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Ultrafast lasers are widely used in microfabrication due to their precision and minimal thermal
damage, but their throughput is often limited. Processing with bursts of pulses with GHz repetition
rates aims to enhance ablation efficiency. However, recent results have shown strong dependencies
on the number of pulses within the burst. The present work focuses on the pulse repetition rate.
We report ultrafast laser ablation in copper and silicon at unexplored intra-burst repetition rates,
from 1 up to 15 GHz, in both single and multi-burst processing. High resolution scanning electron
microscopy is used to characterize ablation volumes and crater morphology. Our results demon-
strate a benefit in the ablation efficiency at very high repetition rates in the case of copper. It also
shows that optimal processing for silicon and copper is observed with very different parameter
configurations. This difference is attributed to the different thermal diffusivities. In addition, the
crater morphologies across the different studied configurations strongly suggest a dependency on
the viscosity of the liquid phase, providing insight into the varying temperatures reached during
ablation.

1 Introduction

Ultrafast lasers have become indispensable in microfabrication due to their precision and ability to mini-
mize thermal damage [1]. By confining the energy deposition process into an extremely short time scale,
ultrafast lasers can achieve clean ablation with minimal heat diffusion, making them ideal for applica-
tions that require precise patterning. However, the throughput of machining with ultrafast laser is usually
lower than longer pulses [2]. While ultrashort pulses reduce heat diffusion, the thermal load remains a
major challenge: as a significant fraction of the absorbed energy does not leave the material with ablation,
increasing further pulse energy causes unwanted melting, cracking, or thermal stress.
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In 2016, Kerse et al. showed that bursts of pulses with GHz repetition rate allow for a much
cleaner and precise ablation [3]. At GHz repetition frequencies, laser ablation enters an interaction
regime where cumulative heating becomes significant. Due to the short delay between pulses, heat
accumulation in a nm- thin surface layer leads to rapid temperature build-up and causes the material to
reach the ablation threshold. As mechanism explanation, Kerse ef al. proposed the ’ablation-cooled’
model in which, after reaching the ablation threshold, each sub-pulse in the burst ablates a small layer
of material, effectively removing the heat energy with it [3]. Further research on laser processing in the
GHz burst regime reveals mixed findings on its effectiveness [4, 5, 6, 7]. In fact, it is the differences
in burst characteristics, processing techniques, and material types that highly influence the conclusions.
For meaningful comparisons, it is therefore crucial to compare the evolution with respect to the number
of pulses and the GHz intra-burst repetition rate.

Here, thanks to a new concept of laser oscillator [8], we investigate GHz burst ablation in a highly
flexible set of parameters. We vary intra-burst pulse number from 50 to 1500 and in a previously in-
accessible regime of very high repetition rate. While previous literature reported measurements up to
5.4 GHz [9], we investigate laser ablation with intra-burst repetition rate up to 15 GHz. This large range
in repetition rate is important because it crosses the threshold at 4 GHz for heat accumulation in copper
as will be detailed below.

We have investigated 15 different burst configurations in single burst and percussion drilling
regimes for silicon and copper. To obtain high accuracy in our results, we performed SEM measure-
ments to calculate the ablated volume and the ablation efficiency, defined as the ablated volume divided
by the total burst energy. We show that the morphology of the craters and the surrounding ejecta can be
explained by the viscosity of the liquid phase and provide insight into the different temperatures reached
by the material. We observe that a higher repetition rate improves ablation efficiency on copper, while
for silicon, repetition rates above 1 GHz have a minor impact on the ablation efficiency. The different
thermal diffusivities of the materials explain the different responses to the repetition rates. Finally, per-
cussion drilling shows an evolution of the crater shape with the burst duration, which is consistent with
a less efficient material expulsion.

2 Experimental procedure

Laser system and processing setup The laser system is a prototype developed in the kW-flexiburst
project operating at 1030 nm. The pulse duration is 1.5 £ 0.3 ps and the bursts show a uniform energy
distribution among the sub-pulses. The laser burst can be arbitrarily programmed to change the intra-
burst repetition rate (from 1 GHz to 18 GHz), the inter-burst repetition rate (from 0.1 MHz to 20 MHz),
and the number of pulses per burst (ppb, from 10 to 1000s). In this study, we concentrated our efforts on
the effect of the intra-burst repetition rate and the number of pulses. We selected combinations of those
two parameters to produce bursts of durations between 33 ns and 200 ns as burst duration was shown to
be critical for silicon ablation [5]. Table 1 reports all the tested configurations. For the sake of simplicity,
we will refer to the intra-burst repetition rate as the “repetition rate”. We note that for repetition rates
of 5 and 11 GHz, technical limitations of the laser prototype imposed that fewer configurations were



Intra-burst rep.| 1GHz 1.5 GHz 3GHz |5GHz| 11 GHz 15 GHz
rate
Pulses per burst (50 100 200|50 100 150{100 200 300 100 {220 1100|500 1000 1500
Burst  duration |50 100 20033 66 10033 66 100 20 |20 100 |33 66 100
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Table 1: Configurations used for processing the samples.
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Figure 1: Cross-cut and intensity profile (white curve) of the beam at the sample position.

possible.

The Gaussian beam is shaped in a squared flat top with the CANUNDA-PULSE module (Cailabs).
The beam is then demagnified with a 4f system (f = 500 mm lens and microscope objective NA=0.4).
On the sample surface, the beam has dimensions (FWHM) of 9.2pym x 9.6 um as shown in Fig. 1.
The experiments have been performed in ambient air. We first performed experiments on silicon and
copper in single burst to study crater morphology (section 3) and single burst ablation efficiency (section
4). Then, to study the efficiency and morphology in the regime of percussion drilling (section 5), we
superimposed 10 bursts at 10 kHz inter-burst repetition rate without changing the relative beam-sample
position. The sample was mounted on a 3-axis translation stage and two rotation stages to ensure the
sample is perpendicular to the beam and at the focal point. We performed a series of ten to twelve
ablations for each selected configuration at different powers.

Crater imaging For high-resolution imaging of the craters, we used Scanning Electron Microscope
(SEM) imaging and a Focused Ion Beam (FIB) milling. We milled with the FIB half of the crater to
provide access to a cross-section view. We measured the dimensions of the ablated craters to retrieve
the ablated volume. From the ablated volumes, we obtained ablation efficiency as a function of the
burst fluence for each configuration. We calculated the ablation efficiency as the ablated volume in mm?



divided by the laser power in W and At in minutes. In the case of single-burst processing, At represents
the time between two consecutive bursts. For the 10-burst processing, this value is multiplied by a factor
of 10. From the curves, we retrieved the optimal ablation efficiency and the optimal fluence, which
are the coordinates of the maximum of the curve. We also extrapolated the fluence threshold for the
single-burst processing, which represents the minimum fluence required to induce modifications in the
samples.

3 Single burst crater morphology

Before investigating in detail the ablation threshold and efficiency for the different configurations, we
report on the morphologies observed. Fig. 2 shows the SEM images of laser impacts performed with a
single burst at 1.5 GHz with 150 pulses in the case of silicon and 15 GHz with 1500 pulses in the case of
copper. The evolution of the morphologies obtained with the other laser configurations are qualitatively
very similar to those presented here for each material.

In each row, the fluence increases from left, just above fluence threshold (= 11 J cm™2 for both
materials), to the right at the optimal ablation efficiency. In the case of silicon, a burst with fluence
just above threshold leads to the formation of a pool of resolidified liquid material with a central bump,
as already observed by Mishchik et al[10]. By increasing the fluence, we can observe how the molten
material starts to be pushed outwards until the creation of a proper crater, where the liquid material
is expelled outside the cavity. In the case of copper just above threshold, the material is molten and
resolidified without a particular shape. At higher fluence, the molten material is pushed towards the side
of the cavity creating a rim of material with uneven thickness. At the optimal fluence, the rim is a vertical
thin wall of copper with a thickness of typically 60 to 80 nm and a couple of micrometers high. A similar
rim has been observed on copper in a previous experiment in the GHz regime [11].

Despite the ’ablation cooling’” model presenting the ablation as the evaporation of a thin layer of
material per sub-pulse [3], our experiments show that the crater is formed also with the ejection of a
significant amount of molten material even at the fluence of maximal ablation efficiency (see last craters
in Fig. 2). A recent study showed, through time-resolved scattering imaging, that GHz bursts have
two main mechanisms of material removal: the first is the vaporization of part of material followed by,
secondly, the expulsion of molten material at high speed due to a radially outward liquid motion caused
by the generated recoil pressure. The material with insufficient momentum resolidifies into a rim [11].
Our experiments are in agreement with this mechanism and show a significant amount of nano-particles
in a radius of about 100 um around the craters for silicon and 50 um for copper, associated with micro-
droplets at the edge of the craters for silicon and the thin rim for copper.

The generation of similar high rims around laser-induced craters has been already observed on
thin film of silver [13]. The rim produced by a laser pulse is comparable to the one produced by a drop
impinging onto a liquid layer. The shape of the splash strongly changes depending on the liquid physical
properties, the reservoir thickness or the droplet speed. Fig. 3, adapted from Ref. [12], compares, in
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Figure 2: Morphology of the ablation for silicon (1.5 GHz burst with 150 pulses) and copper (15 GHz
burst with 1500 pulses) for different fluences. The craters on the right are at the optimal fluence. Scale

bars are 5 pum.
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Figure 3: Images of the rims generated after the impact of a droplet on a still liquid at different times. In
the case of low viscosity, the liquid is water. In the case of high viscosity, the liquid is a 55% glycerol
solution. Reprinted and adapted from Ref.[12], with permission from Elsevier.



such experiment, the temporal dynamics of the splash for two different values of viscosity, using water
(low viscosity) and glycerol solution (high viscosity). In the case of low viscosity of the liquid layer (top
rows), the rim quickly tends to break into small droplets, while for a more viscous liquid (bottom rows),
a very thin and high rim of liquid is formed, which tends, at a later stage, to generate large droplets due
to capillary instabilities. The coexistence of droplets produced at the beginning of the rim formation and
due to its crowning is possible for intermediate viscosities [14].

Despite the complexity of the process and the number of parameters involved, we infer that the
different rim morphologies observed for silicon and copper are related to the viscosity of their respective
liquid phases. The viscosity of liquid copper (¢ = 4 mPas [15]) is almost seven times higher compared
to the one of silicon (u = 0.6 mPas [16]). This is almost the same as the ratio between water (y =
0.89 mPas) and glycerol solution of Fig.3 (1 = 5.04 mPas) [12].

In Fig. 2, the crater produced in silicon ablation at the optimal fluence is compatible with the
low-viscosity scenario, associated to ejection of small droplets all around the crater. In contrast, in the
case of copper, the very high and thin rim, associated to the absence of droplets around the crater, fits
with the high-viscosity scenario. In this case, we infer that the freezing of the thin liquid rim takes place
before the capillary instabilities could grow. We will see later that burst configurations for silicon induce
morphologies sometimes in-between these scenarios.

4 Ablation efficiency in single burst regime

We started the evaluation of ablation threshold and efficiency (crater volume divided by total burst en-
ergy) in the regime of single burst processing. The ablation efficiency is a critical parameter for applica-
tions because it affects the processing performance. The concept of optimal ablation, initially developed
for drilling with repeated single pulses [17], establishes a link between maximum ablation efficiency and
optimal morphological outcomes. Therefore, to meaningfully compare the different configurations, we
investigated the optimal fluence at which the ablation efficiency is the highest.

Figure 4 shows the ablation efficiency as a function of the total burst fluence for a representative
selection of the studied configurations, both for silicon (left column) and copper (right column). The
error bars on the ablation efficiency are given by the uncertainties in the calculation of the crater volume.
The curves show that the range of fluence that we investigated is well calibrated to retrieve the fluence
threshold and the optimal fluence at which the efficiency peaks. We qualitatively observe from Fig. 4
that the fluence threshold tends to increase with the burst duration, as well as the optimal fluence. For
quantitative comparisons, we reported, for each of the 15 laser configurations, the values of fluence
threshold, optimal fluence and optimal ablation efficiency as a function of the burst duration in Fig. 5.

Fluence threshold and craters formation We begin our analysis with the fluence threshold. As illus-
trated in Fig. 5, the fluence threshold rises with increasing burst duration for both materials. A higher
number of pulses per burst results in lower-energy sub-pulses, causing the rise of the ablation threshold.
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Figure 4: Ablation efficiency curves for different configurations at intra-burst repetition rates of 1 GHz,

3 GHz, and 15 GHz for silicon and copper.
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Figure 5: Fluence threshold, optimal fluence and ablation efficiency as a function of the burst duration
for silicon and copper for the 15 different laser burst configurations.



We also notice that, for a given burst duration, the amplitude of the variation of the threshold fluence
values across the different repetition rates is within the error bar of our measurement. Furthermore, the
fluence threshold is similar for both materials, as what is observed in single-pulse ablation [18, 19]. It
varies between ~ 5 J cm ™2 (= 4 pJ per burst) for short burst duration, up to ~ 20 J cm™2 (= 18 uJ per
burst) for the longest burst duration.

Evolution of the optimal ablation fluence with burst configuration Following Fig. 5, both materials
show an increase of the optimal fluence for longer burst duration and a tendency of the optimal fluence
to grow with the repetition rate (large number and less energetic sub-pulses). Silicon has its two-photon
absorption coefficient peak approximately at the laser wavelength (= 1 um) [20], therefore a burst with
more sub-pulses needs a higher fluence to reach the optimal ablation. The absorption of copper increases
rapidly with the temperature increase [21]. Therefore, the longer burst configurations with a higher
number of pulses and lower fluence are less efficient to heat up the material and require a higher overall
fluence to reach the optimal point.

The optimal ablation efficiencies of the different burst configurations are presented in Fig. 5 (bot-
tom panel). For both materials, the ablation efficiency increases with the burst duration, as expected
from the ’ablation cooling’ mechanism [3]. While for silicon, the efficiency is quasi-independent of the
intra-burst repetition rate, we see a nearly two-fold increase for copper between 1 and 15 GHz. This be-
havior can be understood from the threshold repetition rate to reach heat accumulation. Silicon exhibits
a thermal diffusivity o of 80 mm s~2 at 300 K and 8 mm s~2 at 1687 K (melting point) [22]. For a laser-
excited layer § of 100 nm, the characteristic time for heat to dissipate from this layer can be estimated
by 7p ~ % resulting in 0.12ns at 300 K and 1.2 ns at 1687 K for silicon. Consequently, the repetition
rate required to achieve heat accumulation is around 8 GHz at room temperature, decreasing to 0.8 GHz
as the material reaches the melting point. For copper, using the same parameters, the required repetition
rate is approximately 11.1 GHz at room temperature and 4 GHz at 1360 K (melting point) [23].

Since all the repetition rates we used are at least 1 GHz, it is possible that an increase in the
repetition rate does not bring an overall benefit to the ablation efficiency of silicon. Our results are in
agreement with previous literature for silicon ablation for intra-burst repetition rates up to 3.5 GHz [5].
In agreement with this study, the longest burst leads to the highest ablation efficiency of 1 mm? /W /min
(200 pulses per burst at 1 GHz), which is in the range presented in the literature with Gaussian beam
[3, 5, 10, 24, 25]. We note that the absolute value of efficiency highly depends on spot size and on the
exact definition of fluence.

In the case of copper, our data shows the increase of the optimal ablation efficiency with intra-burst
repetition rate. This is because the range of investigated repetition rates crosses the ~4 GHz threshold
for heat accumulation. We measured the highest ablation efficiency of 0.5 mm?/W /min with the burst
at 15 GHz and 1500 pulses, which gives an 80% increase compared to the burst of the same duration
at 1 GHz with 100 pulses. This value is in line with previous literature (maximum repetition rate used
3.5GHz) [3, 5, 24, 25, 26].



As an example of quantitative agreement with literature, we compare our results in single burst
to reference [24]. Our regime of 1 GHz, 200 ns burst duration (200 pulses) is comparable to 1.6 GHz,
250 ns burst duration (400 pulses). For this regime, we measured an ablation efficiency for silicon of
1 mm?/min/W while it is 1.5 mm?>/min/W in ref. [24]. For copper, we measured 0.38 mm?>/min/W while
it was at 0.39 in ref. [24].

Comparison of crater morphologies at the optimal fluence The quality of the ablation is an additional
parameter that is important for most applications. Here, we compare the morphology of the craters in
the different configurations. For meaningful comparisons, we chose, for each configuration, the fluence
at which the ablation efficiency is maximal. The SEM images of the craters drilled in single burst are
represented in Fig. 6 for silicon and in Fig. 7 for copper. The SEM images are sorted by increasing
repetition rate from top to bottom and burst duration from left to right.

We start our comparison with the silicon sample (Fig. 6). The same burst duration (same column)
leads to similar ablation efficiencies, it also leads to similar morphology. For short burst durations, the
crater is square and is surrounded by relatively large droplets of molten materials with a typical diameter
of 1-2 um. When the burst duration is increased (towards the right side), the craters become circular
and the large droplets around the craters are replaced by much smaller ones. We infer that heat diffusion
plays a significant role in the ablation process.

The evolution of the droplet morphology can be interpreted with the generation of droplets by the
laser pulses, as previously introduced. The larger droplets indicate a more viscous material, while the
smaller droplets a less viscous material. Therefore, we infer that longer bursts allow the liquid material
to reach higher temperatures in the thermal accumulation regime [3, 26]. While, for silicon, there is
in general only a minor change in morphology with the repetition rate, we remark that, in the case of
burst duration 100 ns, craters from low repetition rates present only small droplets (low viscosity) while
higher repetition rates (from 11 GHz) still present large droplets. In the last case, the very low fluence
of the single sub-pulses of the long burst duration at the highest repetition rates seems counterproductive
because material ejection is less effective, probably because of the reduced two-photon absorption pro-
cess leading to a smaller increase in the temperature of the molten pool. Finally, the cleanest ablation
coincides with the highest ablation efficiency on silicon, with 200 pulses per burst and a repetition rate
of 1 GHz.

In copper, the morphology at the optimal fluence is very different from the case of silicon. Fig. 7
compares as previously the single burst crater morphology at the optimal fluence for the different burst
configurations. Remarkably, the craters present the same morphology independently from the repetition
rate and the burst duration: they are mainly round (while the illumination is square) and show a smooth
interior surface and a very thin wall all around that is typically only 60 nm thick. The walls tend to
increase in height with the burst duration with a minimum of 1.4 pm for the shorter burst duration up to
2.8 um for the longer burst. The difference can be due to the hotter material that needs more time to cool
down, allowing the wall to grow more before resolidifying, or to a higher quantity of melted material
that is pushed radially outward. As introduced previously, the presence of the thin rim has been recently
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Figure 6: Comparison of the morphology of the craters in silicon at the optimal fluence of the tested
configurations. The burst duration increases from left to right and the repetition rate from top to bottom.
The optimal fluence and the number of sub-pulses per burst (ppb) are indicated in each sub-figure. Scale
bars are 5 pum.
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Figure 7: Comparison of the morphology of the craters in copper at the optimal fluence of the tested
configurations. The burst duration increases from left to right and the repetition rate from top to bottom.
The optimal fluence and the number of sub-pulses per burst (ppb) are indicated in each sub-figure. Scale
bars are 5 pm.

12



15 GHz 500 ppb 3 GHz 200 ppb 1 GHz 100 ppb
3_3ns _ 66 ns 100v ns

2 S

D, T

Figure 8: Cross-cut of the craters ablated in silicon with ten bursts for three different configurations at
the burst fluence of ~ 24 J cm ™2 (close to the optimal fluence for the corresponding single burst case).
Scale bars are 10 um. The white dotted lines highlight the crater profiles.
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Figure 9: Cross-cut of the craters ablated in copper with ten bursts for four different configurations at the
burst fluence of 50-60 J cm 2. Scale bars are 10 um. The white dotted lines highlight the crater profiles.

shown in literature for a Gaussian beam with 200 pulses per burst at 1.28 GHz and with sub-pulse fluence
very close to our optima [11].

Noticeably, while the ablation by Gaussian beam in Ref. [11] led to craters surrounded also by
small ejecta of molten material, here, we observe a very clean ablation with absence of ejecta around.
We infer that the flat top profile may help to create a higher gradient of temperature in the molten material
and, therefore, a cleaner ablation.

5 Percussion drilling

In the case of percussion drilling, the results are strikingly different between long and short bursts. We
show in Fig. 8 for silicon and Fig. 9 for copper, SEM images of craters obtained for 10 bursts at an
inter-burst repetition rate of 10 kHz, at the optimal fluence. The burst duration increases from left to
right. The white dotted lines highlight the crater profiles. At 33 ns burst duration, the craters are 13 um

13



| 1.5GHz - 50 ppb | 3 GHz - 100 ppb | 15 GHz - 500 ppb

Silicon | 0.63 (11Jem~2) | 0.71 (15Jem™2) | 0.67 (23Jcm™2)
Copper | 0.16 (50 Jcm=2) | 0.19 (50 Jem~2) | 0.21 (47 Jcm™2)

Table 2: Optimal ablation efficiency in mm3 /W /min for copper and silicon for 10 bursts in percussion
drilling. In parentheses, we indicate the corresponding burst fluence

wide (slightly larger than the beam FWHM) with vertical walls and nearly flat termination. In contrast,
when the burst duration increases, the craters become deeper and highly tapered. Importantly, the same
burst duration leads to a similar crater morphology independently from the other burst parameters.

We attribute the morphological change to the modification of the ablation plume evacuation dy-
namics. While longer burst durations induce an overall higher temperature of the melt phase as seen in
previous section, we interpret that, in these burst conditions, less energy is transferred to the plume, i.e.,
the vapor phase is less hot and with lower kinetic energy, which can explain the lower material removal,
lower transmission of following laser pulses and subsequent morphology change in percussion drilling.
This deforms the incoming beam and modifies the crater shape.

We then focused our characterization efforts on ablation efficiency of the best morphological case,
i.e., for the shortest burst duration of 33 ns. We report in Table 2 the optimal ablation efficiency values
for three repetition rates together with the corresponding fluence.

We first notice that, in the case of silicon, the optimal fluence is the same as for single burst pro-
cessing. It is interesting to compare the ablation efficiency obtained with a single burst and ten bursts.
In silicon, the optimal ablation efficiency for the shortest burst duration is about 0.7 mm?/W /min for
the ten burst processing (as shown in Table 2) against the 0.4 mm?®/W /min of the single burst. The
increase in the ablation efficiency can be explained by the incubation effect resulting from the multi-
burst processes [27]. Importantly, in contrast with the tendency of the single burst processing, increasing
the burst duration leads to a decrease of the ablation efficiency: 0.6 mm?/W /min for the 66 ns burst
and 0.3 mm?/W /min for the 100 ns burst. The reduction of the ablation efficiency with the burst dura-
tion can be explained by the tapering of the hole and subsequent difficulties of the plasma plume to be
evacuated from the crater.

We performed the same study on copper and present the results in Table 2. In this case, the
optimal fluence of the multi-burst processing for the short burst duration differs from the single burst
one: in general, the ten burst processing requires an optimal fluence that is twice the one of the single
burst processing. The optimal ablation efficiency for the shortest burst duration is about twice lower than
that of single-burst processing (with a maximum of 0.2 mm?3/W /min). This contrasts with the results
for silicon. We additionally note a starking difference: in silicon, particularly for short burst duration,
the crater walls remain smooth and there is minimal resolidified material within the crater. In copper,
however, resolidified material is clearly apparent along the crater edge and, with longer burst durations,
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all along the crater wall. Since copper is more viscous than silicon, the removal of the melt material from
the bottom of the crater may be more difficult for copper. The material pushed upward in the crater tends
to resolidify on the walls, reducing the beam propagation and the process efficiency.

6 Conclusions

In this paper, we presented our results of single and multi-burst processing of silicon and copper samples,
using burst durations ranging from 33 ns to 200 ns. We explored a new range of burst repetition rates,
ranging from 1 GHz up to 15 GHz. While the ablation efficiency aligns with the values reported in the
literature, we identified some previously unobserved trends.

We confirmed that longer burst durations increase the ablation efficiency. In terms of burst repe-
tition rate, copper benefits from very high repetition rates, consistent with its higher thermal diffusivity,
where silicon shows no advantages beyond a few GHz. It is therefore an advantage to be able to adapt the
burst parameters to the material being processed. For silicon, the cleanest ablation is observed at lower
repetition rates and longer bursts, while copper maintains a consistent morphology across all tested pa-
rameters. The crater morphologies suggest that a significant amount of molten material has been ejected
from the crater. We observed similarities between the crater shapes and the splash patterns formed by a
liquid reservoir due to a droplet impact. The different forms of ejection found around the craters in both
materials find explanation with the material viscosities and the different maximum temperatures reached
during the ablation process.

Lastly, we examined the crater evolution using ten bursts. In both materials, the craters tend to
narrow as the burst duration increases. This is consistent with the difficulty of removing material from
the crater bottom and the change of the beam shape along the propagation direction. While certain
configurations in silicon result in higher ablation efficiency compared to single burst processing, copper
shows a significant reduction in efficiency with the multi burst processing.

This study broadens the existing literature on GHz-range burst laser processing, providing new in-
sights to further clarify the mechanisms underlying ablation in this regime. It also confirms that different
materials require different optimal burst configurations (number of sub-pulses, intra-burst repetition rate)
to achieve optimal ablation efficiency.
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