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Abstract 

Laser-beam helical drilling with ultrashort pulsed lasers is one of the few techniques for producing high precision 
microholes, which demonstrate excellent wall definition and small heat-affected zone. This study is aim to achieve a 
laser direct fabrication of high-aspect-ratio microholes in stainless steel with thickness of 1.2 mm and 3 mm. By using the 
helical drilling optics, the multi-reflection behavior in the bore channel can be adapted by changing the incident angle 
and helical path of laser beam. By taking advantage of this, the deep drilling with minimized hole-diameter is enabled. 
Influences on hole-profiles and hole-quality by processing parameters such as laser focal position and helical optics are 
presented and discussed. Quasi-cylindrical holes with diameter of approximately 60 µm and a depth-to-diameter ratio 
greater than 20:1 and 50:1 can be fabricated in a 1.2 mm and a 3 mm thick stainless steel respectively. 
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1. Introduction 

Laser-drilled high-aspect-ratio microholes are used in many applications, including the oil gallery of some 
engine blocks, aerospace turbine-engine cooling holes, laser fusion components, and printed circuit board 
micro-vias[1-3]. Several factors limit the aspect ratio of a precision drill hole with high roundness at the 
entrance and exit, when drilled by ultrashort pulse laser (USP) radiation. In particular, drilling technology or 
optics used are relevant as is the available maximum pulse energy of the USP laser radiation. Laser beam 
helical drilling is a suitable technology for producing precision-shaped holes, but the achievable aspect ratio 
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is limited owing to beam propagation in the drilling channel. The removal rate decreases sharply with 
increasing drilling depth due to the beam divergence and multiple reflections. Therefore, making high aspect 
ratio micro-holes in thick material poses a major challenge to manufacturing. 

Multiple reflection of laser beam occurs in the bore channel during drilling of high aspect-ratio microholes 
[4]. The process stability regarding the hole geometry and achievable aspect ratio especially by the 
percussion process can be strongly negatively affected, due to the limited possibility to control the multiple 
reflection along the bore wall. Whereas in helical drilling optics, the incident angle and positon of laser beam 
relative to the sample can be adjusted, thus, the multiple reflection behavior in the bore channel can be 
adapted. This enables a higher controllability of the drilling process and offer the possibility to fabricate deep 
holes with small hole-diameters. 

In this work, we show the results of high-aspect-ratio microholes by helical drilling using ultrashort pulse 
lasers. Influence of laser and helical optics parameters are investigated. Moreover, multiple-step drilling 
strategies by taking advantage of adapted helical path is demonstrated. 

2. Experimental 

The experimental setup for investigating the helical drilling of high-aspect-ratio microholes is 
schematically shown in Fig. 1. The drilling system consists of ultrashort pulse laser source, helical optics and a 
process monitoring system. As one the ultrashort pulse laser sources, a 7-picosecond laser(TruMicro 5270, 
TRUMPF) having a wavelength 515 nm, average power 60 Watts and maximal repetition rate 400 kHz is 
employed to conduct experiments on 1.2 mm thick stainless steel (X5CrNi18-10). In addition, a 10-
picosecond laser(PX-series, EdgeWave) having a wavelength 532 nm, average power 60 Watts (at 100 kHz) 
and maximal repetition rate 50 MHz for 3 mm thick stainless steel. The linear polarized laser beam rotates 
with an angular speed of 3600 RPM and is focused on the surface of sample to a spot diameter of 15 µm by 
an objective having a 60 mm focal length.  

The bore diameter and taper are controlled by a motorized wedge prism and a linear table in the helical 
drilling optics separately. More precisely, the rotation diameter of focused laser beam is determined by the 
tilt angle of wedge prism ∆β, which alters the incident angle of the incoming raw laser beam in front of 
focusing lens, while the linear table regulates a defined parallel offset, which determines the inclined angle 
of focused laser beam on workpiece. The holes are analyzed by a confocal laser scanning microscope (LSM) 
and a scanning electron microscope (SEM). 
 

Fig. 1. Helical drilling system with ultrashort pulse laser for high-aspect-ratio microholes 
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3. Results and discussion 

3.1. Path of laser pulse deposition in helical drilling  

The helical drilling process is characterized by a helix movement of laser ablation front: material is 
removed by deposited laser pulses layer by layer. The spatial trajectory of the center of sequential ablation 
front is defined as three-dimensional (3D) helical path. A 3D helical path of laser beam in the borehole is 
determined by the positions of wedge prism and the offset of linear table. The 3D helical path is determined 
by the position of wedge prism and parallel offset in the helical drilling optics. Fig. 2 shows the caustic of the 
helical path on the x/y-z plan with varied parallel offset from a=-5 mm to +5 mm with an interval of 1 mm at 
the position of wedge prism ∆β=2°, which corresponds to a helical diameter 30 µm at z=0 the surface of 
sample. The positive z direction refers to above the surface of sample. 

 

Fig. 2. Two-dimensional caustic of helical path with varied parallel offset 

The waist of the caustic can be extracted from the diagram as the colored arrows shown in Fig. 2, which 
shows the position having a minimum helical radius. Rephrased, the caustic of 3D helical path indicates 
geometric characteristic of the laser beam revolution in z direction such as the divergence angles and helical 
radius. Thus, drilling strategies for designated hole profiles can be developed by means of adapting the 
helical path during helical drilling.  

3.2. Adaption of multiple reflection in helical drilling 

The multiple reflection along the bore wall can be characterized by the deposition of laser energy of the 
local material. By quantifying the reflectance of laser beam, the deposition of laser energy can be indirectly 
described. According to Fresnel equations, the reflectance is a function of incident angle of light. The helical 
optics enables the possibility to adapt the behavior of multiple reflection in the drilling of deep holes with 
high aspect ratio as shown in Fig. 3. One of the possibilities is to change the focal position of laser beam 
relative to the sample. Due to the divergence of focused laser beam, the incident angle of laser beam on the 
hole wall varies at different focal position. The other approach for adaption of multiple reflection is to tilt the 
incident angle α of laser beam by shifting the parallel offset of linear table. The two approaches can be 
combined to optimize the drilling results.  
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Fig. 3. Approaches to adapt the multiple reflection behavior in helical drilling 

3.3. Fabrication of microholes with high aspect ratio 

3.3.1. Drilling in 1.2 mm thick stainless steel 
Fig. 4(a) shows comparison of drilling results by using different drilling strategies. The parameters applied 

in the drilling process are listed in the Tab. 1.  The hole with No. 1 is drilled with a fixed focal position at 
z=400 µm beneath the material surface. A rounded entry can be seen as a results of laser beam defocusing 
at the hole entry. By moving the laser beam focus above the surface (z=-100 µm), and then followed by a 
second step at z=400 µm, the sharp edge at the entry in hole No. 2 can be achieved. Further investigation on 
three-step-strategy shows that, the more steps can improve of drilling results however the effect is limited. 
By taking advantage a multi-step-strategy, a cylindrical hole with diameter of approximately 60 µm can be 
fabricated in a 1.2 mm thick stain less steel as the SEM image shown in Fig. 4b, the aspect ratio reaches 20:1. 

 
(a)                               (b) 

Fig. 4. Comparison of helical drilling with one and multiple steps 

Table 1. Parameters applied for the hole drilling in Fig, 4 

No. of hole Z=-100 µm Z=150 µm Z=400 µm 

1 0 s 0 s 10 s 

2 5 s 0 s 5 s 

3 3 s 4 s 3 s 
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3.3.2. Drilling in 3 mm thick stainless steel 
The similar aspect ratio of micro holes can be achieved in a 3 mm thick material by utilizing an ultrashort 

pulse laser with 600 µJ single pulse energy. The SEM image in Fig. 5 shows the drilling results with varied 
parallel offset. The influence of different offset on the hole geometry typically the diameters of hole entry 
and exit is evident as depicted in the diagram in Fig. 5. Moreover, the evolution of hole profile from 
divergent exit  (offset =-2 mm) to a convergent exit (offset ≥-1mm) gives evidence that, the alternation of tilt 
angle of incident laser beam has a direct impact on the multiple reflection behaviour during the deep drilling.    

 
Fig. 5. Helical drilling in 3 mm thick stain less steel with varied offset 
Applied parameter: Laser single pulse energy 600µJ, repetition rate 100kHz, z=0.5 mm in material, t=40s 

 
An extension of aspect ratio to 50: 1 in 3 mm thick stainless steel can also be achieved by adapting the 

laser parameter(Fig. 6). The high single-pulse energy results in high ablation rates. This way, a throughput 
time of less than 25 s was achieved for 3 mm thick steel. The roundness of entry and exit is > 0.92. The 
longitudinal section shows that holes can be drilled vertically to the material surface with an edge angle of 
almost 90 ° in the entry area. The roughness Ra at the borehole wall is less than 0.5 μm. 

 
 

Fig. 6. Microholes with aspect ratio of 50: 1 in 3 mm thick stain less steel (a) hoele entry, (b) hole exit, (c) hole cross-section 
Applied parameter: Laser single pulse energy 600µJ, repetition rate 100kHz, z=0.5 mm in material, t=40s 
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4. Conclusion  

Microholes with high aspect ratio has a wide applications. for example, high aspect ratio precision micro-
holes in steel, glass, and ceramic can be used as spinning nozzles, injector nozzles, injectors, or vent holes. 
Increasingly, such precision holes will also be used in sensor and filter technology. The helical drilling optics 
offers the possibilities of controlling the multiple reflection behavior along the bore hole, which is an 
important phenomenon in the fabrication of high-aspect-ratio holes. The high pulse energy of an ultralshort 
pulse laser is another key factor to achieve a cylindrical microhole with a high aspect ratio.  
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