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Especially for metals it was shown that the material removal process with ultra-short laser pulses 
shows an optimum point with highest efficiency i.e. with maximum specific removal rate. A scale-up 
process should therefore be realized by keeping the applied fluence near this optimum value i.e. by 
linearly increasing the repetition rate with the average power. In this paper we show that this scale-up 
is affected by two factors, the heat accumulation and by shielding effects. The latter leads to a signif-
icant reduction of the specific removal rate which becomes significant in the case of copper or brass 
when the repetition rate is increased into the multi-MHz range. In contrast shielding effects are much 
less pronounced for stainless steel (1.4301) but the surface quality is strongly affected by heat accu-
mulation. However, we show that removal rates in the range of 40 mm3/min are achieved for all stud-
ied metals with average laser powers above 300 W.  

Keywords: ultra-short laser pulses, micromachining, scale-up and throughput, heat accumulation, 
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1. Introduction 
Ultra-short laser pulses have shown their applicability 

for high-quality laser micro-machining of metals, semicon-
ductors and insulators in manifold applications. However, to 
effectively enter into the broad field of industrial applica-
tions the demand for high throughput still represents one of 
the key factors.  

It was shown that the specific removal rate (removed 
volume per energy or removed volume per time and average 
power) depends on the fluence and hence from the pulse en-
ergy itself [1-3]. In the case of a Gaussian beam the specific 
removal rate as a function of the applied peak fluence φ0 
reads in a first approximation: 









⋅⋅=

⋅
=

thavPdt
dV

dE
dV

φ
φ

φ
δ 02

0

ln
2
1  (1) 

With δ the energy penetration depth, φth the threshold 
fluence and 𝜙𝜙0 = 2𝐸𝐸𝑝𝑝/𝜋𝜋𝑤𝑤02. This function shows a maxi-
mum i.e. a highest specific removal rate at an optimum flu-
ence φ0,opt. The corresponding values are given by:  
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For a given material the exact values of φth and δ depend 
on the pulse duration [4-6] and can additionally depend on 
the spot size [7,8]. Usually the exact ablation process is de-
scribed with 2 regimes [9], the optical regime at low and the 
thermal regime at high fluences. In this case a more sophis-
ticated model [10] can be used to describe the specific re-
moval rate (1) as a function of the peak fluence φ0. For cop-
per C12 200 and steel AISI 304 the scale-up process with 

10 ps pulses was successfully demonstrated up to about 
42 W average power by increasing the repetition rate and 
keeping the peak fluence and the pulse – pulse overlap at a 
constant value [11]. The corresponding repetition rates 
amounted 1.21 MHz and 6.83 MHz for copper and steel, re-
spectively. No significant change in the removal rate could 
be observed up to these high repetition rates. But nowadays 
ultra-short pulsed laser systems offer average powers up into 
the kW range and it has to be investigated how the ablation 
process can be further scaled.  

In [12] it was shown that in case of steel always a con-
stant fraction of the incoming pulse energy is converted to 
heat. This remaining part leads to heat accumulation [13] be-
coming stronger at higher pulse – pulse overlap and also 
higher repetition rate (i.e. higher average power at constant 
peak fluence) when the overlap is kept constant [14]. It has 
further been shown, that in case of steel a bumpy low quality 
surface will appear when the saturated surface temperature 
just before the next pulse will strike on it exceeds a critical 
value of about 610 °C. 

Shielding effects of ultra-short pulses with a pulse dura-
tion of 3.3 ps were investigated in a pump-probe experiment 
by measuring the transmission perpendicular to the pump 
pulse at the surface in [15]. Two shielding effects were de-
tected within the ablation process: First plasma shielding 
starting several 100 ps after the pulse and reaching its 
strongest shielding after about 5 ns in case of aluminum steel 
or copper. Here the transmission drops below 20%. Second, 
this regime is followed by the so called particle shielding 
effect where the light is assumed to be Mie-scattered by the 
particles ejected from the ablation process. This second 
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transmission minimum occurs about 200 ns after the pulse. 
The minimum value of the transmission amounted about 
60% for aluminum and copper and 40% for steel. The two 
time intervals where a minimum transmission was observed 
would correspond to a repetition rate of 200 MHz (5 ns) and 
5 MHz (200 ns). The presented values for the transmission 
were obtained at a pump pulse fluence of the 18 J/cm2 which 
is far above the optimum peak fluence (2) which amounts 
about 0.5 J/cm2 for steel and 3.35 J/cm2 for copper at a pulse 
duration of 3 ps. 

Heat accumulation and particle shielding were also iden-
tified as influencing factors for the percussion laser drilling 
process [16]. But here particle shielding is identified to be 
present for steel for a repetition rate of 200 kHz and higher 
for high pulse energies and 500 kHz and higher for low pulse 
energies. Both repetition rates are far below the expected 
5 MHz from [15]. 

In objection to these observations are the results obtained 
with double pulses in [17,18]. For steel and compared to sin-
gle pulses the maximum specific removal rate drops by 
about 20% for a pulse – pulse interval of ∆𝑡𝑡𝐵𝐵 = 12 𝑛𝑛𝑛𝑛 and 
about 3% for ∆𝑡𝑡𝐵𝐵 = 24 𝑛𝑛𝑛𝑛 . For 36 ns and also 60 ns no 
change to single pulses was observed. The corresponding 
virtual repetition rates (1/∆tB) would amount 83 MHz and 
41.5 MHz respectively. In contrast to steel a dramatic drop 
in the specific removal rate of 60% for a time interval of 
12 ns (83 MH), 58% for 24 ns (41.5 MHz), 53% for 36 ns 
(27.7 MHz) and 40% for 60 ns (16.6 MHz) was observed at 
identical speed and overlap. Such strong drops have also 
been observed for steel with 900 fs pulses, but for time in-
tervals of 2 ns or less [19]. 

Thus the picture about shielding effects rests partially 
unclear and its influence onto the specific removal rate at 
high average powers and high repetition rates has to be de-
termined experimentally for different materials. 
 
2. Experimental Set-Up 

The used system consisted of  
- a high power laser (Amphos 500flex), delivering 

linearly polarized pulses at 1030 nm wavelength 
with an adjustable pulse duration between 900 fs 
and 5 ps. For the presented experiments the pulse 
duration was set to 3 ps.  

- a high speed polygon scanner with a 12 facet mirror 
wheel and a duty cycle of 62.5%. The polygon had 
a telecentric f = 100 mm objective offering marking 
speeds up to 480 m/s. The movement in cross scan 
direction is realized with an additional galvo-mirror 
built into the polygon scanner. 

The maximum power after the scanner amounted about 
300 W and the repetition rate frep could be changed by setting 
a positive integer (except 2 and 3) as divider for the base 
repetition rate of 40.5 MHz. The chosen repetition rates 
amounted 2.065 MHz, 5.063 MHz, 8.1 MHz, 10.13 MHz and 
40.5 MHz. Due to security reasons the laser could only be 
switched on while the polygon was running. Therefore it was 
not possible to directly measure the average power and the 
spot size. The average power was set by defining a percent-
age of the maximum power which was measured at the in-
stallation. Its maximum value directly after the laser system 
amounted 460 W. To estimate the spot size a comparison 
with results from experiments performed with a Satsuma 

HP2 (set to 3 ps pulse duration) and a repetition rate of 
505 kHz. For these experiments the spot size was measured 
(w0 = 17.2 µm) and the optimum fluence where the maxi-
mum specific removal rate is achieved (2) could exactly be 
determined. For the experiments with the Amphos system a 
spot size was assumed and the specific removal rate as a 
function of the peak fluence, deduced from the average 
power, the repetition rate and the assumed spot size, is plot-
ted. The spot size was varied until the curve from the Am-
phos experiments coincided with the one obtained with the 
Satsuma. This was done for different materials and finally a 
spot radius of w0 = 28 µm resulted. Assuming a beam quality 
factor of M2 = 1.3 this would result in a beam diameter in 
front of the scanner of about 3 mm which is a reasonable 
value as no telescope was installed in front of the polygon 
line scanner.  
Investigated were the removal rates for Copper Cu-DHP 
(C12 200 in US), stainless steel 1.3401 (AISI 304) and brass 
(CuZn39Pb2). The samples had a dimension of 
50x25x2mm3 and were placed with a 3-axes system in the 
focal plane of the polygon scanner and an average power Pav 
was set. Then a set of 222 parallel lines with a spacing of 
py = 8.4 µm was marked, resulting in 1.865 mm wide areas 
over the whole sample width as illustrated in Fig. 1. The 
cross scan movement (jump from line to line) was realized 
with the internal galvo mirror during the change from one 
facet to another while the laser was switched off. The dis-
tance px in scan direction was varied from 9 µm to 56 µm by 
varying the marking speed v for a given repetition rate frep: 
𝑝𝑝𝑥𝑥 = 𝑣𝑣/𝑓𝑓𝑟𝑟𝑟𝑟𝑝𝑝 . Thus the overlap from pulse to pulse was 
changed from about 85% down to 0%. The whole sequence 
of 222 parallel lines was repeated nsl times so that the num-
ber of pulses per µm2 was constant and amounted 1.700 for 
steel and 0.638 for copper and brass to obtain similar depths 
for all materials. The corresponding average number of 
pulses at a location therefore exceeded 4’100 and 1’500 re-
spectively where the threshold value is no longer influenced 
by the incubation effect. Then the sample was moved with 
the linear axes and a new average power was set. A suction 
tube with a diameter of about 75 mm was placed just above 
the sample. 
 

 
Fig. 1: Sketch of the sample which is machined by 
different sets of 222 parallel lines. Laser radiation is 
coming from the top. 

 
The depth d of each machined groove was finally meas-

ured with a white light interferometric microscope Smart-
WLI from gbs. From these data the specific removal rate 
could be calculated by: 
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It has to be noted here that in contrast to [11] the polygon 
scanner was not synchronized to the laser and it was not pos-
sible to switch on and off the laser during the line marking 
with one facet. Thus 3D-structuring can’t be realized with 
this set-up. Further the pyramidal error was not corrected fi-
nally leading to a wavy surface in the machined grooves as 
illustrated in Fig. 2. This error could be averaged by starting 
at every slice with a different facet of the mirror wheel as 
illustrated in [11] but this averaging was not available for the 
used high speed polygon. 

 
Fig. 2: 3D topography of the machined sample. The 
waviness is caused by the pyramidal error of the pol-
ygon.  

 
3. Experimental results 

3.1 Specific Removal Rates for Steel 
The obtained specific removal rate for steel was meas-

ured for repetition rates of 8.1 MHz, 10.13 MHz and 
40.5 MHz. The results are summarized in Fig. 3 and com-
pared the results obtained by machining squares with the 
Satsuma system [10]. It is obvious that the maximum rate 
for the Satsuma experiments, amounting about 3.75 µm3/µJ 
is significantly higher than the values of 2.6 µm3/µJ and 
2.2 µm3/µJ for 8.1/10.13 MHz and 40.5 MHz, respectively.  

 
Fig. 3: Specific removal rate of steel as a function of 
the peak fluence for the high power experiments 
(dots) and the former Satsuma experiments (dashed 
line) 

 

The surface quality can explain this behavior. For the 
repetition rate of 505 kHz the surface was of high quality 
with a low roughness whereas for 8.1 MHz and 10.13 MHz, 
corresponding to average powers of 50 W and 55 W respec-
tively a bumpy surface is observed as shown in the SEM mi-
crograph in Fig. 4a). This effect is even more pronounced 
for the repetition rate of 40.5 MHz shown in Fig. 4b) and 
corresponding to an average power of 145 W. This bumpy 
surface is caused by heat accumulation [13] and could re-
duce the removal rate as also observed for the cavity for-
mation in steel when too high fluences were applied [17]. 

 
Fig. 4: SEM micrographs of the steel surface a) for a 
repetition rate of 10.3 MHz and an average power of 
55 W and b) 40.5 MHz and 145 W 

 
To investigate the influence of the surface onto the re-

moval rate the overlap from pulse to pulse was reduced from 
85% to 75%, 50%, 25% and 12.5% at a repetition rate of 
10.13 MHz. As illustrated in Fig. 5 no significant difference 
in the maximum specific removal rate and the fluence where 
it’s located can be detected. SEM micrographs of the corre-
sponding surfaces are shown in Fig. 6. It can clearly be seen 
that the bumpy surface disappears when the overlap is re-
duced to 50% or less. The still observed waviness is due to 
the pyramidal error of the polygon wheel.  

 
Fig. 5: Specific removal rate for steel and a repetition 
rate of 10.13 MHz. The overlap from pulse to pulse is 
reduced from 85% down to 12.5%. 

 
The maximum surface temperature just before the next 

pulse strikes on the surface was estimated following the an-
alytical model presented in [13]. The results, summarized in 
Tab. 1, are in line with the predicted critical temperature of 
about 610 °C for the appearance of a bumpy surface which 
should therefore disappear in this situation for an overlap of 
a little higher than 50% and less. 
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Fig. 6: SEM micrographs of the steel surface at the 
optimum point for the overlaps from Fig. 5. 

 
But this reduction of the bumpiness also means that the 

observed drop in the maximum specific removal rate at 
higher repetition rates can’t be caused by increased surface 
roughness or heat accumulation and other explanations have 
to be found. 

 
Table 1: Estimated maximum surface temperature 
just before the next pulse strikes the surface for steel 
and the overlaps in Fig. 5. 

overlap / % 85 75 50 25 12.5 
Tmax/°C 1166 827 532 477 474 
 
In [8] a dependence of the maximum specific removal 

rate on the spot size was reported for 10 ps pulses. There for 
w0 = 15.5 µm a maximum removal rate of 2.17 µm3/µJ was 
reported when squares were machined whereas this rate 
slightly dropped to a value of 2.05 µm3/µJ for the spot radius 
of 32.4 µm. As these spot sizes are in the same range as the 
spots used in the present experiments the observed differ-
ence can’t be explained by the different spot size. 

 

 
Fig. 7: Specific removal rates as a function of the 
overlap for steel and a repetition rate of 8.1 MHz and 
for fixed fluences. The values are normalized to the 
ones at an overlap of 0%. 

 
Another explanation could be particle- or plasma shield-

ing described in [15]. In this case it is assumed that this effect 
should be more pronounced for a high overlap and should 
almost vanish for a full separation of the pulses. Fig. 7 shows 
the specific removal rate for the peak fluences of 0.23 J/cm2, 
0.5 J/cm2, 1.1 J/cm2 and 2.4 J/cm2 normalized to its values 

obtained for an overlap of 0%. The expected drop in the spe-
cific removal rate is observed for the high fluences of 
1.1 J/cm2 and 2.4 J/cm2 but it amounts only 6% and 15%, 
respectively. For the optimum fluence of about 0.5 J/cm2 and 
the lower fluence even an increase in the specific removal 
rate is observed. But one has to have in mind that an in-
creased overlap also leads to heat accumulation and higher 
surface temperatures as illustrated in tab. 1. This effect could 
therefore directly compensate the expected increased shield-
ing for higher overlaps. 

The highest absolute removal rate of 35.3 mm3/min was 
obtained for 40.5 MHz repetition rate at the highest peak flu-
ence corresponding to an average power of 306 W. The cor-
responding bumpy surface is shown in Fig. 5b). 

3.2 Specific Removal Rates for Copper 
The specific removal rate for copper was measured for 

repetition rates of 2 MHz, 5 MHz, 8.1 MHz, 10.13 MHz and 
40.5 MHz. For comparison again the results from the 
Satsuma experiments at 0.5 MHz were also added to Fig. 8. 
Again we can observe a drop in the maximum specific re-
moval rate which is more pronounced in the MHz regime 
than for steel and is dramatic for the highest repetition rate 
of 40.5 MHz. The corresponding maximum specific removal 
rates amounted 2.86 µm3/µJ, 1.97 µm3/µJ, 1.81 µm3/µJ, 
1.60 µm3/µJ, 1.45 µm3/µJ and 0.75 µm3/µJ. As for steel also 
copper shows a significant drop in the maximum specific re-
moval rate from the Satsuma experiments with w0 = 17.2 µm 
compared to the high power experiments with w0 = 28 µm. 
Also here the observed change in the maximum specific re-
moval rate for two similar spot sizes and 10 ps pulses was 
only a few %, as reported in [8], and can’t explain this 
change. 

 
Fig. 8: Specific removal rate of copper as a function 
of the peak fluence for the high power experiments 
(dots) and the former Satsuma experiments (dia-
monds) 

 
In contrast to steel also the influence of the overlap is 

much more pronounced as illustrated in Fig. 9. Here the 
overlap was reduced from 85% down to 0% for a repetition 
rate of 5 MHz. 

For the fixed fluences of 1 J/cm2, 2.6 J/cm2 (near opti-
mum point), 3.9 J/cm2 and the maximum values as well the 
specific removal rate is shown as a function of the overlap 
in Fig 10. 

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0% 10% 20% 30% 40% 50% 60% 70% 80%

dV
/d

E 
no

rm
al

ize
d

0verlap

Steel: Influence of the Overlap @ frep=8.1MHz

f0 = 2.4 J/cm2

f0 = 1.1 J/cm2

f0 = 0.50 J/cm2

f0 = 0.23 J/cm2

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6

dV
/d

E 
/ 

µm
3 /

µJ

φ0 / J/cm2

Copper: Influence of the Repetition Rate

o = 75.0 %, f = 0.5 MHz

o = 75.0 %, f = 2 MHz

o = 75.0 %, f = 5 MHz

o = 75.0 %, f = 8 MHz

o = 75.0 %, f = 10 MHz

o = 85 %, f = 40 MHz



 
JLMN-Journal of Laser Micro/Nanoengineering Vol. 12, No. 3, 2017 

271 

For the two higher fluences and the maximum values the 
specific removal rate rests almost constant when the overlap 
is increased from 0% to 37.5%. Then it drops and reaches its 
lowest value at an overlap of 62.5% and increases again and 
reaches a value at an overlap of 75% which exceeds the one 
obtained at 0% overlap. Again shielding effects are expected 
to cause the observed drop and heat accumulation will fi-
nally lead to higher values observed at higher overlaps. 

 

 
Fig. 9: Specific removal rate as a function of the peak 
fluence for copper, a repetition rate of 5 MHz and dif-
ferent overlaps. 

 
For the lower fluence of about 1 J/cm2 a constant drop of 

the specific removal rate with increasing overlap is observed. 
At this lower power it is assumed that heat accumulation can 
no longer compensate the reduction caused by increased 
shielding effects. 

 

 
Fig. 10: Specific removal rate for copper as a function 
of the overlap. Beside the maximum values also the 
specific removal rate for three specific fluences are 
shown. 

 
The highest absolute value of the removal rate for copper 

amounted 39.5 mm3/min and was obtained at a repetition rate 
of 5 MHz, an overlap of 85% and at the maximum average 
power of 306 W. At this point the surface quality is still high 
as illustrated in Fig. 11. 

 

 
Fig. 11: SEM micrograph of the copper surface ma-
chined with a repetition rate of 5 MHz and an average 
power of 306 W. 

3.3 Specific Removal Rates for Brass 
As for copper, the specific removal rate for brass was 

measured for repetition rates of 2 MHz, 5 MHz, 8.1 MHz and 
10.13 MHz and compared with the results from the former 
Satsuma experiments at 0.5 MHz. The specific removal rates 
as a function of the peak fluence and at an overlap of 75% 
are summarized in Fig. 12. Again a strong drop is observed 
between the repetition rate of 0.5 MHz and the high power 
experiments in the MHz range. The corresponding maximum 
removal rates amounted 4.37 µm3/µJ, 3.15 µm3/µJ, 
3.09 µm3/µJ, 2.83 µm3/µJ and 2.71 µm3/µJ and were 
achieved at peak fluences of 1.36 J/cm2, 2.56 J/cm2, 
1.75 J/cm2, 1.80 J/cm2 and 1.44 J/cm2. If only the values for 
the high power experiments are considered it seems as the 
fluence, where the maximum specific removal rate is 
achieved, shifts to lower values when the repetition rate and 
therefore the average power is increased.  

 
Fig. 12: Specific removal rate of brass as a function 
of the peak fluence for the high power experiments 
(dots) and the former Satsuma experiments (dia-
monds) 

The specific removal rate as a function of the overlap, 
varied from 25% to 75%, for the fixed fluences 0.58 J/cm2, 
1.15 J/cm2, 1.44 J/cm2 and 1.95 J/cm2 are shown for the rep-
etition rate of 10.1 MHz in Fig. 13. For the three high fluence 
values the specific removal rate rest almost constant whereas 
for the lowest fluence a small trend to lower values can be 
observed.  
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Fig. 13: Specific removal rate for brass as a function 
of the overlap for four specific fluences. 

 
An absolute removal rate of 41 mm3/min and 

39.5 mm3/min was achieved for the repetition rates of 5 MHz 
and 8.1 MHz, respectively. For the brass experiments the 
maximum average power amounted 243 W and not 306 W 
as for copper and steel. In both cases a good surface quality 
was achieved as illustrated in Fig. 14. The small holes de-
tected on the surface are expected to be caused by lead in-
clusions in the used brass. 

 
Fig. 14: SEM micrographs from the brass surfaces 
machined with 5 MHz a) and 8.1 MHz b) with an av-
erage power of 243 W. The detected holes are ex-
pected to be caused by the lead inclusions of brass. 

 

 
Fig. 15: Specific removal rates obtained from the pre-
sented high power experiments (filled circles) com-
bined with the results obtained for double pulse ex-
periments with 10 ps pulses (rings) in [17]. The 
dashed lines represents the least square fit according 
to (4). 

 

4. Shielding 
For all investigated materials a drop of the maximum 

specific removal rate could be observed when the repetition 
rate is increased into the MHz-regime. This decrease is more 
pronounced for copper and brass and is reduced for steel 
where also a repetition rate of 40.5 MHz could be applied 
without high losses. In principle the results of this work 
could be combined with the results from burst experiments 
presented in [17] where the spot radius was 16 µm, the rep-
etition rate amounted 200 kHz and the overlap was set to 
75%. In these experiments a significant reduction of the spe-
cific removal rate for a double pulse was observed. This re-
duction is also expected to be caused by shielding effects. A 
double pulse with a time interval of ∆𝑡𝑡𝐵𝐵 could in a first ap-
proximation be considered as a laser with the repetition rate 
of 𝑓𝑓𝑟𝑟𝑟𝑟𝑝𝑝 = 1/∆𝑡𝑡𝐵𝐵. Fig. 15 shows the combination of these re-
sults for copper and steel with the ones presented here. For 
brass no multi-pulse burst experiments were performed.  

 
Fig. 16: Specific removal rate as a function of the 
peak fluence at low fluence values. Left: For brass 
and different repetition rates. Right: For copper and 
double pulses with different time interval. The dashed 
lines represent guides to the eye. 

 
If it is assumed that the removed material forms a plume 

of particles and/or plasma its density will decrease in time 
because it is expanding from the surface. In a first approxi-
mation, at least for w0 = 28 µm, it is assumed that this plume 
behaves like a cylinder only expanding in height. It is further 
assumed that the expansion speed of the plume drops expo-
nentially in time and that the transmission through the plume 
is inverse proportional to the averaged density in this cylin-
der. An analysis of the specific removal rate as function of 
the peak fluence for low fluence values shows that the cor-
responding curves first follows almost the same trend for all 
different repetition rates or time interval between the pulses 
in case of a double pulse. This is illustrated in Fig. 16a) for 
brass machined in the MHz regime with the 3ps pulses and 
in Fig. 16b) for copper machined with double pulses with a 
pulse length of 10 ps. The dashed lines, representing guides 
to the eye, shows that the trend of the specific removal rate 
begins to deviate when a certain peak fluence is reached. 
This “deviation fluence” drops with increasing repetition 
rate or decreasing time interval. As a higher peak fluence is 
going with a higher ablated volume per pulse and a higher 
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repetition rate or smaller time interval with a shorter expan-
sion time this indicates that a minimum density in the plume 
has to be reached before shielding can take place. Therefore 
it is further assumed that the transmission can’t become 
smaller than a minimum value. Then it can be shown that the 
specific removal rate can be expressed as a function of the 
repetition rate by: 

( ) repfk
rep e

dE
dVf

dE
dV ⋅−⋅∆+= ρ

min

 (4) 

The corresponding least square fits are shown as dashed 
lines in Fig. 15.  

 
5. Conclusion 

Experiments with a high power ultra-short pulsed laser 
system have been performed to investigate the scale-up of 
the ablation process for steel, copper and brass. All materials 
were machined in the MHz range up to an average power of 
243 W for brass and 306 W for steel and copper. For steel 
heat accumulation leads to a bumpy surface and limits the 
scale-up process if a high surface quality is demanded. 

For copper and brass removal rates up to 40 mm3/min 
with good surface quality were demonstrated. But it has to 
be mentioned here that the used repetition rates were 5 MHz 
and higher and the polygon was not synchronized to the laser 
pulse train. Thus a real 2D or 3D structuring was not possible 
and the possibility of single pulse switching, which would 
be demanded for such applications, will be a real challenge 
at such high repetition rates and average powers. If this 
could be realized, it is expected that, especially for brass 
where the maximum average power was only 243 W, re-
moval rates in the range of 1 mm3/s could be achievable. 

However, for all investigated materials the results show 
that shielding effects are limiting the scale-up process when 
high repetition rates have to be used. Even if heat accumula-
tion could partially compensate the shielding effect, as indi-
cated by the experiments with carrying overlap, shielding 
will become the dominant effect for high repetition rates.  

A simple model was presented explaining the trend of 
the maximum specific removal rate as a function of the rep-
etition rate or the inverse time difference between two pulses. 
Even this model fits well the experimental data the assump-
tions on which it is based are a strong simplification of the 
real processes going on. Further it has also to be mentioned 
here that a double pulse do not really correspond to a single 
pulses at high repetition. However, in both situations shield-
ing is expected to cause the observed drop in the maximum 
specific removal rate and it becomes stronger the higher the 
repetition rate or the smaller the time interval between two 
pulses become.In principal this problem can be solved by 
increasing separation between the pulses, but this would de-
mand even higher marking speeds up to several 1000 m/s.  
Also a stronger suction system, eventually with a fast gas jet, 
could help to reduce the shielding effect. Experiments where 
the target was placed in a fast flowing liquid [20] have 
shown an increase in the maximum specific removal rate for 
copper when the repetition rate is raised from 1.2 MHz up to 
10.1 MHz But in these experiments the fluence where the 
maximum specific removal rate is obtained significantly de-
creases from 1.2 J/cm2 at 1.2 MHz down to 0.3 J/cm2 at 
10.1 MHz. Thus much less volume and mass per pulse is re-
moved at the high repetition rate and the observed increase 

in the maximum specific removal rate could also be caused 
by this fact. Therefor additional experiments will be needed 
to gain a clearer picture of the influence of shielding effects. 
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