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This paper reports on combining non-diffracting Bessel beams and ultra-short pulsed laser abla-
tion for the generation of micro-channels. The small focal spot and the long focus depth make Bes-
sel beams suitable as an ideal tool for fabricating sharp-edged channels. In this context, we present a
study on the generation of rectangular micro-channels that are highly interesting for future investi-
gations on material properties of additive manufactured and cast aluminum samples, e.g., using
them as initial notches or defects, respectively, for fatigue and damage tolerance assessment. In or-
der to achieve the highest quality of rectangular microchannels, optimal processing conditions were
achieved by analyzing the influence of the laser power, the number of exposure cycles, and the axial
position of the sample on the ablation process. Similar experiments using a Gaussian Beam were
performed to compare the different beam shapes regarding the resulting channel geometry and abla-
tion efficiency. Nevertheless, the walls of the Bessel beam processed channels are almost perpen-
dicular to the surface and the bottom of the channel is almost flat. Thus, the Bessel beam generated

micro-channels are more rectangular than the ones processed with the Gaussian beam.
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1. Introduction

Due to the trend of miniaturization and the integration of
functions, the fabrication of microchannels on surfaces has
become more and more important in applications like mi-
crofluidic systems [1], cooling applications [2], or prepar-
ing surfaces of catalysts [3]. Depending on the application,
various properties of the microchannels like surface rough-
ness [4] and geometry [3] need to be optimized. Besides
the functionalities of the micro-channels, the mechanical
strength of the whole component is also affected by micro-
channels. This impact makes the production of micro-
channels on fatigue test samples highly interesting for ma-
terial testing [5] due to the effect of surface roughness [6]
and defects [7,8]. The precise fabrication of such predeter-
mined breaking points helps to get insights into the effect
of defects on fatigue properties, which is an upcoming re-
search field, especially for additive manufactured and cast
components [9,10].

Two things are essential for using micro-channels in ma-
terial testing: First, the micro-channels need to have a
clearly defined geometry with sharp corners for stress con-
centration. Second, the material properties should not be
affected by the manufacturing approach. Therefore, a pre-
cise tool with little thermal and mechanical impact on the
sample must be chosen.

In recent years, the laser has become one of the most
practical tools for micro-processing surfaces [11]. Since
lasers work contact-free, there is no mechanical impact on
the surface, which could distort the result of the subsequent
material test. However, the thermal impact of the laser

beam leads to a heat-affected zone around the processed
area. In order to avoid the thermal impact, ultrashort pulse
(USP) lasers are used to ablate material by so-called cold
ablation. Thus, the material around the channel remains
unchanged in its mechanical and chemical properties and
the melt expulsion is reduced to a minimum [12].

For precisely processing the rectangular shape of the mi-
crochannels, a suitable beam shaping method must be cho-
sen. The most frequently used beam shaping method for
ablation processes is focussing a Gaussian-shaped beam by
a convex lens or a combination of spherical lenses, respec-
tively [1,13,14]. Although Gaussian beam applications
have convinced by an easy alignment and cheap optical
components compared to other beam shapes, their suitabil-
ity for the fabrication of rectangular microchannels is lim-
ited due to diffraction effects. A rectangular shape is diffi-
cult to achieve with Gaussian beams because the spatial
intensity distribution across the Gaussian beam affects the
shape of the ablation crater when processing material. It is
not preferable to focus a Gaussian beam to smaller spots,
since it reduces the focal length, which needs to be high for
high aspect ratio microchannel fabrication.

Bessel beams can be used instead of Gaussian beams to
overcome the above-mentioned difficulties. Bessel beams
are a diffraction-free solution of the Helmholtz equation
[15]. Although ideal Bessel beams cannot be generated
experimentally, Bessel-Gauss beams can be generated by
sending a Gaussian beam through an axicon lens [16] for
processing below the diffraction limit [17]. Further, a 4f
telescope objective can be added to an axicon-based optical
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setup in order to demagnify the spot size of the central core
of a Bessel beam to the range of 2 pm and below [18,19].
At the same time, the propagation length can reach several
millimeters. These properties make the Bessel beam an
exciting tool for applications with deep penetration of the
material, e.g., glass dicing [20] or micro-drilling [21,22].
For the latter, the generation of steep walls and high aspect
ratio ablation has been proven many times [22,23].

However, few works concerning the fabrication of micro-
channels using a Bessel beam have been published. Kumar
et al. used Bessel beams to generate microstructures on
synthetic diamond samples [24]. In this case, a single pass
track was sufficient for their experiments to create a deep
channel. The deep ablation effect is well known in the pro-
cess of transparent material [19,25,26]. Contrary, for non-
transparent media, the ablation depth is lower, and even the
total depth of Bessel beam ablation processes is limited
since shielding effects prevent part of the conical wavefront
from propagating into deep structures [27]. Nevertheless,
Alexeev et al. showed by simulation, that there is still deep
propagation inside narrow holes due to reflections at the
side walls of the hole [21].

This work presents a Bessel beam-based method for pro-
ducing high aspect ratio microchannels having a rectangu-
lar shape on aluminum. A multi-path writing strategy was
used for the experiments. In the first step, the fabrication of
microchannels using Bessel beams on additively manufac-
tured aluminum samples was demonstrated. A further pa-
rameter study on cold-rolled aluminum samples showed
scope for adjusting the depth of the generated channels.
Finally, comparing experiments with Gaussian beams were
performed to identify the strength and weaknesses of both
microchannel fabrication techniques.

2. Methods

The additively manufactured AlSil0Mg aluminum sam-
ples were processed vertically by laser-beam powder bed
fusion (PBF-LB) at a Trumpf system TruPrint 1000 at the
Fraunhofer Research Institution for Additive Manufactur-
ing Technologies (IAPT, Germany, Hamburg).

Afterwards, the aluminum samples were processed using
an 800 nm Ti:Sa-Laser (Spitfire Ace, Spectra-Physics). The
laser emits pulses with a minimum width of 100 fs. The
internal pulse stretcher of the laser allowed to reduce the
temporal broadening of the pulse due to dispersion. The
beam shaping setup is illustrated in Fig. 1. The Gaussian
output beam of the laser (diameter 8.3 mm at 1/e2, M2 =
1.11) was transformed into a Bessel beam using an axicon
with a base angle o of 5° (Thorlabs AX255-B). In order to
increase the intensity of the Bessel beam, a telescope objec-
tive consisting of two convex lenses (fi = 160 mm, f, =
20 mm) was integrated in the far-field behind the axicon.
The distance between the axicon tip and the first lens of the
telescope is the sum of the half length of the Bessel zone
(Zmax = 104.4 mm) plus the the focal length of the lens.
Thus, the secondary Bessel beam behind the last lens was
demagnified by a factor of 8 compared to the Bessel beam
initially generated by the axicon. The calculated resulting
central core diameter of the processing Bessel beam was
1.4 um (1/e?) and the length zm.o of the Bessel zone was
1.6 mm. Nitrogen was used as a process gas with lateral
feed. The gas flew out of a tube (diameter 6.5 mm) with a

pressure of 1.5 bar. The tube was placed right beside the
processing area.

The samples were placed on an xyz-stage (M-521.DD for
the x-axis and z-axis, M-511.DG for the y-axis, all from
Physik Instrumente (PI)). The relative movements between
the laser beam and the sample were realized by moving the
stage. Although a Galvano scanner could be used instead of
a mechanical stage in order to reach faster relative move-
ments between the beam and the sample [28], it was not
used for two reasons: First, the repetition rate of the laser
was 5,000 Hz, which limited the speed of the process. Thus
faster movements were not required. Second, the number of
optics was reduced to a minimum in order to avoid affect-
ing the temporal and spatial pulse shape by any further
optical component.

The z-axis of the stage was set parallel to the optical axis
(see fig. 1). Thus, it allowed adjusting the distance of the
sample surface to the objective lens. This distance was set
once for each experiment and remained unchanged during
the process. During the experiments, the sample was
moved in the xy-plane with a constant speed of 0.1 mm/s.
One exposure cycle consists of 30 lines parallel to the mi-
crochannels direction. The hatch distance between the lines
was 1.33 um. Thus, the total stage movement in the x-
direction was 40 pum. The stage was moved alternating
from left to right and right to left with a half hatch distance
offset.

Fig. 1 Schematic beam shaping setup containing an axicon
(o0 =5°) and two convex lenses (fi = 160 mm, f> =20 mm), the
effective cone angle  of the Bessel beam is 17.7°.

Hatch

Length

Fig. 2 Schematic writing path for the ablation. The black line
shows the first exposure cycle runs from left to right. The dashed
blue line shows the second cycle runs opposite.
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With the mentioned parameters, the lines of two consecu-
tive exposure layers had an overlap area of 48 % of the spot
size. The way of fabricating two exposure layers is demon-
strated in fig. 2. The length of the channels was set to 1 mm
for the first experiments. 20 exposure cycles were used.

After the process was finished, the samples were put into
an ultrasonic cleaning bath to remove particles from the
microchannels. Afterward, the shape of the structures gen-
erated was analyzed using a laser-scanning microscope
(Olympus LEXT OLS 5000). Finally, detailed images of
the sample surface were taken using a scanning electron
microscope (Zeiss EVO MA10).

3. Results and discussion

An SEM image of a micro-channel processed with the
parameters mentioned in section 2 is shown in fig. 3a. It
can be seen that the width of the channel is slightly larger
than the moving path of the stage. Thus, higher-order max-
ima of the Bessel beam seem to contribute to the ablation
process. Fig. 3c shows the topography of the generated
structure. A sectional view is presented in fig. 3b. At the
edge of the channel, where the moving path of the stage
changed the direction, unevenness occurred at the bottom
of the channel. The unevenness was due to the acceleration
of the stage axis. The acceleration effects could be avoided
by skywriting [29], but this was technically not possible for
the setup used. Thus, only the middle two-thirds of the
channel were considered for measurement of the channel
depth. The measurement of the channel depth was done
using a 3D laser-scanning microscope. The channel depth

was averaged to a level of compensation (black frame in fig.

3c) and the vertical distance to the untreated surface was
calculated. For the given sample, the depth of the micro-
channel was 165 pm. The slightly asymmetric shape of the
channel bottom was caused by the direction of the process
gas flow. This assumption was proofed by changing the gas
flow direction to the opposite, which lead to a mirrored
resulting channel shape.

For optimizing the aspect ratio of the generated micro-
channels, the axial position of the sample surface, the aver-
age laser power, and the number of exposure cycles were
varied. Changing the hatch distance or the number of paral-
lel lines in one exposure cycle to smaller values was no
option since the channel needs a specific width to avoid a
shielding effect that prevents the beam from propagating
inside the channel. Cold-rolled aluminum samples were
used for the experiments in sections 3.1 to 3.4. The length
of the micro-channels was reduced to 300 pum.

3.1 Variation of the focal position

In this section, the axial position of the sample was varied.
The ring beam refracted by the last lens has a diameter
close to the diameter of the lens. Due to the spherical form
of the lens, the ring beam was refracted to a shorter focus
than the nominal focal length of 20 mm. However, spheri-
cal aberration was not a problem since there was no intensi-
ty in the center of the lens and the width of the ring beam
was quite narrow. The nominal focus point 20 mm behind
the lens was defined as the coordinate origin for this study.

Height profile

Fig. 3: a) SEM image of a micro-channel on an additively manu-
factured AlSi10Mg sample; b) Cross-section of the microchannel
measured with a 3D laser-scanning microscope; c¢) topography
map measured with a 3D laser-scanning microscope
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Fig. 4 Channel depth and standard deviation for different axial
positions of the sample

The average power was set to 3 W and the number of
exposure cycles was set to 10. The axial sample position
was varied in steps of 0.25 mm in a range between 0 mm
and 1.75 mm. The mean value of measured channel depths
was calculated using three samples. The results are illus-
trated in the diagram in fig. 4.

The diagram shows increasing channel depth for sam-
ples placed closer to the lens. The standard deviation for all
z-positions up to 1.25 mm was below 5 um. The deepest
channels could be generated at 1.5 mm. The average depth
at this point was 321 pm. However, the standard deviation
of 9.1 um at this point was significantly higher. A possible
explanation for the increase in standard deviation can be
given by the work of Wu et al. [30]. They investigated that
the non-perfect tip of physical axicons leads to axial inten-
sity oscillations when setting the working distance closer to
the axicon. Above 1.5 mm, the channel depth was close to
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zero, since the sample surface was placed out of the Bessel
zone. Thus, the intensity was too low to ablate the material.

The position of 1.25 mm was used for further experi-
ments. Again, it was because of the high channel depth
combined with a small standard deviation.

3.2 Variation of Laser power

The next parameter varied was the laser power. It was
raised from 0.5 W average power to 4.0 W in steps of
0.5 W. Again, three samples were processed with each pa-
rameter and the channels were analyzed. Fig. 5 shows the
resulting channel depth for the different laser powers.
As expected, the depth of the microchannels increased at
higher laser power. The correlation was approximately lin-
ear. However, the standard deviation increased at high laser
powers, too. The high standard deviation can be explained
by increasing heat input causing melt splashes for samples
processed with more than 3 W. This effect can be associat-
ed with the influence of the higher-order maxima rings of
the Bessel beam, which do not ablate much material, but
carry enough energy to heat up the process zone. Thus, the
average laser power was set to 3 W for further experiments
to have a good compromise between high ablation depth
and good surface quality.

3.3 Variation of exposure cycles

In order to increase the energy input without using
higher average laser power, the number of exposure cycles
was varied instead. The experiments were carried out three
times using 3 W average laser power and an axial sample
position of 1.25 mm. The channel depth and its standard
deviation are plotted in fig. 6. The graph in fig. 6 shows a
monotonously increasing, but degressive trend. The curve
has a logarithmic course in good approximation. Thus, the
total ablation efficiency decreases with greater channel
depth. Two exposure cycles lead to an ablation depth of
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Fig. 5 Channel depth and standard deviation for different average
laser power.
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Fig. 6 Channel depth and standard deviation for different numbers
of exposure cycles

190 pm, which was more than half of the total ablation
depth of the experiment with 20 exposure cycles. Possible
reasons for the degressive trend of the curve are shielding
effects [27] and the problem of ablated material redeposited
in deeper channels. The latter could also explain the huge
standard deviation for the experiments with 40 exposure
cycles.

3.4 Comparison with Gaussian beam

In order to evaluate the quality of the Bessel beam pro-
cessed microchannels, similar experiments were carried out
with a Gaussian beam. Therefore, a strategy allowing a
comparison of the different beam shapes had to be found.
Usually, the peak fluence is the relevant parameter for
comparing different ablation processes. Because the given
work deals not with ablation at the surface, but with deep
channels, there are some problems for comparing peak flu-
ences. First, it is not possible to get the same peak fluence
for both beam shapes during the whole process of micro-
channel generation, since the depth of focus is much small-
er for the Gaussian beam compared to the Bessel beam.
Thus, the Bessel beam keeps its high focal intensity when
the channel gets deeper during the process. The Gaussian
beam, however, has its highest intensity at the focus and is
diverging behind it. Therefore, defining processes with
similar peak fluences or peak intensities is not reasonable.

Second, the intensity distribution inside high aspect ra-
tio structures does not follow the rules of geometric optics.
Diffraction and multiple and diffuse reflections at the
channels walls make the intensity distribution become
more homogenous inside the microchannels [31,32]. Thus,
processes with equal average laser power inside the chan-
nel were chosen for comparison.

The Bessel beam processed channels from section 3.2
with 500 mW average laser power were used for the com-
parison. A single convex lens with a focal length of 30 mm
was used for the Gaussian beam experiments. The focal
spot size is approximately 4 pm (1/e?) for the given setup.
Due to the small focus, the focus depth is only 14 pm.
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Beam path, material, and all laser parameters except the
average laser power were the same for both beam shapes.
The Bessel beam carries only approximately 30 % of its
energy in the central core. The higher-order maximum
rings carry the rest of the energy. In order to have the same
energy carried in the central core for the Bessel beam and
the Gaussian beam experiments, the average laser power
for the Gaussian beam experiments was reduced to
150 mW.

The topography of both microchannels was measured
with a laser scanning microscope. Fig. 7 shows the cross-
section of both channels in comparison. Although the laser
power was reduced for the Gaussian beam experiments, the
micro-channel was deeper. The width of both channels was
almost the same. However, the geometry of the Bessel
beam processed micro-channels was much more rectangu-
lar. The Gaussian processed microchannel had an almost
conical shape, especially at the bottom of the channel. The
Bessel beam processed microchannel had an almost flat
plateau at the bottom of the micro-channel. The variation in
depth was only approximately 5 um over a width of 35 pm.
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Fig. 7 Cross-section of micro-channels processed with Gaussian
beam and Bessel beam

4. Conclusion

A process for the generation of micro-channels on met-
al surfaces using a Bessel beam was successfully demon-
strated. The channel depth could be adjusted up to 400 pm
by changing the laser power, axial sample position, or the
number of exposure cycles. All three parameters investigat-
ed are subject to limits in terms of the achievable channel
depth. In this context, process instabilities resulting in
higher standard deviations of the total channel depth and
worse surface quality can be named as possible reasons for
such limitations.

Although the ablation efficiency of the Bessel beam
generated microchannels is reduced due to the unused en-
ergy carried by the higher order maxima, the rectangularity
of the channels could be improved significantly by using a
Bessel beam. While the Gaussian beam process inevitably

leads to a conical-shaped channel cross-section, the Bessel
beam processed micro-channel has an almost flat plateau at
the bottom. Thus, they are an ideal tool for notching speci-
mens for material tests.
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