Figure 6. Scheme of the experimental setup comprising a half-wave plate (HWP), a beam expander (BE), a linearly polarizing cube (Pol1),
a quarter-wave plate (QWP), a PBP element (PBPE) and a camera (CCD). The laser is from Amplitude Systems, λ= 1030 nm.

Figure 7. Experimentally obtained slow-axis angle distribution of
the two manufactured PBP elements. (a) The PBP element has no
blazed grating; (b) with a blazed grating, γ = 1.6◦ µm−1. Images
were taken with the birefringence imaging microscope Hinds
Instruments Exicor MicroImager.

Figure 8. Cross sections of the experimentally obtained intensity
profiles of the top-hat beam produced by PBP elements with (b) and
without (a) a blazed grating. The red dotted-dashed line represents a
top-hat beam, which has formed at z0e = 90 cm.

λ/2 and its distribution over the full area of the element is
almost constant, similar to the measurement made in [43].
Two PBP elements were necessary in order to prove our
numerical hypothesis that the blazed grating does not per-
turb the top-hat profile as long as the deflection angle is rel-
atively small (up to a few degrees), but enables the removal
of the the zeroth-order diffraction beam, which is harmful
to the quality of the resulting beam. The slow-axis distribu-
tion of the manufactured elements is depicted in figure 7. We
confirm the good quality of the inscription of the element
by comparing it with the theoretically calculated distribution
(equation (6)).

We started our experiment by finding the location at which
the top-hat beam forms. For this, we set the diameter of the
incoming Gaussian beam to 2.5 mm and registered a trans-
verse intensity distribution profile of the top-hat beam at sev-
eral propagation distances close to z0 = 1 m with a step of
2.5 cm. The experiment has largely validated our estimation.

Figure 9. Experimentally obtained 2D intensity profiles of the
top-hat beam at the distance z0e = 90 cm produced by PBP elements
(a) without and (b) with a blazed grating. The measured quality
factor µ was equal to 0.216 and 0.195 for (a) and (b) respectively.
(c) The intensity profile of the incident Gaussian beam.

We observe the formation of the top-hat beam at the same dis-
tance using both PBP elements; see figure 8. Results show
that both elements generate top-hat beams, which appear a bit
closer to the element than intended (z0 = 1 m). After theor-
etical investigation, we have noticed that the sign and value
of the curvature radius of the incoming beam wavefront influ-
ence the position of the top-hat beam. Next, we notice a pro-
nounced interference between the diffracted and undiffracted
beams for the top-hat produced by the element without the
blazed grating. This outcome is natural because in the simula-
tions the phase and amplitude of the Gaussian beam impinging
on the PBP element are ideal. In the experiment, the phase and
amplitude of the incident Gaussian beam contain noise that is
unavoidable (see figure 9(c)), and the PBP element has some
imperfections due to the manufacturing.

Although the cross sections of the top-hat beam intensity
in figure 8 seem to be nonuniform, the 2D beam profiles look
more homogeneous; see figures 9(a) and (b). We notice the
presence of additional ripples in the profile of the top-hat pro-
duced by an element without deflection. Some modulation of
the brightness is also present. Even though the incident Gaus-
sian beam appears to be clean prior to the element, it may pos-
sess an uneven phase distribution that may have an impact on

6

110



J. Opt. 24 (2022) 035607 P Gotovski et al

Figure 10. On the left (a), (c), (e), experimentally obtained cross
sections of the propagating top-hat beams for different incident
Gaussian beam waists and propagation distances z. On the right
(b), (d), (f), beams whose profiles were registered 95 cm away from
the PBP element.

the ring modulation. The modulation of the brightness at the
same radius as the top-hat beam with the blazed grating is also
evident, suggesting the same cause—the initial imperfection
in the beam phase.

4.2. Imperfect incident beam waist

In the next set of experiments, we have fine-tuned parameters
of the incident beam as well as possible, so the top-hat beam
does appear near the expected point. We have registered form-
ation of the top-hat beam at the distance z0e = 95 cm from the
element. The experimental difference of∆z= 5 cm in the pos-
ition of the top-hat beam could be due to a nonideal incident
Gaussian beam.

In this set of measurements, we investigate the effect
caused by the imperfect incident beam waist (mismatch of
the beam width d0). The beam intensity profiles and cross
sections are illustrated in figure 10. When beam waist was
fixed to d0 = 1.25 mm, at larger propagation distances the
central part of the beam remains flat but a high-intensity ring
starts to appear around the center. At distances smaller than
z0 = 95 cm, the intensity profile evolves into a convex one.
Similar behavior was observed in the theoretical section; see
figure 4.

We have chosen two imperfect incident Gaussian beams
waists: d0 = 1.05 mm and d0 = 1.45 mm. If the waist of the

Figure 11. Experimentally obtained transverse intensity distribution
of beams produced by the PBP element at the distance z= z0e for
various displacements of the PBP element∆x (horizontally) and
sizes of the incoming Gaussian beam d0 (vertically).

incoming beam is smaller than that required by the element
design, the top-hat beam forms at a larger distance from the
PBP elemen’t see figure 10(a). However, when the incident
beam is larger, the top-hat beam forms closer to the PBP ele-
ment; see figure 10(e). This is also in good agreement with the
theoretical predictions; see figure 4.

4.3. Displacing the PBP element

Our last set of experiments investigates the influence of the
imperfect placement of the PBP element with respect to the
optical axis. Here, we note that we adjust the optical setup as
much as possible for the top-hat to appear at the intended dis-
tance z0. In doing so we have managed to record the top-hat
at the distance z0e ≈ 95 cm; see figure 11. We fix the position
of the camera so that the beam is imaged in the plane of the
top-hat z= z0e. The PBP element is laterally displaced with
a step of 128 µm in both directions from the axis while the
beam waist was changed with a step of 0.1 mm. Results are
presented in figure 11.

As expected, the small misalignment of the PBP element
does not change the beam profile significantly. Nevertheless,
the larger shifts of the PBP element in the transverse plane
cause pronounced changes in the top-hat intensity distribution.
The intensity cross section becomes skewed either to the right
or to the left depending on the sign of the displacement. In
general, qualitative agreement between numerical simulation
and experimental verification is evident. Slight deviations are
present, possibly due to additional imperfections in the incid-
ent beam.

5. Conclusions

A method to control the incident beam amplitude via the
Pancharatnam–Berry geometrical phase was presented and the
application of a Gaussian to top-hat converter was analyzed.
The phase profile required to generate a top-hat beam from a
Gaussian beam was presented. The quality of the generated

7

111



J. Opt. 24 (2022) 035607 P Gotovski et al

top-hat beam was analyzed and it was demonstrated that this
increases with the waist of the top-hat for distances closer to
the PBP element. Thus, the most efficient generation is pos-
sible for a given range of distances from the element and top-
hat sizes.

We have numerically investigated the formation dynamics
of the top-hat beamwith a PBP element. It turns out that a mis-
match of the incident Gaussian beam waist by 16% will result
mainly in a shift in the position where the top-hat beam forms
either further from or closer to the element by ≈ 10%. The
shape of the top-hat beam intensity profile becomes convex or
ring-like near the designed formation distance depending on
whether the beam waist is smaller or larger than intended. The
good quality top-hat beam is either created at the distance z0 or
can be displaced azimuthally using an additional blazed grat-
ing phase. For small deflections, the quality of the top-hat is
preserved.

The small transverse shift (around 10%) of the element does
not affect the top-hat beam intensity profile. This tolerance to
shifts is more pronounced if the incident Gaussian beam is
smaller than intended. For larger incident beams the shift in
the element produces a disctint C-shaped intensity modulation
on the edge of the beam.

The PBP element was manufactured by Altechna R&D.
The phase of the circularly polarized beam was modulated by
the volume nanogratings inscribed in the glass of the optical
element by femtosecond lasers. The manufactured PBP ele-
ment was studied by the transformation of an intense Gaussian
beam of 400 fs pulse duration to a top-hat beam, and its per-
formance under imperfect conditions was also analysed. Res-
ults show that the sensitivity of the element to aberrations and
imperfections is rather low. The element with a blazed grating
increases the quality of the produced beam by removing inter-
ference coming from the zeroth-order diffracted beam. Exper-
imental results do confirm theoretical expectations.
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Opt. Express 29 33331–45
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A B S T R A C T

In recent decades, significant progress has been made in the field of laser beam shaping, driven by the
growing demands in both scientific research and industrial applications. Notably, a class of beams known
as nondiffracting beams, which exhibit such characteristics as self-healing and resistance to diffraction, has
found practical utility in communication, imaging, and laser microprocessing. Although Bessel beams have
become commonplace for various optical applications, further advances in beam engineering remain a need.
One of the key requirements is the ability to control the elongation of the transverse profile of an optical
needle, which is highly sought after for specific applications. In this study, we propose to achieve this control
by utilizing nondiffracting Airy beams. The elongation of the optical needle’s transverse profile is achieved
through the implementation of a binary phase mask. We evaluate the performance of this method through both
numerical simulations and experimental assessments, employing various metrics, such as the major-to-minor
axis ratio, the length of the optical needle, and its stability. We present a specific case where a flat optical
element is created using geometrical phase induced by nanogratings inscribed within the element’s volume by
means of a femtosecond laser. We validate the performance of this geometrical phase element through laser
microprocessing of transparent glasses and report the results obtained from these experiments.

1. Introduction

Over the years, lasers have proved to be a versatile tool in a variety
of fields, such as manufacturing [1], biomedicine [2,3], telecommuni-
cation [4,5] and more. A meticulous adaptation of laser parameters is
key for realization of particular application, and the shape of the beam
is one of them. The most common is the Gaussian beam, desirable for
its ability to be focused to a small volume. However, recently non-
diffracting beams have gained popularity due to their ability to retain
shape over long distances compared to a Gaussian beam [6]. One of the
examples is a Bessel beam [7] that has a focal zone with a high aspect
ratio. This beam proved to be beneficial in laser material processing in
applications such as nanochannel machining [8], through glass vias [9],
glass refraction index modifications [10], glass dicing [11–13]. In other
fields, it has been successfully used for THz imaging [14], particle
manipulation [15], and microscopy [16].

Another example of a well-known nondiffracting beam is the Airy
beam [17], which is interesting due to its main lobe propagation
on a parabolic trajectory in the longitudinal plane [18]. Airy beams

∗ Corresponding author.
E-mail address: paulius.slevas@ftmc.lt (P. Šlevas).

were successfully used for particle trapping and optical manipula-
tion [19–21], for machining curved structures along the beam prop-
agation path [22], multiphoton polymerization [23], and to image a
sample around the obstacle in the THz wavelength [24].

In some applications, further focal zone engineering is desirable.
The standard method to generate an Airy beam is a Fourier transform
lens setup, which creates a caustic of light, having the shape of the
Airy beam [25]. This association of the nondiffracting Airy beam
with caustics of light has resulted in numerous works on the flexible
shaping of Airy beam propagation trajectories [26,27] and has even
been extended to the general family of propagation invariant optical
fields [28]. Such a looming number of new optical beams has most
importantly also resulted in the lensless generation of Airy beams with
trajectories other than parabolic [29,30].

Bessel beams can be produced using circular slits in the Fourier
plane [31], axicons, diffractive multilevel elements, or geometrical
phase-based metasurfaces [32]. These generation methods have their
advantages and drawbacks; for example, the axial intensity in the
Bessel zone is not flat. This can be corrected by focal zone engineering
that effectively converts the Bessel beam into an optical needle [33].

https://doi.org/10.1016/j.optlastec.2024.110558
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Yet another example is an introduction of ellipticity in the transverse
intensity distribution of a Bessel beam [34]. Using such a beam to
modify the bulk of the transparent glass results in directional cracking
of the glass, which can improve the quality of the dicing [35–39]. This
beam shaping can be performed by employing an additional optical
element to shape the amplitude or phase in the spectrum of a Bessel
beam [38] or by designing a specific geometrical phase optical ele-
ment [40]. The phase of the Bessel beam can also be corrected to allow
for the fabrication of tilted glass [41]. Further approaches to better
directional cracking or other laser microprocessing requests can involve
superpositions of Bessel beams with different vortical topologies [42]
or polarizations [43,44].

To achieve various kinds of beam profiles, diffractive optical el-
ements (DOEs) are often manufactured and used in optical setup.
There are two main types of DOE: amplitude and phase contrast-based
DOE [45]. Phase-only DOEs are more efficient than amplitude-based
ones. Such elements are created by inscribing structures on the surface
of glass, polymer, or other photosensitive, heat-sensitive material by
means of high-precision processing such as plasma etching, direct laser
writing, circular laser writing, etc. [46,47]. Ideally, material and struc-
tures should be able to tolerate high intensities in applications requiring
ultrashort laser pulses [48]. Phase-only DOEs can be divided into binary
or multilevel phase modulating elements [49]. One drawback of binary
DOEs is the appearance of additional diffraction orders, because some
energy is wasted. However, some applications require multiple beams
and methods such as a combination of binary masks [50], binarization
level adjustment [51], or multi-value phase grating design [50] allow
control of the behavior of additional diffraction orders. For example,
the introduction of a slope factor in Airy binary masks can control the
distance between two diffraction orders [52].

In this work, we propose an approach to use two diffraction orders
of easy-to-implement diffractive binary phase masks to create elongated
in-transverse-plane optical needles. This concept is introduced into a
high-power optical system to engineer an elliptical high-aspect ratio
optical needle beam, which is useful for the aforementioned laser
microprocessing scenarios. We demonstrate how the ellipticity of the
resulting beam could be flexibly controlled by adjustments in the binary
phase mask. We theoretically benchmarked a variety of phase masks
to determine the best stability, the best homogeneity, and ellipticity
of the resulting optical needle. Additionally, we pay attention to the
quality parameters: ratio of energy in the main lobe compared to
the entire beam, homogeneity length, and directionality length. Fur-
thermore, we employ the spatial light modulator (SLM) to confirm
the agreement between the theoretically simulated and experimentally
obtained results.

In this work, we use a type 2 modification of bulk transparent
dielectric material to create a geometrical phase element (GPE) [53–
55]. As a femtosecond laser beam is raster-scanned over the glass,
nanogratings are formed with slow axes aligned perpendicular to the
polarization of the laser beam. A metasurface is created within fused
silica glass with a geometric phase that continuously varies [56,57]. An
element is designed and encoded as a GPE produced by the Workshop
of Photonics. The transmittance of this element is higher than 90% in
a broad spectral region [58]. Such GPEs generate high-quality beams
and are used in high-power setups, to withstand up to 1.5 mJ energy,
158 fs FWHM duration pulses at 1030 nm [43,44].

Based on this approach, we manufactured one geometrical phase
element for the generation of an elliptical Airy optical needle. We
have systematically checked and verified its performance in a laser
micro-machining setup to make surface and volume modifications in
glass using varying pulse energy and duration. Our first findings have
revealed the potential of this beam-shaping approach. Further improve-
ments are expected by adjustment of the phase mask, laser parameters,
and sample sizes.

2. Theoretical background

In 1979 Berry and Balaz noticed that a wavepacket described by the
Airy function could be a solution to the Schrödinger equation for a free
particle [17,59]:

𝑖 𝜕𝑢
𝜕𝜉

+ 1
2
𝜕2𝑢
𝜕𝑠2

= 0. (1)

It turns out that this equation is very similar to the paraxial diffraction
equation when 𝑢(𝑠, 𝜉) is a function of the electrical field envelope,
𝑠 = 𝑥∕𝑥0 – dimensionless transverse coordinate, 𝜉 = 𝑧∕(𝑘𝑥20) – di-
mensionless longitudinal coordinate, 𝑥 is transverse coordinate, 𝑧 is
longitudinal coordinate and 𝑘 = 2𝜋∕𝜆 is the wave vector and 𝜆 is the
wavelength. A generalized solution of this paraxial diffraction equation
is a finite-energy Airy beam [59]:

𝑢(𝑠, 0) = 𝐴𝑖(𝑠)𝑒𝑞𝑠, (2)

where 𝐴𝑖() is the Airy function, and 𝑞 is a damping parameter. Inserting
this solution into Eq. (1) and integrating it gives [59]:

𝑢(𝑠, 𝜉) = 𝐴𝑖
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𝑠 − 𝜉2

4
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∗ exp
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2
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(
𝑞2𝜉
2

− 𝜉3
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+ 𝑠𝜉

2

)]
.

(3)

We note here, that the way the Airy beam is defined, creates a caustic,
which is constant in the normalized coordinates 𝑠 = 𝜉2∕4. This means
that the transverse size of the Airy beam quadratically scales the
longitudinal dimension when 𝑞 = 0. For the sake of brevity we stick to
this definition, though we note that trajectory can be flexibly adjusted
as described in the literature [30].

Using the Fourier transform of Eq. (3), we get the spatial spectrum
of the wavepacket.

𝑢̃
(
𝑘𝑡
)
= exp[

(
𝑞𝑡 + 𝑖𝑘𝑡

)3∕3], (4)

where 𝑘𝑡 denotes the normalized (i.e. proportional to 𝑥0 or 𝑦0) 𝑥 or 𝑦
component of the wave vector, 𝑞𝑡 is the exponential truncation factor
(either 𝑞𝑥 or 𝑞𝑦), see Ref. [60]. Consequently, the spatial spectrum of
the three-dimensional Airy beam is 𝑢̃

(
𝑘𝑥, 𝑘𝑦

)
= 𝑢̃

(
𝑘𝑥

)
𝑢̃
(
𝑘𝑦
)
.

So, the general expression of the spatial spectrum is

𝑢̃
(
𝑘𝑥, 𝑘𝑦

)
= 𝐴0 exp

[
−
(
𝑞𝑥𝑘

2
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2
𝑦

)]

× exp

[
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𝑘3𝑥 + 𝑘3𝑦
3
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(
𝑞2𝑥𝑘𝑥 + 𝑞2𝑦𝑘𝑦

)]
, (5)

It is important to keep in mind here that the spatial coordinates are
normalized here with respect to 𝑥0 and 𝑦0, so in reality we have 3 pairs
of parameters appearing in Eq. (5): 𝑞𝑡𝑡20, 𝑞

2
𝑡 𝑡0 and 𝑡30, where 𝑡 denotes 𝑥

or 𝑦.
The number of parameters in this expression is commonly reduced

to achieve a Gaussian envelope with cubic phases [61]:

𝑢̃
(
𝑘𝑥, 𝑘𝑦

)
= 𝐴0 exp

[
−𝑞

(
𝑘2𝑥 + 𝑘2𝑦

)]
exp

(
𝑖
𝑘3𝑥 + 𝑘3𝑦

3

)
, (6)

where 𝐴0 is a constant, the physical meaning of 𝑞 is clearly revealed as
a number proportional to the square of the beam width of the Gaussian
envelope. Thus, in order to generate an Airy beam, the Gaussian beam
has to be modulated by a cubic phase and then Fourier transformed.

From an experimental point of view, the Fourier transformation is
performed by a lens of focal length 𝑓 . If a spatial phase mask is placed
in the focal plane before the lens, then the Fourier image of an object is
obtained in the focal plane after the lens. The spatial frequencies 𝑘𝑥, 𝑘𝑦
can be found from the spatial coordinates 𝑥𝑜𝑏𝑗 , 𝑦𝑜𝑏𝑗 as 𝑘𝑥 = 𝑘𝑥𝑜𝑏𝑗∕𝑓 ,
𝑘𝑦 = 𝑘𝑦𝑜𝑏𝑗∕𝑓 . These dependencies have a direct implication on the
extent of the spatial spectrum. Larger focal lengths lead to narrower
spatial spectra, and smaller focal lengths result in wider extent in the
domain of spatial frequencies. We can recast Eq. (6) into an expression
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of the electric field distribution in the object plane that will generate
an Airy beam behind the lens of the focal length 𝑓 as:

𝑢̃
(
𝑥𝑜𝑏𝑗 , 𝑦𝑜𝑏𝑗

)
= 𝐴0 exp

[
−𝑘2𝑞

𝑓 2

(
𝑥2𝑜𝑏𝑗 + 𝑦2𝑜𝑏𝑗

)]

∗ exp

[
𝑖
𝑘3(𝑥3𝑜𝑏𝑗 + 𝑦3𝑜𝑏𝑗 )

3𝑓 3

]
,

(7)

Here, we note that Eq. (7) contains two independent variables:
the damping parameter 𝑞 and the scale factor 𝑝 = 𝑓∕𝑘. From the
experimental point of view, the Gaussian beam of beam width 𝑑0 that
impinges on a cubic phase mask will produce the required distribution
of the electric field. We note that the phase mask is influenced solely by
the scale factor 𝑝, see Eq. (7). We now use the expression 𝑑20 = 𝑝2∕𝑞 and
the casting damping factor as 𝑞 = (𝑝∕𝑑0)2. As the wave vector remains
constant throughout the experiment, the properties of the Airy beam
are experimentally controlled by a choice of focusing lenses and beam
widths of Gaussian beams illuminating the phase mask.

The influence of the Gaussian aperture for pseudonondiffracting
beams was extensively studied in Ref. [62]. It was revealed that the
decreasing Gaussian apertures affect the length of the nondiffracting
zone for the Bessel, Mathieu and parabolic nondiffracting beams, thus,
making the spatial extent smaller for all cases. A similar situation we
do observe also here.

As a natural outcome of the spatial spectrum scaling introduced by
a focal lens, the spatial extent of the Airy beam is inversely scaled.
Larger focal lengths will generate larger and longer Airy beams, and
shorter focal lengths will result in more focused and shorter beam
configurations. As is already known, the damping factor also influences
the longitudinal extent of the Airy beam. Although Airy beams with
controllable trajectories can be generated from phase masks directly
without the lens, the cornerstone of the current investigation is phase
mask, which is expressed as:

𝑇 (𝑥, 𝑦) = 𝐴0𝑒
𝑖𝜑(𝑥,𝑦), (8)

where 𝜑(𝑥, 𝑦) is a phase defined in the interval 𝜑(𝑥, 𝑦) ∈ [−𝜋, 𝜋]. In this
work, we discretize the mask from Eq. (8) and effectively turn it into a
binary phase mask (i.e., phases are 0 or 𝜋) using these relations for the
transmission:

𝑇𝐵(𝑥, 𝑦) = 𝐴0

⎧⎪⎨⎪⎩

𝑒𝑖𝜋 = −1, for − 𝜋 ≤ 𝜑(𝑥, 𝑦) ≤ −𝜋∕2,
𝜋∕2 < 𝜑(𝑥, 𝑦) ≤ 𝜋,

𝑒𝑖0 = 1, for − 𝜋∕2 < 𝜑(𝑥, 𝑦) ≤ 𝜋∕2.
(9)

The introduction of binary masks is known to result in the appear-
ance of two diffraction maxima (+1 and −1 orders). The transverse
position of these maxima can be controlled by adding an additional
linear phase. To create an elliptical main lobe of the beam, we perform
this displacement by introducing two independent coefficients 𝑏1 and
𝑏2 for the coordinates 𝑥 and 𝑦, respectively. The second change in
the transmission function is the introduction of two independent cubic
phases in the 𝑥 and 𝑦 directions, compare to the Eq. (7). A transfer
function becomes:

𝑇 = 𝑒−𝑖(𝑎1𝑥
3+𝑎2𝑦3+𝑏1𝑥+𝑏2𝑦), (10)

where 𝑎1 and 𝑎2 are the independent aforementioned coefficients (com-
pare Eqs. (6) and (10)). Different values of coefficients 𝑏1 and 𝑏2
effectively introduce a diffraction grating with a spatial period defined
by these numbers. This operation results in the first positive and nega-
tive diffraction orders being spatially separated in the transverse plane.
The exact position of the orders of +1 and −1 diffraction is governed
by the numbers 𝑏1 and 𝑏2. The superposition of these diffraction orders
results in a controllable elongation of the resulting Airy beam.

The phase mask in Eq. (10) contains 4 variables, which at first sight
makes investigation of the parameter space difficult. We introduce new
coordinates 𝑥31 = 𝑎1𝑥3 and 𝑦31 = 𝑎2𝑦3 and rewrite the expression as

𝑇 = 𝑒−𝑖(𝑥
3
1+𝑦

3
1+𝑏1∕

3√𝑎1𝑥1+𝑏2∕ 3√𝑎2𝑦1), (11)

Fig. 1. Depiction to the definitions of (a) needle length (marked by a black line), (b)
intensity in the main lobe (encircled by red), fitted ellipse (green dashed line) and its
major and minor axes. The wavelength is 𝜆 = 532 nm. Intensity is normalized to the
unity.

This way we have eliminated direct dependency on 𝑎1 and 𝑎2. However,
there is still a hidden parameter 𝑎2∕𝑎1, as the scaling of the 𝑥 and
𝑦 coordinates is different. Thus, this indicates that the number of
independent parameters can be reduced to three: 𝑏1∕ 3

√
𝑎1, 𝑏2∕ 3

√
𝑎2 and

𝑎2∕𝑎1.
We select an optical frequency with the wavelength of 𝜆 = 532 nm.

The diameter of the mask is 5 mm, the beam width of the illuminating
Gaussian beam is 𝑑0 = 2.5 mm, and the focal length of the Fourier
transform lens is 𝑓 = 250 mm. This particular choice was caused by the
initial experimental setup, which is not discussed here. This selection
results in spatial frequencies 𝑘𝑥, 𝑘𝑦 with paraxial numerical apertures
up to 𝑁𝐴 = 0.01. A typical resulting optical needle is shown in Fig. 1.
We note that because of the paraxiality, the length of the needle is up to
tens of centimeters and the transverse size is up to tens of micrometers.

In order to characterize the resulting beam, we introduce param-
eters such as ellipticity, directionality, beam length in direction of
propagation, length of the beam homogeneity, and the ratio of energy
in the main lobe compared to the entire beam. We define the length
of the optical needle at 50% of the maximum intensity (see Fig. 1(a)).
We also calculate the energy ratio in the main peak compared to the
surrounding side lobes. To do this, we encircle a contour around the
main lobe in the XY plane at the intensity level 1∕𝑒2 as encircled in
red in Fig. 1(b). We integrate the intensity in the located main peak
and compare it with the integrated intensity in the XY plane. We
select an average value of the energy ratio from XY planes between
the start and the end of the optical needle. The directionality length is
defined as follows. To find the direction of the semi-major and semi-
minor axes, we fit an ellipse to a contour encircled around the main
lobe (see the green dashed line in Fig. 1(b). Then the direction of the
semi-major axis at the focal plane of the Fourier lens is taken as a
reference. Next, the directions of the semi-major axes of the ellipse
at different propagation distances are calculated and compared to the
reference. If the difference exceeds 5 degrees, the beam is no longer
considered directional. The mean square error (MSE) is used for the
definition of homogeneity length. Comparisons are made between the
reference cross section of the intensity distribution and the intensity
distributions at different propagation distances. We calculate the MSE
as (

∑𝑚
𝑖=1

∑𝑛
𝑗=1 |𝑀𝑖,𝑗 −𝑀𝑟𝑒𝑓

𝑖,𝑗 |2)∕(𝑚 ∗ 𝑛), where 𝑀𝑟𝑒𝑓
𝑖,𝑗 is an element of a

reference image matrix at the focal point, 𝑀𝑖,𝑗 is an element of a matrix
at a particular position 𝑧, 𝑖, 𝑗 are the indexes of the elements of the
matrix, and 𝑚, 𝑛 defines the size of a 2D matrix. The distance at which
the MSE does not exceed 10−5 is defined as the homogeneity length.

In what follows, we will numerically estimate the influence of the
aforementioned parameters on the optical needle by selecting 𝑎2∕𝑎1 =
1.4. The results are depicted in Fig. 2(a-e). Additionally, we provide
animated sequences for different values of 𝑎2∕𝑎1 for readers as supple-
mentary material. Please, note that some pixelated non-smoothness is
present due to the numerical limitations. These sub-plots depict the

117



Optics and Laser Technology 174 (2024) 110558

4

P. Šlevas et al.

Fig. 2. (a), (f), (k) Ratio of energy in the main lobe compared to the energy of the entire beam, (b), (g), (l) Ratio of the semi-major and the semi-minor axes of the beam at the
focal plane of the Fourier lens, (c), (h), (m) the length of the optical needle, (d), (i), (n) homogeneity length, (e), (j), (o) directionality length. Calculations performed for the lens
of the focal length of 𝑓 = 250 mm. The numbers in the color bar are given in meters in (c, h, m), (d, i, n), and (e, j, o). Each row of pictures contains results with different 𝑎2∕𝑎1
stated on the left.

dependencies of various parameters on the ratios 𝑏1∕ 3
√
𝑎1, 𝑏2∕ 3

√
𝑎2.

In the first graph (see Fig. 2(a)), we observe a region where the
power contained in the main lobe is the highest. The second Fig. 2(b)
estimates the ellipticity of the transverse cross section of the beam. The
third graph (Fig. 2(c)) is the dependence of the length of the optical
needle on the ratios 𝑏1∕ 3

√
𝑎1, 𝑏2∕ 3

√
𝑎2. The last two graphs show the

homogeneity and directionality lengths. We see that three dependencies
have overlapping optimal conditions (Fig. 2(a, c, d)). The most optimal
values for the energy ratio and homogeneity length are encountered
when the ellipticity is close to unity. This also means that strongly
elliptical shapes do not have high ratios of energies in the main lobe,
but can be realized in relatively long and homogeneous optical needles.
The optimal directionality is observed when 𝑏1∕ 3

√
𝑎1 > 𝑏2∕ 3

√
𝑎2. This

happens when the +1 and −1 diffraction orders are non-symmetrically
displaced in the 𝑥 and 𝑦 directions. In this case, the resulting beam has
no point symmetry with respect to the center, and parabolic trajectories
of diffraction orders are oriented towards the center.

Next, we move on to the case where 𝑎1 = 𝑎2 (see Fig. 2(f-j)).
First, the maximum energy ratio value in the main lobe is slightly
decreased, and the maximum ellipticity of the optical needle has also
decreased, although the general shape of the dependency is preserved
(see Fig. 2(g)). The maximal length of the optical needle is also slightly
affected, and those locations of the longest optical needle are slightly
different now than in the previous case. Most notably, the directionality
length has increased (see Fig. 2(j)). The optimal values for the energy
ratio and homogeneity length are encountered when the ellipticity is
close to unity. The optimal directionality is observed when 𝑏1 = 𝑏2.
This happens when the +1 and −1 diffraction orders are symmetrically
displaced in the 𝑥 and 𝑦 directions. In this case, the resulting beam
has a point symmetry with respect to the center, and parabolic tra-
jectories of diffraction orders are oriented towards the center. From
these numerical estimates, we selected a particular set of parameters:
𝑎1 = 3.2 ∗ 109𝜋 m−3, 𝑎2 = 3.2 ∗ 109𝜋 m−3, 𝑏1 = −1400𝜋 m−1,
𝑏2 = −300𝜋 m−1. This selection results in an elliptical optical needle
with a semi-major to semi-minor axes ratio of 1.7, see the ‘‘x’’ mark in
Fig. 2.

The last case that we investigated is 𝑎2∕𝑎1 = 0.6. Numerical es-
timates are depicted in Fig. 2(k-o). The maximal energy ratio in the

main lobe further decreases compared to the previous two cases. The
ellipticity of the beam more or less preserves its dependence on the
parameters (see Fig. 2(l)). The maximal length of the needle decreases
and the homogeneity length decreases too (see Fig. 2(m) and (n)). The
directionality length is also affected.

With these findings in mind, we calculate phase masks, which
allow us to flexibly transform incident Gaussian beam profile into
elliptical high aspect ratio beam. An example of numerically simulated
transverse and longitudinal intensity distributions using the Fresnel
diffraction integral [63] is given in Fig. 3, where the parameter 𝑏2
displaces two diffraction orders in the 𝑦 direction. We did perform
simulations for a wide range of parameters. However, for the sake of
brevity, we now select 𝑎1 = 𝑎2 = 3.2𝜋 ∗ 109 m−3 and 𝑏1 = −1400𝜋 m−1

and are constant throughout the further investigation. Our aim here
is to compare numerical simulations with experiments using a spatial
light modulator. The following parameters were used; the diameter of
the phase mask is now 8.6 mm (it was adjusted to match the size of
the SLM matrix). The Fourier transform lens is now of focal length
𝑓 = 45 mm. This selection results in numerical apertures up to 0.1.
The beam width of the Gaussian illumination is now 𝑑0 = 6 mm.

This selection of parameters mimics the experimental setup that we
ended up using in the lab. Due to the scaling of spatial frequencies
caused by the different focal length 𝑓 , the length of the optical needle
is now approximately 33 times smaller and its dimensions are expected
to be approximately 5.7 times smaller (see Fig. 3) compared to the
dimensions presented in Fig. 2.

From this set of numerical simulations we conclude that for a partic-
ular value of 𝑏2 = −1100𝜋 m−1 the center lobe in the transverse intensity
distribution is symmetric. In the last case, when 𝑏2 = 500𝜋 m−1,
we observe the splitting of the resulting beam into two lobes. The
intermediate values of the parameter 𝑏2 enable the creation of an
optical needle with various degrees of elongation. We note here that
the elongation affects the intensity of the side lobes — it increases
compared to the central intensity of the cross section when the two
diffraction orders are displaced further apart (see Fig. 3).

Lastly, in Fig. 4, we choose the same parameters as in the calculation
of Fig. 1 and demonstrate the lengths of the major and minor ellipse
axes, as well as the evolution of the direction of the major axis during
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Fig. 3. Binary phase masks used in the numerical simulations and experiments (the first row). Numerically obtained transverse and longitudinal intensity distributions of the Airy
needle beam, the second row, and the third row, respectively. Experimentally measured transverse and longitudinal intensity profiles, obtained using phase masks from the first
row, fourth and fifth rows, respectively. The parameters are 𝑎1 = 𝑎2 = 3.2 ∗ 109𝜋 m−3 and 𝑏1 = −1400𝜋 m−1. The red line marks the position of the cross section. Phase masks differ
by the values of the parameter 𝑏2, which is stated above the masks. The different columns correspond to different values of 𝑏2.

propagation. The length of a long axis varies slightly (10%) in the
zone of the optical needle. At the start and the end of the zone, the
length of the long axis increases, and the angle of the major axis rapidly
changes. This is due to the separation of two Airy beams from each
other, whereas the algorithm still detects the ellipse in this transition
stage.

3. Experimental verification of the concept

We start our experimentation with the verification of the proposed
concept using a spatial light modulator. The optical setup is presented
in Fig. 5. A laser beam of wavelength 𝜆 = 532 nm (DPSS laser) is
attenuated, expanded to a diameter of around 5 mm (1∕𝑒2), and sent to
the phase-only reflective spatial light modulator (SLM Holoeye Pluto).
Phase masks from Fig. 3 row 1 are loaded into the SLM. The angle
between the beam incident on the SLM and the beam reflected from
the SLM is small (3 deg). The reflected beam is imaged with a 4f set-
up comprised of lenses with focal lengths 𝑓1 = 300 mm, 𝑓2 = 125 mm
and focused with a 𝑓3 = 25 mm lens. The resulting beam is captured
by an imaging setup consisting of a 10x microscope objective (MO), a

collimating lens (𝑓4), and a CCD camera, all assembled on a moving
motorized stage. Images were captured every 30 μm of the camera
position in the range of 6 mm. This measurement was repeated for
every phase mask given in Fig. 3 row 1.

The experimental results are presented in the last two rows of
Fig. 3. Row 4 contains experimentally obtained transverse intensity
distributions, while in row 5 longitudinal intensity distributions are
depicted. First of all, it was difficult to match the exact size of the
incident Gaussian beam, so it is slightly smaller than expected. This has
resulted in slightly shorter than in the calculations lengths of the optical
needles. The transverse size was not affected by the illuminating aper-
ture. Ideally, the larger phase mask, together with larger illuminating
apertures, will result in the increase in the length of the optical needle.
The experiment generally agrees well with the predictions from the
numerical simulations. As in the numerics, the ellipticity of the main
lobe of the transverse cross section increases in the experiment, when
the parameter 𝑏2 is large. The two diffraction orders are separated.
As expected, the intensity of the side lobes increases as the separation
between diffraction orders increases. The same effect is also observed in
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Fig. 4. Lengths of major and minor axes of the core of elliptical optical needle and
an angle of a major axis relative to its angle at the focal point (𝑓 = 250 mm). Mask
diameter of 5 mm and Gaussian beam width of 𝑑0 = 2.5 mm were used in calculations.

Fig. 5. Optical setup for the experimentation with SLM.

experimentally recorded longitudinal intensity distributions. An experi-
mental evolution of the XY beam profile during propagation is shown in
Fig. 6, where several XY intensity distributions are depicted at different
propagation lengths. In Fig. 6(b) and (e) we see before and after the
formation of the elliptical cross section that the main lobe is split into
two parts, almost perpendicular to the direction of the elliptical central
lobe. In conclusion, the results of the experiment have verified the
claims made in the theoretical part.

4. Laser modification of glass

In the next set of experiments, we change the experimental set-
up, it is presented in Fig. 7(a). We use a high peak power Pharos
laser (wavelength of 1030 nm) with the output of a Gaussian beam
with 4.2 mm diameter. We control the output power using an external
attenuator that is built from a 𝜆∕2 phase plate and a polarizer. We use
the 𝜆∕4 phase plate to switch from linear to circular polarization and
direct the beam to a geometric phase optical element (by the Workshop
of Photonics).

The geometrical phase element (GPE) is implemented using the
Pancharatnam– Berry phase (PBP) [56,57]. Birefringent nanogratings
are induced by direct femtosecond micromachining in glass volume.
This element is a space-variant phase retarder and is described us-
ing the Jones matrix formalism [64]. The general expression of the
transmission matrix of the element is

𝑀 =

[
cos2 𝛼 + 𝑒𝑖𝑘𝜎 sin2 𝛼

(
1 − 𝑒𝑖𝑘𝜎

)
cos 𝛼 sin 𝛼(

1 − 𝑒𝑖𝑘𝜎
)
cos 𝛼 sin 𝛼 𝑒𝑖𝑘𝜎 cos2 𝛼 + sin2 𝛼

]
(12)

where 𝛼 is the slow axis angle of the local birefringent nanograting and
𝜎 is the retardance. When the inscribed retardance is equal to 𝜆∕2 and

the polarization of the incident beam to GPE is circular, the polarization
of the output beam is also circular, and the phase front of the incoming
beam is modulated according to the slow axis of the local birefringent
nanograting [65]

𝐸𝑜𝑢𝑡 = 𝑀𝐸𝑖𝑛𝑐 = 𝑒2𝑖𝛼
[

1
±𝑖

]
. (13)

Therefore, the inscription of perpendicular nanogratings allows the
construction of binary phase modulating optics. The element with Airy
mask parameters 𝑎1 = 𝑎2 = 3.2 ∗ 109𝜋 m−3, 𝑏1 = −1400𝜋 m−1,
𝑏2 = −300𝜋 m−1 is produced by inscription of nanogratings within
a fused silica sample (a part of this element is illustrated in Fig. 7
a). Though the GPE sustains high power, the production of large area
elements is troublesome; because of that, we have reduced the size of
the phase mask to 6 mm. Further, we recall that the diameter of the
incident Gaussian beam is 4.2 mm. This further reduces the effective
area of the phase mask.

The beam after the GPE is focused using the focal length lens 𝑓 =
4 mm. The expected transverse size of the optical needle is expected
to be approximately 63 times smaller than that in Fig. 1. Indeed, the
recorded size of the optical needle is within the expected range, see
Fig. 7(b). The longitudinal size is expected to be almost 4000 times
smaller; additionally, it is influenced by the mismatch in the expected
and realized sizes of Gaussian apertures. The longitudinal cross section
is given in Fig. 7 c and is as long as expected. The length of the optical
needle can be increased by using a larger Gaussian illumination or
changes in the phase mask.

During the planning stage, we did realize that the optimal size of the
phase mask inscribed in the GPE element should be relatively large,
which should bring additional time costs to the creation of the GPE.
Therefore, the current particular selection was motivated by the desire
to capture the whole pattern of the beam within a particular glass
sample. The transverse and longitudinal intensity distributions were
obtained with a 60x microscope objective using a motorized stage, in
5 μm constitutive steps, and are shown in Fig. 7b and c. The resulting
beam profiles are, as expected, similar to the profiles measured with the
SLM. Their dimensions in the transverse and longitudinal directions are
smaller because of a different focusing lens. This beam configuration
(see Fig. 7) is used to induce modifications on the surface and in the
bulk of 0.5 mm thick Corning EXG glass, which is a type of alkaline
earth boro-aluminosilicate glass.

Having verified that the optical needle generated by the GPE acts
as intended by the design, we proceed to laser microfabrication exper-
iments. Our first task is to investigate surface modifications, induced
by a single pulse with a spatial structure of the Airy optical needle.
Different pulse durations ranging from 0.25 ps to 10 ps and energies
from 145 μJ to 290 μJ are used. The surface modifications induced by
focusing the laser wavepacket on the sample surface, are analyzed using
an optical microscope (Olympus BX51 with a 50x NA 0.75 objective,
DoF 1.4 μm). The outcome of laser microprocessing with the beam
focused on the surface is systematically presented in Fig. 8 for different
pulse durations and pulse energies.

The shortest pulse duration of 0.25 ps creates modifications on the
glass surface that resemble the beam structure, with many side lobes
clearly visible for all pulse energies. A slight increase in pulse duration
results in an effectively reduced pulse intensity. For this reason, we
observe a reduction in the affected surface area of the glass sample,
even when the pulse energy is constant.

In the particular case, when pulse durations are 6–10 ps and pulse
energies are 145–174 μJ, only a few side lobes together with the main
peak modify the surface of the glass. Most notably, for some particular
pulse durations and pulse energies, for example, 203 μJ and 10 ps, a
crack appears below the surface and it is directed along the semi-major
axis of the elliptically shaped main lobe of the optical needle.

After investigating surface modifications, we proceed to the analysis
of volume modifications produced using the same setup and focusing
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Fig. 6. (a) Experimental XZ intensity distribution of Airy optical with marked cross sections at which XY intensity distributions are provided in (b), (c), (d), (e). The lines in (b-e)
mark the cross sections used to make the XZ distribution in (a). The parameters of the phase mask are 𝑎1 = 𝑎2 = 3.2 ∗ 109𝜋 m−3, 𝑏1 = −1400𝜋 m−1, 𝑏2 = −300𝜋 m−1.

Fig. 7. (a) Optical setup for glass processing with GPE, (b) transverse intensity
distribution of the Airy optical needle produced with GPE at the focus, and (c)
longitudinal intensity distribution of the Airy optical needle produced with GPE at
the focus. The red lines mark the positions at which cross sections were taken.

the beam 80 μm below the surface. The set of pulse durations and
energies is the same as in the aforementioned experiment, and the
pictures are taken from a depth of 80 μm below the surface. The results
of this experimentation are depicted in Fig. 9. In general, we observed
that longer pulse durations result in clearly pronounced microcracks,
as longer pulses induce larger material stress. Lower energy pulses
produce less noticeable modifications compared to those obtained with
high-energy pulses. We point out that in this particular scenario most
microcracks at sample depth are directed along the semi-major axis
of the elongation of the optical needle. No microcracks were detected
within the bulk of the material when short pulses (0.25 ps, 2 ps) with
energies ranging from 145 μJ to 290 μJ were used. Possibly this is
related to the fact that large surface damage is induced in this regime
(see Fig. 8).

From previous experiments, we deduce that the direction of the mi-
crocracks is the same (see Fig. 9). For this reason, we further investigate
whether its orientation is controlled by the beam-shaping element. The
GPE has its own internal orientation, which is related to the elongation
direction of the optical needle. Thus, the mechanical rotation of the
GPE is expected to control the orientation of the microcracks. In this
experiment, we fix the laser pulse energy at 290 μJ and pulse duration
at 10 ps. For each single orientation of the GPE, we scan the optical
needle line-wise over the sample. In each constitutive line scan, we
rotate the GPE by 15 deg. The distance between pulse shots in a single

Fig. 8. Surface modifications of EXG glass, produced using a binary Airy beam with
varying pulse energies and durations (both shown in first row and column of the
picture).

line is 50 μm. A picture of a glass sample taken at a particular depth
with a 20x microscope objective is presented in Fig. 10. The directions
of the microcracks depend on the orientation of the GPE. Thus, we
verify that the orientation of the microcracks can be controlled by
rotation of the GPE. We note that in some cases the microcracks do
not maintain orientation throughout the sample.

Lastly, we study in detail the structure of the volume modifica-
tion produced by the entire optical beam under investigation. This
experiment is motivated by facts that: (a) the optical beam entering
the glass sample is affected through the refraction law (which can be
accounted for, see Ref. [66–68]) and (b) the focused optical beam is
in the air smaller than the thickness of the glass sample. The propa-
gation from optically thin material to optically denser material causes
aberrations to appear, so we study these effects by recording volume
modifications throughout the sample. For this purpose, we image (50x)
the modification in glass from different depths. The overall damage
structure appears to be more complex (Fig. 11). On the surface of
the sample, multiple side lobes of the beam have enough energy to
modify the glass, even though the beam structure has not developed.
Microscope images obtained from below the surface (up to depths
around 𝑧 = 75 μm) reveal that the microcracks are not well defined.
They seem to interconnect through the side lobes of the beam. Images
taken further into the sample (depths between 75 μm to 120 μm) expose
that the microcrack is now directed along the elongated axis of the
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Fig. 9. Bulk modifications inside EXG glass induced by an Airy optical needle with
varying pulse energies and durations (both shown in first row and column of the
picture).

Fig. 10. Directional cracks obtained with the Airy binary beam inside EXG glass. The
rotation of the GPE changed by 15 degrees every column. Microscope picture of a
single plane. Modifications made with 10 ps, 290 μJ pulses.

beam. This is expected as at this depth the elongated beam profile is
well developed. Imaging deeper from the surface of the sample (depths
below 120 μm) microcracks become less defined, and their direction
is changing. Different direction of microcrack close to the surface and
deep in the sample could be attributed to the beam profile at the
start and end of the optical needle where the two diffraction maxima
begin to split from each other (see Fig. 6). Finally, at the end of the
optical needle, multiple damage is detected due to intense side lobes
(see Figs. 11, 𝑧 =165 μm).

This experiment has revealed modifications produced by an elon-
gated optical needle throughout the volume of the 0.5 mm thick EXG
glass. As expected, the volume modifications largely resemble the
internal structure of the optical beam. The last experiment has revealed
the importance of aberration corrections for proper control of the
beam structure within a glass sample. Ideally, a phase mask should be
properly further optimized to account for the defocusing of the beam
due to the air–glass interface.

Fig. 11. Modifications inside the bulk of EXG glass sample produced by the Airy optical
needle and imaged by a Microscope from different depths of the sample. The depth is
defined as the distance from the surface of the sample (𝑧 =0 μm) and is given at the
top of every inset. The pulse duration is 10 ps and pulse energy is 290 μJ.

5. Conclusions

In conclusion, a method was proposed to create an elliptical optical
needle with controllable elongation in the transverse profile using
binary phase masks, which contain cubic and linear phases. Variation
of independent linear phase terms with respect to 𝑥 and 𝑦 coordinates
allows us to control the positions of two diffraction orders created by a
binary phase mask. Independent 𝑥 and 𝑦 cubic phases produce a bent
trajectory of an individual Airy beam. Such a binary mask produces
Airy beams in the +1 and −1 diffraction orders, and the linear phases
flexibly control individual positions of those diffraction orders.

We study the three-dimensional parameter space around the point
where an elongated transverse profile is created and introduce different
metrics such as ratio of energy in the main lobe compared to the entire
beam, ratio of the semi-major and semi-minor axes of the main lobe,
length of the optical needle, homogeneity length, directionality length.
An optical needle with good propagation distance and homogeneity is
possible when the ratio of the semi-major and semi-minor axes is close
to 1.

We experimentally test the formation of the optical needle beam by
modulating the phase of the incoming Gaussian beam according to a
binary phase mask applied to the SLM. We report a good agreement
between the numerical calculations and the experimental results. We
also chose a phase mask that allows us to create a beam with a major
to minor axis ratio of 1.7, good homogeneity, propagation length,
and inscribe it into a fused silica sample to create a geometrical phase
element.

We employ this GPE inside an optical setup with a high-energy laser
to produce modifications inside a glass sample using various pulse ener-
gies and pulse lengths. The most pronounced surface modifications are
obtained using a short pulse duration, whereas the most pronounced
volume modifications are obtained with longer pulses. A directional
cracking of the glass was observed around the center of the optical
needle, where an elliptical main lobe is formed.

The direction of the microcrack is controlled through the mechan-
ical rotation of the GPE. However, in situations where the sample is
thicker than the length of the optical needle, we observe, because of the
abberations, uncontrolled directions of microcracks outside the zone of
the optical needle. As expected, this indicates an importance of fine-
tuning the phase mask to the optical setup and to the thickness of the
sample which is to be laser microprocessed.

The presented implementation has its drawbacks — due to the size
of the possible parameter space, for the sake of brevity we did consider
Airy beams with classical propagation trajectory. Further enhancements
to the presented method are expected by adjusting the phase masks to
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introduce independent control of the longitudinal and transverse sizes
of the resulting optical needle, which has been reported to be achieved
in the literature [29,30].
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A B S T R A C T

Bessel vortices are well-known for their long focal region and the unique property of carrying
angular momentum. These characteristics are desired in applications such as laser microma-
chining, optical trapping, and imaging. Interference of several non-diffracting vortical beams
results in light fields with complex intensity distribution structure — many single charged
positive and negative vortices appear and experience complex dynamics under propagation.
The trajectory of single-charged vortices creates braided structures as they move, annihilate, or
are created during propagation. This influences the dynamics of the high intensity regions of
the combined beam: high-contrast symmetrical structures are created in the intensity profile.
We demonstrate an experimental generation of such complex fields by superimposing several
higher-order vortical Bessel beams. We introduce different cone angles of the interfering beams
and study modifications of the resulting beam profile. We analyze the vortical structure of
the combined beam, track its evolution, and observe the creation of complex high-contrast
structures. We implement a convenient technique for generating superimposed higher-order
Bessel beams of different spatial frequencies and topologies using diffractive phase masks. We
employ a spatial light modulator to experimentally realize these structured fields and to verify
theoretical and numerical predictions.

1. Introduction

The structure and properties of the electromagnetic field are crucial for modern optics and its applications [1–4]. One example
of structured illumination is non-diffracting beams, in particular Bessel beams [5,6]. Their main feature is a long focal line instead
of a focal point, along with their ability to self-reconstruct [7,8]. Similar characteristics are also achieved by other non-diffracting
structured light: Mathieu–Gaussian [9,10] and parabolic-Gaussian (Weber–Gaussian) [11,12] beams.

The axial behavior of the laser beam is another aspect of beam shaping that has been rapidly developing [7,13,14] since the
introduction of non-diffracting Bessel beams [6], which have a large ratio between the transverse and longitudinal widths of the
focal line [5]. The discovery of other non-diffracting beams such as Mathieu [9], Weber [15], and Airy beams [16] further stimulated
research on focal line engineering and resulted in the creation of optical needles [17–21].

An additional degree of freedom is related to the azimuthal phase dependence of higher-order non-diffracting Bessel beams 𝐽𝑚,
which can be expressed as exp(i𝑚𝜙), where 𝑚 is a topological charge. This dependence leads to a phase singularity, also called an
optical vortex [22–24], which manifests itself as a helical wave front with 𝑚 nested screw dislocations [25,26]. Optical vortices
are commonly observed in electromagnetics because they carry orbital angular momentum [27]. The first such example of optical
engineering using cylindrical beams was reported in Ref. [28] where a coherent superposition of the Bessel and Neumann beams was
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considered, although the Neumann beam possesses an amplitude singularity on the axis. Implying the periodicity of the transverse
beam pattern in the infinite sum of the Bessel eigenmodes has resulted in the appearance of rotating patterns realized using binary
diffractive element [29,30]. An alternative approach to rotating scale-invariant fields was presented in [31].

The generation of beams with a high aspect ratio and complex transverse intensity distribution is enabled by a linear superposition
of several Bessel vortices [32,33]. They can be successfully applied in high-power applications [34]. In general, superposition of the
vortical Bessel beam with the Laguerre–Gaussian vortex also results in explosion of the vortical structure of the combined beam [35].
These vortically rich structures evolve during the beam propagation – individual single charged positive and negative vortices move
in the field, rotate under diffraction, are being created, and are being annihilated. Such vortice braiding was reported in Bessel
beams superposed in Gaussian mode [36].

A single vortex is a dark spot of light with a phase singularity in its core. Thus, its three-dimensional trajectory can be considered
as a single entity, especially given the fact that the time reversal would change signs of single vortices in the beam. For this reason,
a negatively charged optical vortex can be interpreted as a backward propagating positively charged vortex, and the creation and
annihilation of positive and negative vortices in pairs under diffraction can be seen as a dark knot of light [37–39]. This interpretation
of the complex evolution of vortical structures with rich topologies has caused the appearance of terminology such as knots, braids,
and bundles of dark light [40].

In this work, we build up on our previous research on azimuthaly modulated axicon beams [41], where we investigated the
influence of the vortical structure with rich topology on the intensity profile of the combined beam, with the aim of applying it
for laser microprocessing purposes. We extend the previous discussion by considering individual Bessel vortices with different cone
angles. We start the paper by analyzing and tracking individual single-charged vortices in the combined beam. Our main interest in
this investigation is the influence of the vortical dynamics on the three-dimensional pattern of the combined beam. We do observe
an appearance of high-contrast intensity structures in the resulting optical beam, which is flexibly controlled by adjusting individual
amplitudes, topological charges, and cone angles of Bessel vortices. We report on controllable braiding of this high-contrast intensity
structure, where the angular rotation of the intensity pattern is influenced by the difference in topological charges and cone angles.

We create diffractive phase masks and experimentally verify our numerical predictions. Additionally, we confirm the presence
of individual vortices in these high-contrast intensity structures using interference of the combined beam with a plane wave. Our
study has revealed how the controlled knotting and braiding of individual single-charged optical vortices in the superposition
of Bessel vortices influence the diffraction of the high-contrast intensity structures. This finding is especially interesting for laser
microprocessing applications where such structures are desired.

2. Theoretical background

A Bessel–Gaussian beam represents an example of an apertured non-diffracting beam with finite energy, which maintains its
properties over the length of the so-called Bessel zone [5–8]. The complex amplitude of a scalar Bessel–Gaussian beam is obtained
in the paraxial approximation from the parabolic diffraction equation

𝐸(𝜌, 𝜑, 𝑧, 𝑡) = 1
𝑍
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where 𝜌, 𝜑, 𝑧, 𝑡 are cylindrical coordinates and time, 𝑍 = 1 + i𝑧∕𝑧0, 𝑧0 = 𝑘𝑑20∕2 is the Rayleigh length, 𝑑0 is the radius of Gaussian
aperture, 𝑚 is the topological charge and the wave vector is 𝐤 = (𝑘𝜌, 0, 𝑘𝑧). The individual components of the wave vector can be
expressed by the cone angle 𝜃 as 𝑘𝜌 = 𝑘 sin 𝜃 and 𝑘𝑧 = 𝑘 cos 𝜃.

We suppose next that the light field consists of two different Bessel–Gaussian singular beams, the charges of which are 𝑚 and 𝑛,
and two different cone angles 𝜃1 and 𝜃2, correspondingly

𝐸(𝜌, 𝜑, 𝑧, 𝑡) =

[
𝑎𝑚𝐽𝑚

(𝑘𝜌1𝜌
𝑍

)
exp

(
−i

𝑘2𝜌1
2𝑘

𝑧
𝑍

)
exp(i𝑚𝜑 + i𝑘𝑧1𝑧)

+ 𝑎𝑛𝐽𝑛

(𝑘𝜌2𝜌
𝑍

)
exp

(
−i

𝑘2𝜌2
2𝑘

𝑧
𝑍

)
exp(i𝑛𝜑 + i𝑘𝑧2𝑧)

]
× 1

𝑍
exp

(
− 𝜌2

𝑑20𝑍

)
exp(−i𝜔𝑡). (2)

A particular case of 𝜃1 = 𝜃2 was studied extensively to reveal a rich vortical structure containing a matrix of single-charged positive
and negative vortices [32]. The presence of such a matrix results in symmetric intensity patterns, which are applicable for laser
microprocessing [41]. The matrix is stable through the Bessel zone, except for the rotation of individual vortices due to diffraction,
which leads to their annihilation to the end of the Bessel zone [32]. This diffraction-induced rotation and annihilation of single
charged vortices effectively creates the so-called knots and braids of darkness carved into the resulting light intensity profile of the
beam [37,38,42–44].

The general paraxial case was theoretically and numerically discussed in Ref. [33], to reveal that the general vortical structure
of the combined beam is more complicated and includes a complicated dynamics of vortical braids and knots. Most importantly, the
rotation of individual vortices was analytically described to be controlled not only by diffraction but also by the choice of individual
cone angles 𝜃1, 𝜃2.
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In this work, we extend the discussion of Ref. [33] to include nonparaxial effects, staying within the almost (i.e., no significant
𝑧 components) scalar approach. We recall that the vortical structure of the combined beam can be resolved by solving a system of
the following equations [33]

𝐹
(
𝜌𝑙 , 𝑧

)
= 𝑏, 𝑙 = 0, 1, 2,… (3)

𝜑𝑘 =
𝛩
(
𝜌𝑙 , 𝑧

)
𝑚 − 𝑛

, 𝑘 = 2, 4,… , 2(𝑚 − 𝑛). (4)

Here, 𝑏 = 𝑎𝑚∕𝑎𝑛 is a real number and

𝐹 (𝜌, 𝑧) =
||||𝑓

( 𝜌
𝑍

)|||| exp
[(

𝑘2𝜌2
2𝑘

−
𝑘2𝜌1
2𝑘

)
𝑧2∕𝑧0

1 + (𝑧∕𝑧0)2

]

𝛩(𝜌, 𝑧) =

(
𝑘2𝜌2
2𝑘

−
𝑘2𝜌1
2𝑘

)
𝑧

1 + (𝑧∕𝑧0)2
+ 𝑧

(
𝑘𝑧2 − 𝑘𝑧1

)
− arg

[
𝑓
( 𝜌
𝑍

)]

𝑓
( 𝜌
𝑍

)
= 𝐽𝑚

(𝑘𝜌1𝜌
𝑍

)/
𝐽𝑛

(𝑘𝜌2𝜌
𝑍

)
.

(5)

In general, we can interpret the Eq. (2) as the equation governing the transformation of the vortex 𝑥 + i𝑦 = 𝜌 exp (i𝜑) into a rich
vortical field. This results in a local coordinate frame at the positions of single vortices with vectors ⃖⃖⃗𝑒𝑢 and ⃖⃖⃖⃗𝑒𝑣 defined as

⃖⃖⃗𝑒𝑢 = ⃖⃖⃖⃗𝑒𝜌

{
𝜕𝐹
𝜕𝜌

cos𝛷 − 𝐹 𝜕𝛩
𝜕𝜌

sin𝛷
}

− ⃖⃖⃖⃗𝑒𝜙
𝑚 − 𝑛
𝜌

𝐹 sin𝛷,

⃖⃖⃖⃗𝑒𝑣 = ⃖⃖⃖⃗𝑒𝜌

{
𝜕𝐹
𝜕𝜌

sin𝛷 + 𝐹 𝜕𝛩
𝜕𝜌

cos𝛷
}

+ ⃖⃖⃖⃗𝑒𝜙
𝑚 − 𝑛
𝜌

𝐹 cos𝛷,
(6)

where 𝛷 = (𝑚 − 𝑛)𝜑 − 𝛩(𝜌, 𝑧). The determinant of this transformation is
||||||

𝜕𝐹
𝜕𝜌 cos𝛷 − 𝐹 𝜕𝛩

𝜕𝜌 sin𝛷 −𝑚−𝑛
𝜌 𝐹 sin𝛷

𝜕𝐹
𝜕𝜌 sin𝛷 + 𝐹 𝜕𝛩

𝜕𝜌 cos𝛷 𝑚−𝑛
𝜌 𝐹 cos𝛷

||||||
= 𝑏

𝜌
𝜕𝐹
𝜕𝜌

(𝑚 − 𝑛). (7)

which means that the local frame of coordinates is either left handed or right handed, i.e. the sign of individual vortices is determined
by that value.

We use Eq. (3) and substitute the expressions for 𝐹 and 𝛷 in Eq. (6). The trigonometric functions become now cos𝛷 = 1 and
sin𝛷 = 0. The local coordinate frame from Eq. (6) becomes now

⃖⃖⃗𝑒𝑢 = ⃖⃖⃖⃗𝑒𝜌
𝜕𝐹
𝜕𝜌 ,

⃖⃖⃖⃗𝑒𝑣 = ⃖⃖⃖⃗𝑒𝜌𝑏
𝜕𝛩
𝜕𝜌 + ⃖⃖⃖⃗𝑒𝜙

𝑚−𝑛
𝜌 𝑏,

(8)

which leads to the fact that the single charged vortices are not canonical [45,46]. Their phase-winding pace is not linear with respect
to their cores, and the intensity isosurfaces are elliptical in the vicinity of the core.

We note that the positions of individual vortex cores depend on the angles of the individual cones 𝜃1,2, the topological charges
𝑚, 𝑛, and the Rayleigh length of the Gaussian envelope 𝑧0. The radial positions of these individual single charged vortices of opposite
signs were discussed briefly in Ref. [33]. Here, we pay attention to their azimuthal positions. The length of the Bessel zone of the
individual Bessel vortex is 𝑧𝐵 = 𝑑0∕ tan 𝜃. Let us assume that we remain in the Rayleigh zone of the Gaussian envelope, that is,
𝑧 ∈ [−𝑧0, 𝑧0]. For distances close to the focal plane, the change in radial position can be neglected [32]. In this case, the azimuthal
positions of the individual vortices near the focal plane (𝑧 ≈ 0) are determined by equations [32]

𝜑𝑘(𝑧) ≈ 𝜑𝑘 + 𝛾𝑧 (9)

where 𝜑𝑘 ≡ 𝜑𝑘(0). Most notable is that the vortical structure will experience a constant rotation with a speed determined by
d𝜑𝑘∕d𝑧 = 𝛾. We evaluate the rotation speed from Eqs. (5) as

(𝑚 − 𝑛)𝛾 =

(
𝑘2𝜌2
2𝑘

−
𝑘2𝜌1
2𝑘

)
+
(
𝑘𝑧2 − 𝑘𝑧1

)
−

𝜌𝑙𝑓 ′(𝜌𝑙)
𝑧0𝑏

. (10)

We note that the rotation speed depends on the difference in the cone angles explicitly via the first two terms, and the third
term expresses the dependency on the different cone angles inexplicitly together with the dependency on the radial positions of the
individual vortices. The first two terms cause a constant rotation, whereas the third term describes the diffraction of the structure,
and its direction depends on the sign of the single-charged vortex. The influence of the angles can be estimated more precisely from
the following expression

(𝑚 − 𝑛)𝛾 = 𝑘

(
sin2 𝜃2

2
−

sin2 𝜃1
2

)
+ 𝑘

(
cos 𝜃2 − cos 𝜃1

)
−

𝜌𝑙𝑓 ′(𝜌𝑙)
𝑧0𝑏

. (11)

In the paraxial approximation sin 𝜃 ≈ 𝜃 and cos 𝜃 ≈ 1−𝜃2∕2, these relations remove the first two terms from the Eq. (11), and they can
be neglected in the paraxial regime, see Ref. [33]. The third term represents the braiding of the vortices due to diffraction. For small
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Fig. 1. Intensity distributions (transverse in the upper row and 3d in the lower row) of the Bessel beam superpositions with the same cone angles 𝜃1 = 𝜃2.
Topological charge of the first beam 𝑛 = 0, topological charges of the second beam 𝑚 = 2, 𝑚 = 3, 𝑚 = 4, 𝑚 = 6 in (a,b), (c,d), (e,f) and (g,h) respectively.

Fig. 2. Intensity distributions (transverse in the upper row and 3d in the lower row) of the superpositions of Bessel beams of the topological pair 𝑛 = 0 and
𝑚 = 4. The ratio of cone angles 𝜃1∕𝜃2 is 17.3, 4, 2.8 and 1.49 in (a,b), (c,d), (e,f) and (g,h) respectively.

paraxial angles, it is zero in the center of the beam if the difference |𝑚|−|𝑛| of the topological charges is greater than three. However,
in the periphery of the beam, this term causes clockwise and counterclockwise rotation of the vortices due to diffraction [32,33].
As it depends on the sign of the vortex, it causes the annihilation or creation of single-charged vortices in situations involving two
Bessel vortex beams [32,33] or Bessel and Gaussian vortices [35].

Taking into account higher Taylor expansion terms in the Eq. (11) reveals that the first term that causes rotation at a constant
pace is quartic and proportional to the difference 𝜃41−𝜃42 . This means that for small cone angles, the higher ratio of angles is required
to observe braiding of single vortex paths. For larger cone angles, when we move out of the paraxial approximation, this rotation
is always observed, and the speed of braiding is influenced by the ratio of the cone angles, not in a proportional way. We note that
some similarities are observed under coherent superpositions of Laguerre–Gaussian beams; however, the rotation speed depends on
the propagation distance 𝑧 [47].

Next, we introduce the results of numerical simulations performed using Eq. (2) where we use 𝑑0 = 2.5 mm, 𝜆 = 532 nm, 𝑎𝑚 = 𝑎𝑛
and vary the topological charges 𝑚 from 2 to 6 and 𝑛 from −1 to 13. The cone angles change as follows: 𝜃1 from 0.6◦ to 1.2◦ and 𝜃2
from 0.18◦ to 0.9◦. In a further discussion, we introduce the cone angle ratio 𝜃1∕𝜃2.

The presentation of numerical results begins with the case 𝜃1∕𝜃2 = 1 and is presented in Fig. 1. Expectantly, the transverse
beam cross section (𝑧 = 0) is split into |𝑚 − 𝑛| parts in the azimuth direction, and the vortical structure is stable throughout the
center of the Bessel zone. Such behavior was previously observed in superpositions of Bessel vortices with the same cone angle; see
Ref. [32,41].

As a next step, we move on to the case of uneven cone angles. For small propagation distances 𝑧 the radial positions of the
single vortex cores barely change; see Eq. (9); however, the azimuthal positions experience linear dependence; see Eqs. (9), (11).
This means that single charged positive and negative optical vortices will rotate at a constant pace defined by the difference in
the cone angles. Here, the interaction between rotation caused by the mismatch of the individual cone angles and diffraction is
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Fig. 3. Transverse intensity distribution of superpositions of Bessel beams of topological pair 𝑛 = 0, 𝑚 = 4, cone angle ratio 𝜃1∕𝜃2 = 1.49 and different amplitude
ratios of 0.2, 0.6, 1.8 and 5 in (a), (b), (c) and (d) respectively.

Fig. 4. Intensity distributions (transverse in the top row and 3d in the bottom row) of the superposition of Bessel beams. Cone angle of the first beam 𝜃1 and
topological charge of the second beam 𝑛 = 0 are constant. Topological charges of the first beam are 𝑚 = 2, 𝑚 = 3, 𝑚 = 4, 𝑚 = 6 in (a,b), (c,d), (e,f), (g,h),
respectively, while ratio of cone angles 𝜃1∕𝜃2 are 2, 3, 4 and 6.5 in (a,b), (c.d), (e,f) and (g,h), respectively.

important. Diffraction causes single charged vortices to rotate in different directions, thus it is crucial to select such a combination
of cone angles that diffraction effects are comparatively small. In this case, since individual vortices located at the same distance
from the center of the beam are separated by high-intensity regions, this will lead to a similar rotation of high-intensity regions.
In Fig. 2 we show the results of the numerical simulation for a few particular cases, when 𝑛 = 0, 𝑚 = 4 are constant, and 𝜃1∕𝜃2
is changing. Because the cone angles are not equal, we expect the high-intensity regions to rotate during diffraction with different
azimuthal velocity. As these regions rotate, a braided structure is clearly revealed in the 3d beam representation; see Fig. 2(b, d,
f, h). As expected, we note a higher rotation speed of the high-contrast structure when the cone angle ratio is large. Rotation is
less noticeable when 𝜃1∕𝜃2 is closer to unity (compare Fig. 2(b) and (h)). The transverse intensity profile of the combined beam
is also affected by the cone angle mismatch between the two beams. The lower contrast structure is obtained when 𝜃1∕𝜃2 = 17.3
(Fig. 2(a)). A reduction in this cone angle ratio results in a uniform cross-shaped intensity peak in the center (see Fig. 2(c) and (e)),
which starts to split when 𝜃1∕𝜃2 approaches 1 (see Fig. 2(g)).

Another question worth considering is the influence of the amplitude ratio 𝑎𝑚∕𝑎𝑛 on the intensity patterns of the superposed
beam. The impact of this parameter on the vortical structure was investigated [33] and it was revealed that it changes the radial
coordinates of the single charged vortices present in the beam. Until now, we have assumed the same amplitudes of the individual
beams, so we are asking ourselves how different amplitudes of individual Bessel–Gaussian beams will manifest themselves on the
intensity distribution. A particular example is presented in Fig. 3. In the first example, the amplitude of the Bessel beam with
topological charge 𝑚 is five times smaller than the amplitude of the beam with topological charge 𝑛 (see Fig. 3(a)). Although a rich
vortical structure is present in the combined beam, the intensity pattern largely resembles the zeroth-order Bessel beam with slight
distortions present. Thus, the intensity pattern obtains a low-contrast structure. Decreasing the amplitude of the zeroth-order Bessel
beam, we observe an appearance of a four-lobe pattern in the transverse plane (see Fig. 3(b)). The central part of the interference
pattern is still dominated by the zeroth-order Bessel beam. Making the amplitudes equal results in the side lobes, obtaining intensities
comparable to those of the central lobe (see Fig. 2(g)). An increase in the amplitude of the Bessel beam with topological charge
𝑚 enhances the side lobes even more. When the amplitude of the Bessel beam with topological charge 𝑚 is five times larger than
the amplitude of the zeroth order beam, resulting intensity pattern largely resembles the first beam, however, the addition of the
second beam results in the splitting of the central vortex into four single charged vortices, which cause the first ring to become
modulated. Additional examples are provided as supplementary animated sequences for selection of topological charges 𝑚 and 𝑛
and cone angles 𝑡ℎ𝑒𝑡𝑎1 and 𝑡ℎ𝑒𝑡𝑎2.
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Fig. 5. Intensity distributions (transverse in the top row and 3d in the bottom row) of various superimposed beams Bessel beams. (a,b) 𝜃1∕𝜃2 = 5.8, 𝑚 = 3 and
𝑛 = 1, (c,d) 𝜃1∕𝜃2 = 5.8, 𝑚 = 4 and 𝑛 = 1, (e,f) 𝜃1∕𝜃2 = 5.2, 𝑚 = 3 and 𝑛 = −1, (g,h) 𝜃1∕𝜃2 = 0.7, 𝑚 = 6 and 𝑛 = 13.

Fig. 6. Interference pattern of the structured Bessel beam and a plane wave. Phase dislocations are marked in the pictures. Bessel beam superposition parameters:
(a) 𝜃1 = 𝜃2, 𝑚 = 4 and 𝑛 = 0, (b) 𝜃1∕𝜃2 = 1.49, 𝑚 = 4 and 𝑛 = 0 (c) 𝜃1∕𝜃2 = 4, 𝑚 = 4 and 𝑛 = 0, (d) 𝜃1∕𝜃2 = 5.2, 𝑚 = 3 and 𝑛 = −1.

When investigating the general trends in the creation of high contrast intensity patterns, we observed an interaction between the
difference in topological charges |𝑚 − 𝑛| and the ratio of the cone angles of Bessel vortices in the superposition. The difference in
topological charges influences the azimuthal dependence of the high contrast structure, but the condition for the most pronounced
shape requires the ratio of the cone angles to depend on |𝑚 − 𝑛|. Therefore, we display this interaction between topological charges
and the cone angle ratio of the constituent beams as the next step. A careful choice of parameters enables the creation of high-contrast
structures similar to the one presented in Fig. 2(c), but with a desirable number of high-intensity spikes around the center. Few
exemplary cases of this procedure are given in Fig. 4. Here, we chose 𝑛 = 0 and changed the topological charge 𝑚, and the ratio of
cone angles 𝜃1∕𝜃2 also varies. The reason why the difference between topological charges in a high-contrast structure is related to
a ratio of cone angles becomes apparent by looking at the right column of Fig. 4. The speed at which the high-contrast structure
experiences rotation during diffraction is more or less similar for all the cases considered. As expected, this rotation of the high
intensity pattern is caused by the rotation of single charged vortices located near the center of the beam.

Yet another interesting situation occurs when the topological charge of the second Bessel beam 𝑛 is nonzero. In this case, the
conservation of the topological charge requires the appearance of the optical vortex with the topological charge, whose absolute
value is min (|𝑚|, |𝑛|). The presence of the central vortex, together with the control of the positions of a single charged vortices,
allows us to create high-contrast inverted structures, where the central dark part of the beam is azimuthaly modulated, see Fig. 5.
These superpositions of individual Bessel vortices result in the creation of more complex entwined and braided high-intensity regions
within the Bessel zone. In all cases, this is caused by the presence of braided vortex lines in the propagating combined beam. Another
important point is that regions with comparable intensities occupy larger volumes compared to the situations investigated previously
(𝑛 = 0). As expected, larger differences between the topological charges cause a slower pace of structure rotation.

We finalize the theoretical section and prepare ourselves for the experimental detection of the vortical structure. One of the
experimental techniques used for detection of optical vortices is a plane wave interferometry when interfering waves propagate at
an angle in respect to each other. In this case, a fine fringe structure is created on the top of the brightest intensity pattern. The
presence of the optical vortex can be distinguished by the appearance of a screwed fork dislocation, which is oriented straight or
upside down, depending on the sign of the topological charge of the vortex [48,49]. We calculate such interference patterns between
the combined beam and a plane wave (see Fig. 6) for a few particular cases. In these interference patterns, we encircle points with
a fork shape, which correspond to the positions of phase dislocations in the beam.

For this particular preparation, we chose the case in which |𝑚 − 𝑛| = 4 and several different cone angle ratios 𝜃1∕𝜃2 are considered.
The vortex positions determined by a fine look onto the interference pattern are in line with those predicted analytically from Eq. (5).
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Fig. 7. Experimental setup. HWP — half wave plate, BP — beam polarizer, BE — beam expander, M1, M2 — mirrors, SLM — spatial light modulator, L1, L2,
L3 — lenses of focal length f = 300 mm, 𝑓 = 100 mm, 𝑓 = 200 mm respectively, MO — microscope objective (10x).

For equal cone angles of the two constituent beams (Fig. 6(a)), a ring of four phase dislocations is observed around the central
peak. Phase dislocations on the ring are more difficult to resolve because of the small separation between them in the vicinity of
the beam center. As we look into the regions of the combined beam located further away, we observe two patterns of screwed fork
dislocations: a diagonal one and a crest-like one. As expected, the topological charges of vortices in these patterns are the opposite.
Most importantly, this simulation shows the pitfalls of the interferometric detection technique, which seems to be very sensitive to
the angle at which the plane wave impinges on the focal plane of the combined beam.

In the next numerical experiment, we set 𝜃1∕𝜃2 = 1.49 (see Fig. 6(b)). In this case, the angle between the propagation directions
of the combined beam and the plane wave seems to be optimally selected. The ring of the suboptimally resolved phase dislocations
is no longer present. As expected from Eq. (5), the locations of individual vortex cores, together with charges, are clearly detected. In
the next step, we set 𝜃1∕𝜃2 = 4, (Fig. 6(c)), vortices are detected outside the main intensity peak. This results in a flat, cross-shaped
intensity distribution in the center. Lastly, we investigate a scenario when the difference of the topological charges is the same, but
the combined beam is an interference of two nonzero Bessel vortices (see Fig. 6(d)). Consequently, the position of the vortices is in
the center of the structured beam and forms a cross of darkness, contrary to the cross of light in Fig. 6(c).

3. Experimental setup

The formation of the vortical structure and the high contrast intensity regions within the combined beam, see Section 2, was
experimentally observed using a setup presented in Fig. 7. A 532 nm CW DPSS laser beam is attenuated by a half-waveplate (HWP)
and polarizer (Pol) pair and is directed to a phase-only reflective spatial light modulator (SLM, PLUTOVIS-006-A, HOLOEYE) at a
small angle (<5 deg). A phase mask is prepared numerically and loaded onto the SLM and the modulated reflected phase beam is
directed into a 4𝑓 lens system composed of the lenses L1 (𝑓 = 300 mm) and L2 (𝑓 = 100 mm). The resulting beam is scanned along its
propagation direction using an imaging setup, containing a 10x microscope objective (MO), a collimating lens L3 (𝑓 = 200 mm) and
a CCD camera, placed on a motorized stage. The phase mask applied to the SLM is calculated using the following transfer function

𝑇 (𝜌, 𝜃1, 𝜃2) = exp(i𝑘𝜃1𝜌) exp(i𝑚𝜑) + exp(i𝑘𝜃2𝜌) exp(i𝑛𝜑), (12)

where 𝜌 is radial coordinate, 𝜃1 and 𝜃2 are the cone angles of the two beams, 𝑚 and 𝑛 are the topological charges of the superimposed
beams. In what follows, all calculated phase masks are provided as insets in Figs. 8 to 11, which are discussed in the next section.

4. Experimental results

In this section, we experimentally verify the formation of various composite beams composed of individual Bessel vortices with
various topological charges and cone angles. The experiments were carried out using the setup described in Section 3. In a fashion
similar to that in the theoretical section, we superimpose Bessel vortices with the same cone angle. In this experiment, we vary
only the topological charge 𝑚, while maintaining the topological charge 𝑛 = 0. The resulting intensity profiles near the center of
the Bessel zone are presented in Fig. 8. The phase masks used for the generation of these patterns are given as inlets on the upper
right side of the picture. Except for a slight rotation of the pattern due to misalignment, the results closely resemble the theoretical
expectations of Fig. 1. In all cases, there are central intensity maxima formed due to a topological charge beam 𝑛 = 0 around which
side intensity peaks are arranged due to interference with the first beam. The number of side intensity peaks is |𝑚 − 𝑛| and they
are located around the main maxima, as predicted in the numerical simulations. We have checked the behavior of these intensity
structures under propagation, and, as expected, we did not observe any changes in the center of the Bessel zone.

In the next set of experiments, we chose a single pair of topological charges for superimposed beams and varying the cone angles
of individual Bessel vortices. Here, in particular, the topological charges are 𝑛 = 0, 𝑚 = 4. The experimental results are depicted in
Fig. 9. As expected from our numerical investigation, the large ratio 𝜃1∕𝜃2 results in a low contrast transverse intensity distribution
being recorded (Fig. 9a). The decrease in the ratio of the cone angles creates a cross in the transverse plane with an almost flat
intensity in the main peak, clearly visible in Fig. 9(b) and (c). For the lowest ratio 𝜃1∕𝜃2 = 1.49 considered in the experiment, the
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Fig. 8. Experimentally obtained transverse intensity distribution profiles of superpositions of Bessel beams with constant ratio of cone angles 𝜃1∕𝜃2 = 1. Topological
charge of the first beam 𝑛 = 0 topological charges of the second beam 𝑚 = 2, 𝑚 = 3, 𝑚 = 4, 𝑚 = 6 in (a), (b), (c) and (d), respectively.

Fig. 9. Experimentally obtained transverse intensity distribution profiles of superpositions of Bessel beams with topological pairs 𝑛 = 0 and 𝑚 = 4. The ratios of
the cone angles are 𝜃1∕𝜃2 are 17.3, 4, 2.8 and 1.49 in (a), (b), (c) and (d), respectively.

Fig. 10. Experimentally obtained transverse intensity distribution profiles of superpositions of Bessel beams. The cone angle of the first beam 𝜃1 and the
topological charge of the second beam 𝑛 = 0 are constant. The topological charges of the first beam are 𝑚 = 2, 𝑚 = 3, 𝑚 = 4, 𝑚 = 6 in (a), (b), (c), (d),
respectively, while the ratio of cone angles 𝜃1∕𝜃2 is 2, 3, 4 and 6.5 in (a), (b), (c), and (d), respectively.

phase mask creates a structure with central intensity maxima and four side peaks around it. Overall, these findings are in line with
the numerically predicted beams, see Fig. 2.

We move on to verify a set of parameters which, according to the theoretical expectations, should result in a fine-defined high-
contrast structure. For this purpose, we generate a set of phase masks and test them experimentally. These experiments reproduce
a situation similar to that in Fig. 9(b), where a structured central peak of the beam has a flat intensity. It can be realized using
different topological charges as well, but some fine adjustments to the ratio of the cone angles have to be introduced. In this set of
experiments, we maintain a constant cone angle of the first superimposed beam (𝜃1 = 𝑐𝑜𝑛𝑠𝑡) and a constant topological charge of
the second beam (𝑛 = 0). We vary the topological charge 𝑚 of the first component and the cone angle 𝜃2 of the second. The resulting
intensity profiles are given in Fig. 10. As predicted, the number of merged peaks around the center is the same as the topological
charge of the first constituent beam (𝑚). The transversely elongated light structure is obtained when 𝜃1∕𝜃2 = 2 and 𝑚 = 2 (Fig. 10
a), while more complex structures that resemble a screw and have a nearly flat intensity distribution in the main peak are generated
when 𝑚 = 3, 𝑚 = 4, 𝑚 = 6 and 𝜃1∕𝜃2 = 3, 𝜃1∕𝜃2 = 4, 𝜃1∕𝜃2 = 6.5 which are presented in Fig. 10(b), (c) and (d), respectively. These
experimentally obtained high-contrast structures behave as expected compared to numerically determined intensity distributions
shown in Fig. 4. In all cases, these high-contrast intensity patterns rotate in a manner similar to that in the numerical predictions.
For the sake of brevity and to not repeat ourselves, we omit these figures and direct the reader to the theoretical section.

Our experiments continue with tests of the last set of parameters that were discussed in the theoretical part; see Fig. 5. The
experimentally captured results of the beams diffracted from a set of phase masks shown in Fig. 11, together with the resulting
transverse intensity distributions, show a high degree of similarity to expectations. Here, in all cases, the individual Bessel vortices
have non-zero topological charges. Due to the presence of the central vortex, the vicinity of the center of the beam is hollow.
We note that the shape of the minimum is similar to the shape of the intensity maxima in Fig. 10. In general, the experimentally
determined transverse intensity patterns seen in Fig. 11(a) to (c) closely match the theoretical estimates. However, the combined
beam presented in Fig. 11(d) has less contrast than the one determined numerically. Here, also, the intensity minimum is slightly
distorted. In this case, we were unable to find a better position in the Bessel zone where the beam would behave as expected. In all
cases, we fine-tuned the position of the recording camera to best match the center of the Bessel zone. However, some artifacts may
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Fig. 11. Experimentally obtained transverse intensity distribution profiles of various superimposed beams Bessel beams. (a) 𝜃1∕𝜃2 = 5.8, 𝑚 = 3 and 𝑛 = 1, (b)
𝜃1∕𝜃2 = 5.8, 𝑚 = 4 and 𝑛 = 1, (c) 𝜃1∕𝜃2 = 5.2, 𝑚 = 3 and 𝑛 = −1, (d) 𝜃1∕𝜃2 = 0.7, 𝑚 = 6 and 𝑛 = 13.

Fig. 12. Experimentally obtained interference patterns of the combined Bessel beam and a plane wave. Phase dislocations are marked in the pictures by red
ellipses. The parameters of the Bessel beam superposition are: (a) 𝜃1 = 𝜃2, 𝑚 = 4 and 𝑛 = 0, (b) 𝜃1∕𝜃2 = 1.49, 𝑚 = 4 and 𝑛 = 0 (c) 𝜃1∕𝜃2 = 4, 𝑚 = 4 and 𝑛 = 0, (d)
𝜃1∕𝜃2 = 5.2, 𝑚 = 3 and 𝑛 = −1. (e–h) Pattern (b) at different propagation distances.

appear due to slight misalignments, the complexity of phase masks, or difficulties related to the realization of high-order optical
vortices [50].

From an experimental standpoint, the detection of very rich topological structures is not an easy task. First of all, as we have
discussed in the theoretical part, individual vortices are located at very different distances from each other. Their individual strengths
such parameters as elipticities and orientations of the main axis for non-canonical vortices may make it difficult to select optimal
conditions for the best resolving power. In order to optimally resolve non-canonical vortices in the presence of a large amount of
nearby vortices of the same or opposite charge, the angle at which the plane wave is impinging the transverse plane of the combined
beam has to be carefully selected.

Another peculiarity to the validation of the rich vortical structure is the rotation of the intensity pattern of the combined beam
during diffraction. Here, we interfere superimposed Bessel beams with a Gaussian beam (of large diameter) to experimentally
determine the positions of individual vortices.

For this purpose, we modify the setup presented in Fig. 7 as follows: lens L2 is now 𝑓 = 200 mm, microscope objective (MO) is
40x, and the reference beam is directed into the Bessel zone at a small angle (approx. 5 deg). For this particular experiment, we
select 4 masks that produce superpositions of beams with topological charge difference |𝑚 − 𝑛| = 4 and various cone angle ratios
𝜃1∕𝜃2 and record the result of two beam interference.

The results of these experiments are shown in Fig. 12, where the positions of the optical vortices are determined from the position
of screwed fork dislocations in the interference fringes. These are enclosed by red ellipses in Fig. 12. In general, the arrangement of
individual vortex positions is similar to that numerically determined and presented in Fig. 6. Some vortex positions do not seem to
be detected because of the low contrast of interference fringes in the regions with low intensity. Furthermore, the positions of some
vortices were not found in the places numerically predicted in Fig. 12(c and d). This could be caused by some imperfect experimental
conditions — improperly detected focal plane, curved wavefront of the reference beam, effects caused by the mismatch between the
angles of incidence and reflection from the SLM, etc. Fig. 12(e–h) show the interference patterns of Fig. 12(b) at different propagation
distances starting from an arbitrarily chosen position 𝑧 = 0 mm. These figures confirm the rotation of the vortical structure. We note
that the angle of the reference wave had to be adjusted at every plane to produce interference patterns.

5. Conclusions

In conclusion, we have discussed how superpositions of vortical Bessel beams with different topological charges and cone angles
create singular braided structures in the combined beam. We have investigated both theoretically and experimentally the impact of
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the topological charge and cone angle of each constituent beam on the topology of the vortical structure and the overall shape of the
superposition. The difference in the modulus of topological charges |𝑚 − 𝑛| controls the number of single charged optical vortices
created in ever increasing circles around the central peak or the central vortical void. The presence of the azimuthally symmetric
vortical matrix influences the shape of the high-intensity regions. Various high-contrast symmetric areas do appear in the combined
beam.

The ratio of cone angles influences the angular rotation of the vortical structure and the accompanying high-contrast intensity
shapes. On the other hand, it also affects the individual position of these vortices and the contrast of the intensity areas surrounding
them. The creation of braided vortical and intensity structures in the Bessel zone is possible only for uneven cone angles. For equal
cone angles the braiding naturally occurs during the diffraction as individual single charged vortices are annihilating pair-vise and
the far field is being created. The number of braids in the combined beam depends on the difference in topological charges 𝑚 − 𝑛,
and the rotation speed is lower for higher differences 𝑚 − 𝑛. For very small cone angles the constant rotation is observable only
when the quartic term 𝜃41 − 𝜃42 is sufficiently large in the on-axis region of interest. Moreover, it has to also be comparatively large
in comparison to the rotation caused by beam diffraction. The larger angle ratios lead not only to faster rotations of the vortical
and high-intensity braids in the combined beam but also enable one to overcome diffraction effects in the center of the Bessel zone.

Our numerical and experimental findings were verified using interference with a plane wave. We confirmed the presence of
optical vortices and determined their positions, which are in line with the theoretical predictions.

Such high-contrast braided structures have potential in fields as direct laser microprocessing of transparent materials using
scalar [10,41,51] or vector [34,52,53] Bessel vortices. Another promising field for the application of such high-contrast structures
is processes such as laser-induced polymerization [54,55]. The superpositions of higher-order Bessel beams were also employed
to measure the refractive index of fluids [56]. Given the wide number of applications for structured light that has orbital angular
momentum and manifests non-diffracting properties [3,4], the reported findings are promising for similar areas of research and
applications.
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[19] S. Orlov, A. Juršėnas, E. Nacius, Optical Bessel-like beams with engineered axial phase and intensity distribution, J. Laser Micro Nanoeng. 13 (2018)

244–248.
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Abstract: We propose a method for creating parallel Bessel-like vortical optical needles with an
arbitrary axial intensity distribution via the superposition of different cone-angle Bessel vortices.
We analyzed the interplay between the separation of individual optical vortical needles and their
respective lengths and introduce a super-Gaussian function as their axial profile. We also analyzed the
physical limitations to observe well-separated optical needles, as they are influenced by the mutual
interference of the individual beams. To verify our theoretical and numerical results, we generated
controllable spatial arrays of individual Bessel beams with various numbers and spatial separations
by altering the spectrum of the incoming laser beam via the spatial light modulator. We demonstrate
experimentally how to implement such beams using a diffractive mask. The presented method
facilitates the creation of diverse spatial intensity distributions in three dimensions, potentially finding
applications in specific microfabrication tasks or other contexts. These beams may have benefits
in laser material processing applications such as nanochannel machining, glass via production,
modification of glass refractive indices, and glass dicing.

Keywords: diffraction; optical engineering; spatial light modulator; Bessel beam; optical vortex;
optical needle; focal line; translation of Bessel beams

1. Introduction

Over time, lasers have proven to be a versatile tool across various domains, including
manufacturing [1], biomedicine [2,3], telecommunication [4,5], and more. Precise adjust-
ment of laser parameters is crucial for achieving specific applications, with the beam shape
being a critical factor. The Gaussian beam is the most-common due to its ability to be
focused to a small volume.

The structure and properties of the electromagnetic field play a vital role in modern
optics and its applications [6–9]. However, non-diffracting beams have recently gained
traction due to their capacity to maintain shape over long distances compared to Gaussian
beams [8]. One example of structured illumination is non-diffracting beams, such as Bessel
beams [10,11], known for their elongated focal line and self-reconstruction capability [12,13].
Laser beams with a long depth of focus and a narrow transverse intensity distribution [14]
are useful for laser applications. These beams can be generated by axicons [15,16]. They
have shown benefits in laser material processing applications like nanochannel machin-
ing [17], glass via production [18], modification of glass refractive indices [19], and glass
dicing [20–22]. In other fields, they have been used successfully for THz imaging [23],
particle manipulation [24], and microscopy [25].

They have a fixed bell-shaped axial intensity distribution in the Bessel zone [26].
However, this distribution may not be optimal for some applications, such as laser micro-
machining [17,27–30] and optical tweezers [31]. For some applications, such as surface
patterning, Bessel beams can provide a less-sensitive process to surface height varia-
tions [32–34], but shaping the focal region could improve stability even further. Several
methods to create non-diffractive beams with a flat longitudinal intensity distribution
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have been suggested, for example the implementation of a logarithmic axicon [35,36],
modulating the spatial spectrum of the Bessel beam [37,38], or using diffractive optical
elements [29,39].

Similar characteristics are exhibited by other types of structured light without diffrac-
tion, such as Mathieu-Gaussian [40] and parabolic-Gaussian (Weber-Gaussian) beams [41,42].
Another well-known non-diffracting beam is the Airy beam [43], notable for its main lobe
propagating along a parabolic trajectory in the longitudinal plane [44]. Airy beams have been
used for particle trapping, optical manipulation [45–47], machining curved structures along
the beam path [48], multiphoton polymerization [49], and imaging around obstacles in the
THz wavelength [50].

In some applications, additional engineering of the focal zone is desirable. The axial
behavior of the laser beam, another aspect of beam shaping, has been rapidly evolv-
ing [12,51,52] since the introduction of non-diffracting Bessel beams [11], which have a
large ratio between the transverse and longitudinal widths of the focal line [10]. The
discovery of axial engineering has further stimulated research on focal line engineering,
leading to the development of optical needles [38,53–55].

Another degree of freedom is associated with the azimuthal phase dependence of
higher-order non-diffracting Bessel beams Jm, expressed as exp(imϕ), where m is a topo-
logical charge. This dependence results in a phase singularity, also known as an optical vor-
tex [56–58], which presents as a helical wavefront with m nested screw dislocations [59,60].
Optical vortices, commonly observed in electromagnetics, carry orbital angular momen-
tum [61]. The first instance of optical engineering using cylindrical beams was reported in
Ref. [62], where a coherent superposition of the Bessel and Neumann beams was consid-
ered, despite the Neumann beam having an amplitude singularity on the axis. By implying
the periodicity of the transverse beam pattern in the infinite sum of Bessel eigenmodes,
rotating patterns were realized using binary diffractive elements [63,64]. An alternative
approach to generating rotating scale-invariant fields was presented in [65].

A single vortex is a dark spot of light with a phase singularity at its core. Consequently,
its three-dimensional trajectory can be considered as a unified entity, especially considering
that time reversal would change the signs of single vortices in the beam. Therefore,
a negatively charged optical vortex can be interpreted as a positively charged vortex
propagating backwards, and the creation and annihilation of positive and negative vortices
in pairs under diffraction can be viewed as a dark knot of light [66–68]. This interpretation
of the intricate evolution of vortical structures with various topologies has led to the
emergence of terminology such as knots, braids, and bundles of dark light [69].

Multispot beam splitting is another attractive topic in the field. Various techniques
are used to create an array of Gaussian beams, for instance direct laser interference [70,71],
beam shaping by a free-form surface lens array [72], by an SLM and a phase mask created
by iterative algorithms [73], or by diffractive optical elements [74,75]. The generation of a
Bessel beam array has also been reported in the literature. The superposition of multiple
shifted axicon holograms in an SLM [76] or the illumination of the axicon with a phase-
modulated beam [77] can lead to the formation of multiple Bessel beams. A particular
microstructure array can also be used for this purpose [78]. Furthermore, when using these
elaborate intensity distributions, aberrations can have positive effects on these beams [79]
or can suffer negative aberrations when they pass through a planar dielectric material
interface (e.g., air–bulk material) [38,55,80], which affects their performance and efficiency
and requires correction [81].

In this work, we propose a method for creating parallel Bessel-like optical needles
with adjustable individual axial intensity patterns and individual topological charges. We
used a superposition of vortical Bessel beams with specific axicon angles and complex
amplitudes, as suggested in Refs. [37,38,77,82–84]. We also demonstrate experimentally
how to implement such beams using a spatial light modulator. We studied the interaction
of the topological charge and transverse displacements of individual vortical Bessel-like
needles of different topological charges. This investigation is important for practical

139



Photonics 2024, 11, 203 3 of 15

applications, as it improves the laser energy deposition and the axial intensity distribution
of the optical needles [77,85].

2. Axial Intensity Control in an Vortical Optical Needle and Translation of
Optical Needles

In this section, we outline the theoretical foundation for generating arrays of parallel
Bessel-like vortical optical needle beams characterized by a controlled axial intensity pattern.
Our approach involves employing ideal Bessel vortices as fundamental basis functions,
derived from an angular spectrum described by Dirac’s delta function [86]. These non-
diffracting beams serve as sufficiently accurate approximations of intensity distributions
experimentally observed in the vicinity of the Fourier lens’s focal point.

2.1. Axial Intensity Control in an Optical Needle

A non-diffracting Bessel vortex is a solution of the scalar Helmholtz equation in the
cylindrical coordinates:

ψ(ρ, φ, z) = Jm
(
kρρ

)
exp(imφ + izkz), (1)

where ψ is the electric field, Jm is the m-th order Bessel function, ρ, φ, z are cylindrical coor-
dinates, m is the topological charge, and kρ, kz are the radial and longitudinal components
of the wavevector k = (kρ, 0, kz). The components of the independent wave vectors are
defined through the cone angle θ of the Bessel beam as kρ = k sin θ and kz = k cos θ [86].

Every solution to the scalar Helmholtz equation can be expressed through a 3D
integral comprising plane waves with distinct wave vectors. This integral can be simplified
to a 2D form when dealing with axisymmetric fields, as outlined by Stratton [86]. This
two-dimensional representation is based on a Fourier–Bessel transform and can be modified
for our specific needs by adjusting the integration variables from kρ to kz. The axial
component of the wave vector becomes the coordinate of the Fourier transform within the
integral expression.

A comprehensive discussion on this method for designing axial profiles can be found
in extensive detail in [37,38,82]. When the radial coordinate ρ is zero, the expression of
the combined electric field becomes a Fourier series with respect to the axial coordinate z,
achieved through the superposition of the Bessel beams, see Equation (1). In this context, a
Fourier integral is explicitly defined as

Ψ(r) =
∫ ∞

−∞
A(Kz + kz0)ψ(r; Kz)dKz (2)

where kz = kz0 + Kz, where kz0 is a carrier wave vector and A(kz) is the spatial spectral
amplitude of the combined beam. The carrier wave vector kz0 restricts Kz to forward
propagating waves only by shifting the spectral coordinates kz to positive values. A specific
case of m = 0 was discussed in Ref. [55]; here, we investigated the general case. Near the
optical axis ρ ≈ 0, we can rewrite Equation (1) as

ψ(ρ, φ, z) =
1

m!

(
kρρ

2

)m

exp(imφ + izkz), (3)

so, using Equation (3) in Equation (2) results in

Ψ(r) =
1

m!

(
kρρ

2

)m

exp(imφ + izkz0)
∫ ∞

−∞
A(Kz + kz0) exp(izKz)dKz (4)

Thus, finally, we arrive at the expression:

Ψ(r) =
1

m!

(
kρρ

2

)m

exp(imφ + izkz0) f (z), (5)
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where f (z) is the axial distribution of the combined vortical beam with the engineered axial
profile, and this profile is expressed as

f (z) =
∫ ∞

−∞
A(Kz + kz0) exp(izKz)dKz. (6)

Alternatively, knowing the axial profile f (z) of the vortical optical needle, we can arrive at
the spatial spectra A(kz) as

A(kz) =
1

2π

∫ +∞

−∞
f (z)e−iKzzdz. (7)

Therefore, the continuous superposition of Bessel beams Ψ(r), as defined in Equation (2)
with a spatial spectrum (Equation (3)), is capable of axial intensity properties resembling
those defined by a function f (z).

An optical needle (or an optical bottle) is created when the axial profile f (z) is a
constant step function. The step function with abrupt start and ending points will cause
undesired effects due to the Gibbs phenomenon. Therefore, our aim is to mimic this desired
profile by selecting the function f (z) to be a super-Gaussian function:

f (z) = exp

[
−
(

z − z0

z0

)2N
]

(8)

where z0 = L/
[
2 log

(
2/21/2N

)]
is a some control parameter of the profile at the full-width

at half-maximum (FWHM), N is the order of a super-Gaussian beam, and L is the length at
the FWHM. This choice enables smoother axial intensity profiles; see Figure 1.
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Figure 1. Examples of axial profiles used for both numerical simulations and experimental measure-
ments; the order of the super-Gaussian function is N = 3, 5, 7 in (a–c), respectively. The lengths L of
the axial profile function f (z) are 1 mm (black), 4 mm (green), and 8 mm (red).

2.2. Translation of the Vortical Optical Needle

The control of the transverse position of an optical needle can be performed with the
help of the addition theorem of Bessel beams [86]:

Jn
(
kρρ2

)
einφ2 =

∞

∑
m=−∞

Jm
(
kρρ12

)
Jn+m

(
kρρ1

)
eim(φ1−φ12). (9)

Here, the indices 1 and 2 indicate the coordinates of the first and second cylindrical
coordinate systems, n is an index, and ρ12 and φ12 are the coordinates of the translated
origin O1 with respect to the untranslated origin O; see Figure 2. The spatial spectrum
of individual Bessel beam (see Equation (1)) is the Dirac delta function multiplied by the
azimuthal phase term; therefore, the shifted coordinates becomes

ψ̂
(
kρ, φk

)
=

∞

∑
m=−∞

Jm
(
kρρ12

)
e−imφ12

imeimφk δ
(
k sin θ − kρ

)

kρ
, (10)
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where φk is the azimuth of the spatial spectral coordinates. In this way, the Bessel beam
with the origin at the shifted point is expressed as a superposition of Bessel beams in the
non-shifted origin; see Figure 2.

𝑂1

𝑂

𝑋2

𝑋1

𝜑2

𝜑1

𝜑12

𝜌1

𝜌2

𝜌12

𝜙

Figure 2. Depiction of the original and translated cylindrical coordinates. O is the original coordinate
(x1, ρ1, φ1), and O1 is the center of the translated coordinate (x2, ρ2, φ2).

Our intention here is to have a number p = 1, 2, . . . , P of independent parallel vortical
needles, each with its own axial profile fp(z) and individual position xp, yp in the transverse
plane. According to the superposition principle, the resulting spatial spectrum of the
combined beam is

Ψ̂
(
kx, ky

)
= ∑

p

∫ ∞

−∞
Ap(Kz + kz0)ψ̂p

(
kx, ky

)
dKz. (11)

where

Ap(kz) =
1

2π

∫ +∞

−∞
fp(z)e−iKzzdz. (12)

and ψ̂p is given in Equation (10) for translation to the coordinate center located at xp, yp.

3. Experimental Results

3.1. Optical Setup

The optical setup used throughout the experiment is displayed in Figure 3. A
λ = 532 nm DPSS laser beam is attenuated by a half-waveplate (HWP) and a Brewster’s
polarizer (BP) and, then, expanded by 40×, with an NA = 0.65 microscope objective
(MO1), and the beam is collimated by the lens L1 ( f = 125 mm). The beam is then directed
to a spatial light modulator (SLM) (PLUTOVIS-006-A, HOLOEYE Photonics AG, 8 bit,
1920 × 1080 pixels, 8 µm pitch) by means of a non-polarizing beam splitter (BS) at a 0 deg
angle. The correct polarization direction is set by the polarizer (BP). The size of the beam
(~8.5 mm diameter) is selected by an aperture (A1) to fill the SLM screen (8.64 mm). The
SLM shapes the beam spectrum, which is directed to a 3× demagnifying optical setup 4 f
comprised of lenses L2 ( f = 150 mm) and L3 ( f = 50 mm). This demagnifies the transverse
coordinates three times and the longitudinal coordinates nine times. In the focal plane of
lens L2, additional diffraction maxima created by the checkerboard mask are filtered out
by aperture A2. Lastly, the spectrum is focused by a Fourier lens L4 ( f = 25.4 mm). The
dimensions of the central lobe would be too small to register directly by a camera; therefore,
the beam is captured by an optical imaging setup assembled on a motorized stage. This
setup contains a 10× microscope objective (MO2), a collimating lens L5 ( f = 200 mm), and
a CCD camera. The entire beam is scanned using 0.05 mm steps.
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Laser 532 nm

HWP

BP 

MO1
A1

A2

L1

SLM

C
C

D

L5
L4 L3 L2

MO2

M1

BS

Figure 3. Optical setup of the experiments. HWP is the half-wave plate; BP is the Brewster polarizer;
MO1, MO2 are the microscope objectives; L1, L2, L3, L4, and L5 are the lenses; A1 and A2 are
the apertures; SLM is a spatial light modulator; BS is a beam splitter; M1 is a mirror; CCD is a
charge-coupled device camera.

3.2. Creation of Single Vortical Needles

The optical setup used in this work is a bit different from that used in our previous
research [38,55]. This time, a different set of lenses was used for magnification. Therefore,
we begin with experiments to verify the concept of single vortical needles with controllable
axial profiles f (z), described in Equation (8). The spatial spectra of the engineered beams
are found using Equation (7) and encoded in a phase-only mask using a checkerboard
method [87]. The parameters for the axial profiles f (z) used in the experiments were the
same as in the theoretical section; see Figure 1.

Our intention here is to reproduce optical needles without topological charge
(i.e. m = 0) to ensure the smooth operation of the optical setup before proceeding to
the masks with topological charges. For this purpose, we selected three different lengths
of optical needles L = 1 mm, L = 4 mm, and L = 8 mm and experimentally verified
their creation (see Figure 4). We performed experiments with various orders N of the
super-Gaussian function, but our experimentation identified the number N = 7 as optimal,
which is in line with previous work [38,55].

The optical needle with the shortest length L = 1 mm has a central spike that is ~7.3 µm
in diameter (at the intensity level 1/e2) and two detectable rings in the transverse intensity
pattern; see Figure 4a. This is an expected outcome given its small longitudinal dimen-
sion. As the length L decreases, the properties of the optical needle are not similar to the
properties of a Bessel beam, but are more like those of a Gaussian beam. Moving on to the
four-time longer optical needle with L = 4 mm, we observed the appearance of additional
rings (seven in total) around the central spike. The size of the central spike remained the
same within the experimental tolerance, and the transverse profile largely resembles a
Bessel-Gaussian beam with a significant number of concentric rings surrounding the center
of the beam. Lastly, we increased the length of the optical needle twice more to L = 8 mm;
see Figure 4c. The system of concentric rings becomes more pronounced, and the central
lobe is not significantly affected. We verified the propagation of these optical needles
by measuring the intensity of the central lobes for various positions of the z coordinate;
see Figure 4d. In general, the behavior was detected to be as expected from numerical
simulations, with no sharp oscillations on the edges; the intensity drop was smooth, as
desired. However, we did observe some axial oscillations, which might be caused by
inaccuracies in the positioning of the translation stage and some possible misalignment in
the optical system.
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Figure 4. Transverse intensity distributions for vortical needles with topological charges m = 0
(a–c), m = 1 (e–g) and m = 2 (i–k) and lengths of the axial super-Gaussian profile L = 1 mm
(a,e,i), L = 4 mm (b,f,j), and L = 8 mm (c,g,k). Longitudinal axial profiles of vortical optical needles,
measured in the brightest ring (or central lobe) for topological charges m = 0 (d), m = 1 (h), and
m = 2 (l) and different lengths L = 8 mm (red), L = 4 mm (green), and L = 1 mm (black). Intensity
distributions (m–o) of cross-sections marked by a red line in (i–k), respectively. Longitudinal intensity
distributions for optical needles with topological charge m = 2 (p).

Having verified that the optical setup acts at an intended level of performance, we
now introduce nonzero topological charges m = 1 and m = 2; see Figure 4. Starting with
the shortest vortical needle with a length of L = 1 mm, we observed similarities with the
previous case; compare Figure 4e,i to Figure 4a. We observed two pronounced rings, the
first ring with the vortical core inside and the second one surrounding it. The third ring was
weak in both cases. In the expected manner, the radii of the first rings were different: the
higher topological charge resulted in a larger central ring; compare Figure 4e to Figure 4i.
In the case of the topological charge m = 1, the size of a dark spot inside the first ring was
~5.6 µm, measured at a (1 − 1/e2) intensity level. Setting the length of the axial profile
to four-times larger values L = 4 mm immediately resulted in the appearance of a good
pronounced concentric structure with nine rings in it for both topological charges. The sizes
of the central rings surrounding the vortex cores with topological charges m = 1 (Figure 4f)
and m = 2 (Figure 4j) did not change significantly. Lastly, setting the length of the super-
Gaussian axial profile to L = 8 mm gave us the transverse intensity patterns depicted

144



Photonics 2024, 11, 203 8 of 15

in Figure 4g,k. In a similar fashion to the non-vortical optical needle (see Figure 4c), the
ring-like structure of the field became more pronounced. We verified the intended action of
the phase mask by measuring the intensity on the first ring while performing a z scan; see
Figure 4h,l. In both cases, the axial profile of the vortical beams with the shortest length
L = 1 mm resembled our expectation well; see the black curves in Figure 4h,l. Longer
axial profiles had the expected lengths, but were somehow distorted; see the green curves
in Figure 4h,l. This might happen due to the azimuthal intensity fluctuations on the first
ring; compare to Figure 4 f,j. We might have used a non-optimal detection method or some
misalignment was present in the optical setup. The situation improved for axial profiles
designed with length L = 8 mm; see the red curves in Figure 4h,l. For the topological
charge m = 1, we were able to measure the intended axial profile. The axial profile of
the topological charge m = 2 was flat enough, but some spikes appeared. As we did not
integrate azimuths into a ring, but measured them at a single azimuthal angle, this might
have occurred due to the coherent addition of a small background, which caused splitting of
the central vortex and the appearance of single charged vortices [88,89]. Figure 4m–o show
the cross-sections of the m = 2 beams marked by a red line in Figure 4i–k, respectively.

As stated above, the main ring was intensity dominant for the shortest optical needle.
The first side ring was less than 20% of the maximum (Figure 4). Side rings appeared with
the increasing length of the optical needle. For the case of L = 4 mm, the first side ring was
55% while for the case of L = 8 mm, it was 65%. Both of these values were higher compared
to the second ring intensity of the ideal second-order Bessel beam, which would be 42% of
the maximum. The size of the dark central spot was ~11.2 µm, which was twice as large
compared to the intensity minima of the vortical optical needle of topological charge m = 1.
Lastly, in Figure 4p, we present the xz distributions of the optical needles of lengths L = 1,
L = 4, and L = 8 mm and with topological charge m = 2. Smooth intensity distributions
were generated for optical needles with L = 1 mm and L = 4 mm. In the case of L = 8 mm,
axial modulation was present, which might have occurred due to the splitting of the central
vortex into single charged vortices [88,89], as mentioned before.

3.3. Creation of an Array of Optical Needles

Having ensured ourselves that single vortical Bessel-like beams with a controllable
axial profile can be created similarly as optical vortices, we proceeded to the experimental
verification of the creation of an array of independent optical needles using Equation (11).
In our previous study, we already investigated this question (see Ref. [55]), but as the
optical setup differed from that used in those studies, we will briefly verify that those
results are still valid under different conditions.

For this purpose, we created four different phase masks for a set of three optical
needles with topological charges m = 0, angles φ12 = −π/4, and φ13 = 3π/4 having
four distinct values of ρ12 = ρ13; see Figure 5. In the first case, we wished to create an
array where two adjacent optical needles are separated by ρ12 = 20λ; see Figure 5a. We
observed a homogeneous rod-shaped structure, which appeared in the combined beam,
with a transverse length similar to the combined distance ρ12 + ρ13 = 40λ. However, the
side lobes in the direction perpendicular to the axis of the array were comparatively strong,
making the spatial lobe of the combined beam complex. This was an expected outcome, as
we estimated f /# ≈ 9. This implies a classical diffraction limit of approximately 11.5 µm
or approximately 22.1λ, so the individual objects are not resolvable in Figure 5a. Moving
on to the next case, when ρ12 = ρ13 = 40λ (see Figure 5b), we observed a separation of
the rod-shaped structure in the center of the array into three distinct lobes, located in the
engineered positions and separated by less-intense rod-shaped intensity patterns. This is a
minimal separation distance, which we detected to have a distinct three-spike pattern. A
further increase in the separation parameter to ρ12 = ρ13 = 60λ resulted in visibly enhanced
central lobes of individual optical needles and reduced the intensity of the side lobes; see
Figure 5c. Most notably, though individual objects had only one to two intense rings in the
transverse plane (see Figure 4a), the structure of the side lobe appeared to be spatially larger
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than that of a single needle. Moving on to even larger spatial separation ρ12 = ρ13 = 80λ
resulted in a clearly pronounced array of three optical needles with additional interference
patterns; see Figure 5d.

(a) (b) (c) (d)

Figure 5. Transverse intensity distributions for an array of three optical needles with topological
charges m = 0 and the length of the axial super-Gaussian profile L = 1 mm. The spatial separation of
the individual optical needles is ρ12 = 20λ (a), ρ12 = 40λ (b), ρ12 = 60λ (c), and ρ12 = 80λ (d).

Thus, we have confirmed that the optical setup in use acted as intended.

3.4. Creation of an Array of Vortical Needles with Individual Topological Charges

In this section, we introduce into the array individual topological charges m. We start
with a particular example of three optical vortical needles with topological charges m1 = 1,
m2 = 2, and m3 = 0. We investigated how the lengths L of individual super-Gaussian axial
profiles together with separation distances ρ12 and ρ13 influence the resulting intensity
profile of the combined beam; see Figure 6.

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

Figure 6. Transverse intensity distributions for an array of three optical needles with topological
charges m1 = 1, m2 = 2, and m3 = 0 and the length of the axial super-Gaussian profile L = 1 mm
(a–d), L = 2 mm (e–h), and L = 4 mm (i–l). The spatial separation of individual optical needles is
ρ12 = 20λ (a,e,i), ρ12 = 40λ (b,f,j), ρ12 = 60λ (c,g,k), and ρ12 = 80λ (d,h,l).
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The first case that we studied was the case where the azimuthal locations of adjacent
vortical structures are given by the angles φ12 = −π/4 and φ13 = 3π/4. The separation
distances were ρ12 = ρ13 in all cases. We note that the interference pattern of overlapping
Laguerre-Gaussian vortices was studied in Ref. [90], so in the case of coaxial Bessel vortices,
we should expect some similar effects. In the first case, we wished to create an array where
two adjacent optical needles are separated by ρ12 = 20λ; see Figure 6a,e,i. In general, we
see that, for all axial profile lengths L, the introduction of vorticity resulted in a largely
skewed and distorted profile, although needles with charges m3 = 0 and m2 = 2 can be
recognized in the profile of the combined beam for the smallest length L = 1 mm. Longer
structures were unrecognizable; see Figure 6e,i.

As a next step, we increased the separation lengths ρ12 = ρ13 to 40λ; see Figure 6b,f,j.
For the case with the shortest lengths L = 1 mm, we observed an almost complete separa-
tion of individual profiles; see Figure 6b. The increase in the length of the optical vortical
needle distorted the combined beam; see Figure 6f,j. A further increase in the separation
of individual optical beams to ρ12 = ρ13 = 60λ is shown in Figure 6c,g,k. We see that, for
L = 1 mm, the individual transverse profiles were now fully separated; see Figure 6c. A
twofold increase in the length of individual objects was induced as multiple interference
patterns adjacent to the individual center rings, but the structure was recognizable and
looked as expected; see Figure 6g. A further twofold increase in the length of the optical
needles induced stronger interference distortions (see Figure 6k), and as expected, the
central optical needle was the most-distorted. Lastly, we further increased the separation
distance to ρ12 = ρ13 = 80λ; see Figure 6d,h,l. The first two cases were distinctly pro-
nounced (see Figure 6d,h), while the array of the three longest needles showed the main
distorted features of the central and upper structure in the transverse plane (see Figure 6l).

Lastly, we were curious whether the order of the topological charges in the combined
array had any influence on the quality of the combined beam; see Figure 7. For this
investigation, we chose an intermediate length of an individual structure L = 2 mm, and
the individual topological charges were now m1 = 2, m2 = 1, and m3 = 0. The general idea
behind this experiment was that the spatial extent of the higher-order vortex was larger, so
the change in the spatial position of the vortex with topological charge m = 2 will have an
immediate effect on the intensity pattern of the combined beam.

(a) (b) (c) (d)

Figure 7. Transverse intensity distributions for an array of three optical needles with topological
charges m1 = 2, m2 = 1, and m3 = 0 and the length of the axial super-Gaussian profile L = 2 mm.
The spatial separation of individual optical needles was ρ12 = 20λ (a), ρ12 = 40λ (b), ρ12 = 60λ (c),
and ρ12 = 80λ (d).

As expected, the spatial separation ρ12 = ρ13 = 20λ did not show improvement; see
Figure 7a. The slight increase of ρ12 = ρ13 to 40λ (see Figure 7b) demonstrated that only
the non-vortical spike was recognized. However, most notably, when ρ12 = ρ13 = 60λ (see
Figure 7c), we observed that the topological charge needle m = 2 being central affected
adjacent beams more than in the previous case, compared to Figure 6g. This means
that the choice of the optimal separation distance depended not only on the individual
topological charges, but also on the local position of that structure within an array. Lastly,
we selected ρ12 = ρ13 = 80λ; see Figure 6d. When comparing this combined beam with the
previous case (see Figure 6h), we observed that, due to the larger spatial extent, the vortical
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needle with topological charge m = 2 was now more distorted due to the presence of the
two adjacent optical needles.

3.5. Creation of an Array of Vortical Needles with Complex Positions and Axial Profiles

Lastly, given we found an optimal separation distance of ρ12 = 80λ, we aimed to
create a more-complex array of vortical Bessel-like needles with individual positions in the
space around the focal point; see Figure 8.

(a) (c)

(b)

(d) (e) (f) (g)

Figure 8. Phase (a) and amplitude (b) of the spatial spectra of a complex array of vortical needles.
Longitudinal intensity distribution of an array of seven vortical optical needles with individual
positions and topological charges (c). Transverse intensity distributions of an array and the particular
positions in (c), marked green; see (d–g).

In this case, we created a structure of seven independent vortical-needle-like structures.
For convenience, we selected their lengths to be the same, that is L = 1 mm and topological
charges m = 1; however, the positions of those individual vortex needles were different.

The amplitude and phase distribution of the mask are shown in Figure 8a,b. The
longitudinal intensity profile is shown in Figure 8c. We observed the intended propagation
of the combined beam, although the vortical cores with topological charges m = 1 were
not optimally resolved. This effect was caused by the fact that the resolution of the SLM in
use was somehow pushed to the limit, and the z scan quality, blur, appeared due to scan
inhomogeneities and some inevitable inaccuracies. The signal-to-noise ratio in this case
was estimated from Figure 8e comparing the minimal value in the center to the maximum
value, and it was SNR = 200.

The inspection of the array at four individual positions z is presented in Figure 8d–g.
We observed some side lobes in parts peripheral to the vortex cores, but the main vortical
pairs of vortical needles seemed to be intact, though slightly distorted.
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4. Discussion and Conclusions

We discussed the creation of complex structures consisting of a number of individual
vortical optical needles with individual topological charges.

We introduced a versatile method that empowers the controlled creation of arrays of
parallel optical vortical needles with independent axial intensity profiles and topological
charges. Our analysis delved into the interplay between the separation of individual optical
vortical needles and their respective lengths. We observed that destructive interference
between adjacent needles was less pronounced when they varied in length. The preliminary
findings suggest that this phenomenon arose from the distinct spatial modulation in the
Fourier space associated with optical needles of different lengths. The distortion between
neighboring optical needles was the result of spatial overlap, emphasizing the importance of
minimizing such overlap for optimal results. However, this technique imposes limitations
on the smallest separation between the beams, the length of the needle, the topological
charge, or the width of the beam.

Additionally, we introduced a step-like axial intensity profile described using a super-
Gaussian function. This choice mitigated issues related to the Gibbs phenomenon, ensuring
a smooth varying profile and sharp edges. Our experimentation identified the optimal
parameter for the super-Gaussian function as N = 7.

In conclusion, the presented method facilitates the creation of diverse spatial intensity
distributions in three dimensions, potentially finding applications in specific microfabrica-
tion tasks or other contexts.
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