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High-Order Vector Bessel-Gauss Beams for Laser Micromachining of
Transparent Materials
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Here, we present thorough research into high-order vector Bessel-Gauss beams from a theoretical
perspective, with experimental realization and application to transparent-material laser micromachining.
Efficient, stable, high-quality, and power-vector Bessel-Gauss beam generation using two geometric-
phase-based optical elements, a high-order S-wave plate and an axicon in combination with simple optical
elements, such as lenses, wave plates, and polarizers, is demonstrated. Ultrashort pulse-vector Bessel-
Gauss beams are used to induce modifications in the glass, creating three-dimensional tubular structures
of type I and type II modification in D263T glass. Furthermore, samples containing tubular modifica-
tions are tested for etch selectivity in the femtosecond-laser-induced chemical-etching method with KOH

solution by etching throughout channels.
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I. INTRODUCTION

Microfabrication of transparent materials has been a
fast-growing field of laser-matter interactions over the past
decades. Typically employing short and high-power laser
pulses, to cause nonlinear absorption inside a transparent
material, this technique allows simple volume marking [1],
multiphoton polymerization (MPP) [2], waveguide writ-
ing [3], volume nanograting formation [4], or selective
chemical etching [5]. Improvements in laser-assisted man-
ufacturing show no signs of stopping and follow simple
tendencies to make processes faster, cheaper, and more
accurate [6-S8].

For many years, the microfabrication of transparent
materials has relied on a focused Gaussian beam, giving
a raster single-point modification process [9]. It is still the
most versatile approach in many applications because the
speed of beam positioning has been vastly improved (fast
air-bearing stages, galvanometric and polygon scanners,
etc.); however, this speed is reaching its limits because
with increased speed the positioning accuracy deteriorates,
in most cases. An improvement to increase the overall
process speed is in beam-shaping technology, which can
vary from a simple technique to a complicated one. For
instance, beam-splitting technology, which gives multiple
numbers of isolated and high-intensity peaks in both the X -
Y [10,11] and X -Z planes [12], providing improvements,
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from a few to hundreds of times, in industrial-process
speeds. Likewise, the introduction of Bessel-Gauss beams
[13] allows elongation of focal spots without deteriorat-
ing the spatial dimension to create an intense focal line
[14,15]. These beams enable the single-pass cleaving of
glass [16—18], an increase of the printing speeds of the
MPP structure [19], the inscription of waveguides without
the need to move the sample [20], or even the manu-
facture of high-aspect-ratio microchannels by adding a
selective chemical-etching [21] step. Modification of the
beam’s transverse profile, creating, for example, a flat
top [22] or even doughnut-shaped beams, is also done to
enhance the ablation quality or to quickly ablate the desired
shapes without moving the sample [23]. All abovemen-
tioned beam modifications show the versatility of laser
microfabrication and demonstrate vast advantages in spe-
cific tasks, as they are purposely designed to improve
speeds and optimize manufacturing costs.

The question arises whether it is possible to use
beam-engineering techniques to create complex three-
dimensional (3D) intensity distribution beams that can be
used to manufacture 3D structures in transparent mate-
rials without moving the sample. The 3D beam-shaping
techniques already lead to success when employing spa-
tial light modulators (SLMs) [24]. Our previous works
have also demonstrated complex beam-shaping tech-
niques, allowing three-dimensional beam shaping with
quasi-Bessel-Gauss beams employing SLMs [25-27],
which allowed us to create controllable 3D laser-intensity
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distributions in air. However, the SLM diffraction effi-
ciency and damage threshold are too low for microfabri-
cation purposes, as high energies are needed to fabricate
large three-dimensional structures, especially when the
energy of the beam is distributed over a large volume. The
beam-shaping technique that can enable the beam-intensity
distribution to be changed with a high diffraction efficiency
and with a high damage threshold is to use the geometrical
phase in optical elements. The use of metasurface-based
elements is promising [28], but, due to manufacturing dif-
ficulties, their quality quickly deteriorates when smaller
and smaller elements are needed to fabricate incoming
beam wavelengths in the optical or near-infrared regions,
i.e., where most of the ultrashort-pulse laser central wave-
lengths and their harmonics are situated. For this reason,
these elements work well for GHz and THz frequencies, as
the elements are large enough that they can be fabricated
without the need for expensive lithography techniques. On
the other hand, volume nanogratings inscribed in fused
silica [4] can be applied as the controllable geometric
phase elements in the desired region. Femtosecond-laser-
written volume nanogratings are well researched in the
literature [29-31], but only recent advances in precise
inscription processes and control of the fast-axis angle
and retardance allow for commercially available high-
efficiency nanograting-based optical elements to be used
for beam shaping [32,33]. However, the resulting phase
masks reported in previous publications [25-27] for the
generation of an intricate 3D intensity distribution were
too complex to write them as geometrical phase elements.
To scale down the complexity of the problem, we use
simpler vector Bessel beams (VBBs) for the microfab-
rication of transparent materials [34]. These beams are
known for a tubular intensity distribution and complex and
vector nature of polarization [35,36]. A setup for high-
quality and high-power beam generation was proposed in
Ref. [34] and involved a regular glass axicon and an S-
wave plate. The axicon produces a Bessel-Gauss beam,
while the S-wave plate spatially changes the beam polar-
ization via inscribed spatially distributed nanogratings that
act as localized polarization converters [37], as manufac-
tured by the Workshop of Photonics (WOP). The resulting
beam is exploited to create tubular modifications in glass,
while separate polarization components are successfully
used for glass-inscribing applications.

Continuing our work on VBBs and the exploitation
of such beams for microfabrication purposes [33,38-40],
we present a scheme for the generation of high-quality,
high-power, and high-order VBBs and use them in the
formation of tubular structures in transparent materials.
We report on an experimental setup for high-power VBB
generation employing a nanograting-based diffractive axi-
con and a high-order S-wave plate (both custom-made by
WOP). Such beams are unique for their tubular intensity
distribution, which is controlled by changing the order

of the VBB. They have even more complex polariza-
tion patterns than that of a first-order VBB; however, the
updated optical setup allows even very-high-order VBBs
to be achieved with very good efficiency and quality,
with long-lasting and stable high-energy beam genera-
tion. The diameter of the tube increases almost linearly
with increasing VBB order, n, while orthogonal polariza-
tion components consist of 2z intensity peaks positioned
on the circle. Both the full beam and the individual lin-
early polarized constituents can be produced with the
proposed optical setup and are employed to inscribe tubu-
lar modifications throughout D263T glass without moving
the sample and/or laser beam. Thus, we demonstrate the
fabrication of a 3D structure inside a transparent mate-
rial employing only beam shaping. These structures can
be used as waveguides for high-order Laguerre-Gaussian
modes. A guiding mechanism can also be achieved in
crystals where depressed cladding waveguides can be fab-
ricated [41]. The higher-order VBBs may find application
for wide-channel fabrication using the femtosecond-laser-
induced chemical-etching (FLICE) method. As a proof of
concept, our machined samples are further used for selec-
tive chemical-etching experiments in an attempt to create
wide channels.

II. THEORETICAL BACKGROUND

We start here by introducing the concept of the geo-
metrical phase (also known as the Pancharatnam-Berry
phase) [33,42]. Let us assume that the optical element can
be subdivided into pixels. The basic operation mode of
those subpixels can be described using the formalism of
the Jones matrix, M. Each subpixel has a spatially vari-
ant orientation of fast axis, usually described by the angle
0 (x,y). Let us assume that a subpixel of such an element is
a nanograting, which acts as a retarder to introduce a phase
delay of kR. A geometrical phase element produced by this
retardation is described as

T(x,y) =R [0 (x,y)]MR[0 (x,y)]

_ cos?0 + ¢*Rsin’0 (1 — eikR) cos 6 sinf
B (1 —e*)cosOsing  e*cos?0 +sin’0 |’
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cosf
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where R(0) = |:_ sin 0

el¢‘C
M= [ )
¢, and ¢, are the phase retardations of electric fields
of perpendicular polarization components in the x and y
directions, respectively, and represents the local behav-
ior of nanogratings. Usually, retardation can be flexibly
controlled in experiments and can be varied across the ele-
ment; however, for simplicity and ease of use, we choose

j| is the rotation matrix and

0. .
e"‘py] is the Jones matrix of a retarder, where
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for the retardance of the element to be constant and equal to
half of the impingement on the element wavelength, kR =
¢, — ¢, = m, where k is the wave number; this gives us

cos 26 (x,y)

_ sin20 (x,y)
Feey)= [sin29 (6,9) } - @

—c0s 26 (x,y)

Our main interest is in elements for which the local ori-
entation of subpixels changes linearly with the azimuthal
angle, ¢, as 6 (x,y) = q¢ + ¢o. This kind of behavior was
observed in 2006 in the so-called ¢ plates [43]. A g plate
is a liquid-crystal (LC) device with an azimuthal pattern
[6 (x,y)] of LC molecules around a central point. The geo-
metrical pattern is characterized mainly by the topological
charge, g, of the central singularity, which can be an inte-
ger or half an integer. Another common implementation
is the so-called spatially variant half-wave plates (S-wave
plates), which are produced by inducing local birefrin-
gence in glasses, and the geometrical phase is controlled by
the orientation of the fast (slow) axis [37]. If g = 1/2, such
an optical element converts a linearly polarized Gaussian
beam into radially or azimuthally polarized beams [44].
Next, we have to constitute 0(x,y) = g¢, which results in
the expression for the Jones matrix, 7' (x,y), of the S-wave
plate. In a rather trivial fashion, we can demonstrate its
action on the linearly polarized light, as follows:

sin2q¢ 1\  [cos2qgp
—cos2qp ) \0) ~ \sin2qgp

sin2g¢ 0\ [ sin2qe
—cos2qp ) \1) — \—cos2qp /"

G)

__ [cos2qyp
Eraa = (sin 2q¢

- [cos2qgp
Eui = (sin 2q¢

A Bessel vortex beam has a spatial amplitude distri-
bution proportional to J,, (Bor) exp(ime), where J,, is the
mth-order Bessel function of the first kind, » is a radial
coordinate, By is a radial frequency [13], and m is the
topological charge of the vortex. An unperturbed Bessel
vortex does not diffract in the case of free propagation
and is distinguished by the mth-order vortex core sur-
rounded by decreasing intensity rings in the periphery that
extends up to infinity. The experimentally realized spa-
tially limited (apertured) Bessel vortices inherit invariable
propagation only in a limited length called the Bessel zone
[45,46]. The most commonly used method to experimen-
tally generate a Bessel-Gauss beam is with the use of a
glass cone named an axicon. This optical element adds a
cone-shaped phase profile to the incoming beam, which,
for the Laguerre-Gaussian (LG),,0 beam, can be written as

E (r, @) = age™ "% ~ifortimg, 4)

where d is the beam radius; ¢ is an azimuth; and S is a
phase gradient determined by an axicon shape that can be

expressed as By ~ 2w (n, — 1)a/A, where A is the wave-
length, and n, and o are the refraction index and wedge
angle of the axicon, respectively. The maximum beam-
intensity change with propagation distance has a distinct
form proportional to z exp (—z?) that has a steeper ascent
than descent. The Bessel beam can also be visualized as an
interference of plane waves, the wave vectors of which are
placed on a cone; therefore, the spectrum of such beams is
a ring. The apodized Bessel beam with a Gaussian, or in
other words, the experimentally generated beam will have
a ring structure in the far field; just the thickness of the
ring will be proportional to the apodization function. For
instance, the far field of the Bessel-Gauss vortex beam can
be expressed as

ﬂoﬂdz)

S(B,0) = nd’I, ( 5

pE+8%)d
ei%+im(espe+n/2)’ (5)

where [,, is the modified Bessel function of mth order,
B is the spectral radius, and 6, is the spectral azimuth
[46]. The far field of the Bessel-Gauss vortex beam has
a Gaussian profile, which is located around the carrier
frequency, By = ksinapg, where ap is the angle of the
Bessel beam. Let us now take a closer look at indi-
vidual linearly polarized constituents of the vector beam
after an optical element, see Eq. (3). The spatially vari-
able half-wave plate modifies the far field [Eq. (5)] of
the incident linearly polarized Bessel vortex, which is
multiplied either by cos(2gfse) or by sin(2g6g.). Let
us assume that the incident polarization is oriented in
the x direction, see Eq. (3). We recall Euler’s for-
mulas, 2co0s(2g0spe) = exp(2igbspe) + exp(—2igbsp.) and
2i5in(2g0spe) = exp(2igOspe) — exp(—2iqbspe). Therefore,
the far field after the S plate can be written approximately
[47] as

2
S(B,0) ~ [lm+2q (,30/23d ) £l +2q) (Ospe+7/2)

2 2482\ 2
:l:lmizq <@> ei(m—Zq)(gspe_,_n/z)] o (ﬁ0+f )d '
(6)

Therefore, after the far field is transformed into the field,
the linearly polarized constituents are superpositions of
two Bessel vortices with topological charges m + 2¢g and
m — 2gq:

Ex,y (}", QD) ~ [Jm+2q (,307”) ei(m+2q)<p

T ag (Bor) €] 1T (7)

It is demonstrated that this superposition creates a rather
rich and difficult structure [48,49]: for m 4+ 2q > |m — 24|
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and m — 2g # 0, there exists a vortex with charge m — 2¢q
at the center of the beam at p = 0. Additionally, the cores
of the single-charged vortices are situated at azimuthal
angles ¢ = wk/(4q), k=0,1,2,...,49 — 1 on the infi-
nite number of circumferences. The presence of the minus
sign rotates the pattern by 7 /(4¢). In our further develop-
ment, we choose m = 0 (the incident beam has a Gaussian
amplitude distribution) and ¢ = n/2 is a half-integer num-
ber; here,n = 1,2, ... 1is an integer. Thus, we can conclude
that the linearly polarized £, and £, constituents are super-
positions of two Bessel vortices with opposite charges,
n and —n, and rotated by 7/(2n) with respect to each
other. Numerically calculated transverse intensity distribu-
tions using Eq. (7) for the higher VBB and their individual
polarization components are presented in Fig. 1. Three
cases for the vector Bessel beam are chosen: n =1, 4,
and 6. All mentioned properties are apparent in Fig. 1,
such as central-ring expansion with an increase of the
VBB order and the number of intensity peaks is double
the VBB order. Yet another distinguishable and hardly
measurable property of VBBs is the polarization pattern.
Although all VBBs have a constant phase, the polarization
vector rotates with the azimuth angle and the number of
rotations is directly related to the order, n, of the beam.
An example of such polarization patterns for a certain
moment in time is depicted in Fig. 1 as gray arrows. The
numerical simulation of the VBB generated via the axicon
and higher-order S-wave plate propagation is also done.

FIG. 1. Numerically calculated transverse intensity profiles of
vector Bessel-Gauss beams of orders n = 1 (a),n =4 (d),n = 6
(g), and their linearly polarized constituents (b), (c) forn = 1, (e),
(f) for n = 4, and (h),(i) is for n = 6. Gray arrows depict stream
lines of electric field.

1.0

(b)

5

M (c) (d)

00 01 02 03 04 05 06 0700 01 02 03 04 05 06 07
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FIG. 2. Numerically calculated intensity profiles of n = 0 (a),
n=1(b),n=4(c),n=6(d) VBBs in the X-Z plane. Scale as
expected in ideal experimental setup.

Results for the intensity distributions in the Z-X plane over
the propagation distance are shown in Fig. 2. As predicted,
the simulation of Bessel-Gauss beams indicates a steeper
ascent than descent of the axial intensity profile, while the
length of the Bessel zone is closely connected to the ini-
tial beam width and the angle of the Bessel cone. All beam
properties (beam size, wavelength, Bessel cone angle, etc.)
used for the numerical simulation are as close as possible
to the ideal case of our experimental setup.

III. EXPERIMENTAL SETUP

High-order VBBs are generated using a PHAROS (light
conversion) Yb:KGW laser system, and micromachin-
ing experiments are performed with a FemtoLAB (WOP)
microfabrication workstation. The fundamental Gaussian
mode of the laser is directed through an axicon to trans-
form it into a Bessel-Gauss beam. A high-order S plate is
employed afterward for the generation of high-order VBBs
(see Fig. 3). In our setup, both the axicon and nth-order S-
wave plate are volume-nanograting-based diffractive ele-
ments and require a specific polarization to function. The

A4 Axicon /4 Lens 1 S-wave plate Polarizer Lens 2
(diffractive) + spatial filter
FIG. 3. Simplified experimental setup for the generation of a

vector Bessel beam using a high-order S-wave plate. Lenses 1
and 2 represent here a 4/ demagnifying imaging system. A/4
denotes a quarter-wave plate. When present, the polarizer in the
setup filters out individual linearly polarized constituents of the
VBB.

034001-4



HIGH-ORDER VECTOR BESSEL-GAUSS...

PHYS. REV. APPLIED 16, 034001 (2021)

diffractive element of the axicon changes the only phase
of the beam. It is produced using a value of retardation of
kR = m. To perform as intended, the polarization of the
input beam has to be circular, as the value of retardation
is kept constant at kR = 7 over the full element area. For
this reason, the diffractive optical element (DOE) axicon is
placed between two X /4-wave plates, so the polarization of
the beam is first converted from linear to circular, the beam
interacts with the DOE, and the polarization is converted
back to linear. Thus, a zero-order linearly polarized Bessel
beam is generated, as required for the polarization con-
version of the S plate to work as intended. The traditional
refractive axicon made from transparent materials tends to
have a rounded tip that greatly reduces the quality of the
resulting beam and introduces a modulated axial intensity.
In our previous work, we suggested using a spatial filter in
the far field of the beam [34], i.e., a ring-shaped transmis-
sion mask, to remove unwanted far-field frequencies. This
operation does improve the quality of the beam dramati-
cally and allows us to generate quality first-order VBBs.
However, the chrome ablated transmission ring (i.e., the
spatial filter) degrades over time due to high fluence, which
has to be filtered. Moreover, the spatial filter removes a
substantial amount of energy from the beam (up to 30%),
and therefore, the resulting efficiency is reduced. The setup
is also sensitive and needs careful adjustment. The scheme
proposed here, on the contrary, uses a geometric phase ele-
ment (GPE) to act as an axicon. Thus, the beam quality
is dramatically improved. The ability to precisely control
the orientation of nanogratings inside a GPE enables us
to generate a high-quality easily customizable DOE axi-
con [32], which is capable of high-quality Bessel-Gauss
beam generation. As this GPE has a high damage thresh-
old, the high quality of the generated beam remains, even
for high-energy beams. In our particular case, we fabri-
cate an axicon GPE to have a phase gradient, §y, of 95.82
rad/mm, which acts similarly to the ideal refractive axi-
con from fused silica with a wedge angle, «, of 2° for
a wavelength of 1028 nm. Lens 1 in the setup in Fig. 3
is used to produce the far field of the Bessel beam. The
S plate of order n is placed in the Fourier plane of lens
1. Different linearly polarized constituents are produced
by placing a polarizer after the S plate. The second lens
is used to construct a demagnified 4f telescope with a
demagnification of 15.6 times. This setup allows the gen-
eration of a VBB with a cone angle of 14.06° in air. The
diameter of the incident Gaussian beam is 4.5 mm at 1/e?
of the maximum beam intensity, which produces a Bessel
zone with a length of about 0.35 mm, as measured at the
FWHM.

We experimentally determine that placing an S-wave
plate in the far field of the beam has many advantages.
For example, the ring-shaped far field concentrates the
beam energy further away from the center of the optical
axis compared with the initial Gaussian beam, the energy

of which is continuously distributed, starting from the
center to the sides, and its diameter is smaller than the
radius of the Bessel beam’s far-field radius. As the speed
of polarization rotation is inversely proportional to the
squared distance, a small deviation of placing an S-wave
plate not exactly at the center of the Bessel beam’s far
field does not impact so much on the generated beam qual-
ity compared with the Gaussian-beam case. The second
advantage is the fabrication speed of the element. The sur-
face area of the Bessel-Gauss beam’s far field is much
smaller than that of the initial Gaussian beam; therefore,
placing the GPE at the Bessel beam’s far field eliminates
the need to produce large-surface-area diffractive elements
and saves time required for the fabrication of the ele-
ment. The center of an S-wave plate, where high precision
is required due to a rapid change of the fast axis and
the possible occurrence of various fabrication defects, is
not fabricated. Lastly, the nonfabricated center of the S-
wave plate can be used to block the remaining zero-order
diffraction, which comes from the GPE of the axicon. This
arrangement of optical elements enables us to generate a
high-quality Bessel-Gauss beam with an overall efficiency
of 72%. The vast majority of energy loss arises from reflec-
tions of the uncoated optical elements, so the efficiency can
be further improved. The nondiffracted part of the Gaus-
sian beam, after it passes the diffractive axicon, has only

Angle of fast axis (deg)

500 516 532
Retardance (nm)

FIG. 4. Spatial distributions of the fast axes of different orders
of S-wave plates. S-Wave plate orders are from n =1 (a) to
n = 6 (f). Retardance measurements with enlarged central part
of the element (g) and a statistical plot of retardance (h). Mea-
surements of fast-axis orientation and retardance are done with a
Hinds Instruments Exicor Microlmager.
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about 15% of the total energy. For comparison, the over-
all efficiency in a similar setup using a glass axicon and a
special spatial filter with a few uncoated elements has an
efficiency of about 60% [34].

Spatial distributions of the fast axes of the S-wave plates
with orders from one to six are depicted in Fig. 4. Retar-
dation is equal to A/2 in the area of the element, and
small variations of up to £2.5%, due to the manufacturing
process, are observed. The orientation of the nanograt-
ing and the angle of the fast axis depend on the azimuth
angle; gratings are rotated by n over one full rotation, see
Eq. (3). This approach to the GPEs results in a superb resis-
tance to mechanical and environmental damage. All GPEs
are tested for the laser induced damage threshold, and
small differences in comparison to bare fused silica [50]
are observed. For this reason, we can conclude that both
elements under discussion (nanograting-based diffractive
axicons and high-order S-wave plates) are great candidates
for reliable use in high-energy applications.

IV. RESULTS

A. High-order VBB generation and characterization

For the successful application of structured light in
microfabrication, high beam quality at high energies
is essential. We analyze the performance of the setup
depicted in Fig. 3 with the help of a CCD camera with
a 60x magnifying objective, and the results are depicted
in Figs. 5 and 6. The free-space propagation of the beam

No polarizer

10 um
—

FIG. 5. Transverse intensity profiles of experimentally gen-
erated vector Bessel-Gauss beams of orders n =1 (a), n =
4 (d), n=6 (g), and their linearly polarized constituents

(b),(c).(e),(H),(h),(3).

1.0
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FIG. 6. Intensity profiles of the experimentally obtained beam

in the X-Z plane. Orders of experimentally generated vector
Bessel-Gauss beams are n = 0 (a), n = 1 (b),n = 4 (c), and n =
6 (d). Axial intensity distributions of typical refractive axicon,
numerical simulation, and diffractive axicon (e); and axial inten-
sity distributions of n = 1, n = 4, and n = 6 vector Bessel-Gauss
beams (f).

is studied by translation of the imaging system along the
z axis at a step size of 5 um. The intensity profiles of
the first-, fourth-, and sixth-order VBBs are depicted in
Figs. 5(a), 5(d), and 5(g), respectively. The intensity dis-
tributions of two orthogonally polarized constituents of
the VBB are depicted in the second and third columns
of Figs. 5. All profile measurements are performed at the
center of the Bessel zone. The transverse intensity pro-
files of vector Bessel-Gauss beams are easily distinguished
by the characteristic ring-shaped central part. The increase
in the order of the VBB consequently enlarges the cen-
tral ring, and therefore, the intensity contrast between the
first and second intensity rings is reduced. The intensity
distribution of linearly polarized constituents consists of
2n intensity peaks distributed on a circle. When the polar-
izer is rotated by /2, the intensity distribution rotates by
7 /2n, and therefore, locations of the peaks on a ring can
be adjusted quite easily.

The rotation of the polarizer does not change the
detected power, which is half that of the initial power of the
VBB. Theoretical analysis reveals that the intensity of the
VBB has radial symmetry and that every ring contains the
same amount of power, see the Bessel functions in Eq. (7).
It also shows that, for the linearly polarized constituents,
the intensity distribution has an azimuthal modulation; the
ring is now modulated by 2n peaks and every peak on the
ring has the same peak intensity (see Fig. 1). Experimen-
tally generated VBB intensity profiles have a very close
resemblance to the theoretically predicted distributions.
The central ring has a small intensity modulation and the
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modulation amplitude increases with the VBB order, but
it does not exceed about 20%, and the main structure
of the beam is maintained throughout the whole Bessel
zone. Intensity profiles of linearly polarized constituents
(i.e., beams after a polarizer) demonstrate peaks of high
contrast. The intensity and shape of individual peaks are
similar and close to those that are ideal. We suppose
that irregularities may be caused by the nonideal laser
beam, diffractive optical elements, and alignment issues,
but overall the beam profile is very close to analytical
expectations.

The theoretically predicted VBB should also sustain its
symmetry over the full length of the Bessel zone. For
this reason, we experimentally investigate the propagation
of the VBB, and the experimentally measured intensity
distributions in the X-Z plane are depicted in Fig. 6.
The zeroth-order Bessel beam is generated without an
S-wave plate and propagates similarly to a theoretically
predicted Bessel-Gauss beam, see Fig. 6(a). It is used as
a reference for further comparisons with situations when
the S-wave plate is present in the setup. As expected,
the appearance of an S-wave plate does not change the
length of the Bessel zone. We do observe an expected
increase of the diameter of the first intensity ring as the
order of the VBB increases. In the cross section in the
X -Z plane, this can be observed as the increased sepa-
ration of two parallel tracks. Results depicted in Figs. 5
and 6 provide evidence of high-quality VBB generation.
Indeed, no excessive axial intensity modulation or other
irregularities are observed for the zeroth-order and n = 1
beams, see [Figs. 6(a) and 6(b)]. However, a slightly vis-
ible axial modulation does appear for n = 4 [Fig. 6(c)]
and n = 6 [Fig. 6(d)]. The analytical maximum-intensity
dependence on propagation distance comparisons with
experimentally retrieved values are presented in Figs. 6(e)
and 6(f). A comparison of the Bessel beam’s axial inten-
sity variation when generated with a GPE and typical
glass axicon is depicted in Fig. 6(¢). The blunt glass
tip generates a large intensity modulation and a dis-
tinct intense initial peak, while the GPE-generated Bessel
beam’s intensity closely follows the analytical results.
Fig. 6(f) shows the maximum-axial-intensity dependence
on the propagation distance of higher-order VBBs for
the X-Z planes depicted in Figs. 6(b)—6(d). Small irreg-
ularities might appear for higher-order n beams. This is
naturally caused by the complexity of polarization pat-
terns and intensity distributions, so the VBB becomes more
sensitive. Despite the appearance of these artifacts, the
nondiffracting nature of the beam is preserved, i.e., the cen-
tral ring remains a ring from the start of the Bessel zone
to the end of it. The contrast between adjacent rings is
high, and therefore, a relatively good quality is achieved,
which can be applied further for laser micromachining
purposes.

B. VBB-induced modifications in glass

As we are satisfied with the quality of the experimentally
observed VBBs, we move to applications. In this section,
we show the exploitation of generated VBBs for the micro-
machining of glasses. The experimental scheme allows for
the generation of high-power VBBs with the fluence of
the beam high enough to exceed the damage threshold of
transparent glasses. This investigation is important because
high-order VBBs have a distinct 3D-shaped intensity dis-
tribution and, differently from the focused Gaussian beam,
they should inscribe a similarly lengthy and complex struc-
ture without any movement of the sample or the beam. Of
course, this is highly advantageous in terms of fabrication
time and efficiency. While applications do vary from task
to task, such flexibility in changes to the beam shape is
highly desirable.

The goal of further experiments is to analyze the
response of the glass to laser irradiation with VBBs. We
are mainly interested in the type of modification, the shape
induced by VBBs, and the evenness of inscribed modifica-
tions. We use common D263 T borosilicate glass plates of
0.3-mm thick and analyze damage both on the surface and
in the volume of samples. The induced surface and volume
modifications are measured optically with an Olympus
BX51 microscope (100x magnification of the objective).
A few selected examples of a sample surface modified
by a single-laser pulse are depicted in Figs. 7(a)-7(i). In
a similar fashion, pictures depicting appropriate volume
modifications are presented in Figs. 7()—7(r).

As expected, the ringlike intensity distribution of non-
diffracting beams causes the appearance of ring-shaped
surface damage. In this particular case, we produce dam-
age throughout the sample with beams of 265.2 uJ in
energy (half as much for linearly polarized constituents)
and single pulses with a FWHM duration of 5 ps centered
at a wavelength of 1028 nm. The surface modifications
produced by a single-pulse VBB are depicted in Fig. 7;
note that the first column is labeled “no polarizer.” We
observe that higher-than-first-order VBBs (n = 4, n = 6)
produce surface modifications that are ring shaped; how-
ever, the ringlike modification has irregularities over the
circumference that are also noticeable in volume modi-
fications. Apparently, the measured small beam-intensity
modulations (observable in Fig. 5) are directly linked to
irregularities in the ringlike structure of induced modi-
fications. From the pictures of volume modification, we
conclude that the tubular structure of modifications is sus-
tained throughout the sample, given that the VBBs have
enough power to propagate and modify the volume of the
medium. On the contrary, surface damage produced by the
linearly polarized constituents (see Fig. 7, second and third
columns) is excellent, i.e., neat symmetrical surface dam-
age is produced in a ring. The slight intensity variation of
the peaks, which we discuss in the results A section, is not
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FIG. 7. Microscope images of voids formed on the surface of
SCHOTT D263T glass (top images), and visible volume modifi-
cations in the sample (bottom images), produced by single-pulse
vector Bessel-Gauss beams with orders of n =1 (a),(j), n =
4 (d),(m), and n =6 (g),(p). Modifications produced by lin-
early polarized x and y constituents of the VBBs are depicted
in the second and third columns, respectively. Pulse duration
5 ps FWHM, pulse energy 265.2 ulJ (a),(d),(g),(j),(m),(p) and
131.5 uJ (b),(c),(e),(D),(h),(1),(K),(1),(n),(0),(q),(x).

5um
—

transferred noticeably to the surface modifications in this
case. An exceptional crack formation, resembling the let-
ter H is visible for the case of n = 1 [Figs. 7(k) and 7(1)]
and resembles results reported previously in Ref. [34]. Lin-
early polarized constituents of high-order VBBs (n = 4,
n = 6) cause starlike volume modifications to appear, i.e.,

slim cracks radiating from the center of the beam; however,
they are localized at peaks of high intensity.

The Bessel zone length of VBBs (0.35 mm FWHM in
air) is bigger than the sample thickness (0.3 mm; the refrac-
tive index is about 1.5). The axial beam intensity is not
constant in the Bessel zone; therefore, fine adjustments
are important, as changes in the sample position with
respect to the axial intensity peak of the beam will change
the beam intensity on the front and back surfaces of the
material. This is especially crucial when uniform glass
modification throughout the sample is desired. To over-
come this, we increase the Bessel beam zone to be much
larger than the thickness of the sample. We increase the
beam diameter of the input Gaussian beam from 4.5 to 9
mm at 1/e?, which results in a 2 times increase in the length
of the Bessel zone. The sample is centered over the Bessel
zone. We test a wide range of parameters related to a laser
micromachining scenario, to improve the evenness of the
produced structures. Additionally, we investigate a multi-
shot approach, when material damage is accumulated over
multiple laser pulses. The contrast between the intensities
in the first and second rings of the beam gets smaller as
the order of the VBB increases. For the case of the sixth-
order beam, it is equal to 1:0.49 (compared with 1:0.19 for
a zeroth-order Bessel-Gauss beam). This naturally causes a
smaller window of laser parameters for laser micromachin-
ing applications where only the first ring should modify the
glass.

A small part of the experiments we perform is presented
in Fig. 8. Here, we consider only a VBB of order n = 6
[Figs. 8(a) and 8(b)] and its linearly polarized constituents
[Figs. 8(c) and 8(d)]. The accumulation of 500 000 shots
with 1 ps FWHM pulses at a laser repetition rate of 40
kHz is used to generate these tracks. We choose to show
the material modification of two pulse energies, 105 and
71.4 wpJ. The first energy of 105 ulJ is chosen because,
with this energy, the first intensity ring would have enough
intensity to induce modification of the front and back sur-
faces of the sample with a single shot. The energy of
71.4 wl is about 30% lower than the single-shot surface-
modification threshold and does not produce damage with
a single shot. Two different fabrication conditions are
investigated. The pulse energies are 105 uJ [Fig. 8(a)]
for the first and 71.4 pJ [Fig. 8(b)] for the second case.
Energies are half those for the linearly polarized compo-
nents in Figs. 8(c) and 8(d). We use the same microscope
and record images of the top surface, the volume, and the
side view of a side-polished sample. In the first case, the
energy of a VBB is higher [Fig. 8(a)], and a large amount
of material from the back and front surfaces are ablated.
As the ablated area acts as a screen, consecutive pulses
are blocked; consequently, the central part of the beam
does not fully penetrate the volume and the track is not
fully formed. However, due to self-healing of nondiffract-
ing VBBs, the beam is restored as it propagates further
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FIG. 8.

20 um
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Modifications in SCHOTT D263T glass sample with full » = 6 VBB (a),(b) and separate polarization components (c),(d).

Pulse duration, 1 ps FWHM; number of pulses, 500 000; pulse energy, 105 nJ (a) and 71.4 J (b), and half that for separate components
(¢),(d). Microscope images show top, volume, and side views for each case.

from the shadow produced by the ablated surface. Due
to the conical nature, energy flux from the periphery of
the beam to the center of the beam enables self-healing
and, as a result, partial volume modifications are still
observed. In the second scenario, the energy of the pulses is
lower; the results are presented in Fig. 8(b). A significantly
lower amount of surface is ablated and, consequently,
the beam is not screened. Hence, even refractive-index
modification throughout the full sample with no apparent
amplitude modification is successfully achieved. Modu-
lations present in the transverse ring of the beam, see
Figs. 7(g) and 7(p), are also significantly minimized due
to damage-accumulation effects of the material.

Experiments are performed with linearly polarized con-
stituents of the VBB in slightly different scenarios. We
notice that ablation of the surface and beam shadowing
are minimal in both low- and high-energy cases. However,
we note darker tracks in the volume modification. This
indicates that a type II modification is present, so cracks
or nanovoids are formed. A natural cause of this can be
found by looking at transverse intensity distributions. Sep-
arate intense peaks and lows on the ring induce local low-
and high-material-stress areas, which are relaxed afterward
through the formation of cracks. The second case (with a
lower-energy beam) is also investigated [see Fig. 8(d)].
Modification induced in the material by a linearly polar-
ized constituent of the VBB creates here very even tracks.
Surface ablation is minimal; consequently, there is practi-
cally no modulation in the tubular structures. Furthermore,
separate volumetric tracks can be easily distinguished from
each other.

C. Selective chemical etching

Selective FLICE is a great tool to improve the
microfabrication process by removing only laser-irradiated

material. The principle of FLICE is that the laser-irradiated
area is etched up to a few hundred times faster [51], which
allows the creation of complex hollow structures. Usually,
a tightly focused Gaussian beam is used for FLICE for the
most flexibility in producing desired shapes, 3D channels,
and other structures [5]. However, when narrow and high-
aspect-ratio channels are required, a Bessel-Gaussian beam
shows a great promise because the fabrication time com-
pared with that of a Gaussian beam is greatly improved
[21,52].

Particular applications require spatially separated holes
of larger diameter. This is a situation where material mod-
ifications induced by VBBs can be employed. As we
demonstrate, VBBs have a controllable and much wider
diameter of the central core than that of Bessel-Gauss
beams and can be used for the fabrication of wide chan-
nels. The etching ratio of modified glass deeply depends
on the type of modification [5]: when the refractive index
changes, the etching rate increases slightly. However,
when nanogratings and microcracks are formed, the etch-
ing rate increases significantly. The increase of the etching
rate is related to a material change at the atomic level
under laser irradiation [51]. Microcracks and nanogratings
increase the etchant’s capability to penetrate the modifica-
tion and, as a result, speed up the chemical process. The
ratio between the etching rates of modified and nonmodi-
fied glass is called selectivity, and this term will be further
used in this work.

The FLICE method is widely used for various types of
materials, with most uses related to fused silica [53,54].
Other applicable materials include YAG crystals [55],
sapphire [56], or borosilicate glass [57]. In terms of
etchants, there are two main options: low-concentration
HF acid solution or less-toxic high-temperature KOH solu-
tion. The etching rate of HF is much higher than that

034001-9



JUSTAS BALTRUKONIS et al.

PHYS. REV. APPLIED 16, 034001 (2021)

of KOH [53], but KOH features higher selectivity and
is easier to work with. While conducting our experi-
ments, we notice that higher selectivity is preferable; there-
fore, 30% 80°C KOH solution is our choice for further
experiments.

We perform additional experiments to examine various
laser parameters and beam configurations. We select here
a VBB with an order of n = 6 (Fig. 8). The diameter of
the central core is about 10 um. We investigate the effect
of selective etching. A set of identical samples with laser-
induced tubular modifications of the material are prepared
for the chemical-etching experiment. Here, we change the
pulse energy from 71.4 to 105 wJ in steps of 8.4 uJ (pulse
energies, as usual, are twice as low for linearly polarized
constituents) to study the dependence of etching selectiv-
ity on pulse energy. A separate sample is taken out of the
KOH solution every 12 h; each side of a sample is pol-
ished and imaged. The resulting progress in etching over
time is illustrated in Fig. 9, which presents the top surface
of the sample (top image) and the side view of the sam-
ple (bottom image). The upper row shows results when
a VBB beam is used [Fig. 9(a)-9(e)], and the results for
the linearly polarized constituent are in the bottom row
[Fig. 9(H)-9()]-

We calculate the etching rate and selectivities. The val-
ues we obtain are averaged over 60 h, which is the time
the whole experiment takes to complete. The etching rate
of nonirradiated glass is 0.79 um/h and the sample thick-
ness decreases by 95.3 um at the end of the experiment.

()

FIG. 9.

We notice that the overall tendency is that the higher-
energy beam generates material modifications that are
etched faster. However, the shapes of the etched craters
are different for the VBB and its linearly polarized con-
stituents. A large amount of material is quickly etched in
the first 24 h for the modified sample; consequently, the
craters seen in Fig. 9(b) have the form of a broad U shape,
starting from the bottom of the sample. The speed of etch-
ing in samples modified by high-energy beams progresses
rapidly at the start and decreases dramatically after the
first 12-24 h. We think that this is caused by excessive
damage to the surface by the high-power beam and beam
shadowing, as discussed earlier, see Fig. 8(a). Contrary to
this, the etching speed for samples irradiated with beams
of lower energy is almost constant at a rate of 1.67 um/h.
Samples are etched from both sides and the craters have
a characteristic V shape. We obtain a value of selectiv-
ity, in this case, of 2.1. As we have mentioned previously,
the VBBs with lower energy produce tubular structures
and the change in refractive index is even throughout the
sample [see Fig. 8(b)]. No significant beam shadowing
is observed, which allows constant etching speeds to be
achieved.

The selective etching of material modifications pro-
duced by the linearly polarized constituent is, in general,
much faster and its selectivity is higher. This is observable
in Figs. 9(f)-9(j), where the shape of the craters still resem-
bles the V shape, and they are etched from both sides of the
sample. Here, in all cases, steady etching over time can be

200 ym
——t

Images of surfaces (top rows) and side views (bottom rows) of samples taken every 12 h after etching in 80°C 30% KOH

solution. Modifications in the volume are inscribed with a VBB beam with an order of n = 6 (a)(e) and its linearly polarized con-
stituents (f)—(j). In each picture, the pulse energy from left to the right changes from 71.4 to 105 wJ in 8.4 wJ intervals (energy is twice
as low for the linearly polarized constituent). Pulse duration, 1 ps FWHM; number of pulses, 500 000, with 50 kHz repetition rate.
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observed. The rate of etching increases with an increase in
pulse energy and an even cone-shaped hole is etched. The
maximum etching rate here is 3.23 um/h, and a selectiv-
ity of 4.07 is reached for the highest-pulse-energy value of
105 wJ. We conclude that a constant speed of etching can
be achieved when the material is modified evenly. Another
important factor here is the generation of a second type of
modifications, see the darker trails in Fig. 8(d). The shapes
of the holes now resemble an hourglass. The base diameter
is 70 um and the cone angle is from 9° to 12°. The mul-
titrack nature of the linearly polarized constituent leaves
a footprint on the final etched hole. The rates of etching
are slightly higher on separate tracks and this causes the
appearance of a rough surface of holes. Nevertheless, we
report that the holes are fabricated consistently using a sin-
gle linearly polarized constituent of the VBB. These results
provide some insights into the dependence of etching rate
on the type of modification and the use of VBBs and their
linearly polarized constituents for glass modifications.

V. CONCLUSIONS

We propose an experimental setup for the generation of
high-quality and high-energy VBBs. Quality is ensured by
the elements produced by a technique involving volume
nanogratings, which are sustainable due to the high input
power. The design of such GPEs is successfully imple-
mented. As our experimental verification demonstrates,
both transverse and longitudinal planes of the VBBs and
their linearly polarized constituents show no discrepancies
with our theoretical expectations.

In our experiments, we use D263T borosilicate glass to
modify its surface and volume with high-order VBBs and
their constituents in both the single and multishot regimes.
An inscription of smooth three-dimensional structures of
refractive-index changes is possible when the energy of the
VBBs (and their constituents) is lower. When the energy
of the beam is too high, excessive surface ablation is
observed, and the structure of volume modification is inho-
mogeneous due to shadowing. Interestingly, for linearly
polarized constituents, these effects are less pronounced,
as microcracks and microvoids with separate tracks are
formed.

Lastly, we perform experiments using FLICE technol-
ogy. Volume structures, which are laser micromachined,
are systematically tested for the fabrication of voids
throughout using selective chemical etching. We find that
smooth and even changes in refractive index generated by
a VBB are etched at lower rates. We achieve no etching
of through holes. On the other hand, type II modifica-
tions are produced with higher-power linearly polarized
constituents of VBBs, and this allows us to reach an
etching rate of 3.23 um/h and selectivity of 4.07. This
is more than enough to create tapered holes in a 0.3-
mm-thick D263T glass sample. Results from this study

provide useful information and will act as a guide for
the laser community interested in the generation of high-
quality and high-power VBBs and their application for
laser microfabrication.
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