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Abstract 

Ultra-short laser pulses are well known for their low thermal effect on the ablation process and therefore are used in 
numerous applications like surface texturing and functionalization. However, high peak fluence can lead to a reduction 
in ablation efficiency. Beam shaping can be used to solve this issue. Beam errors, like defocus or astigmatism, lead to a 
larger beam radius and a decrease of the fluence on the surface of the workpiece. This paper focuses on the theoretical 
study of the incubation effect and its influences on the ablated volume per pulse by analyzing the effects of the waist 
position of the laser beam and the ablation threshold of the sample material. This work is fundamental for handling the 
ablation process using high pulse energies. 
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1. Introduction 

Ultra-short laser pulses are used in a wide range of microprocessing applications, such as cutting, drilling, 
structuring, or even welding. The main feature using the short interaction time between the pulse energy 
and the material is the low thermal effects causing damage or stress. The ablation process depends on beam 
properties, like pulse energy and spot size, and material properties, like the ablation threshold (𝐹𝐹𝑡𝑡ℎ) and 
absorption depth of the laser energy (𝛿𝛿). The ablation threshold can be measured using the squared 
diameter of small craters produced at several pulse energies (Barthels and Reininghaus 2018; Liu 1982; 
Bonse et al. 2000). Besides, the number of pulses (𝑁𝑁) interacting with the surface or the already produced 
crater influences the ablation threshold. This effect is called the incubation effect (Liu 1982; Ashkenasi et al. 
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2000; Di Niso et al. 2013; Jee et al. 1988; Mannion et al. 2004). It is described by the accumulation factor 𝑆𝑆, 
who is material-specific and ranging between [0; 1]. 

𝐹𝐹𝑡𝑡ℎ,𝑁𝑁 = 𝐹𝐹𝑡𝑡ℎ,1 ⋅ 𝑁𝑁𝑆𝑆−1 Eq. 1 

Laser energy hitting the surface of a material can be absorbed. The depth of the absorption of the laser 
energy depends on the material-specific absorption length (𝛿𝛿), which results from the Lambert-Beer 
absorption law. Knowing the threshold fluence of the material and the fluence on the surface (𝐹𝐹𝑤𝑤), the 
ablation depth per pulse �𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝� can be calculated (Nolte et al. 1997). Its logarithmic increase conquers the 
increasing pulse energies of current laser developments.  

𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝  ∝ 𝛿𝛿 ⋅ ln
𝐹𝐹𝑤𝑤
𝐹𝐹𝑡𝑡ℎ

 Eq. 2 

Depending on the beam properties, the radius of the laser spot 𝑤𝑤(𝑧𝑧) increases when leaving the waist 
(𝑤𝑤0). With the increase of the radius, the fluence of the beam decreases. By increasing the distance 
between waist and workpiece surface (defocus), the interacting beam radius �𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒� shows a double-lobe 
structure. The width and length of each lobe depend on the laser’s pulse energy and beam properties and 
the ablation threshold fluence of the material (Chang et al. 2012; Luzius et al. 2012; ). The interacting beam 
radius can be characterized by 

𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑤𝑤(𝑧𝑧) ⋅ �−
1
2

ln�
𝐹𝐹𝑡𝑡ℎ
𝐹𝐹0

⋅ �
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𝑤𝑤0

�
2

� Eq. 3 

Here (𝐹𝐹0) is the peak fluence in the waist of the laser beam. The interacting beam radius is derived by the 
intensity distribution along with the propagation, the ablation threshold intensity necessary for the ablation 
process, and the spot size along with its propagation 

𝑤𝑤(𝑧𝑧) = 𝑤𝑤0�1 + �
𝑧𝑧 − 𝑧𝑧0
𝑧𝑧𝑅𝑅

�
2

 Eq. 4 

First experimental results by (Chang et al. 2012; Luzius et al. 2012; Smarra and Dickmann 2015a, 2015b; 
Smarra et al. 2016) demonstrate the influence of the defocus for a single pulse and volume ablation. In this 
paper, the incubation effect and the interacting diameter are combined to simulate the theoretical influence 
on the ablation process when changing the beam shape on the workpiece surface, e.g., by increasing the 
distance between the waist and workpiece surface. 

2. Simulation 

For the simulation of the influence of the incubation effect, an arbitrary Gaussian beam with a waist 
radius of 𝑤𝑤0 = 12.5 µm and a Rayleigh length of 𝑧𝑧𝑅𝑅 = 250 µm is used. These were typical values, using a 
wavelength of 𝜆𝜆 = 1030 nm and an f-theta lens with a focal length of 𝑓𝑓Θ = 100 𝑚𝑚𝑚𝑚. Fig. 1 demonstrates 
the definitions used in this section: The defocus describes the waist position (𝑧𝑧0) reffered to the work piece 
surface. By the spot size, the beam radius on the workpiece surface (defined by the intensity decrease to 
𝐼𝐼0/𝑒𝑒2) is described. Finally, the effective beam radius is the part of the beam interacting with the workpiece 
surface, where the fluence is above the ablation threshold fluence. 
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Fig. 2 (blue) shows the relative spot size (𝑤𝑤(𝑧𝑧)/𝑤𝑤0)  and the relative fluence on the workpiece 
�𝐹𝐹𝑤𝑤(𝑧𝑧0)/𝐹𝐹𝑤𝑤(𝑧𝑧0 = 0)� in dependence on the waist position (𝑧𝑧0) referred to the workpiece surface. Increasing 
the defocus, the spot size increases: A defocus of e.g. 𝑧𝑧0 = 2 mm, the spot size increases by a factor of 8.  

The spot size determines the fluence on the workpiece surface (for constant pulse energy, here 𝐸𝐸𝑃𝑃 =
10 µJ). Thus, an increasing defocus leads to a decreasing fluence on the workpiece, as shown in Fig. 2. The 
decrease depends on the Rayleigh length, as the increase of the spot size also depends on the Rayleigh 
length: The longer the Rayleigh length, the lower the decrease of the fluence on the workpiece. 

Most laser processes use a (relative) lateral movement between the laser beam and the workpiece. This 
simulation is based on the ablation of ultra-short pulse lasers. The laser beam movement influences the 
number of interacting pulses on the same infinitesimal small area of the workpiece surface. For a constant 
pulse to pulse distance (e.g., 𝑑𝑑𝑝𝑝𝑥𝑥 = 5 µm), the increasing spot size due to the increasing defocus, leads to a 
rising number of overlapping pulses. Here the number of interacting pulses is the ratio of the laser spot size 
and the pulse to pulse distance. For more detailed analysis, it would be necessary to determine the spot size 
on the workpiece surface, which again is a function of the threshold fluence. Fig. 3 (blue) shows this 
dependence. As a simplification, only the movement in one direction is analyzed. If the beam or workpiece is 

Fig. 2:  Relative beam radius and fluence on the work piece surface in dependence on the waist position. 

Fig. 1:  Definition of beam parameters. 
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moved in 2 perpendicular dimensions with the same pulse to pulse distance in each dimension, the number 
of interacting pulses must be squared. 

The increasing number of interacting pulses leads to a decreased threshold fluence due to the incubation 
effect. Fig. 3(red) shows the dependence of the threshold fluence on the waist position. The threshold 
fluence is shown concerning the threshold fluence for the waist of the laser beam on the workpiece surface. 
An arbitrary threshold fluence of 𝐹𝐹𝑡𝑡ℎ,𝑧𝑧=0 = 0.1 J/cm2 is estimated for a single pulse ablation and the waist 
on the surface of the workpiece. Four arbitrary accumulation factors 𝑆𝑆 are compared. Neglegting the 
incubation effect would result in a waist position-independent threshold fluence (𝑆𝑆 = 1). Considering the 
incubation effect and respecting the increasing number of interacting pulses by increasing the defocus, the 
threshold fluence is reduced. This reduction depends on the accumulation factor 𝑆𝑆. The more the value of 
the accumulation factor approaches one, the smaller the reduction of the threshold fluence. A higher 
accumulation factor leads to a higher threshold fluence at the same defocus. 

The ablation depth of a laser pulse depends on the penetration depth of the energy (𝛿𝛿) and the 
logarithmic ratio of the peak (𝐹𝐹_0) to the threshold fluence (𝐹𝐹𝑡𝑡ℎ), see Eq. 2. Hence from the fluence on the 
workpiece (equals the peak fluence in Eq. 2) in dependence of the waist position (Fig. 2) and the threshold 
fluence in dependence of the waist position (Fig. 3, blue), the ratio of the peak to the threshold fluence can 

Fig. 4: Ratio workpiece fluence to threshold fluence and rel. ablation depth per pulse in dependence on the 
waist position. 

Fig. 3: Number of interacting pulses at a infinitesimal small area of the work piece and threshold fluence in 
relation to the threshold fluence for a waist on the work piece surface in dependence on the waist position. 
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be calculated (see Fig. 4, blue). Here the accumulation factors 𝑆𝑆 = 0.7 and 𝑆𝑆 = 1.0 were used. The highest 
ratio can be achieved for the waist of the laser beam on the workpiece sample. By increasing the defocus, 
the ratio decreases. The lower the accumulation factor, the slighter the decrease of the aspect ratio. The 
lower the accumulation factor is, the higher the fluence ratio (fluence on workpiece surface to threshold 
fluence) at the same waist position. For the ablation depth per pulse, see Eq. 2. It is relevant that the fluence 
ratio on the workpiece to the threshold fluence is greater than 1. Otherwise, the ablation stops, indicated by 
the dotted lines of the fluence ratio. 

For a constant penetration depth (e.g., 𝛿𝛿 = 10 nm) and fluence ratio, the ablation depth per pulse can be 
calculated, see Fig. 4 (red): The ablation depth per pulse in relation to the ablation depth for the waist on the 
workpiece surface is shown in dependence on the waist position. The larger the defocus, the lower the 
ablation depth per pulse. When the fluence ratio reaches 1, the ablation depth is 0. Here again, the lower 
the accumulation factor, the lower the slope of the ablation depth per pulse for an increasing defocus. 

The effective beam radius depending on the waist position can be calculated from the fluence ratio 
following Eq. 3. Fig. 5 (blue) demonstrates the effective beam radius on the workpiece surface related to the 
waist radius (on the workpiece surface) depending on the waist position. Two arbitrary accumulation factors 
are shown: 𝑆𝑆 = 0.7 (solid line) and 𝑆𝑆 = 1.0 (dashed line) 

The interacting beam radius increases from a waist on the workpiece surface and increasing the defocus. 
This increase depends on the accumulation factor (𝑆𝑆). The lower the accumulation factor, the higher the 
increase. This increase is due to the increasing beam radius. As long as the fluence of the beam is higher than 
the ablation threshold fluence, the beam interacts with the workpiece surface by ablating material. By 
further defocusing, a maximum of the interacting beam radius can be reached. Again, this maximum also 
depends on the accumulation factor. After this maximum, the interacting beam radius rapidly drops to zero 
when further increasing the defocus. The decrease is based on the decreasing fluence on the workpiece by 
increasing the beam radius. When increasing the defocus after the maximum of the interacting beam radius, 
the fluence on the workpiece is reduced. When the fluence on the workpiece is lower than the ablation 
threshold, so the ablation stops. 

Taking into account the interacting radius is in the range of a few ten to hundred micrometers and the 
ablation depth per pulse is in the range of a few nanometers, a cylinder volume can estimate the ablated 
volume per pulse 𝑉𝑉𝐶𝐶𝐶𝐶𝐶𝐶 = 𝜋𝜋𝑟𝑟2 ⋅ ℎ. Here, the radius (𝑟𝑟) is equal to the interacting beam radius �𝑤𝑤𝑒𝑒𝑒𝑒𝑒𝑒� and the 
height (ℎ) of the cylinder is the ablation depth per pulse �𝐿𝐿𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�. With this estimation, the ablated volume 
per pulse depending on the waist position related to the workpiece surface can be calculated, see Fig. 5 

Fig. 5: Influence of the waist position on the ratio of the effective beam radius to the waist radius on the 
workpiece surface and the ratio of the ablated volume per pulse to the ablated volume per pulse for a waist 
on the workpiece surface. 
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(red). The ablated volume per pulse related to the ablated volume per pulse for the waist on the workpiece 
surface is shown. As shown for the interacting beam radius, the ablated volume per pulse increases to a 
maximum by increasing the defocus. The increase depends on the accumulation factor. The lower the 
accumulation factor, the higher the increase. The maximum of the ablated volume per pulse and the 
maximum of the interacting beam radius is not located at the same waist position. The maximum of the 
ablated volume is located between the maximum of the interacting waist radius and the workpiece surface. 
The value of the ablated volume per pulse also depends on the accumulation factor. Neglecting the 
incubation effect, by 𝑆𝑆 = 1.0, increasing the defocus to about 𝑧𝑧0 = ±0.3 mm, increases the ablated volume 
per pulse by about 20 %. The maximum of the ablated volume per pulse for an accumulation factor of 𝑆𝑆 =
0.7 can be reached by a focus shift of 𝑧𝑧0 ≈ ±0.4 mm. Here the ablated volume per pulse increases by about 
40 %. Reducing the ablated volume per pulse after the maximum is lower than the interacting waist radius. 
The ablated volume per pulse is 0 when the interacting beam radius is 0, too. Although the ablation depth 
per pulse seems to be dropping over a broader range of the focus shift.  

So far, for the calculations constant pulse energy of 𝐸𝐸𝑃𝑃 = 10 µJ and threshold fluence of 𝐹𝐹𝑡𝑡ℎ,𝑧𝑧=0 =
0.1 J/cm2were used. It was shown that the focus shift could increase the ablated volume per pulse. The 
range of the focus shift resulting in an increase of the ablated volume per pulse compared to the waist on 
the workpiece surface is limited. It depends on the accumulation factor and the fluence ratio. The latter is 
shown for pulse energies up to 𝐸𝐸𝑃𝑃 = 100 µJ in Fig. 6. Here, the relative ablated volume per pulse in 
dependence on the waist position is demonstrated for a constant threshold fluence �𝐹𝐹𝑡𝑡ℎ,𝑧𝑧=0 = 0.1 J/cm2�. 
For each pulse energy (y-axis), the ablated volume per pulse is related to the ablated volume per pulse for 
the waist on the workpiece surface Δ𝑉𝑉�𝐸𝐸𝑃𝑃,𝑧𝑧0=0 mm�. In this way, it can be seen that by increasing the pulse 
energy, the ablated volume per pulse can increase by defocussing. The higher the pulse energy, the broader 
the range of the focus shift, maximizing the ablated volume per pulse. However, the optimal waist position 
for the maximum ablated volume per pulse does not increase linearly with the pulse energy. Besides, the 
increase of the maximal ablated volume per pulse does not increase linearly with the pulse energy, too.  

This simulation does not include effects resulting from plasma or surface roughness nor the repetition 

rate. Nevertheless, concerning a constant repetition rate, the average power for each pulse energy is the 
same. So for high pulse energies, the efficiency of the ablation process increases by defocusing the beam. 

Fig. 6: Relative ablated volume per pulse in dependence on the waist position and the pulse energy. The 
ablated volume per pulse for each pulse energy is shown in relation to the ablated volume per pulse for the 
waist on the workpiece surface for each pulse energy. 
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3. Conclusion  

In this paper, we demonstrate the influence of the waist position related to the workpiece surface on the 
ablated volume per pulse. Increasing the defocus leads to increasing spot size. The increasing spot size, on 
the one hand, reduces the fluence on the workpiece surface. On the other hand, the increasing spot size 
increases the number of interacting pulses on the same infinitesimal small material area. This increasing 
number of interacting pulses on the workpiece surface reduces the threshold fluence via the incubation 
effect. Depending on the accumulation factor, the maximal ablated volume per pulse can be achieved by 
increasing the defocus. Concerning the current developments of new ultra-short pulse lasers with respect to 
increasing pulse energies, the result of this work influence the design of ablation processes. 
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