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Ablation rates were measured in burst mode operation for various materials (metals, semicon-
ductors, dielectrics) as a function of pulse fluence, intra-burst repetition rate (60 MHz, 180 MHz,
360 MHz, 720 MHz, 1.44 GHz) and the number of pulses per burst (1-30), using a 40 pJ, 1035 nm
Yb:Fiber MOPA with 300 fs pulse duration and repetition rates between 100 and 250 kHz. Burst
mode operation allows operation near the optimum fluence for laser ablation, thus maximizing the
ablation rate. Depending on the material, number of pulses in the burst, intra-burst repetition rate
and the ablation geometry, the ablation efficiency can be equal, lower or multiple times higher com-
pared to non-burst operation. For metals and large area ablation, burst mode operation enables ac-
cess to the maximum ablation rate by using more than 5 pulses per burst. Intra-burst repetition rates
higher than 180 MHz, or using less than 5 pulses usually leads to a decrease in ablation efficiency
due to shielding by the ejected material/plasma. For materials with low thermal conductivity, like
glasses or plastics, and for semiconductors materials, interaction between burst pulses can substan-
tially increase the maximum ablation rate over the 1-pulse case, leading to more efficient ablation as
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1. Introduction

Material processing with femtosecond pulses in the
range of 300 to 900 fs has gained in popularity due to the
small heat affected zone (HAZ) and increased energy pene-
tration depth resulting from the high pulse intensity. The
vast majority of the industrial ultrafast laser processing
applications are based on ablation, including cutting foils
for flat panel displays, stents, drilling of fuel injector noz-
zles, wafer scribing and surface micro-structuring [1]. Sur-
prisingly, the ablation rates for sub-ps pulses on materials
that exhibit free electrons can be relatively high [2-6].
Compared to 20 ps long pulses, the ablation depths per
pulse can be up to three times larger for femtosecond puls-
es, leading to maximum ablation rates that are only a factor
of three lower as compared to Q-switched lasers with pulse
durations of tens of ns. Ablation processes using fs and ps
lasers therefore exhibit relatively high process speeds while
generating a small heat affected zone. One challenge of
ultrafast laser ablation is that the optimum fluences at
which the highest ablation rates are achieved are relatively
low. This is a result of the low ablation threshold fluences
which for metals and a laser wavelength of around 1 pm
can be as low as 0.05 J/cm?, and proportionally lower when
shorter laser wavelengths down to the UV are used.

It is well known, that for pulsed laser ablation the max-
imum ablation rate is achieved at a pulse fluence is e? times
the ablation threshold fluence. For a constant laser power at
the work piece, operation at the optimum fluence guaran-
tees that the largest fraction for the incident power is used
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to ablate material (Fig.1). The ablation rate C in mm® per
min and per Watt of laser power as a function of the pulse
fluence is given by [5, 6]:

9 ([

F
where F is the average pulse fluence in J/mm?, Fy, is the
average threshold fluence and 6 is the energy penetration
depth in mm. Please note that in this paper the average
pulse fluence is always used, given as the ratio of pulse
energy to the area of the Gaussian beam (spot diameter
defined by the 1/e? decrease in intensity).
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Fig. 1 Ablation rate as a function of pulse fluence for pulsed
laser ablation using a Gaussian intensity profile and a ratio
8/Fn of 0.017 mm3/J .
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Typical energy penetration depths for metals are between
20 nm and 40 nm for sub-ps pulses. The ablation rate ex-
hibits a maximum at about 7.4 times the threshold fluence,
and the ablation depth is twice the energy penetration depth
at this point. Operation at the optimum fluence is important
because the heat-affected zone is not only decreased but
also becomes independent of the pulse duration for pulses
shorter than 10 ps [7].

Figure 2 shows measured maximum ablation rates versus
the measured optimum pulse fluences for various materials
at laser wavelengths of 1035 nm and 345 nm and pulse
durations of 10 ps and 400-500 fs, respectively [7]. It is
apparent that average pulse fluences of around 1 J/cm? are
required to maximize the ablation efficiency. For a typical
laser output power of 100 W in the infrared, and a spot
diameter of 25 um, this means that the laser repetition rate
has to be in the 10-20 MHz range. However, due to limited
scanner speeds, process repetition rates are typically around
500 kHz, leading to pulse fluences that can be forty times
higher than the optimum.
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Fig. 2 Measured maximum ablation rates versus the optimum
pulse fluences for various metals and semiconductors using
pulse durations of 400-500 fs and 10 ps and laser wave-
lengths of 1035 nm and 345 nm [7]. Results are shown for
large area ablation (~1.5 x 0.5 mm) with 60 % spot overlap
and about 400 ablated layers.

Operating at such a high pulse fluence leads to a reduction
of the ablation rate by more than a factor of 3. Using seeder
burst mode operation with N pulses per burst will reduce
the fluence of individual laser pulses by a factor of N thus
moving the operating point towards the optimum fluence
[8,9]. If high process repetition rates of tens of MHz are not
feasible, seeder burst mode operation provides a viable
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method to increase the ablation rate, as operation near the
optimum fluence will not only increase the material remov-
al rate but will also reduce the heat affected zone [7-11].

For industrial laser processes, the relevant parameter is
not the ablation rate, but rather the process speed, which is
defined as the volume removal per minute. The process
speed is obtained by multiplying the ablation rate (1) with
the laser power. Figure 3 shows different ways to increase
the process speed for ablation of copper. For a 60 W laser
at 500 kHz using a 25 um spot diameter, the initial pulse
fluence of 24.5 J/cm? is about a factor of 10 above the op-
timum fluence and the process speed is around 5 mm?>/min.
There are three ways to increase the process speed: Dou-
bling the laser power at the same repetition (route 1), dou-
bling both laser power and repetition rate (route 2), or us-
ing burst mode operation at 500 kHz with 10 pulses per
burst (route 3). Burst mode operation not only leads to the
highest process speed of greater 10 mm?®/min, but it also
requires only half the laser power as compared to the other
two options.
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Fig. 3 Process speed for copper ablation as a function of the
average pulse fluence. Curve parameter is the laser power. For
a 60 W, 500 kHz lasers with 25 pm spot diameter, there are
three options to increase the process speed. Option 3) repre-
sents burst mode operation with 10 pulses per burst.

The basic assumption here is that burst mode operation
enables ablation rates that are equal to the ones that would
be obtained when operating the laser at a high repetition of
10s of MHz and at the optimum pulse fluence (Fig.4, route
A). This means that we assume that there is no interaction
between the intra-burst pulses via the work piece, which
from a thermal perspective is true for most metals as the
thermal relaxation time within the ablated spot is in the 1-2
ns range. In reality, however, the ablation rates may be
lower due to plasma shielding of individual pulses (Fig.4,
route B). For materials with low thermal conductivity, like
glasses and polymers, the ablation rate can also be in-
creased due to the thermal interaction between pulses
(route C).

Which of these three scenarios will be observed depends
strongly on the material properties, the number of pulses
per burst, the temporal spacing between pulses in the burst,
and also on the geometry of the ablated area. Large abla-
tion areas, for instance, will reduce plasma shielding effects,
whereas cutting deep trenches does not allow the plasma
plume to escape before the next pulse arrives.
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Fig. 4 Possible effects on the ablation rate C when switching
on burst mode with ten pulses per burst at constant laser
power. A) no interaction between pulses, B) plasma shielding
between pulses, C) interaction between pulses leading to in-
creased ablation depth per pulse.

We have measured the ablation rates for ten materials as
a function of the pulse fluence using a 300 fs infrared laser.
Parameters that were varied in this study was the intra-
burst pulse spacing by using five seed laser repetition rate
between 60 MHz and 1.44 GHz, varying the number of
pulses per burst from 1 pulse to up to 30 pulses. It is im-
portant to note that at a constant pulse fluence, the process
speed will increase with the number of pulses in the burst.
For copper at a pulse fluence of 2 J/cm?, the process speed
will be about 0.32 mm?*/min for 2 W of laser power, where-
as with a ten-pulse burst at this pulse fluence, the process
speed will be ten times higher. In addition, we compared
wide-area ablation with cutting a trench to understand the
effect of the ablation geometry on the efficiency of burst
mode ablation.

2. Experimental Set-up
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Fig. 5 Experimental set-up used to investigate laser ablation us-
ing burst mode operation of a 300 fs Yb:fiber MOPA. The low-
er graphs show the large area ablation geometry. For all exper-
iments a spot overlap of 60 % was used in both directions.
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We used a modelocked 300 fs Yb:fiber MOPA system
providing a maximum pulse energy of 40 pJ and a maxi-
mum output power of 40 W at a wavelength of 1035 nm
and a beam quality factor M? of 1.1. (Fig. 5). In order to
implement different seed laser repetition rates, we used two
different lengths L of the gain fiber in the modelocked fiber
oscillator. For fiber lengths of 1.72 m and 0.57 m, the seed
laser repetition rate was 60 MHz and 180 MHz, respective-
ly. Higher repetition rates were realized by using the 180
MHz seed laser and externally doubling the repetition rate
using 50/50 beam splitters and fiber loops. Repeated exter-
nal pulse interleaving resulted in repetition rates of 360
MHz, 720 MHz and 1.44 GHz. The laser beam was attenu-
ated using a rotatable half-waveplate and a polarization
beam splitter, circularly polarized, and then focused onto
the sample using a ScanLab scanhead with f-theta lenses of
163 mm and 100 mm focal lengths. The spot diameters on
the sample were 23 pm for the longer focal length and 13.5
pum for the 100 mm lens. The shorter focal length lens was
used for seeder repetition rates of 180 MHz and higher.
Rectangular, 0.3 mm wide and 1.5 — 3.5 mm long cavities
were ablated using a spot overlap of 60 % in both direc-
tions. The typical depth of the cavities was around 100 pm.
The central part of each a cavity was used to calculate the
ablation rate by measuring the depth with a microscope. In
addition, trenches were cut by scanning a line on the sam-
ple, again with 60 % pulse overlap, and repeating the scan
150 times with a 1 s pause between individual scans.

3. Experimental Results
3.1 Burst Mode Operation at 60 MHz

Figure 6 shows the measured ablation rates for copper as
a function of the pulse fluence for various number of pulses
in the burst. Seeder repetition rate is 60 MHz, generating
16.7 ns temporal separation between pulses in the burst.
The curves indicate that burst mode operation with 3, 5 and
10 pulses leads to a similar ablation rate as compared to
using a single pulse.
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Fig. 6 Measured ablation rates of copper as a function of the
pulse fluence and various numbers of pulses in the burst (at 60
MHz). Process repetition rate was 250 kHz for 1 to 4 pulses,
and 200 kHz for 5 and 10 pulses. Spot diameter: 23 um, 60 %
overlap.



JLMN-Journal of Laser Micro/Nanoengineering Vol. 15, No. 3, 2020

Our emphasis therefore is on the ablation rate rather than
the process speed since a higher ablation rate will gener-
ally also lead to a smaller heat affected zone.

The lower ablation rates for 2 and 4 burst pulses in Fig.
6 are a result of plasma shielding, as a subsequent exper-
iment varying temporal pulse separation revealed. This is
shown in Fig. 7 where the measured ablation rates for 4-
pulse bursts with different temporal pulse sequences are
compared. As can be seen, the shielding effect becomes
less pronounced as the temporal separation of individual
pulses in the burst is increased to more than 60 ns. This
shielding effect in for 2 and 4 burst pulses in copper has
been extensively studied [12-14]. Time-resolved investi-
gation of the shielding during copper ablation [14]
showed that the lower ablation rate is a result of reflec-
tion at the plasma plume for even number of burst pulses.
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Fig. 7 Measured ablation rates of copper as a function of the
pulse fluence for four-pulse bursts. The temporal sequence of
the four pulses was varied according to the legend. The lower
pink curve is the 4-pulse burst ablation rate with equal pulse
spacing of 16.7 ns. The process repetition rate was 250 kHz,
spot diameter: 23 pm, 60 % spot overlap.

Measured ablation rates in burst mode operation for
four different materials are shown in Fig. 8. Similar to
copper, plasma shielding is evident for other materials,
and particularly strong if 2 or 4 pulses in the burst are
used. The shielding effect generally becomes less pro-
nounced or negligible when more than 4 pulses are used.
As a general rule, at least 5 pulses per burst should be
used to avoid shielding effect when operating at seeder
frequencies around 60 MHz. For silicon and fused silica,
burst mode ablation leads to an increase of the ablation
rate over the single-pulse case due to an interaction be-
tween the pulses (Fig. 9). For fused silica this can be ex-
plained by thermal interaction as the thermal relaxation
time of around 10 ns is greater than the pulse separation.
For silicon, with very high thermal conductivity, the in-
teraction must be caused by a different, yet unknown, ef-
fect. Note that the ablation rate is enhanced by more than
a factor of 2 when bursts with 5 or more pulses are used.
This means that for the same laser power, and the same
number of pulses per second, the ablation depth must be
a twice as large in burst mode. In fact, measured ablation
depths in fused silica were 43 pm and 87 pm, when us-
ing 14.5 W of laser power with 10 ps pulse duration and
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3.5 J/em?® pulse fluence, at 1 MHz with 1 pulse and at
100 kHz with a 10-pulse burst, respectively. In both cas-
es, the process time was 7 seconds. A similar increase of
the ablation depth was observed for silicon when switch-
ing from 1 MHz single pulse operation to 100 kHz, 10-
pulse burst mode with 6.5 W of laser power, 300 fs pulse
duration and a pulse fluence of 1.5 J/cm?®. These are two
examples where burst mode operation actually increases
both the process speed and the ablation efficiency as
compared to the process speed that can be realized using
single pulses at the same pulse fluence and the same av-
erage power (by increasing the repetition rate). This is in
contrast to the majority of materials, including all metals,
where burst mode is simply a mode of operation that op-
timizes the pulse fluence in order to achieve the same
process speed as when using single pulse operation at
high repetition rates.

0.350

0.300 .
5 Steel
go.zso [\ AN
= 2\\1
gozoo
Fl [/ RN
& 0.150 ..
s \&R 5
= 10 "\\Q\
= ’ 2
S 0.100 4 %:
0.050

0.000

00 05 1.0 15 20 25 3.0 35 40 45
Average Pulse Fluence [J/cm?]

0.200
. 0.180
£ 0.160 I 7
2 0.140 A
£ eha*410 — |
E 0120 <
E .10 A o4 |1
o S~ 1"
3 0.080
c "% 2
& 0.060 f
B
2 0.040
E: | Molybdenum

0.020

0.000 I

00 05 1.0 15 20 25 30 35 40 45 50
Average Pulse Fluence [J/cm?]

0.200
. 0.180
g Iy
£ 0.160 .
2 0140 1 Na N ‘XK‘\\:"-*faS
T 0120 N0 e
E o100 N ea |1
© NS> ol
5 0.080
c "2
G 0.060
= f Kapton
2 0.040 l
< 0.020

0.000 }

00 05 1.0 15 20 25 3.0 35 40 45 5.0

Average Pulse Fluence [J/cm?]

Fig. 8 Measured ablation rates of different materials as a

function of the pulse fluence with varying number of pulses per
burst. Curve parameter is the number of pulses per burst. Process
repetition rate was 250 kHz for 1 to 4 pulses, and 200 kHz for 5
and 10 pulses. Spot diameter: 23 pum, 60 % spot overlap.
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Fig, 9 measured ablation rates of silicon (300 fs pulses) and
fused silica (10 ps pulses) as a function of the pulse fluence.
Curve parameter is the number of pulses per burst. Process rep-
etition rate was 250 kHz for 1 to 4 pulses, and 200 kHz for 5
and 10 pulses. Spot diameter: 23 pm, 60 % spot overlap.

Since plasma shielding is very detrimental for ablation,
ablation geometries that do not allow fast dissipation of the
plasma between pulses will not exhibit an increase in abla-
tion rate when using burst mode. This is certainly true
when cutting deep trenches into materials. Figure 10 shows
the pattern used to generate trenches in steel, where line
ablation with an increased number of parallel lines results
in an increase of the ablated area. Each multi-line ablation
pattern was repeated 150 times. When several lines are
used, the ablated area is larger than the spot area thus al-
lowing for lateral expansion of the plasma. The measured
ablation depth as a function of the number of parallel lines
is shown in Fig. 11. For a single ablated line, switching to
a 10-pulse burst mode at the same laser power, decreases
the ablation depth by 40 %, even though the pulse fluence
is reduced from 3.7 J/cm? to 0.37 J/em?, and therefore close
to the optimum fluence for ablation of steel. However, after
opening up the area by using 5 parallel lines to a total width
of about 70 pm, the penetration depth becomes twice as
large compared to single pulse operation and stays constant
when further increasing the ablated area. This clearly indi-
cates that ablated areas next to the beam area need to be in
place to allow the plasma to escape from the beam.
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1 line and 150 passes
2 linesand 150 passes,
9 pum shift between lines
9 um shift between lines

Fig. 10 Trench cutting using a line with 23 pum spot diameter
and 60 % spot overlap, passing the same line 150 times (top

left). Increasing the number of lines by shifting each new line
by 9 um during each of the 150 repetitions.
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Fig. 11 Measured ablation depth in steel for line ablation using
the pattern shown in Fig. 10 with 150 repetitions. Laser power:
3.1 W, repetition rate of 200 kHz, 23 pm spot diameter, 60 %
spot overlap.

3.2 Burst Mode Operation at High Seeder Repetition

Rates

In order to compare the ablation rates at higher seed
repetition rates and for a larger number of pulses per burst
(up to 30), the spot diameter was reduced to 13.5 um and
the process repetition was kept constant at 200 kHz. This
allowed operation at pulse fluences of up to 0.88 J/cm?,
even if 20 pulses per burst were used. At high seeder repeti-
tion rates of 360 MHz, 720 MHz and 1.44 GHz, the mini-
mum number of pulses used were 10, 20 and 30, respec-
tively. This is to account for the 9 ns rise and fall time of
the pulse picker which generates a slope on the burst inten-
sity envelope. The pulse fluences on the following graphs
are the average of the pulse fluences in the burst, not in-
cluding pulses that are below 20 % of the maximum pulse
intensity. Figures 12 and 13 show the measured ablation
rates for metals as a function of the average fluence of the
individual pulses for various intra-burst repetition rates and
number of pulses per burst. As observed before, the general
behavior is that burst mode does not increase the ablation
rate, and shielding effects do become more pronounced as
the temporal pulse spacing is decreased.
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This statement is certainly true for steel, molybdenum, gold,
and titanium. However, for aluminum and copper, there are
operational modes using bursts for which the ablation rates
are increased compared to single pulse operation. For cop-
per, an intra-burst frequency of 180 MHz and 10 pulses per
burst clearly enhances the ablation efficiency, indicating
that for a pulse spacing of around 5 ns, an interaction be-
tween pulses must take place on the sample, leading to an
increase in the ablated volume per pulse. A less pronounced
increase in ablation rate is observed for aluminum at 360
MHz and 720 MHz. Note that the maximum of the ablation
rate generally moves to lower pulse fluences. This is a re-
sult of incubation due to the increased total number of
pulses being incident on each location of the sample.

For semiconductors, and for dielectrics with low thermal
conductivity, burst mode operation typically leads to an
enhancement of the ablation rate due to interaction of the
intra-burst pulses on the workpiece. For these materials,
burst mode operation is clearly superior to ablation using
single pulses at the optimum pulse fluence. Figure 14
shows this for kapton, silicon, and silicon carbide. For sili-
con, the ablation rate is increased by almost a factor of 4,
which means that at the same laser power, burst mode op-
eration with 15 pulses in the burst and ~3 ns pulse spacing
will lead to a process speed that is 4 times higher as com-
pared to an optimized single pulse process. For semicon-
ductors, and for dielectrics with low thermal conductivity,
burst mode operation typically leads to an enhancement of
the ablation rate.

Translating the ablation rates of silicon in Fig. 14 into a
practical example, let us assume 20 W of laser power at a
repetition rate of 1 MHz and a spot diameter of 25 pum,
generating a pulse fluence of 4.07 J/cm?. According to Fig.
14, the ablation rate of about 0.18 mm?/(W min) will result
in a process speed of 3.6 mm’/min. Switching on burst
mode with 15 pulses at 360 MHz, will reduce the pulse
fluence to 0.27 J/cm?, resulting in an increase of the pro-
cess speed to 12 mm’/min. Note that silicon carbide, and
silicon are the only materials where the ablation rate is in-
creased using GHz intra-burst repetition rates. For all the
other materials we investigated, 1 ns or sub-ns spacing be-
tween burst pulses will lead to a substantial decrease in the
ablation rate. For the vast majority of materials, the best
performance in burst mode operation seems to be attained
if the temporal separation between pulses is larger than 5 ns.

It is interesting to compare the measured ablation rates
for copper and silicon in Figs. 12 and 14 with those pub-
lished by Kerse et al. in 2016 [15]. By dividing the ablation
rates by a factor of 60, we get the removed volume in mm?
per Joule of incident laser energy and can compare with the
results presented in Fig. 2c and 2d of [15]. Kerse at al. used
only one burst to drill a hole with a beam spot diameter of
24 microns. The number of pulses per location is therefore
much lower than in our large area ablation geometry with
hundreds of two-dimensional scans. Despite the obvious
difference in ablation geometry and number of pulses used
per location, the ablation rates for silicon are similar, as the
comparison of the maximum ablation rates and optimum
pulse fluences shown in Fig. 15 indicates. For, copper,
however, our ablation rates are much lower when using
burst mode at a high intra--burst repetition rate, indicating
that we observed much more pronounced plasma shielding.
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We also did not observe any enhancement of the ablation
rate as compared to the single-pulse case for copper. The
measured ablation rates for copper in single-pulse mode are
similar to those reported by Neuenschwander et al. [6], and
in burst mode operation, we measured similar ablation rates
for Cu, Al, and steel as Jaeggi et al. [12].
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Fig. 12 Measured ablation rates for steel, copper, and alumi-
num as a function of the individual pulse fluence using different
numbers of pulses per burst and different intra-burst repetition
rates. Process repetition rate was 200 kHz. Spot diameter: 13.5
pum, 60 % spot overlap.
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Fig. 13 Measured ablation rates for molybdenum, gold, and ti-
tanium as a function of the individual pulse fluence using dif-
ferent numbers of pulses per burst and different intra-burst rep-
etition rates. Process repetition rate was 200 kHz. Spot diame-
ter: 13.5 pm, 60 % spot overlap.
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Fig. 14 Measured ablation rates for kapton, silicon carbide and
silicon as a function of the pulse fluence using different num-
bers of pulses per burst and different intra-burst repetition rates.
Process repetition rate was 200 kHz. Spot diameter: 13.5 pm,
60 % spot overlap.
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Fig. 15 Measured maximum ablation rates as a function of the
optimum fluence for copper and silicon as shown in Figs 12 and
14, and as reported by Kerse et al. [15], for various number of
burst pulses and intra-burst repetition rates. For each data point,
the number of pulses in the burst and the intra-burst repetition rate
are indicated.

Figure 16 summarizes the experimental results of the par-
ametric burst mode operation study. The graph shows the
measured maximum ablation rates for the ten materials
studied under various operational conditions of the burst-
mode. For metals, burst mode operation does generally not
increase the ablation rate, meaning that the highest process
speed can be attained by using single pulse mode at the
optimum pulse fluence. This, however, usually requires a
process repetition rate in the 10-20 MHz range.
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Fig. 16 Measured maximum ablation rates for ten materials for
various intra-burst repetition rates and number of pulses per

burst, as indicated in the legend.

If the process repetition rate has to remain in the sub-MHz
range, burst mode operation will allow an increase in pro-
cess speed by reducing the pulse fluence to get closer to the
optimum fluence. For semiconductors and dielectrics, burst
mode operation will, in addition, lead to an enhancement of
the ablation rate compared to single pulse operation. For
silicon, this enhancement can be as high as a factor of 4.
For metals and dielectrics, intra-burst repetition rates of
greater than about 200 MHz do not provide an advantage in
regards to the maximally attainable ablation rates. GHz
burst mode seems to only result in an increase in ablation
efficiency for semiconductor materials and dielectrics with
low thermal conductivity. However, even if the ablation
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rates in burst mode do not get close or exceed the maxi-
mum ablation rates in single pulse operation, burst mode
operation will generally increase the process speed for fo-
cusing conditions where the pulse fluence is much higher
than the optimum fluence for ablation of the material.

4. Summary and Conclusion

We have investigated the ablation efficiency in burst mode
operation for ten different materials as a function of the
pulse fluence and the intra-burst repetition rate using a 40
W Yb:fiber MOPA with 300 fs pulse duration at 1035 nm.
For typical laser powers of up to 100 W and process repeti-
tion rates in range of around 200-1,000 kHz, burst mode
operation allows ablation near the optimum pulse fluence,
which for metals and semiconductor materials is around 1
J/em?. Burst mode operation thus enables maximization of
the ablation rate and minimization of the heat affected zone
for laser processing set-ups where high repetition rate oper-
ation in the range of 10-20 MHz is not feasible. Shielding
effects impose a lower limit on the number of pulses per
burst. In general, having more than 5 pulses leads to similar
maximum ablation rates as for single pulse operation. Us-
ing 2, 3 or 4 pulses in the burst may result in considerably
lower ablation rates. For semiconductors and dielectrics
(silicon, silicon carbide, fused silica, kapton), burst mode
operation resulted in ablation rates that even exceeded the
maximum rates for single pulse operation by up to a factor
of 4. This indicates that individual pulses interact with one
another via the ablation process on the sample, leading to a
larger ablated volume per pulse. Operation in burst mode
requires that the plasma can escape out of the beam path
between pulses. Large area ablation therefore is an ideal
process to take advantage of burst mode operation, while
trench cutting and hole-drilling requires that the ablated
area is larger than the beam area to make burst mode work.
With the exception of silicon, silicon carbide and fused
silica, burst mode operation at intra-burst repetition rates
greater than about 200 MHz does not generate higher abla-
tion rates.

In summary, the results presented indicate that burst
mode operation is a viable option for ultrafast laser mi-
cromachining to maximize the process speed and minimize
the heat affected zone.
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