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A shorter laser pulse provides smaller heat affected zones and higher ablation accuracy, which 
are demanded for metal micro-fabrication processes. In particular, picosecond laser systems, which 
are suitable for operation in industrial environments, are of great interest for many practical applica-
tions. However, low productivity has been a limitation to broadening their industrial application. It 
was recently reported that when micromachining copper with a 1064 nm picosecond laser, a desira-
ble pulse energy and repetition rate exist for achieving the maximum volume ablation rate. In this 
paper, we used a 515 nm picosecond laser, which is more efficient for micromachining copper in 
terms of laser energy absorption, and determined its optimum pulse energy and repetition rate. A 
theoretical analysis based on the experimental data on copper ablation showed that using a 515 nm 
picosecond laser instead of a 1064 nm picosecond laser is favorable in that the calculated threshold 
fluence is 75 % lower and the optical penetration depth is 50 % greater. 
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1. Introduction 
Recent advances in the development of ultra-short 

pulse lasers are making such devices ever more accessible 
to industries. In particular, ultra-short pulse high-power 
lasers can now implement non-thermal processing and pre-
cision machining at the same time. On this basis, this pro-
cess has begun to be effectively and broadly applied indus-
trially [1, 2]. At this point, many studies still use an infra-
red-based ultra-short pulsed laser for patterning [3-6] alt-
hough a shorter wavelength laser beam can produce much 
higher average power than before.   

In this paper, the 515 nm wavelength of an ultra-short 
pulse laser was employed to verify its ablation efficiency 
for patterning copper based on an infrared based theoretical 
study [3-5, 7]. The purpose of this study is to determine the 
optimized process parameters, such as fluence and repeti-
tion rate, for achieving optimized process efficiency for the 
ablation of copper using this 515 nm wavelength ultra-short 
pulse laser beam process. 

The results of this study suggest an optimum solution 
for the micro-machining processes of various metals in-
cluding copper using a 515 nm wavelength ultra-short 
pulsed laser. 

 
2. Experimental Setup 

Copper is the main material used for printing rolls, and 
previous studies have shown that the reflectance of copper 
is reduced by more than half when it is irradiated in the 
green wavelength (515 nm) as compared with the near-
infrared wavelength [3-5, 7, 8].  This means that when a 
laser beam in the green wavelength is used, the absorption 
rate is increased by two-fold or more, which leads to fur-
ther improvement of the ablation efficiency. 

 

 

 
 
In this paper, in order to find the optimum pulse energy 

for processing copper using an ultra-short laser (Trumpf, 
Trumicro5050-3C, Germany) as described above, parallel 
experimental and theoretical approaches were integrated.  
In order to obtain the correlation between the volume abla-
tion rate (dV/dt) and the fluence (F) of the laser beam, the 
diameter and ablation depth of the crater after processing as 
well as the focal spot size of the laser beam (rd) are re-
quired. A non-contact three-dimensional fine shape measur-
ing device (Nanosystem, NV-E1000, Korea) was used to 
measure the diameter and ablation depth of the produced 
crater, for determining the correlation between the optical 
focal size and the measured diameter and depth of the 
crater, the induced penetration depth, and the threshold 
fluence. Finally, experiments have been conducted on cop-
per surface patterning. 

 
3. Theoretical background 

The volume ablation rate (dV/dt) was determined as de-
lineated in Eq. (1) [9, 10], which is composed of the aver-
age power (Pav), pulse repetition rate (Rep.), threshold flu-

Fig. 1 Schematic illustration of experimental setup for 
laser ablation process. 
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ence (Fth) and penetration depth (δ). Additionally, the 
threshold fluence (Fth) and the absorption coefficient (1/α) 
were determined by Eq. (2) and Eq. (3) [5, 11-13]; these 
equations can be applied according to sequence as shown 
in Fig. 2.  
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According to Eq. (2), to find the threshold fluence (Fth), 

the radius of the optical focal point (w0) and the radius of 
the crater (rd) are required during processing. The applied 
optical spot size on the focal point was 14.56 μm. The di-
ameter of the crater was measured using a non-contact 
three-dimensional fine shape measuring device and an op-
tical microscope. 

 
4. Results and Discussion 

4.1 Dependency of the crater diameter and the thresh-
old fluence 

Figure 3 shows the copper surface after the laser beam 
irradiation, which was performed under a fluence of 0.28 
J/cm2 and 200 pulses. Figure 4 shows the change in the 
central diameters of the craters produced in copper based 
on the increase of the total input energy, which is defined 
by multiplying the fluence and the number of pulses. De-
pending on the total input energy, the diameter of the crater 
is shown to finally converge after increasing in the initial 
stage. The value of each converging diameter increases 
depending on the fluence of the laser beam. This reveals 
that the crater size on the material varies according to the 
pulse energy of the laser beam under the same optical spot 
size. Equation (2) shows the relationship between the di-

ameter of the crater and the optical focal spot size, which is 
used to derive the threshold fluence. 

 

  

 

 
 
In the previous section, we introduced the radius of the 

crater (rd), which is a component of Eq. (2) and is used to 
determine the threshold fluence (Fth). Figure 5 presents a 
comparison of the converged crater diameters in copper 
obtained from experiments and simulations with an in-
crease of the incident laser fluence (F) and the threshold 
fluence (Fth). The experimental results agree well with the 
simulations results at a threshold fluence of 0.075 J/cm2 as 
expressed by the solid line. This shows that the threshold 
fluence (Fth) at the wavelength of 515 nm was smaller than 
a quarter of that at a wavelength of 1064nm [4]. 

 
 

 

 

Fig. 5 Comparison of the converged central crater diame-
ters of copper obtained from experiments and simu-
lations. 

Fig. 4 Change in the central diameters of craters produced 
in copper according to the total input energy (i.e., 
fluence × number of pulses), N = 200 pulses. 

Fig. 3 Optical microscope image of the copper surface 
patterned under the following conditions: F = 
0.28 J/cm2, N = 200 pulses 

Fig. 2 Experimental design based on the equation for cal-
culated volume ablation rate. 
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4.2 Penetration depth 
The volume ablation rate (dV/dt) represented in Eq. (1) 

has a functional relation with the driven threshold fluence 
(Fth) and the penetration depth (δ = 1/α), as shown in Eq. 
(3). That is, it is possible to determine the penetration depth 
by substituting the function of the fluence and the ablation 
depth per pulse. 

 Figure 6 shows a cross-sectional profile of a crater that 
was processed under the conditions of 200 pulses and a 
fluence (F) of 0.28 J/cm2. The ablation depth was 12.2 μm 
and the processing depth per pulse (L) was 61 nm. Here, 
the derived penetration depth (δ) result is 46 nm after using 
the fluence (F), the processing depth per pulse (L)  and  the 
threshold fluence (Fth) derived in the previous section by 
substituting Eq. (3). This indicates there is an increase in 
depth of 50 % or more compared to the penetration depth 
of 30 nm, which was determined at a wavelength of 1064 
nm [4]. The deeper penetration depth in the case of using 
the green wavelength (515 nm) can be ascribed to its higher 
absorption rate as compared with the near-infrared wave-
length (1064 nm). This is intimately linked with that the 
threshold flunce (Fth) at the wavelength of 515nm was 
smaller than a quarter of that at a wavelength of 1064nm. 

 

 

 

4.3 Dependency of volume ablation rate 
In our previous work, Equation (1) was defined in order 

to maximize the volume ablation rate by deriving the pene-
tration depth (δ) and the threshold fluence (Fth) by experi-
mental verification. Consequently, we could predict the 
volume ablation rate with an increase of repetition rate.  

Figure 7 shows a relative comparison between the sim-
ulated ablation rate and arbitrary ablation depth as deter-
mined by the experiment with an increase of the repetition 
rate and the average power. 

Figure 8 shows the three-dimensional profile of a sur-
face that has been ablated under conditions referred to as 
(a) and (b) in Fig.7. Here, the relative comparison for abla-
tion depth shows the ratio of the ablation depth when the 
maximum depth is 1 under conditions of an average power 
of 3.2 W and a repetition rate of 400 kHz. When the abla-
tion depth of 150.5 μm for the conditions marked (a) is 1, 

the ablation depth of 109.2 μm becomes 0.72 for the condi-
tions marked (b), as shown in Fig. 8. At this point, the ex-
perimental results show that the parameters used in Fig .7 
(b) are more efficient than those of Fig. 7 (a). Additionally, 
the ablation rate rises and falls at some point with an in-
crease of the repetition rate under each average power. 

 

 

 
 

 
(a) 

 
(b) 

 
Here, the highest ablation rate can be obtained in the 

region where the efficiency of the processing is maximized.  
Moreover, each average power has a corresponding point 
for the highest ablation rate with an increasing repetition 
rate. That is, average power of 3.2 W has a maximum abla-
tion rate at a 446 kHz repetition rate, while with 1.6 W and 
0.8 W average power, the respective highest points are 
reached under repetition rates of 223 kHz and 112 kHz. 

This shows that the repetition rate is accompanied by a 
proportional increase of the average power. That is, the 
pulse energy, which is determined by dividing the average 
power by the repetition rate, remains constant. In conse-
quence, the pulse energy is 7. 17 μJ. The fluence, which is 
defined by the pulse energy per unit area, is 0.28 J/cm2. 
This is also smaller than a quarter of that at a wavelength of 
1064nm as shown in a prior study [4].  

4.4 Patterning process using an optimized fluence 
Figure 9 shows the embossed pattern on a copper block 

produced using a laser beam with a fluence of 0.28 J/cm2, 
which is the optimum condition in terms of efficiency ob-
tained from the above experiment. The experimental result 

Fig. 8 Pictures and 3D profiles of ablated layer of copper 
under the conditions marked as (a) and (b) in Fig. 7. 

Fig. 7 Variation in the volume ablation rate and arbitrary 
ablation depth of copper as a function of the repeti-
tion rate under the conditions of wavelength: 515 
nm, pulse duration: 8 ps, spot size: 57.4 μm and 
scan speed: 1 m/s (dotted-dashed line: calculated 
volume ablation rate, symbol: arbitrary ablation 
depth). 

Fig. 6 Cross-sectional profile of a drilled crater oncopper 
surface after laser beam radiation under the following 
condition: F=0.28 J/cm2, N=200 pulses. 
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verified that this cold ablation process could be achieved 
because the fluence for the maximum volume ablation rate 
is only four times the threshold fluence. However, there is a 
limitation in terms of productivity, because the average 
power was only 0.75 W for inducing a fluence of 0.28 
J/cm2 under the limited repetition rate of 100 kHz. In order 
to increase productivity, it is necessary to increase the aver-
age power and repetition rate proportionally. For example, 
the repetition rate is required to be 1 MHz in the case of an 
average power of 7.5 W under the same fluence and pulse 
energy.  

At this point, when using extremely high repetition, 
heat accumulation becomes a concern. It is thus necessary 
to use faster scanning techniques to minimize the thermal 
effects under a higher repetition rate. This topic will be 
introduced in a future study. 

 
 

 

 
 

5. Conclusions 
This research attempted to verify the ablation efficiency 

of an ablation process on copper using a 515 nm wave-
length ultra-short pulse laser. A theoretical analysis based 
on the obtained copper ablation experimental data showed 
that using a 515 nm picosecond laser instead of a 1064 nm 
picosecond laser is favorable. Specifically, the calculated 
threshold fluence is 75 % lower and the optical penetration 
depth is 50 % greater with the 515 nm picosecond laser. 
Finally, we were able to obtain a completely neat and clean 
micro-patterned surface based on optimized parameters 
determined for the 515 nm picosecond laser. However, in 
order to increase productivity, it will be necessary to in-
crease the average power and the repetition rate propor-
tionally and use faster scanning techniques to minimize the 
thermal effects under the higher repetition rate. This topic 
will be introduced in a future study. 
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Fig. 9 Pictures of the embossed pattern of the Mona Lisa 
on a copper block under the following conditions; 
wavelength: 515 nm, pulse duration: 8 ps, reptition 
rate: 100 kHz, spot diameter: 57.4 μm and fluence: 
0.28 J/cm2. 
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