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Fused silica has an excellent optical and thermal properties and therefore is widely used in a va-
riety of industrial applications. With the development of ultrafast laser technology, helical drilling 
with ultrashort laser pulses has demonstrated great advantages in terms of precision and reproducibil-
ity. In this paper, we used a rotating-Dove-prism-based helical optics together with a picosecond laser 
working at second harmonic generation (SHG). Three types of helical processes: classic helical drill-
ing, helical contour cutting and helical trepanning based on identical helical optics are developed and 
applied to drill a 200 µm hole in 0.5 mm thick fused silica. The classic helical drilling process has a 
constant revolution diameter and requires higher pulse energy and longer duration to achieve multi-
photon absorption. Therefore, a bulk of recast layer with height of 10 µm is generated surrounding 
the inlet of the micro hole. The height and radial width of recast layer predominantly depend on the 
focus position and applied pressure of process gas. The helical contour cutting of circular hole can be 
understood as a combination of helical drilling and circular contour cutting with Computer Numerical 
Control (CNC) program and precision motion stages. As a result of dynamic cutting front, the molten 
material are constrained in the cutting kerf and driven out from the hole outlet under pressure of 
process gas, which contributes to a recast-free drilling. The helical trepanning process is characterized 
by a through start-hole at beginning and the continuously increased helical diameter of laser pulses 
during the process. The molten volume within the hole diameter are completely removed and driven 
out from the pilot-hole. By means of that the drilling process can be accelerated with an enhanced 
surface quality. Moreover, the entrance of boreholes are free of recast. The influence of the energy 
deposition in the three drilling strategies on the drilling results regarding the recast layer was investi-
gated by numerical simulation of superposed laser intensity distribution on the helical path.  

Keywords: helical drilling, ultrashort laser pulses, second harmonic generation, fused silica, recast 
layer, energy deposition 

1. Introduction
With excellent physical and chemical properties, fused

silica has a wide spectrum of scientific and industrial appli-
cations such as in optical devices, medical instruments, laser 
sources and aerospace[1–5]. These application areas are 
constantly expanding [6]. However, fused silica is a typical 
hard brittle material and difficult to machine with conven-
tional mechanical methods due to high brittleness, low frac-
ture toughness, and high strength [7]. machining defects 
such as micro crack and recast layer around the processing 
site tend to be introduced by conventional techniques as well 
as ion beam and nanosecond laser processing [8]. The re-
quirements on micromachining of fused silica for optical ap-
plication is very high. Compared to the conventional glass 
machining techniques, laser machining offers a number of 
advantages such as non-contact, high flexibility, high effi-
ciency. Especially, ultrashort pulsed (USP) laser irradiation 
in the regime of picosecond and femtosecond offers a prom-
ising tool to fabricate high precision microstructures in such 
brittle material.  

Over years, processing with ultrashort laser pulses has 
been considered to be outstanding qualitative associated 

with low productive due to a low single pulse energy and 
thus low ablation rate. Modern ultrafast laser sources pro-
vide solution to satisfy both sides and they can deliver an 
average power of up to 1 kW with pulse duration of several 
picoseconds and excellent beam quality [9]. In addition, the 
modern ultrashort pulse laser sources feature harmonic gen-
eration unit which converts the fundamental infrared (IR) 
wavelength into second or higher harmonic. In comparison 
to the IR radiation, the second harmonic generation (SHG) 
irradiation qualifies a better focusability and this contributes 
higher laser energy density in the interaction zone and more 
effective laser energy deposition. Thus, the employing of 
SHG laser irradiation in the drilling of micro-scaled bore-
holes can benefit from higher quality and productivity [10]. 

With the development of ultrafast laser technology, hel-
ical drilling with ultrashort laser pulses has demonstrated 
great advantages in terms of precision and reproducibility. 
Thanks to the helical movement of the laser pulses during 
the drilling process, microholes with high precision can be 
generate through the layer-by-layer ablation strategy. The 
helical drilling optics, which is based on a self-rotating Dove 
prism as beam rotator, has been introduced in our previous 
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works [11–14]. During the helical drilling process the abla-
tion front of laser spot moves downwards into the material 
in a helical path and the material volume ablated with each 
pulse is much smaller compared to laser trepanning. Thus, 
this process fulfils an increased accuracy of hole geometry 
by decreasing temporal and localized thermal load in the 
workpiece. 

In this paper we report the experiment results on fabri-
cation of micro holes in fused silica by using this helical 
drilling optics with 515 nm wavelength SHG laser irradia-
tion. The helical drilling optics is able to perform three kinds 
of drilling processes namely classic helical drilling, helical 
contour cutting and helical trepanning. The distinguished be-
havior of laser energy deposition among the helical drilling 
techniques results to significant distinction in terms of dy-
namics of melting flows and forming of borehole and thus 
the morphology of boreholes. To achieve a high precision 
the energy deposition in helical trepanning and cutting are 
spatially and temporally adapted. The adaption of energy 
deposition during the drilling process plays an important role 
in avoiding the accumulation of thermal effect and reducing 
recast layer material around the hole inlets. Moreover, the 
fabrication efficiency can be enhanced. 

 
2. Experimental setup and materials 
2.1 UPS laser helical drilling system 

The experimental setup for helical drilling process is 
schematically shown in Fig. 1. The drilling system consists 
of three parts: ultrashort pulsed laser source, helical drilling 
optics and CNC linear motor stages. As laser source a 
Yb:YAG thin-disk USP Laser (Trumicro 5270, TRUMPF) is 
employed which has pulse duration of 7 ps and delivers a 
second harmonic generation of 515 nm wavelength with a 
maximum average output power of 60 W at 400 kHz pulse 
repetition rate. In helical drilling optics, the helical radius is 
determined by declination angle of wedge prism which can 
be precisely controlled by a step motor. Passing through the 
spinning Dove prism, the laser beam rotates along an optical 
axis with doubled speed of the hollow shaft motor and is fo-
cused by an objective of focal length 60 mm onto the surface 
of sample to a spot diameter of approximately 15 µm. The 
process material used in this work is UV grade fused silica 
(SiO2) with 0.5 mm thickness.  

 
Fig. 1 Schematic diagram of experimental setup for helical drilling pro-
cesses 

2.2 Process description and parameters 
Three kinds of helical drilling processes: the classic hel-

ical drilling, the helical contour cutting and the helical tre-
panning were can be performed with the helical drilling sys-
tem. The helical paths of laser spots in three kinds of helical 
processes are schematically illustrated in Fig. 2. The classic 
helical drilling has a fixed helical diameter and helical path 
as shown in Fig. 2(a). The helical contour cutting can be un-
derstood as a combination of the classic helical drilling and 
contour cutting by moving the rotating beam in a designated 
contour (e. g. a circle with a radius for a circular hole Rc) 
with assistance of a CNC program. The typical wobbling 
helical path is shown in Fig. 2(b). The helical trepanning 
process can be divided in three steps. In the first step, a pilot 
hole is fabricated in the center by means of a classic helical 
drilling with a helical radius within the rage of 0-50 µm, the 
path is illustrated in a blue circle in Fig. 2(c). Following that, 
a dynamic drilling process is performed in the second step 
by enlarging the helical radius continuously until the final 
geometry is reached. Generally, the dynamic helical drilling 
process can be defined as a process of helical movements 
with a dynamically varied helical diameter or center of heli-
cal movements. The helical trepanning has a dynamically 
varied helical diameter and the helical contour cutting pro-
cess works with fixed helical diameter, but dynamic helical 
center during the drilling process. Both helical trepanning 
and helical contour cutting are included in dynamic helical 
drilling process. The helical path is characterized by a spiral 
developing contour with a high trace overlap rate. At the end 
of step 2, the helical radius reaches to the desired dimension. 
For the last step, a second classic helical drilling process 
with a larger helical radius is applied for a cylindrical hole-
profile and the final contour (red circle in Fig. 2(c)). 

 
Fig. 2 Paths of laser pulses in three helical drilling processes: (a) helical 
drilling with a fixed circular helical radius, (b) a superposed path of 
wobbling helical path and a circular cutting contour in helical cutting, 
(c) a dynamic spiral helical path in helical trepanning 

In order to keep consistence in the comparative study 
identical single laser pulse energy and frequency as well as 
process parameter like beam rotation speed, processing gas 
pressure and focal position were applied in all drilling pro-
cesses. The helical radius in the classic helical drilling pro-
cess was fixed at 90 µm. For helical contour cutting, the hel-
ical drilling with helical radius Rh of 25 µm and contour cut-
ting with 75 µm cutting radius Rc were applied. In helical 
trepanning process, the helical radius increases dynamically 
from 25 µm to 90 µm with an average speed of 10 µm/s. The 
processing parameters for drilling experiments by means of 
the three kinds of helical processes are summarized and 
listed in Table 1. 
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Table 1. Processing parameters in the experiments 

Process Classic helical 
drilling 

Helical con-
tour cutting 

Helical 
trepanning 

Common 
parameter 

Laser single pulse energy 120 µJ,  
Pulse repetition rate: 40 kHz, 
Rotation speed of laser beam: 7200 rpm, 
Processing gas pressure: 3 bar,  
Focus position: on front surface of sample 

Helical  
radius 90 µm 25 µm dynamic 

Dynamic 
variable none 

Radius of cut-
ting contour 
Rc: 75 µm 
Feed rate: 1.5 
mm/ min. 

Rotation 
speed of 
wedge prism: 
1.5°/second 

Geometry and morphology of processed specimens were 
investigated under an optical microscope and surface topog-
raphy by confocal laser scanning microscopy (LSM, VK-
9700, Keyence) and scanning electron microscopy (SEM 
LEO 1455 EP, Zeiss). 
 
3. Results and discussion 
3.1 Superposed laser intensity distribution in helical 
drilling processes 

The superposed laser intensity (SLI) in the helical drill-
ing processes describes the laser energy deposition of ultra-
short pulses on helical path. The superposed laser intensity 
on the focal plane of laser beam z = 0 can be given as [14]: 

𝐼𝐼𝑠𝑠 = �𝐼𝐼0

𝑓𝑓𝑓𝑓

𝑖𝑖=1
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𝑑𝑑ℎ2 sin2[2𝜋𝜋(𝑖𝑖 − 1)𝜔𝜔𝑚𝑚 𝑓𝑓⁄ ]

𝜔𝜔02
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Where, I0 is the peak intensity of the laser pulse, ωm is 
rotation frequency of Dove prism, f refers to pulse repetition 
rate, and dh is helical diameter, ω0 is the beam intensity 1/e² 
radius of the laser spot on the focal plane. t refers to the drill-
ing time. 

Numerical calculation of the superposed intensity distri-
bution of the three kinds of helical processes with the param-
eters listed in Tab. 1 are carried out and are represented in a 
color map as shown in Fig. 3. 

 
Fig. 3 The superposed laser intensity distribution of the three kinds of 
helical processes 

As a result of the distinguished spatial distribution of the 
pulse locations, the ablation behavior differs in different hel-
ical processes. Fig. 4 depicts the superposed intensity of the 
three kinds of helical processes in x/y-z plane. The profile of 
superposed intensity in classic helical drilling can be consid-
ered as a symmetric Gaussian distribution and, as a result, a 
linear accumulation of superposed intensity of laser pulses. 
In the helical contour cutting process, the appearance of the 
superposed intensity distribution in case of the circular cut-
ting is analogous to classic helical drilling a donut shape. 
However, due to a wobbling motion of the laser beam, the 
intensity at the inner circular contour is higher than that at 
the outer contour, as can be seen in Fig. 4(b). The helical 
trepanning is a process with a full-volume ablation. The 
characteristics of the superposed laser intensity in helical tre-
panning are, first of all, a peak in the center of the helical 
path and relative low intensity outside it. Besides a pulse-to-
pulse overlap, a path-to-path overlap in the radial direction 
at varied helical radii is another key feature of helical tre-
panning. 

 

 
Fig. 4 Comparison of the superposed laser intensity distribution of clas-
sic helical drilling (dashed line in green), helical trepanning (solid line 
in red) and helical contour cutting (dotted line in blue) 

Depending upon the helical radius (the radius of wob-
bling motion) and feed rate of axis in the helical contour cut-
ting process, the deviation of intensity distribution at inner 
and outer contours can lead to dissimilar results on, for in-
stance, thermal effect and surface roughness on cutting kerf. 
A path-to-path overlap caused by the wobbling motion is 
tangential to the center of cutting contour. Compared to the 
helical trepanning, the classic helical drilling and the helical 
contour cutting have a considerably lower ablation volume, 
The classic helical drilling has the smallest ablation volume 
comparing to the other two helical processes since merely a 
single path of laser pulses exists and, therefore, the ablation 
width is the smallest. 
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3.2 Fabrication of microholes in fused silica by helical 
processes 

In the classic helical drilling process, the vaporized or 
molten material by laser radiation must be driven out from 
the inlet of the borehole before the hole is drilled through. 
As a result, a part of the mixture of vapors and molten ma-
terial deposit at the entrance and the recast is formed around 
the entrance. As soon as a through hole is formed, the fluidic 
dynamic of the molten material changes. Most of it can be 
driven out from the exit. The recast at the entrance impairs 
the quality of the drilling, especially the optical quality of 
transparent materials. Fig. 5 shows the drilling results in 
500 µm thick fused silica with three different processes. a 
number of recast layers at the hole entrance can be clearly 
seen at the entrance of the hole is fabricated by the classic 
helical drilling process with a fixed helical diameter of 
180 µm (Fig. 5(a)). Even after the sample is bathed in ultra-
sonic cleaner for two minutes, the hierarchy of the recast lay-
ers is very clear to be seen. The width of these recast layers 
reaches nearly 100 µm in the radial direction, and the height 
approximately 8 µm as the LSM analysis shows in Fig. 5. 
By employing the dynamic helical trepanning process (Fig. 
5(b)) little recast layer can be observed on the surface sur-
rounding the hole entrance. The entrance is well-defined and 
has a sharp edge. Similarly, the helical contour cutting can 
fabricate the borehole with negligible recast layers as shown 
in Fig. 5(c). 

In analog to hole entrance, the results of the SEM analy-
sis on the exit of the boreholes fabricated by the three kinds 
of helical processes show the enhanced quality by using the 
helical trepanning and helical contour cutting as can be seen 
in Fig. 6. Due to a higher superposed laser intensity on the 
contour hole entrance in the classic helical drilling, more 
thermal stress is introduced in the material. As a result, the 
material around the exit is even chipped by the higher kinetic 
energy of molten material. No chipping can be seen on the 
exit of boreholes by dynamic helical processes. 

3.3 Analysis on height of recast layer and productivity 
In classic helical drilling process, the molten materials 

are ejected from the drilling channel and deposit at the en-
trance. The recast layer is formed as a consequence of the 
solidification of the molten fused silica. As the ablation front 
moves deeper in the drilling channel, the range of the spat-
tering of the molten fused silica decreases. Moreover, the re-
cast layers are deposited near the hole entrance and forms a 
lamination structure, which leads to an increase in height. 
The height and width of the recast layers at the entrance of 
the borehole made by classic helical drilling and dynamic 
helical drilling are characterized by laser scanning micros-
copy. The comparison of the drilling quality in aspect of 
height of the recast layer by the classic helical process and 
dynamic helical process over the hole diameter is plotted and 
depicted in Fig. 7.  

 
Fig. 7 Comparison of the drilling quality in aspect of height of the recast 
layer by the classic helical process and dynamic helical process 

Apparently, the classic helical drilling process produces 
much more recast volume than the dynamic helical drilling 
process. The height of recast layer reaches the maximum in 
the classic helical drilling of a hole diameter around 200 µm. 
The behavior of height of the recast layer with the increase 
of the hole diameter can be explained by ablation volume by 
single pulse which is influenced by the laser intensity distri-
bution on the helical path and the thermal accumulation in 
the ablation volume. In other words, the holes diameter with 

 
Fig. 5 Comparison of the drilling quality and height of recast layers in 
fused silica using (a) classic helical drilling, (b) helical contour cutting 
and (c) helical trepanning process 

 

Fig. 6 SEM images of hole exit by (a) classic helical drilling, (b) helical 
contour cutting and (c) helical trepanning process 
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the maximum height of recast layer is determined by the sin-
gle pulse energy and laser pulse frequency applied as well as 
the spot diameter of laser beam on the helical path. The ab-
lation volume by laser pulses and the thermal accumulation 
in the classic helical process vary with the change of the hel-
ical diameter. Due to the overlap of the pulses within the area 
of helical diameter, the ablation volume increases with the 
hole diameter, whereas the superposed laser intensity in the 
overlapped area decreases. As soon as the superposed laser 
intensity in the overlapped area drops below the ablation 
threshold of the material, an island-like pin appears in the 
helical drilling process [15]. The ablation volume per pulse 
reaches the maximum just before the ablation overlap in the 
middle of the hole appears and the most recast material is 
generated and thus the height of the recast layer has a maxi-
mum at this hole diameter (in the experiment of this work 
the hole diameter with the maximum height of recast layer 
is around 200 µm.  

With the further increase of the hole diameter, both the 
height and the width of the recast layer drop and become 
stable with an insignificant fluctuation. The recast layer pro-
duced in the dynamic helical drilling process can be ne-
glected at drilling with a diameter smaller than 1 mm. De-
spite that, the recast layer is about 20 µm wide along the ra-
dial direction of the hole entrance having a diameter of 1 mm. 
The average height is less than 3 µm, which is about one 
third of the recast layer in classic helical drilling.  

The dynamic of the molten material by the laser radia-
tion is one of the ways to explain the difference. In the pro-
cesses of the dynamic helical drilling and helical contour 
cutting, an initial hole is drilled within one second due to 
higher concentrated laser energy at a small helical radius. 
With the relative movement of laser beam to the workpiece, 
a cutting front is formed with a dynamic direction in the xy 
plane. Molten material in the volume irradiated by laser 
pulses will be driven out from the exit of cutting kerf with 
assistance of the processing gas (3 bar). 

Furthermore, the thermal accumulation during the drill-
ing processes is the other reason for the formation of the re-
cast layer. The laser pulse energy absorbed by material can 
be divided into different parts: the ablation energy for mate-
rial evaporation and kinetic and thermal energy in the vapor, 
and the residual heat [16]. With greater density of laser 
pulses in ablation area, the deposited residual heat does not 
fully dissipate, accumulates and heats the base material; fi-
nally a certain amount of residual heat attributes to ablation. 
In this case, the efficiency of ablation energy is greater than 
that in a larger helical diameter and lower overlapping de-
gree. It can also explain why the ablation rate is higher at the 
smaller helical diameter than at the larger helical diameter. 
The ablation in the classic helical drilling with a helical di-
ameter of 200 µm produces a large number of recasts due to 
a large amount of local thermal accumulation 

The drilling efficiency by the classic helical process, hel-
ical trepanning and helical contour cutting of fused silica are 
quantitatively characterized as shown in Fig. 8.  

Fig. 8 Comparison of the drilling efficiency by the classic helical pro-
cess, dynamic helical process and helical contour cutting of fused silica 

The adaption of the dynamic of the molten material in 
the dynamic helical drilling process and the helical contour 
cutting process not only contributes to reducing of recast 
layer volume, but also enhances the drilling efficiency. The 
classic helical drilling as a static process is more efficient in 
fabricating microholes with diameters smaller than about 
170 µm. However, the increase in hole diameter demands a 
longer drilling time and more laser pulses by the classic hel-
ical drilling than the dynamic helical drilling processes. The 
fabrication of a 1 mm diameter hole requires approximately 
60 seconds. Due to that the molten material is fast driven out 
from the pilot hole, the drilling time for the larger hole di-
ameter is significantly reduced to between 15 seconds and 
20 seconds by means of dynamic helical drilling and helical 
contour cutting process. 

Fittings of processing time over different hole diameters 
are done to show the development of processing efficiency 
by different helical processes. For classic and dynamic heli-
cal drilling, a polynomial fitting is applied. For the helical 
contour cutting a linear fitting is used since the processing 
time is linear to the perimeter of the hole. The fitted lines 
divide the hole diameter into three zones and indicate the 
most efficient drilling process in each zone. For the micro-
hole having a diameter smaller than 170 µm, the classic hel-
ical drilling process should be chosen. For diameter between 
170 µm and ca. 800 µm, the processing efficiency as well as 
the drilling quality can be enhanced by employing dynamic 
helical drilling. With the increase of hole diameter, the su-
perposed laser intensity on the helical path of final diameter 
decreases and leads to a slower ablation rate and thus longer 
processing time. The helical contour cutting has a constant 
helical diameter and thus the superposed laser intensity is 
consistent over the whole cutting contour. Therefore, the 
processing time increases linearly with the hole diameter. In 
the experiment of this work, the helical contour cutting pro-
cess has advantage over the other helical processes in fabri-
cation holes with diameter larger than 800 µm. 

4. Conclusion
Three kinds of helical drilling processes i.e. the classic

helical process, the helical trepanning and the helical con-
tour cutting in fused silica by using Dove-prism-based heli-
cal drilling optics and SHG ultrashort pulsed laser are 
demonstrated. The superposed laser intensity distribution of 
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the helical drilling processes has distinguished characteris-
tics and play a determinative role in the energy deposition 
and further the drilling results.  

By taking advantage of the dynamic helical drilling pro-
cess, the performance of the available helical optics can be 
improved. First of all, the height and width of recast layer 
deposited surrounding the hole entrance can be minimized. 
Moreover, by adapting the dynamic of molten material in the 
drilling channel, the drilling speed for hole diameter > 
170 µm can be increased by means of the helical trepanning 
and helical contour cutting. Meanwhile, the drilling quality 
with respect to recast layer can be significantly enhanced. 

As the final remark, owing to the change of molten dy-
namic in the borehole, the advantages by using dynamic hel-
ical process apply not only to the glass material but to other 
dielectric material and metallic materials with different 
thickness. 
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