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Abstract. With the average power of commercial ultrafast lasers reaching the kW-level, process
parallelization is required to avoid detrimental quality issues, such as caused by heat accumu-
lation. This is especially relevant in the case of helical drilling, as the processing strategy is only
employed when precise geometry, high-quality surface finish, tight tolerances, and high repro-
ducibility are a priority. We illustrate that parallelization by means of a multipass process is
conceptually attractive for pulsed drilling processes, but also challenging due to limitations
imposed by the properties of appropriate beam-steering devices. While paraxial beam propaga-
tion methods applied to the suggested setup predict no aberrations, deviations from the idealized
solution are a concern. Our experimental proof-of-principle investigations show that paralleli-
zation by means of a deflector preceding the helical drilling optics is possible while ensuring
nearly identical processing parameters for all parallelly processed boreholes. © The Authors.
Published by SPIE under a Creative Commons Attribution 4.0 International License. Distribution or
reproduction of this work in whole or in part requires full attribution of the original publication,
including its DOI. [DOI: 10.1117/1.OE.62.3.035106]
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1 Introduction

With the advent of kW-class ultrafast lasers,1–7 heat accumulation effects8,9 that occur during
machining require parallelization techniques to increase productivity, while maintaining process-
ing quality. Of the various laser-based drilling processes,10 helical drilling is the variant which is
employed when the borehole shape, surface finish, and reproducibility are paramount. With hel-
ical drilling the hole geometry, shape, and orientation is primarily determined by the path and the
inclination of the laser beam10 relative to the work piece.

In the case of circular drillings, helical drilling optics are commonly applied, which often
offer independent adjustment of the diameter of the helical beam path and the angle of incidence
of the beam on the work piece. The helical drilling system usually consists of a rotational unit,
henceforth referred to as helical drilling optics, and a focusing lens. More generally, any optical
system, which can produce a rotating tilt and a rotating lateral offset at its output, can be con-
sidered a helical drilling optics. Given the high costs of the currently available helical drilling
systems,11–14 it is not attractive to implement parallelization approaches in which several of these
systems are applied in parallel.

We therefore suggest combining a scanning system with one single helical drilling optics,
with emphasis on the fact that the scan system shall precede the helical drilling optics. Such a
configuration allows for the use of fast optical elements whose free (active) beam aperture is
limited and/or of those whose acceptance angles are limited. Both considerations apply to
acousto-optic modulators and deflectors, which are the only commercially available types of
beam-steering device that offers the unique combination15–17 of

1. μrad-level positioning accuracy, as is required when repeatedly targeting the borehole inlet
of a precision microhole in a multipass process.
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2. Response times that are capable of spatially demultiplexing pulses which are delivered at
repetition rates of <MHz, while simultaneously offering active apertures that are large
enough to withstand the energy densities that are provided by kW-class ultrafast lasers
[It is worth noting that the response time and the size of the active aperture are conflicting
objectives in the design of an acousto-optical device, where an important limiting factor is
the material-specific acoustic velocity. By balancing the response time against the energy
density (by means of decreasing/increasing the size of the active aperture, respectively)
one finds that many kW-class ultrafast lasers already exceed the theoretical limits of these
devices, exacerbating the lack of suitable alternatives.].

When synchronized with the processing laser, the combination of the helical drilling optics
with a fast beam deflector allows for a sequential parallelization of the machining process in
which the consecutive pulses are distributed sequentially to a number of holes drilled in parallel,
as shown in Fig. 1(a). Such a strategy results in a reduction of the pulse repetition rate per bore-
hole, while still exploiting the full available pulse energy (required to produce deep holes18) and
the available average laser power.

A reduction of the pulse repetition rate incident on the individual holes, and the consequently
increased spatial separation of the pulses within each hole, reduces heat accumulation effects8,9

and particle shielding,19–22 which is pronounced in drilling processes21,23 and has no impact on
the achievable depth of the borehole.24

In contrast, simultaneous parallelization by conventional beam-splitting,25 as shown in
Fig. 1(b), leads to a reduction of the achievable depth by reducing the peak fluence impinging
on the individual boreholes, and only has a minor impact on particle shielding effects, which
depend primarily on the pulse repetition rate.21,23,26,27 While both strategies (sequential and
simultaneous parallelization) have merit and in fact may be applied at the same time, a feasible
solution to the former is of major interest, because it is better suited to the process and harder to
achieve due to the constraints imposed by compatible beam-steering devices.

The combination of a helical drilling optics with an additional beam deflector must offer a
scan field within which deviations from the intended helical drilling parameters and beam
parameters, are negligible. Deviations of the machining parameters throughout the scan field
result in variations of the geometries of adjacent boreholes, which are regarded to be unaccept-
able for helical drilling processes.

The aim here is to provide the experimental validation of the optical configuration to prove
that these goals can be met in practice. For the validation and measurements, a low-power laser
and a galvanometer scanner were used to show that virtually identical properties of the process-
ing beam and its circular paths can be obtained throughout the working area. The theoretical
considerations that lead to the presented setup and to the choice of the specific type as well as the
implementation of the used helical drilling optics will be addressed in a separate work concerned
with the fundamental properties of helical drilling optics as they pertain to the parallelization of
the helical drilling process.

2 Motivation and Setup

Heat accumulated during the drilling process leads to thermal damage in the remaining adjacent
material after the process and leads to increased surface roughness28 as well as burrs27–29

Fig. 1 Principles of parallelization in pulsed laser processing: (a) Sequential processing through
fast scanning and (b) simultaneous processing through beam-splitting.
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surrounding the inlet of the borehole. The formation of burrs, molten material on the wall of the
borehole, and the ejection of liquid droplets also occurs at low pulse repetition rates and low
average powers when the applied fluence is high;30 however, high fluences are a necessity for
ultra-short pulsed laser drilling since the achievable depth of high-quality boreholes with a given
diameter of the opening is limited by the available pulse energy.18,24,31,32 The heat accumulation
that leads to significant quality issues by additional generation of excessive melt increases with
increasing pulse energies Ep and increasing pulse repetition rate frep.

8,9 The upper limit frep;crit of
the repetition rate imposed by heat accumulation and its dependence on the pulse energy was
discussed and verified by more than 1000 percussion-drilling experiments33 and leads to the
conclusion that the detrimental influence of heat accumulation can only be avoided by corre-
sponding parallelization approaches. The findings likewise also apply to helical drilling with the
difference that parallelization is even more difficult to implement here.

Additional detrimental effects that are aggravated by an increased pulse repetition rate are
related to the laser-atmosphere interaction. It has been shown that the remaining cloud of abla-
tion products after each laser pulse consists of charged particles34–36 capable of affecting the
absorption of subsequent pulses for up to several milliseconds. The interaction is characterized
by increased scattering and absorption20,37–40 of the irradiated radiation prior to reaching the
surface of the borehole as the radiation passes the hot and weakly ionized gas in the blind hole.
The result is an increased radiative, conductive, and convective heat exchange between plasma
and substrate41,42 as subsequent pulses are applied. This mechanism has previously been referred
to as a secondary drilling tool19,43 and results in thermal effects and material removal rates
exceeding the expectations of isolated thermal modeling29 at the cost of processing quality.

Hence, a strong argument can be made for a sequential parallelization of drilling with ultra-
fast lasers, in which the available laser power Pavg ¼ Ep · frep is distributed to n boreholes.

In such a method, the beam is displaced between n boreholes for successive pulses.
A new borehole is targeted after every timespan 1∕frep, and each borehole is hit by a laser pulse
in intervals of n∕frep. When the pulse repetition rate per borehole is lowered to frep∕n ≤ frep;crit
by a suitable choice of n, the larger temporal and spatial separation of the incident pulses in the
hole resolves heat accumulation effects without (the need for) a reduction of the pulse energy Ep

incident on the individual boreholes. In contrast, when avoiding heat accumulation through the
approach of simultaneous parallelization by beam-splitting, depending on the pulse repetition
rate frep of the laser, the pulse energy Ep∕n ≤ Ep;crit that is applicable at most to avoid heat
accumulation may even be so low that a drilling process is not possible or cannot reach the
desired depth.33

Of course, in practice, n is also constrained by the finite dimensions of the workpiece and/or
the limited scan field provided by the optical system, which in turn limits the maximum average
laser power that can be used.

For helical drilling, the sequential parallelization strategy can be implemented using a fast
and accurate beam deflector in conjunction with a conventional helical drilling optics as outlined
in the following.

For the optical characterization of such a setup, the helical drilling optics that was chosen for
the measurements is composed of rotating wedge plates and provides independent adjustment of
the helical drilling diameter and the angle of incidence (trepanning angle) through a relative axial
and rotational movement of the wedge plates. More details on the specific setup are given in
Refs. 44–47. A beam deflector was placed in the path before the helical drilling optics to repeat-
edly relocate the position of the helical drilling process on the workpiece without having to move
the helical drilling optics or workpiece and which must be accomplished without affecting the
parameter of helical drilling or the beam. In addition, it was specified that adjacent boreholes
must not be tilted with respect to each other or experience deviating drilling parameters.

By principle any of the common deflection systems, e.g., mechanical, electro-optical, or
acousto-optical devices, or combinations thereof are suitable for the proposed parallelization
approach. The implemented experimental setup used for the proof of principle in the framework
of this study is schematically shown in Fig. 2.

The relay lenses (2,3) image the exit pupil of the beam deflector (1) onto the entrance pupil of
the telecentric focusing lens (6), ensuring a telecentric scanning operation of the beam deflector
in all planes after the focusing lens (6) when the imaging condition is satisfied over the parameter
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range provided by the beam deflector as well as the parameter range of the helical drilling optics
(4). With this arrangement, a deflection by the angle θ induced by the deflector (1) leads to a
displacement of the drilling position by ≈fθ in the focal plane on the surface of the
workpiece (7).

Paraxial optics suggest that the subsystem (1,2,3,6) and the subsystem (4,6) operate inde-
pendently, the systems are however at least weakly coupled, which is why deviations in the
aforementioned condition are expected. Indeed, the motivation for this work is to answer the
question whether the deviations are substantial enough to negatively affect the properties of the
laser beam at the location of the many laterally displaced spots in the working area, i.e., whether
or not such a parallelized helical drilling system meets the requirements necessary to be of prac-
tical interest. For the characterization of the optical system, the work piece (7) was replaced with
a camera system, as outlined in the following section. This was done for two reasons: First, it
allows to measure the performance of the superposition of the deflection systems isolated from
secondary effects that could occur in the ablation process (e.g., effects related to high power
densities traversing the ambient atmosphere, optical components, as well as the laser-matter
interaction itself), and second, it allows to confirm the proof of principle without requiring
an (experimental) fast deflection unit.

For convenience, the image/Fourier plane (5) was positioned immediately after and outside
the helical drilling optics, making it accessible for measurement and adjustment purposes and
avoiding the need for placement of optical elements inside the rotating unit.

The effective working area at (7) was limited to a circular scan field by the condition θ <
24 mrad given by the optical path length of the used helical drilling optic (4) and the apertures of
its optical elements.

The scan area is further reduced to θ < 18 mrad when the diameter of the input beam is
considered in the available setup, when using Siegman’s 99% criterion.48 A helical drilling optics
specifically designed to be used in this way could yield a larger scan area, but the scan area of the
present setup is large enough to investigate the feasibility of a meaningful process parallelization
of helical drilling. With the present setup the working area had a diameter of 4.5 mm. The optical
relay (2 and 3) was implemented using two plano-convex lenses, which is diffraction-limited
according to numerical analysis for the used beam diameter and scan angles θ. A Scanlab
intelliSCAN 20 galvanometer scanner was chosen as the beam deflector. The setup was adjusted
such that one of the galvanometer mirrors is reimaged in plane (5). A photograph of the setup
used for the measurements is shown in Fig. 3.

3 Measurement Methodology and Definitions

Apart from the properties of the deployed laser, polarization state, and processed material, the
helical drilling process is fully defined by the scan path at the position of the workpiece and the

Fig. 2 Principal setup, from left to right: (1) scan system for beam deflection, (2) and (3) relay lens
with focal length f r , (4) helical drilling optics, (5) image plane of (1) and (6) Fourier plane of tele-
centric f -theta focusing optics with focal length f and position for placement of an additional scan
system or beam splitter, and (7) work piece = location of measurement system in this study.
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beam parameters. For helical drilling, these parameters are the drilling axis, the trepan angle, the
trepan radius measured in the focal plane, the beam diameter in the focal plane, and the diver-
gence of the beam. For a successful parallelization of the helical drilling process, the beam inci-
dent to the adjacent boreholes that are drilled in parallel within the working area must yield
identical properties and identical orientation with respect to the processed surface. Thus, all
processing parameters shall be identical, except for the laterally shifted positions of the drilling
axes on the workpiece. The definitions and the corresponding measurement approach are shown
schematically in Fig. 4. The time-averaged distribution of the irradiance produced by the beam
that is moved on a circular path by the trepanning optics is recorded by means of a camera in
three different planes which are perpendicular to the of the beam entering the trepanning optics
leads to a superimposed displacement of the generated irradiance distributions by the same dis-
tance f · θ in all the three planes I, II, and III. Plane I coincides with the focal plane and is
thought to lie on the surface of a drilled workpiece; plane II shall represent the middle of the
workpiece; and plane III its rear surface. The evolution of the irradiance distributions over the
three planes, as obtained with a deflection of θ ¼ 0, are highlighted in blue and serve as a
reference.

The position and orientation of the drilling axes (dashed lines) are extracted from the meas-
urement by a least-squares orthogonal distance regression line through the centers of the mea-
sured distributions of the irradiance.

To achieve identical drilling results everywhere in the working area, the drilling axes should
all be parallel to the drilling axis obtained with the reference deflection ðθ ¼ 0Þ. The parallelism
error αerr is defined as the tilt angle between the drilling axis obtained with a deflection ðθ ≠ 0Þ
and the axis of the reference with ðθ ¼ 0Þ. The error αerr is similar to the telecentricity error49 in a
telecentric scan system, which describes the non-parallelism of rays exiting toward the work
piece. In our arrangement, αerr is defined as the deviation of the helical drilling axis and is
of concern even at small values because it affects the lateral spacing between adjacent boreholes,
resulting in a distorted drilling pattern. The parallelism error αerr is calculated as the absolute
angle between the direction vector obtained for ðθ ≠ 0Þ and direction vector obtained
for ðθ ¼ 0Þ.

With αerr ≠ 0, the lateral separation with respect to the reference measurements is increased
from ≈fθ in the focal plane I to ≈fθ þ αerrzI−III in the plane III, where zI−III is the distance
between the planes I and III. Hence the parallelism error is magnified proportional to the

Fig. 3 Experimental setup: (1) single-mode fiber laser (Integrated Optics 1030L-25B), (2) galvanic
two-mirror scanner (Scanlab intelliScan 20 (XY-100 protocol)), (3) dovetail with micrometer screw
for axial adjustment of the scanner with respect to the object plane of the relay optics, (4,5) relay
optics (with Edmund Optics 67-589 lenses), (6) helical drilling optics, (7) position of back focal
plane of (8) focusing lens (Sill S4LFT4127-328), (9) camera for diagnostics of the beam steering
(IDS UI154xLE-M with 5.2-μm pixel pitch), and (10) piezo stage (Linos MS-30 XY). The lens (8) is
mounted to (6), but does not rotate.
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thickness of a work piece. This consideration motivates, or rather demands, the use of a tele-
centric focusing system.

The trepan angle αtrepan is the angle between the drilling axis and the axis of the (trepanning)
beam, i.e., the half angle of the cone defined by the trepanning motion. The trepan angle αtrepan is
also extracted from the measured irradiance distributions for the present study. The trepanning
radius Rtrepan is defined as the radius of the circular beam path in the focal plane I. In any other
plane the trepanning radius is implicitly defined by Rtrepan and αtrepan. This simplified charac-
terization of the beam propagation is sufficient for the intended feasibility analysis. A more
detailed discussion of the working principle of the helical drilling optics 44,45,50 and the resulting
3D movements of the beam is not necessary and is beyond the scope of this paper.

For a precise and robust determination of the quantities displayed in Fig. 4, the theoretically
expected distribution of the irradiance was fitted to the ones measured using the camera. This
distribution is given by the time-averaged irradiance produced by a Gaussian beam that is moved
on a circular path with radius Rtrepan, as sketched in Fig. 5.

Using the cosine law ðr 0Þ2 ¼ R2
trepan þ r2 − 2Rtrepanr · cosðφÞ and the intensity distribution

J0e−2ð
r 0
w Þ2 of a Gaussian beam, where J0 is the peak intensity, r 0 the radial coordinate with its

Fig. 4 Measurement approach and definitions. The time-averaged distributions of the irradiance
are recorded in three planes (I, II, and III) which are perpendicular to the z axis to determine the
drilling axis and characterize the evolution of the irradiance distributions.

Fig. 5 A Gaussian beam with its axis located at O 0 traveling on a circular path (dash-dotted line)
with radius R trepan about the originO. The time-averaged irradiance at (any) point P on the camera
sensor (in the plane) is the superposition of irradiances for φ ∈ ½0;2πÞ.
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origin on the axis of the beam, and w is the beam radius, the time averaged irradiance JðrÞ is
given by

EQ-TARGET;temp:intralink-;e001;116;711JðrÞ ¼ J0e
−2
�

R2
trepan

þr2

w2

�
·
1

2π

Z
2π

0

e
4Rtrepanr

w2
·cosðφÞ

dφ; (1)

where r ¼ 0 is the center of the circular path. Here it is implicitly assumed that the trepanning
angle is so small that cosðαtrepanÞ ≈ 1 and hence the distribution of the irradiance on the work-
piece can very accurately be approximated by the unstretched intensity distribution of the beam.
The integral in Eq. (1) corresponds to the modified Bessel function of the first kind of order zero
I0 (cf. Ref. 51, Eq. 9.6.16, p. 376), hence
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To determine the quantities shown in Fig. 4 from the measured irradiances, the distribution

EQ-TARGET;temp:intralink-;e003;116;544JðrÞ ¼ J0 · e
−2
�

R2
trepan

þr2

w2

�
· I0

�
4Rtrepanr

w2

�
þ c; (3)

was fitted to the time-averaged distributions of the irradiance measured by the CCD camera
sensor, where c was introduced to account for a constant gray level offset throughout the image.
Equation (3) is in good agreement with the measured irradiance profiles, as shown in Fig. 6.

4 Results

To assess by what amount the local drilling parameters are affected when the processing position
is scanned across the working area, see Fig. 4, the resulting distributions of the time-averaged
irradiance and their evolution along the propagation in z-direction was measured for different
scan angles θ ranging from −15 to 15 mrad in steps of 5 mrad.

The measurement performed with θ ¼ 0 mrad serves as a reference. The measurements were
conducted for two settings of the helical drilling optics, specifically one close to the minimum
achievable values with radius Rtrepan ¼ 40.6 μm and the angle αtrepan ¼ 0.26 deg and one where
the two parameters were set to practically the maximum possible values (Rtrepan ¼ 313.3 μm,

Fig. 6 Comparison of fit (red curves) and measured profiles (dots) of cross sections (along the
white lines) through the irradiance distributions (pictures) recorded by the camera for two different
helical drilling parameters.
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αtrepan ¼ 4.37 deg). One may assume that all other possible helical drilling parameters yield
aberrations with values in between these two extremes.

The focal length of the used telecentric f-Θ lens is 125.4 mm� 1.5% according to the man-
ufacturer’s specification. The expected lateral displacement of the adjacent irradiance distribu-
tions therefore amounts to 5 mrad · 125.4 mm ¼ 627 μm. This is consistent with the measured
values shown in Fig. 7 when one takes into account the angular resolution of the galvanometer
scanner, its positioning repeatability, and the tolerance of the focal length of the focusing optics.
The pointing deviation of the drilling axis is limited to about 10 μrad, as indicated by the results
presented in Fig. 7, where less than one micrometer deviation of the drilling axis in the focal
plane, throughout the trepanning motion, was recorded.

The measurements of the parameters which govern the helical drilling process (see Fig. 4) for
the first setting of the helical drilling optics are provided in Fig. 8. The radius of the laser beam
measured in the plane i ∈ fI; II; IIIg obtained with the scan angle θ is denoted by wiðθÞ. The
trepanning beam was recorded at a camera framerate of 50 fps for a total of 15,000 frames and
the helical drilling optics was set to 50 revolutions per minute. The image data were post-proc-
essed by averaging 300 frames, corresponding to the next smallest integer of (6) full revolutions
of the trepanning beam. The slow rotational frequency was chosen to minimize the effects of
vibrations transmitted from the helical drilling optics to the optical table and measurement setup.
For each measurement (scan angle θ and plane I through III), a total of 50 parameter sets were
thus obtained by fitting Eq. (3) to the data. The given uncertainties correspond to one standard
deviation of measurement accuracy throughout these 50 results per measurement.

The results in Fig. 8(a) show that the trepanning angle αtrepan remains virtually unaffected
over the scan range. Assuming, e.g., a 5-mm-thick work piece, a 0.01 deg deviation for the
trepanning angle translates into a <1 μm deviation of the trepanning radius in plane III
(0.01 deg · 180∕π · 5 mm ¼ 0.87 μm), cf. Fig. 4.

While permitted deviations αerr of the individual drilling axes can only be defined for a spe-
cific application given its requirements, a value of <0.1 deg may be considered as a small error.
The maximum measured deviation αerrð15 mradÞ ≈ 0.08 deg (tilt) of the drilling axis at the
maximum scan angle, e.g., would translate to a lateral runout of 7 μm between entrance- and
exit of an assumed hole in a 5-mm-thick work piece (αerr · zI−III ¼ 0.08 deg · 180∕π ·
5 mm ¼ 7 μm, cf. Fig. 4), when assuming that the center of the resulting borehole coincides
with the center of the time-averaged intensity distribution. The smallest achievable error αerr

Fig. 7 Distance between the centroids of the time-averaged irradiance measured in the
focal plane at adjacent measurement locations. The given uncertainties correspond to one
standard deviation in radial direction about the centroids, 50 measurements for each value of the
scan angle Θ were recorded. (a) Trepanning radius R trepan ¼ 40.6 μm and trepanning angle
αtrepan ¼ 0.26 deg. (b) R trepan ¼ 313.3 μm and trepanning angle αtrepan ¼ 4.37 deg.
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corresponds to the telecentricity error of the f-Θ lens in a single-mirror scan setup where the scan
mirror is positioned at the ideal distance from the lens. This error was calculated numerically to
be 0.0314 deg at a scan angle of 15 mrad, confirming the almost ideal performance of the
experimentally tested setup.

The results in Fig. 9(a) show that the radii of the laser beam and the trepanning paths only
exhibit submicron deviations from the reference values throughout the scan-field and the meas-
urement planes. Compared to the reference values at θ ¼ 0 mrad the maximum relative devia-
tions correspond to ð−2.2� 0.31Þ% for 0 wI, ð−2.86� 0.22Þ% for wII, ð3.6� 0.43Þ% for wIII,
and ð0.94� 0.69Þ% for Rtrepan.

Fig. 9 Angular deviations in degrees (a) and spatial deviations in microns (b) for the helical drilling
optics operated with the maximum achievable values of drilling diameter and trepanning angle, as
shown in Fig. 7(b).

Fig. 8 Parallelism error αerrðθÞ and deviation Δαtrepanθ ¼ αtrepanðθÞ − αtrepanð0Þ of the
trepanning angle (a) as well as the deviations of the trepan radius ΔR trepanθ ¼
R trepanðθÞ − R trepanð0Þ and beam radius Δwθ ¼ Δwθ − wð0Þ in each of the measurement planes
I through III (b) measured as a function of the scan angle θ with respect to the values obtained with
θ ¼ 0. R trepan0 ¼ 40.6 μm and αtrepan0 ¼ 0.26 deg.
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Without readjustment of the optical system, the measurements were repeated with the second
set of parameters for the helical drilling optics. The results are presented in Fig. 9. The meas-
urement methodology was identical to the one described above in relation to Fig. 8.

The results presented in Fig. 9 show that, compared to the results presented in Fig. 8, the
maximum deviation αerr of the helical drilling axis is increased roughly by a factor of two for the
same scan angle θ, when the helical drilling optics is operated with the maximum values of
Rtrepan and the angle αtrepan. The deviation of the trepanning radius RtrepanðθÞ from the value
Rtrepanðθ ¼ 0Þ shows a strong dependence on the scan angle. The results of this measurement
are consistent with an error resulting from the projection of the divergent circular beam path
(Rtrepan; αtrepan > 0) sampled on a slightly tilted camera sensor but exceed the theoretically pre-
dicted aberrations of the optical setup according to which Rtrepan should not deviate by more than
0.055% over the entire scan field and should be identical at both edges of the scan field for a
perfectly aligned optical system. Despite this, the results in Fig. 9 show that the deviations mea-
sured with the experimental setup are still well tolerable for practical applications.

The deviation of the beam radius increases when moving from plane I to III. Compared to the
reference value at θ ¼ 0 mrad the maximum relative deviations amount to ð5.2� 0.3Þ% for wI,
ð7.76� 0.27Þ% for wII, ð7.85� 0.17Þ% for wIII, and ð0.5� 0.07Þ% for Rtrepan.

5 Discussion

The results show that the deviations of the helical drilling parameters, while detectable within the
measurement accuracy, remain very small when superimposing an additional preceding scan
system with the chosen helical drilling optics. The practical significance of this result is that
aberrations of adjacent borehole geometries in a parallelized processing application are likely
to be very small as well. Thus, the results confirm the feasibility of the process parallelization of
the helical drilling process in a way that allows to reduce the effective pulse repetition rate per
location, while still exploiting a high average power, which is particularly suitable for ultrafast
laser drilling with kW-class lasers.

The challenge in converting the setup into a beam delivery system for material processing is
to find a suitable technology for the upstream scanning system. Given currently existing tech-
nology, this appears to be an acousto-optic deflector for lack of a better alternative. Thus, the
difficulty lies in a technical realization of the setup. To name a few challenges this includes the
limited size of active apertures, energy density constraints, variations of diffraction efficiency as
a function of the scan angle, air breakdown in intermediate focal planes, and synchronization of
the laser and scan systems.

With respect to the helical drilling optics itself it should be noted that while the system used
for the study is compatible with the concept, it is not an ideal solution. An optimized helical
drilling optics can specifically be designed around the constraints imposed by the additional scan
system, e.g., to realize a larger scan area and minimize aberrations when used in this way.
However, these considerations are secondary to the problem of the upstream scan system, which
appears to be the limiting factor.

6 Conclusion

The progress of kW-class ultrafast lasers1–7 has outpaced the advances in beam delivery systems
required to enable the industrial application of these lasers in material processing.

Beam delivery systems that address this problem are those that solve the parallelization of
laser material processes. These systems52–57 consist of multiple active scan systems (or even
phase modulators) and/or passive elements (such as diffractive beam splitters/shapers) that are
then superimposed to generate the desired effect, such as a parallelized scanning or drilling proc-
ess,25,52,53 or scanning with beam shaping.54,55,57 This superposition is necessary because there is
currently no single technology or element that can provide the required functionality in one
package. The technical challenge is to place the active and passive components in a way that
considers the limitations of each component and those of the process to obtain a feasible beam
delivery system.
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While the solution is ultimately similar, the requirements for successful parallelization of the
helical drilling process are quite different from these examples, both in terms of the optical
systems used and in terms of the process constraints.

To this end, our proof of concept confirms the viability of the proposed arrangement to
sequentially parallelize the helical drilling process, i.e., reduce the pulse repetition rate per drilled
hole, with negligible aberrations throughout the scan field, while also being feasible when con-
sidering available technology. This is not the case for many other helical drilling optics, either
due to technical limitations, such as limited apertures, but also fundamentally because the oper-
ating principle of the helical drilling optics itself is incompatible with the concept, as will be
discussed in a future publication.
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