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1. Introduction

Ultrashort laser pulses are used if high requirements re-
garding quality and precision are demanded. These USP
laser systems have shown their applicability on different
materials like metals, semiconductors and insulators in
manifold applications. For industrial applications the de-
mand for high throughput regarding the utilization of ultra-
fast laser radiation is not yet met and increasing productivi-
ty and efficiency still represents a key factor in today’s re-
search. Even if the maximum average power of industrial
ultrashort pulsed systems has reached the 100 W range [1],
and the kW-range for scientific systems [2,3], the use of
such high powers is still a challenge. There exist some sin-
gle applications where high pulse energies are needed, for
example the cutting of CFRP [4]. For machining metals,
mostly moderate peak fluences in the range of a couple
Jlcm? are required to work at the optimum point, where the
ablation process is most energy efficient [5,6]. Applying
too high pulse energies leads to poor quality and an ineffi-
cient process. Therefore the full average power of today’s
laser systems can only be applied by either increasing the
spot size to remain in the right fluence level or by increas-
ing the repetition rate, scan speed and average power to
preserve the peak fluence and the spatial pulse to pulse
distance. For common galvanometric scanners the maxi-
mum scan speed is in the range of 10 m/s using a standard
160 mm focusing objective. Higher deflection speeds can
be reached by using polygon line scanners [7], by machin-
ing rotating cylinders or drums [8,9] or by using AOM or
EOM scanners [10]. Another way is to split the single out-
put beam in several beams by using DOE’s [11] or SLM
technology [12] thus a kind of energy sharing.

Ultrashort pulsed laser systems are mostly built in a
MOPA (Master-Oscillator-Power-Amplifier) arrangement,
where the seed oscillator operating at the frequency fs is
followed by a pulse picker to reduce the repetition rate
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down to the desired output frequency (repetition rate) of
the laser system f.. This pulse train is then amplified in the
subsequent amplifier stages. The pulse picker is capable of
letting pass not only single pulses but a sequence of n puls-
es which are then amplified. The group of n pulses is then
called a burst. The time spacing between two bursts is giv-
en by At =1/f., while the temporal spacing between the
single pulses in the burst is equal to Atg=1/fs. If there is not
only a pulse picker but also an attenuator between seed-
oscillator and amplifier stages, the shape of the burst,
meaning the energy distribution in the burst can be varied.
It is therefore possible to generate a burst in which each
pulse has the same pulse energy. In addition the temporal
spacing, i.e. the time distance between two subsequent
pulses in the burst may be varied in multiples of the spac-
ing of the seed oscillator.

Bursts are used for different application e.g. in glass
processing for welding [13], writing of gratings or wave-
guides [14] or cutting with different technologies [15-18].
Also for machining metals several publications deal with
pulse-bursts. In 2010 pulse-bursts have been reported to be
more efficient than single pulses as e.g. an about 10 times
higher removal rate for stainless steel could be achieved by
using a 10 pulse-burst compared to single pulses at the
same repetition rate and average power [19]. However, the
main part of this effect can be explained by the reduced
energy of the individual pulses in the burst, which is nearer
the optimum value going with highest efficiency [20].
Nevertheless it has also been reported that the burst mode
has an influence onto the ablation process itself. In [21] it is
shown that a 2 pulse-burst with a total energy of 22 pJ is
about 10% more efficient than twice a single pulse with a
pulse energy of 11 uJ on steel C75 using 12 ps pulses. In
contrast a total energy of 4 pJ is not more efficient than
twice a single pulse with 2 pJ. In addition it has been
shown that for copper, silver and gold a 2 pulse-burst leads
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to a specific removal rate which is reduced by more than
50% implying that the second pulse is even re-depositing
material [22]. In contrast, the third pulse in a 3 pulse-burst
is then twice to three times as efficient as a single pulse.
This results in a maximum specific removal rate which is
identical to the one of single pulses in the case of silver and
gold or which is even 15% higher in the case of copper [22].
As shown in [20] and [23] the time spacing between the
pulses in the burst as well as the energy distribution inside
the burst may have an influence on the specific removal
rate, meaning on the ablated volume per time and average
power.

In [24] the influence of the ablation cooling effect is
discussed. This effect takes benefit from the ablation of the
target material before the residual heat deposited by previ-
ous pulses diffuses away from the processing region i.e.
less energy is finally heating up the material which leads to
higher removal rates. But these experiments (whenever
they show really higher specific removal rates) were per-
formed at very high repetition rates in the GHz regime cor-
responding to a temporal spacing between the single pulses
in the burst of 1 ns and less as well as with a high number
of pulses in a burst sequence. The conditions in the exper-
iments presented in [19][20][21][22][23] and also in the
following are completely different. The number of pulses in
a burst is limited to a maximum of 10 and the temporal
spacing between the single pulses in the burst amounts
12 ns ore more which is at least one magnitude higher. Ab-
lation cooling is therefore assumed to have no significant
influence onto the experimental results presented here.

In addition, in [25][26] an influence of the spot size on
the specific removal rate is shown. An influence of the spot
size on the ablation threshold is shown in [27]. We will not
investigate the ablation threshold here, but [27] may also
indicate an influence of the spot size on the ablation pro-
cess. In this work we investigate the influence of the spot
size, the wavelength and especially for copper the influence
of a 5 pulse-burst on the specific removal rate.

2. Experimental setup

For the experiments a FUEGO ps-laser system from
Lumentum (former Time-Bandwidth) is used. To check the
influence of the wavelength the fundamental wavelength of
1064 nm and the SHG of 532 nm are used. The repetition
rate in principle can be varied between 200 kHz and 8 MHz,
but is fixed to 200 kHz, where the highest pulse energies
are obtained. The frequency of the seed-oscillator amounts
82 MHz which leads to a pulse separation in the burst of
12 ns. Via the FlexBurst™ option a burst up to 8 pulses with
a spacing of 12 ns can be generated whereas the energy of
each pulse in the burst can be adjusted individually.

The laser beam is guided via several folding mirrors to
the beam expander, placed in front of the galvo scanner. To
achieve circular polarization, a 2/4-waveplate is introduced
in the beam path. The used galvo scanner is an intel-
liSCANs14 from SCANLAB. To achieve different spot
sizes different focusing objectives with 160 mm and
100 mm focal length are used and the corresponding beams
were measured with a BP104-UV beam profiler from
Thorlabs at the repetition rate of 1 MHz. Table 1 shows the
resulting spot radii wp in the focal plane, the beam quality
M? for the used objectives and the different wavelengths.
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Table 1 Spot size, beam quality and size of the machined
square for the different objectives and wavelength

Alnm  fopj/ mm  wo/ pum M? s/ um
1064 100 11.7 <1.7 1’1115
1064 160 15.5 <1.36 1°472.5
532 100 4.4 <1.13 990.0
532 160 7.2 <1.15 1°494.0

The galvo scanner is controlled by the own developed
synchronization solution [28][29]. The pitch meaning the
pulse to pulse and the line to line distance was set to wo/2
corresponding to an overlap 75% with respect to the spot
size. To get the specific removal rates, squares with a given
side length s are machined with different average powers
and their depth z is measured using the white light interfer-
ometric microscope smartWLI from GBS. Together with
the used repetition frequency fi, the average power Pay, the
number of machined layers N; and the pitch p the specific
removal rate can be calculated according to [20].

z-p° f,

d%t'Pa":d%E - NI Pa

The specific removal rate is defined as the removed
material per laser-on-time and applied average power. For
an industrial application the duty cycle of the machine has
to be taken in account as well, to calculate the time needed
to machine a structure. Different sample materials like
copper Cu-DHP (in US: Cu 12-200), stainless steel 1.4301
(in US: AISI 304) and aluminum AI99.5 (in US: 1050A)
are used. Different numbers of layers are used to machine
the squares for the different materials, wavelength and
pulses in the burst. The peak fluence of the single pulses in
the burst @os is kept equal to the single pulse operation.
This means for a 2 pulse-burst the pulse energy for each
pulse in the burst is equal to the pulse energy for the single
pulse, i.e. the average power is doubled compared to the
single pulse. The total number of pulses applied per struc-
ture is hold constant. Therefore the number of layers is
reduced for the burst mode. Table 2-4 show the correspond-
ing number of layers for the different wavelengths and ma-
terials.

€]

Table 2 Number of layers N for copper
Pulses in the Burst 1=1064 nm A=532 nm

1 48 48

2 24 24

3 16 16

4 12 -

5 10 -

After measuring the ablation depth, the calculated spe-
cific removal rate is plotted as a function of the peak flu-
ence of a single pulse (not the total fluence in the burst).
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Table 3Number of layers N, for stainless steel

Pulses in the Burst 1=1064 nm A=532 nm
1 - 96
2 - 48
3 - 32
4 - 24
5 - 19
Table 4 Number of layers N; for aluminum
Pulses in the Burst  2=1064 nm 2=532 nm
1 96 48
48 24
32 16

From all investigated materials steel 1.4301 shows the
lowest thermal diffusivity and therefore heat accumulation
and scan strategies should first have an influence on the
results for steel. But in [20] it was shown that
no change in the specific removal rate was ob-
served for steel in similar configuration with a
pitch of wo/2 up to a repetition rate of 1.6 MHz
the estimated temperature just before the next
pulse strikes on the surface for a n-pulse burst is
almost equal to the one of a single pulse with n
times higher energy

As the experiments presented here are all performed at a
laser repetition rate of 200 kHz heat accumulation and
therefore also scanning strategies are assumed to have no
influence onto the measured specific removal rate.

3. Experimental results

3.1 Results for copper

As shown in previous publications [22,23], a 3 pulse-
burst will lead to a higher specific removal rate compared
to a single pulse operation and a 2 or 4 pulse-burst.

This study was repeated in a chamber at vacuum condi-
tion and also using different shielding gases. Neither the
vacuum condition nor the shielding gas has an influence on
less efficient 2 pulse-burst or the more efficient 3 pulse-
burst. The absolute values of the measured specific remov-
al rate are lower compared to that one’s machined in air,
due to the fact the no suction system could be used in the
vacuum chamber.

In addition the study in air was repeated to check the
influence of the 5 pulse-burst. The obtained result is shown
in Fig. 1.

Comparing the maximum specific removal rate, the
2 pulse-burst shows an about 60% smaller rate compared to
the single pulse. In contrast, using a 3 pulse-burst the max-
imum rate is increased by about 13% compared to single
pulses. The 4 pulse-burst shows again an about 25% small-
er maximum value compared to the single pulse, and the
peak fluence where the maximum specific removal rate is
obtained is shifted to higher fluence values. Using a
5 pulse-burst will lead to a similar effect as a three pulse-
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burst. The more efficient material removal using a 5 pulse-
burst was also reported in [30] for percussion drilling of
microholes using a 10 ps laser and a time spacing of 20 ns
between the pulses in the burst.
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Fig. 1. Specific removal rate for copper, 2=1064 nm, wo=15.5 pm

In addition a second focal objective with a smaller focal
length was used to check the influence of the spot radius in
case of the IR wavelength. The results are summarized in
Fig. 2.
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Fig. 2. Specific removal rate for copper, 1=1064 nm, wo=11.2 pm

Specific removal rate, Cu, 532nm, w,=44nm

"
0% | L34

* 3

*
-

AV ede-PL) £ o {min- VW)

Ty

10 12
@y, | Nem?

Fig. 3. Specific removal rate for copper, 1=532 nm, wo=4.4 pm

The ablation behavior for a single pulse is not influ-
enced by the spot size. Also the maximum rate for a
2 pulse-burst is almost equal and amounts about 55% of the
maximum rate observed for single pulses. But the 3 pulse-
burst is no longer more efficient than a single pulse.

The change of the wavelength to 532 nm leads to an
again smaller spot size. The specific removal rate for a sin-
gle pulse is increased, compared to the IR, by a factor of
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two (see Fig. 3). Again the 2 pulse-burst shows a maximum
value which is less than 50% compared to the single pulse.

3.2 Results for stainless steel

Machining of stainless steel with 1064 nm wavelength
and a spot radius of 16 um will lead to the measurements
shown in Fig. 4 which were published in [20].
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Fig. 4. Specific removal rate for stainless steel, A=1064 nm,
Wo=16.0 pm

For a comparison also this material was machined at
532 nm wavelength and a spot radius of 7.2 um. Compared
to the observed values in [20], machining with 532 nm
(Wo=7.2 pm) and single pulses lead to an increase of the
specific removal rate of about 15% (see Fig. ). In addition
the drop in specific removal rate from single pulse opera-
tion two a 2 pulse-burst is larger for the visible wavelength.
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Fig. .: Specific removal rate for stainless steel, A=532nm,
Wo=7.2m

Machining with single pulses at a too high peak fluence
will lead to a strong formation of cavities and spikes, which
have to be avoided for most applications. [31] describes the
laser joining of a polymer on a stainless steel surfaces,
where the formation of these cavities and spikes are helpful
to get a higher specific adhesion. This crater formation ob-
served at high fluences can be suppressed or shifted to
higher fluences if pulse-bursts are used, as shown in Fig. 5
and also observed in [34].

3.3 Results for aluminum

If aluminum is treated with 1064 nm wavelength and a
spot radius of 15.5 um a similar behavior as for copper can
be observed as shown Fig. 6.
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The maximum specific removal rate for a 2 pulse-burst
is about 53% smaller compared to the maximum observed
for single pulses and the 3 pulse-burst shows an increase of
the maximum specific removal rate of about 13%. The lo-
cation of the maximum specific removal rate depends on
the number of pulses in the burst.

Fig. 5. SEM images (SE2 detector) of the surface quality for
stainless steel, 1=532 nm, Wo=7.2um, ¢o,s=5.7 J/cm?; a) Single
pulse; b) 2 pulse-burst; c) 3 pulse-burst; d) 5 pulse-burst

In contrast, for 532 nm wavelength the usage of the
burst mode will not lead to an increase of the specific re-
moval rate (see Fig. 7).
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Fig. 6. Specific removal rate for aluminum, 2=1064 nm,
Wo=15.5 um
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Fig. 7. Specific removal rate for aluminum, 2=532 nm,
Wo=7.2 um
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Both, the 2 pulse-burst and the 3 pulse-burst show max-
imum specific removal rates which are lower than the max-
imum rate observed with single pulses. The reduction
amounts about 60% and 42% respectively. For the single
pulse operation, the maximum specific removal rate for
532 nm is about factor two higher compared to 1064 nm
wavelength. The maximum specific removal rate for a
2 pulse-burst is for both wavelengths more than 50%
smaller as for the single pulse.

4. Discussion

4.1 2 pulse-burst

For a 2 pulse-burst the maximum specific removal rate
is much smaller for copper and aluminum, independent of
the used wavelength and is always smaller than 50% of the
maximum rate observed with single pulses. This decrease
can be addressed to a shielding effect. The second pulse is
absorbed, reflected or scattered in the particle plume of the
first pulse. The ablated volume per pulse for a Gaussian
beam can be calculated and amounts [6]:

H

With & as the energy penetration depth, ¢y the used la-
ser peak fluence and ¢ the threshold fluence of the sample
material.

The authors in [32] assume that the plume is expanding
with a fixed aperture angle, which depends on the used
laser fluence and is independent of the spot diameter. In
[33] it is shown, that the angle spread of the particle plume
is small in the first tens of ns after the impact of the laser
pulse. For simplicity we assume therefore that the plume is
cylindrically shaped in the first phase of the expansion
close to the sample surface. Therefore the volume of the
particle plume can be written as:

1
dVa =—7-Ws-S-In’ 2

4

@)

Where h denotes the height of the plume which de-
pends on the propagation speed of the particles v and the
time between two pulses Atg:

del :ﬂ'WSh

(4)

Assuming that the ablated material is complete trans-
formed in to particles, the particle density in the plume is
then proportional to the relation of the energy penetration
depth, the propagation speed of the plume and the pulse
separation:

— dV abl
ppl dV o

h=v-Ats

)
oc
V- Ats

®)

The higher the energy penetration depth, the more ma-
terial is ablated per pulse, and the higher is the particle den-
sity in the particle plume. The smaller the pulse separation,
the higher is the density of the particle plume. For the ma-
terials copper and aluminum, the energy penetration depth
is quite high, and therefore the second pulse is shielded
more due to the more dense particle plume, compared to
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stainless steel for the pulse separation of 12 ns. If the pulse
separation is short enough, also for steel a strong shielding,
i.e. a strong decrease of the specific removal rate is ob-
served for a 2 pulse-burst [21][34]. If the individual pulses
in a 2 pulse-burst are separated only several tens of pico-
seconds, plasma shielding will play a roll, as shown in
[35][36]. In [20] is shown, that an increase of the time
spacing of the two pulses will lead to a recovery of the spe-
cific removal rate to the values observed with single pulses.
This recovery will take place for a spacing of 24 ns in the
case of stainless steel where for copper still at a spacing of
60ns a drop of about 40% is observed. If the second pulse
in the burst is completely absorbed, reflected or scattered
by the particle plume, the specific removal rate should not
fall below the half of the one observed for a single pulse.
As a drop of the specific removal rate of more than 50% is
observed for copper and aluminum, the second pulse in the
burst will therefore also affect the following pulses. Also
shock waves are often discussed as e.g in [37]. But there
the used fluences were one or more magnitudes higher.
Shock waves are therefore assumed to play only a minor
role for the experiments presented here.

If the specific removal rates dV/dE|s, ..... dV/dE|, were
measured for a sequence of bursts, starting from single
pulses up to n pulses per burst, the relative contribution
nrelk OF normalized differential rate of each pulse can be
calculated as follows:

k-dV /dE| —(k-1)-dV /dE| ,

(6)
max(dV / dE|,)

nrel,k =

This calculation is done under the assumption that for a
n-pulse burst the specific removal rate of the first n-1 puls-
es equals the one of a n-1 pulse burst.

The result for copper, machined in the IR and green is
shown in Fig. 8 and Fig. 10, respectively. The 2" and also
the 4™ pulse in the burst re-deposit material on the surface
because of the negative contribution to the ablation process
what is equal to a drop in the specific removal rate larger
than 50%.
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Fig. 8. Normalized differential rate per pulse for copper,
2=1064 nm, wo=15.5 pum

In [38] it is assumed that the absorption of the second
pulse in the particle plume creates enough momentum that
some parts of the nascent plume produced by the first pulse
are driven back on the surface.
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Fig. 9. Normalized differential rate per pulse for copper,
A=532 nm, wo=4.4 um

For copper machined with 1064 nm this effect is con-
firmed by SEM images, where re-deposited particles are
clearly visible as melted plates, shown in Fig. 10.

Fig. 10. SEM images (SE2 detector) of the surface quality for
copper, 2=1064 nm, Wo=15.5 pum, ¢os=2.2 J/cm?; a) Single pulse;
b) 2 pulse-burst

The change of the wavelength to 532nm results in a differ-
ent surface. A re-deposition of material can no longer be
confirmed by the SEM images as shown in Fig. 11. The
surface for the 2 pulse-burst no longer shows large melt
splashes or plates. But it seems that the surface is less
smooth compared to the single pulse and shows much more
small melting droplets. In general the surfaces produced
with 532 nm show less melting worms on the surface.

Fig. 11. SEM images (SE2 detector) of the surface quality for
copper, 2=532 nm, Wo=4.4 um, ¢0s=3.9 J/cm?; a) Single pulse;
b) 2 pulse-burst

If the material is changed to aluminum, the 2 pulse-burst
lead to a smoother surface compared to single pulses for
1064 nm (see Fig. 12). Using a 2 pulse-burst suppresses the
formation of small cavities and bumps on the surface. This
smoothing of the surface was also observed for other mate-
rials [39]. But the melting worms on the surface are more
pronounced for a 2 pulse-burst.
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Fig. 12. SEM images (SE2 detector) of the surface quality for
aluminum, 4=1064 nm, Wo=15.5 um, ¢os=1.6 J/cm?;
a) Single pulse; b) 2 pulse-burst

The SEM images cannot finally confirm the assumption
of a re-deposition of material with the second pulse. Espe-
cially for copper machined with 532 nm the observed sur-
face quality gives no information regarding an eventual re-
deposition. The mechanism behind the negative contribu-
tion of the second pulse, i.e. the reduction of the maximum
specific removal below 50% of the value observed for sin-
gle pulses is still not fully understood. The structures are
machined with several layers, meaning also multiple burst-
packages. Therefore it may also be possible that the second
pulse in the burst will influence the surface for the follow-
ing burst package.

4.2 3 pulse-burst

For copper and aluminum using a spot radius of
15.5 um (1064 nm) the 3 pulse-burst is more efficient than
a 2 pulse-burst. If the second pulse of the 2 pulse-burst
drives the particles in the plume back to the sample surface,
the 3" pulse will no longer be shielded by any particles and
impinges to the surface without any losses. This assump-
tion is confirmed by the surfaces morphology of the struc-
tures observed using the SEM. The surfaces for a 3 pulse-
burst are similar to the surfaces observed with a single
pulse for copper using 1064 nm (Fig. 13) and 532 nm (Fig.
14). The melting worms (1064 nm) or droplets (532 nm)
are a bit larger for the 3 pulse-burst but in general the sur-
faces look similar to the ones observed with single pulses.

m =

Fig. 13. SEM images (SE2 detector) of the surface quality for
copper, 4=1064 nm, Wo=15.5 um, ¢o,s=2.2 J/cm?; a) Single pulse;
b) 3 pulse-burst

Also for aluminum the melting residues are less flat for
the 3 pulse-burst compared to the 2 pulse-burst and larger
than for single pulses.

Fig. 8 shows a much higher contribution to the ablation by
the 3rd pulse compared to the 1st one. Therefore the sur-
face must be pre-conditioned by the former pulses resulting
in a higher contribution of the 3 pulse. These pre-
conditioning could be a modification of the surface itself,
e.g. the existence of surface structures or an additional
heating of the surface by the back driven particles, which
may be hot due to the absorption of the second pulse and
may create a hot layer which influences the 3 pulse. In



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

[40] that micro- and nanostructures on the surface strongly
influence the absorption of the laser pulses. Therefore also
the melting residues on the surface may play a role.

Fig. 14. SEM images (SE2 detector) of the surface quality for

copper, A=532 nm, wo=4.4 pm, ¢o,s=3.9 J/cm?; a) Single pulse;
b) 3 pulse-burst

=] : _
Fig. 15. SEM images (SE2 detector) of the surface quality for

aluminum, 4=1064 nm, wo=15.5 um, ¢os=1.6 J/cm?;
a) Single pulse; b) 3 pulse-burst

Machining of stainless steel in contrast will not show
this effect. The 3 pulse-burst is not more efficient than a
2 pulse-burst for both wavelengths. But also the energy
penetration depth is much smaller for stainless steel, com-
pared to the other tested materials, meaning less material is
removed per pulse.

Machining copper and aluminum always show a higher
specific removal rate for 532 nm. Therefore the removed
volume per area is higher in this case. If the specific re-
moval rates of the pulse-burst experiments are now normed
to the maximum rate observed with single pulses, then it
can be shown, that the drop for the 2 pulse-burst is higher
for 532 nm and the maximum rate of the 3 pulse-burst is
significantly lower than the one for single pulses as illus-
trated in Fig. 10. This indicates a stronger shielding effect
for 532 nm compared to 1064 nm. This would be in line
with the observed higher maximum specific removal rate
for single pulses, as more material will be present in the
particle plume, which is therefore more dense. But this
behavior could also be explained by partially Rayleigh
scattering in the plume, which would be significantly high-
er for shorter wavelengths. The exact mechanism behind
these observations is still under investigations.

4.3 4 to 8 pulse-burst

For copper and using a spot radius of 15.5 um the spe-
cific removal rate again drops down if a 4 pulse-burst is
used and exceeds the observed rate for single pulses using a
5 pulse-burst as shown in Fig. 1. We assume that the third
pulse in the burst acts in a same way as the first pulse (im-
pinges to the surface without any shielding) and the particle
plume of the 3 pulse then again shields the 4" pulse. The
51 pulse then acts in a same way as the 3 pulse, in a
3 pulse-burst. The surfaces are covered by large melting
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worms which are larger for more pulses in the burst as il-
lustrated in Fig. 16.

3!

Spm

Fig. 16. SEM images (SE2 detector) of the surface quality for
copper, 2=1064 nm, Wo=15.5 pum, ¢os=2.2 J/cm?; a) 4 pulse-burst;
b) 5 pulse-burst

The same tendency can also be observed for 532 nm
wavelength (Fig. 17) with the restriction that neither the
3 pulse-burst nor the 5 pulse-burst exceeds the specific
removal rate observed for a single pulse as shown in Fig. 3.

Y

b

Fig. 17. SEM images (SE2 detector) of the surface quality for
copper, A=532 nm, wo=4.4 um, ¢os=3.9 J/cm?; a) 4 pulse-burst;
b) 5 pulse-burst

4.4 Influence of the spot size

The influence of the spot size is investigated for both
wavelengths and copper as sample material. In the case of
IR irradiation (see Fig. 18) and using single pulses no dif-
ference in the specific removal rate can be observed for the
two tested spot radii whereas for a 2 pulse-burst and a
3 pulse-burst a small influence is observed. For a 2 pulse-
burst the drop of the specific removal rate is a somewhat
larger for the larger spot, i.e. 15.5 um. The situation is ap-
pears to be completely different for a 3 pulse-burst, where
the smaller spot radius (wp=11.2 um) shows a smaller spe-
cific removal rate compared to the spot radius of 15.5 um.
In addition for the smaller spot the maximum specific re-
moval rate is no longer exceeding the rate observed for
single pulses.

A change to 532 nm wavelength and smaller spots will
result in a dependency of the specific removal rate on the
spot radius already for single pulses, as shown in Fig. 19.

As shown in [41] copper shows two ablation regimes in
the visible range measured for a spot radius of 20 um.
Therefore the specific removal rate can no longer be de-
scribed by the simple model shown in [6]. The model to
describe the specific removal rate has to be expanded to a
two-threshold model according to [41]. Comparing the
curves of the specific removal rates for the two different
spot sizes shows a not negligible difference. Fitting the
two-threshold model to the data points will result in the
values for the threshold fluence and the energy penetrations
depth summarized in Table 5.
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Fig. 18. Influence of the spot radius on the specific removal rate
for copper, 1=1064 nm
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Fig. 19. Influence of the spot radius on the specific removal rate
for copper, A=532 nm and single pulse operation

Table 5 Energy penetration depth and threshold fluence for
the different regimes and spot sizes (532 nm)
Wo=20 pm  Wwo=7.2 um wo=4.4 pym
$th,1 [ IJ/lcm? 0.11 0.072 -
o1/ nm 6.67 6.12 -
$th.2 | Jlcm? 0.21 0.36 0.36
o2/ nm 32.78 56.21 55.4
$tn,3 | J/cm? - - 1.15
o3/ nm - - 156.57

The regime with the penetration depth of about 55 nm
is observed for both spot sizes. For the radius of 7.2 um
this regime is equal to the high ablation regime, where it is
the low ablation regime for the spot radius of 4.4 um. The
regime with the lowest energy penetration depth contrib-
utes only a small amount to the ablation process. Therefore
its influence can almost be neglected. This regime may also
be present for the case with a spot radius of 4.4 pum, where
two regimes with much higher ablation rates are found.
Using the two-threshold model, only two regimes can be
found and therefore the one with the lowest values may not
be found. The presence of two ablation regimes is well
known for fs-pulses as shown in [42]. In [43] it is also re-
ported about the existence of a third regime for fs-pulses.

5. Conclusions
The specific removal rate for stainless steel, copper and
aluminum was investigated regarding the influence of the
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burst mode using different wavelengths and spot sizes. It
has found that the maximum specific removal rate for a
2 pulse-burst is always smaller than the maximum for sin-
gle pulses. The maximum rate obtained by a 3 pulse-burst
in the case of copper and aluminum is always higher than
for a 2 pulse-burst and may exceed the maximum rate ob-
tained with single pulses in special cases. In contrast, for
stainless steel, the maximum rate of a 3 pulse-burst is
smaller for 532 nm and 1064 nm respectively. The surface
quality can likely be improved when pulse-bursts are ap-
plied. The appearance of small cavities and bumps can be
shifted to higher fluences for steel and it can completely be
avoided for aluminum machined at the optimum point.

There are many influencing factors, e.g. wavelength,
spot radius, time spacing in the burst and number of pulses
in the burst, which complicate the comparison of the results,
also with other published observations. Additional investi-
gations have to be performed for a better understanding of
the ablation mechanism using pulse-bursts.
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