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Recent advances in ultrafast laser technology have enabled the delivery of high pulse energies at MHz repetition
rates, but often at peak fluences well above the optimal range for efficient ablation. Temporal pulse shaping can
mitigate this issue by distributing energy across multiple sub-pulses separated by defined inter-pulse delays.
However, when delays are too short, interaction of preceding pulses with the ablation plume severely reduces
ablation efficiency. This study investigates the physical origins of such efficiency losses in double-pulse ablation
of copper and steel. Ablation depth and efficiency were measured for inter-pulse delays between 12.2 ns and
231.8 ns. These results were compared with time-resolved pump-probe microscopy measurements of the tran-
sient reflectance to quantify plume shielding. A strong correlation is found between second-pulse efficiency and
plume transmittance. Plume shielding is identified as the dominant mechanism limiting ablation efficiency in
both materials. For copper, redeposition further reduces efficiency, leading to strongly reduced net ablation at
inter-pulse delays shorter than 50 ns. Maximum losses of up to 63% in Cu and 21% in steel are observed at inter-
pulse delays of 12.2 ns. Full recovery of second-pulse efficiency is achieved at inter-pulse delays exceeding 150 ns
for Cu and 30 ns for steel, corresponding to maximum feasible repetition rates of 6.7 MHz and 33 MHz,
respectively. These findings highlight the importance of optimizing inter-pulse delay in double-pulse laser
processing and establish time resolved microscopy as a powerful tool for predicting inter-pulse delay dependent
ablation efficiency in double-pulse laser processing.

1. Introduction

Ultrashort pulse laser processing, employing pulse durations from a
few hundred femtoseconds to several picoseconds, is a versatile tech-
nique for high-precision manufacturing applications such as drilling,
cutting, and milling [1]. These short pulse durations enable precise [2,3]
and efficient [4] material processing due to negligible thermal diffusion
[5] and the build-up of high tensile stresses that result in photome-
chanical material removal [6], respectively.

Besides the pulse duration [7,8], the peak fluence [9] also signifi-
cantly influences the ablation efficiency, defined as the removed volume
per incident pulse energy. This quantity is also commonly referred to as
the specific removal rate [10] or the energy-specific ablation volume
[11]. Ablation efficiency models and experimental studies [9,12] show
that the highest ablation efficiency is achieved when processing with a
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peak fluence of @y = e%e®y,, where @y, denotes the ablation threshold
fluence of the material.

As laser technology has advanced significantly over the past decade,
state-of-the-art laser systems now commonly deliver pulse energies of up
to several hundred microjoules at repetition rates of several megahertz
[13]. With beam waist diameters typically in the range of several tens of
micrometers, this corresponds to available peak fluences exceeding 100
J/cm?. Given that the single-pulse ablation threshold fluence of indus-
trially relevant metals ranges from 0.2 J/cm? for steel to 2 J/cm? for Cu
[7], the available peak fluence surpasses the optimum value of e?e®y,,
by one to two orders of magnitude. In multi-pulse processing, where the
same position is repeatedly irradiated, this discrepancy is further
amplified due to incubation effects, which can reduce the ablation
threshold by up to an order of magnitude [14]. As a result, in the
presence of incubation during multi-pulse processing, the available peak
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fluence can exceed the optimal value by two to three orders of
magnitude.

To avoid inefficient material processing at excessively high peak
fluences, while still making full use of the high pulse energies available
from state-of-the-art laser systems, two main pulse shaping strategies
have been employed. First, spatial pulse shaping, in which the laser
energy is divided among multiple beams, with each beam carrying the
optimal peak fluence [15]. Second, temporal pulse shaping, where a
single pulse is split into a burst of several sub-pulses, each carrying the
optimal peak fluence, with inter-pulse delays ranging from several
hundred picoseconds (GHz-burst) to several nanoseconds (MHz-burst)
[11].

The first investigations of the physical mechanisms responsible for
the strong dependence of ablation efficiency on the inter-pulse delay
during burst material processing were carried out using double pulses
[11,16-19]. For inter-pulse delays shorter than the material-specific
mechanical relaxation time, which is on the order of a few picosec-
onds for stainless steel and approximately 20 ps for Cu [7], the ablation
efficiency does not change significantly compared to single-pulse pro-
cessing [16-20]. This reflects a regime in which the inter-pulse delay is
short enough to maintain stress confinement [6,19,21].

When the inter-pulse delay is increased beyond the mechanical
relaxation time to a few tens of picoseconds, a decrease in ablation ef-
ficiency is observed. This is attributed to the partial compensation of the
tensile wave generated by the first pulse by the compressive wave
generated by the second pulse [20,22]. A further increase of the
inter-pulse delay into the range of a few hundred picoseconds, which
corresponds to the GHz-burst regime, leads to an additional reduction in
ablation efficiency due to shielding of the subsequent pulse by the
ablation plume or even redeposition of material ablated by the first pulse
[19,23,24]. Depending on the material, the ablation efficiency can
decrease by 50% or more, and in some cases by up to 90%, at inter-pulse
delays ranging from 100 ps to several nanoseconds [23].

If the inter-pulse delay is further increased, shielding of the subse-
quent pulse by the ablation plume is commonly considered the dominant
factor limiting ablation efficiency, while redeposition becomes less sig-
nificant with increasing delay [11]. A pronounced signature of plume
shielding in ultrashort-pulse MHz-burst ablation is the frequently re-
ported odd—even dependence of ablation efficiency, with odd sub-pulse
numbers contributing significantly more to material removal than even
sub-pulse numbers [25-28]. This odd-even behavior is commonly
interpreted as a direct consequence of plume shielding: an odd pulse
generates a dense ablation plume that partially absorbs or scatters the
subsequent even pulse, which therefore ablates less and produces a
thinner plume, allowing the next odd pulse to ablate efficiently again
[28].

However, the identification of plume shielding described above is
largely based on final-state ablation metrics such as ablation efficiency
or crater morphology. Only a few works provide more direct experi-
mental support for plume shielding by probing plume dynamics during
ultrashort-pulse burst ablation [26,29]. In particular, in-situ imaging has
been used to track the temporal evolution of the ablation plume during
MHz-burst ablation, revealing the ablation plume to persist on nano-
second timescales and correlating qualitatively with the reduced abla-
tion efficiency of subsequent pulses [26,29]. While these observations
are consistent with plume-mediated attenuation, they do not provide a
quantitative measure of laser energy loss within the plume. Beyond
experimental studies, plume shielding has been addressed mainly in
computational works, where laser-plume interaction is explicitly
modeled [30,31]. These studies predict plume-induced optical shielding
and a corresponding reduction in ablation efficiency at
nanosecond-scale inter-pulse delays due to absorption and scattering of
the laser pulse. While such simulations provide valuable physical insight
into plume shielding mechanisms, they do not establish an experi-
mental, time-resolved correlation between plume transmittance and
final-state ablation efficiency under ultrashort-pulse MHz-burst
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processing conditions.

As a result, experimental, time-resolved characterization of plume-
induced shielding as a function of inter-pulse delay in ultrashort-pulse
MHz-burst ablation, and its quantitative correlation with final-state
ablation efficiency under processing-relevant conditions, remains
limited. Motivated by this, the present work aims to quantify how plume
shielding reduces ablation efficiency as a function of inter-pulse delay
under processing-relevant conditions in ultrashort-pulse MHz-burst
laser processing.

To establish this link under processing-relevant conditions, double-
pulse ablation efficiency is measured from scanning experiments, for
inter-pulse delays in the range of several tens of nanoseconds corre-
sponding to the MHz-burst regime. This regime is selected because
plume shielding dominates, while material redeposition plays a minor
role and interference of pressure waves is no longer present [11]. In
parallel, time-resolved pump-probe microscopy is used to quantify the
transient plume transmittance on comparable timescales. Cu and
stainless steel were selected as contrasting materials due to their vastly
different thermal and electronic properties. Stainless steel exhibits
strong energy confinement due to its low thermal conductivity and fast
electron—phonon coupling, while Cu exhibits weaker confinement
because of its high thermal conductivity and slower electron—phonon
coupling [7,19].

2. Materials and methods
2.1. Sample preparation and characterization

Copper and austenitic stainless steel (AISI304, hereafter referred to
as steel) were used throughout this study.

For the scanning double-pulse processing experiments detailed in
Section 2.2, standard Cu (C12200) and AISI304 sheets were used. Both
materials had a thickness of 2 mm and were laser-cut into 50 mm x 50
mm specimens prior to double-pulse ablation. The samples were me-
chanically lapped to achieve a low surface roughness of a few tens of
nanometers.

For the time-resolved experiments described in Section 2.3, Cuwith a
purity of 99.999% and the austenitic stainless steel AISI304 were pur-
chased from Goodfellow GmbH. Both samples had a thickness of 1 mm
and a diameter of 25 mm. Subsequent sanding and polishing of the
samples was performed to achieve a smooth sample surface, which is
required to accurately measure the transient reflectance with the
employed PPM technique. Confocal microscopy measurements (Leica,
Ergoplan) were performed to determine the root mean square surface
roughness Sg, yielding Sq = 16 nm and Sq = 2 nm for Cu and steel,
respectively.

2.2. Double-pulse processing

For double-pulse ablation, an ultrafast laser source (Lumentum Op-
erations LLC, PicoBlade 2) was used, emitting linearly polarized TEMgg
pulses at a wavelength of 1064 nm with a pulse duration of 10 ps and a
repetition rate of 200 kHz, corresponding to a fixed temporal spacing of
5 ps between emission events. The beam quality was specified as M2 =
1.2. In double-pulse mode each emission event consisted of two ener-
getically equal pulses separated by a variable inter-pulse delay &,
adjustable in integer multiples of 12.2 ns. Equal energy for both pulses
was ensured using a calibrated monitoring photodiode. To isolate the
effect of the second pulse, a single-pulse ablation process was performed
in which each emission event consisted of a single pulse with the same
energy as one pulse from the double-pulse configuration.

Laser machining was performed in ambient air using a galvanometer
scanner (Scanlab GmbH, ExcelliScan) equipped with a 160 mm focal
length f-theta lens. Prior to entering the scanning optics, the beam
diameter was adjusted using a telescope to achieve a beam waist radius
ofwyp = (16 £+ 1) um, measured in the focal plane with a rotating slit
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beam profiler (Thorlabs Inc.). Squares of 1 mm x 1 mm were machined
on the sample surface. The scanning speed was chosen to achieve a
lateral irradiation event spacing of h = 8 um in both directions. Due to
the resulting 75% beam overlap in both directions, each scan pass yields
16 pulses per position in the single-pulse configuration and 32 pulses per
position in the double-pulse configuration. The scan pattern was
repeated N = 48 times in the double-pulse configuration and N = 96
times in the single-pulse configuration, resulting in a total number of
pulses per position of Ni,r = 1536 in both cases. Since each pulse con-
tained the same pulse energy Ep, this ensured that the total energy
delivered to the target was identical in both the double-pulse and single-
pulse configuration.

The ablated features reached depths of several tens of micrometers,
allowing accurate determination of the total ablation depth di: using
white-light interferometric microscopy (gbs, smartWLI prime). The
ablation efficiency 74p), defined as the ablated volume per incident pulse
energy, was calculated by Eq. (1).

dtot .h2

Navt = . Ep @

2.3. Pump-probe microscopy

An ultrafast laser source (Spectra Physics, FemtoREGEN) emitting
linearly polarized TEMy pulses with a wavelength of 1056 nm, a pulse
duration of 500 fs, and a repetition rate of 500 Hz was used throughout
the pump-probe microscopy (PPM) experiments. The pulses were split
into pump and probe pulses with an energy ratio of 9:1 using a half-wave
plate combined with a polarizing beam splitter and all experiments were
conducted in ambient air.

The pump-pulses were guided through another half-wave plate
polarizing beam splitter combination to allow a continuous adjustment
of the pulse energy. Following this, a mechanical shutter selected a
single pump pulse from the pulse train. This configuration ensured the
delivery of a single, temporally isolated pulse to the sample, in contrast
to the double-pulse emission events used in the ablation experiments
described in Section 2.2. Subsequently, a pulse stretcher was used to
increase the pulse duration to 10 ps (FWHM) to match the pulse duration
employed in the corresponding double-pulse experiments. Finally, the p-
polarized pump pulse was focused onto the sample surface under an
incidence angle of 35° by means of a plano-convex lens with a focal
length of 100 mm, resulting in an elliptical beam profile on the target
surface. The resulting minor-axis beam waist radius of wy = (15 + 0.5)
pm and beam quality of M2 = 1.2 were measured by a focal beam pro-
filer (PRIMES GmbH, MicroSpotMonitor) and matched the parameters
for the double pulse processing described in Section 2.2.

A second harmonic generation unit converted the wavelength of the
probe-pulse to 528 nm. Following this, the probe pulse was temporally
delayed with respect to the pump-pulse by means of an optical delay
line. The resulting delay time At could be adjusted between —50 ps and
+4 ns. Here At is used to denote the pump-probe delay time, dis-
tinguishing it from the inter-pulse delay &; used in the double-pulse
experiments. For longer delay times, a second electronically delayed
ps-laser (InnoLas GmbH, PicoloAOT) with a wavelength of 532 nm and a
pulse duration of 500 ps was utilized, enabling delay times up to At =1
s. The probe-pulse was then guided onto the sample surface through a
quarter-wave plate and a microscope objective (50x, NA = 0.42),
resulting in circularly polarized pulses that imaged the transient
reflectance change at a selected delay time At onto a camera (PCO AG,
pco.pixelfly usb). A tube lens situated in front of the camera imaged the
sample surface onto the camera. Additionally, a band-pass filter
centered at 520 nm with a bandwidth of 20 nm was installed in front of
the camera in order to suppress undesired scattered light from the pump-
pulse.

As the transient reflectance change was probed at peak fluences
greater than the ablation threshold fluence, the exposed material was
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irreversibly damaged. Thus, for each desired delay time At, the sample
was displaced by 100 um to guarantee a pristine surface without pre-
viously induced laser damage. For each delay time At, two images were
recorded. The first image (with corresponding reflectance Rg) was
recorded 1 s before pump-pulse impact and the second image (with
corresponding reflectance R(At)) at the desired delay time At. The
transient relative reflectance change was then calculated by Eq. (2).

AR _R(At) Ry @
Ro Ro

Finally, the spatially resolved relative reflectance change was
azimuthally averaged. A more detailed description of the PPM setup,
including a schematic depiction and details of the image post-processing
procedure, can be found elsewhere [32].

3. Results

As a starting point, Section 3.1 investigates the dependence of
double-pulse ablation depth and ablation efficiency on the incident peak
fluence and inter-pulse delay. Following this, the ablation efficiency is
compared to single-pulse ablation dynamics recorded by PPM in Section
3.2.

3.1. Peak fluence dependent final state ablation characteristics

Double pulses consisting of two energetically equal pulses with
variable inter-pulse delays ranging from 12.2 ns to 231.8 ns were
employed to machine square patterns of 1 mm x 1 mm using the scan-
ning parameters described in Section 2.2. All ablation depths and sur-
face morphologies discussed in the following were evaluated in the
central region of the scanned squares and are representative of the
surface morphology within the processed area.

Under the assumption of an exponential decay of the laser fluence
with depth, which is well justified for ultrashort-pulse laser-metal
interaction [33], and the existence of an ablation threshold fluence @,
that must be exceeded to initiate material removal, the dependence of
the ablation depth per pulse d,p on the incident peak fluence per pulse
@, can be described by the following semi-empirical equation [9,12].

D
Aoyt = dege-In (CD 0 > 3

thr

Here, @y, denotes the ablation threshold fluence, i.e. the incident flu-
ence at which measurable material removal sets in. The parameter degf
represents an effective energy penetration depth that incorporates op-
tical absorption as well as ultrafast energy transport processes such as
thermal diffusion during the pulse [34] and ballistic electron transport
[35]. The ablation depth per pulse was obtained by dividing the total
ablation depth di by the total number of incident pulses per position
Nyt Since the ablation threshold fluences reported here are obtained
from depth measurements under repeated irradiation during the scan-
ning experiments described in Section 2.2, they are henceforth referred
to as the scanning ablation threshold fluence. This distinction is intro-
duced to avoid confusion with the single-pulse ablation threshold flu-
ence, which was independently determined using the PPM setup
described in Section 2.3.

3.1.1. Copper

For Cu, Fig. 1a depicts the ablation depth as a function of the incident
peak fluence for inter-pulse delays of 12.2 ns, 122.0 ns, and 231.8 ns. In
the peak fluence range from approximately 0.7 J/cm? to 2.0 J/cm?, the
ablation depth follows the logarithmic behavior predicted by Eq. (3),
corresponding to the spallation regime [36]. At higher peak fluences,
deviations from this behavior become apparent as the ablation depth
increases more rapidly, indicating the emergence of a second slope
within the phase explosion regime [36]. The scanning ablation threshold
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Fig. 1. Final-state ablation characteristics of Cu processed using the double-pulse and single-pulse configurations. In both cases, the laser emitted pulses with a
duration of 10 ps (FWHM) and a central wavelength of 1064 nm. In the double-pulse configuration, each emission event consisted of two energetically equal pulses
separated by an inter-pulse delay §,, whereas in the single-pulse configuration each emission event consisted of a single pulse. The emission events were spaced by 5
us, and the total number of incident pulses per position was 1536 in both configurations. Inter-pulse delays of 12.2 ns (left column), 122.0 ns (middle column), and
231.8 ns (right column) are shown. a) Ablation depth per pulse d,p,) as a function of incident peak fluence per pulse ®,. The scanning ablation threshold fluences ®,,
were determined by fitting Eq. (3) to the data in the spallation regime for peak fluences ®, < 2 J/cm?. For the double-pulse configuration the obtained fits are shown
by solid red lines, whereas for the single-pulse case the fits are shown by dashed black lines. b) Ablation efficiency 7,p; as a function of ®,. ¢) SEM images of the
surface morphology after laser structuring at a fixed peak fluence of ®y, = 3.0e®y,,, corresponding approximately to the peak fluence at which the maximum ablation
efficiency is reached in the single-pulse configuration. Images are shown for three different inter-pulse delays in the double-pulse configuration (12.2 ns, 122.0 ns,
and 231.8 ns), as well as for the single-pulse configuration. The scale bar in the left image applies to all images. The ablation depths and surface morphologies were
evaluated in the central region of the 1 mm x 1 mm scanned squares and are representative of the surface morphology within the processed area.

fluence and effective penetration depth were determined by fitting Eq.
(3) within the spallation regime, i.e., for peak fluences up to 2.0 J/cm?.
The resulting values are summarized in Table 1.

A slight increase in the scanning ablation threshold fluence is
observed with increasing inter-pulse delay, rising from 0.62 J/cm? at &,
=12.2nsto 0.72 J/cm? at 8, = 231.8 ns. The latter value approximately
matches the single-pulse configuration scanning ablation threshold
fluence of 0.73 J/cm? (see Table 1). In addition, the effective penetra-
tion depth within the spallation regime increases with inter-pulse delay,
from degf = 5 nm at 8; = 12.2 ns to degr = 17 nm at 5, = 231.8 ns, with the
latter being in good agreement with the single-pulse configuration value
of 16 nm (see Table 1).

The ablation efficiency 7,p), calculated from the ablation depth using
Eq. (1), is plotted as a function of the incident peak fluence for different
inter-pulse delays in Fig. 1b. For the shortest inter-pulse delay of 12.2 ns,
the ablation efficiency increases with peak fluence and then plateaus,
showing no distinct local maximum. In contrast, for longer inter-pulse
delays of 122.0 ns and 231.8 ns, a clear maximum emerges at peak

fluences approximately three to four times the scanning ablation
threshold fluence. For these delays, the fluence-dependent trend consists
of an initial increase, a peak, and a subsequent decrease in efficiency,
closely resembling the behavior observed for the single-pulse configu-
ration. The corresponding maximum ablation efficiency values for each
inter-pulse delay are summarized in Table 1. Notably, the maximum
ablation efficiency exhibits a strong dependence on the inter-pulse
delay: it increases from 0.93 ym3/pJ at §; = 12.2 ns to 2.52 ym®3/uJ at
&, = 231.8 ns, representing a relative increase of approximately 60 %. At
the longest delay, the ablation efficiency exceeds the value of 2.32 um3/
wJ measured for the single-pulse configuration by approximately 9%.
The corresponding SEM images of the laser-processed surfaces at a
fixed peak fluence of ®y = 3.0e®y,, are shown in Fig. 1c. This peak
fluence was chosen as the maximum ablation efficiency is reached here
(see Fig. 1b). All surfaces exhibit microstructures with irregular features
and no clear periodicities. While the overall morphology is qualitatively
similar across configurations, the surface roughness appears to increase
with inter-pulse delay. This qualitative observation is supported by
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Table 1

Comparison of final-state observables for Cu and steel. The effective penetration
depth def, scanning ablation threshold fluence ®y,,, and maximum ablation ef-
ficiency 7,y are listed for different inter-pulse delays in the double-pulse
configuration, as well as for the single-pulse configuration.

Cu Stainless steel AISI304
8¢ defr Dty Maximum deff Dy Maximum
[nm]  [J/ fabt [um®/pJ] [nm] [/ Mabt [um®/]
cmz] sz]
Single- (16 (0.73 (2.32 + 4+ (0.18 (2.03 +
pulse +1) + 0.04) 1 + 0.06)
0.02) 0.01)
12.2 ns 5+ (0.62 (0.93 + B+ (0.21 (1.80 +
9] + 0.05) 1 + 0.07)
0.03) 0.01)
122 ns as (0.65 (1.90 + 4+ (0.19 (2.24 £
+1) + 0.04) 1 + 0.08)
0.02) 0.01)
231.8 a7 (0.72 (2.52 + 4+ (0.19 (2.27 +
ns +1) + 0.03) 1 + 0.08)
0.03) 0.01)

quantitative surface roughness analysis using white-light interfero-
metric microscopy, revealing an increase in the root-mean-square
roughness Sq from 0.26 um at §; = 12.2 ns to 0.42 um at 231.8 ns. The
highest roughness of 0.455 pm is observed for the single-pulse
configuration.

3.1.2. Steel

The ablation depths and efficiencies for steel are shown in Fig. 2. As
shown in Fig. 2a, the ablation depths for steel are approximately a factor
of four lower than those observed for Cu across the investigated peak
fluence range. As in the case of Cu, two distinct ablation regimes are
observed: the low-fluence spallation regime, followed by a transition to
the phase explosion regime at a peak fluence of approximately 0.6 J/
cm?, which is lower than the corresponding transition fluence of
approximately 2 J/cm? observed for Cu. For steel, this transition is
considerably less pronounced than for Cu, as the change in slope be-
tween the two regimes is more gradual. The ablation scanning threshold
fluence and effective penetration depth were determined by fitting Eq.
(3) only to the data below a peak fluence of 0.6 J/cm?, yielding an
approximately constant scanning threshold fluence of 0.2 J/cm? that is
independent of the inter-pulse delay (see Table 1). The effective energy
penetration depth increases slightly with inter-pulse delay, from 3 nm at
8;=12.2nsto 4 nm at §; = 231.8 ns, where it matches the value obtained
for the single-pulse configuration (see Table 1).

When considering the ablation efficiency for steel (Fig. 2b), the
overall trend appears largely independent of the inter-pulse delay. In all
cases, the ablation efficiency 7,y increases with fluence, reaches a
maximum at approximately ®y = 3e®y,,, and then decreases at higher
fluences. For an inter-pulse delay of §; = 12.2 ns, the maximum ablation
efficiency is approximately 1.8 um®/uJ. This is about 20% lower than the
corresponding maximum of 2.27 um®/uJ observed for a longer inter-
pulse delay of 231.8 ns (see Table 1). These values exceed the
maximum efficiency of 2.03 pm>/uJ obtained in the single-pulse
configuration by approximately 12%. Notably, the maximum single-
pulse configuration efficiency for steel is approximately 13% lower
than that for Cu, which reaches a value of 2.32 ym®/uJ under identical
conditions.

The corresponding SEM images of the laser-processed steel surfaces
at a fixed peak fluence of ®y = 3.0e®dy,, are shown in Fig. 2c. As for Cu,
this peak fluence was selected because here the maximum ablation ef-
ficiency is observed (see Fig. 2b). All surfaces exhibit regular, periodic
features that are consistent with the formation of laser-induced periodic
surface structures (LIPSS) [30]. However, at the shortest inter-pulse
delay of 12.2 ns, these periodic structures are partially obscured by
large, irregular surface features such as deep pits and elevated bumps,
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suggesting a rougher morphology. This qualitative observation is sup-
ported by white-light interferometric surface roughness measurements,
which reveal a root-mean-square roughness Sg of 0.32 um at 5, = 12.2 ns,
decreasing to 0.25 pym at 231.8 ns. The lowest roughness of 0.23 um is
observed for the single-pulse configuration.

3.1.3. Comparison between copper and steel

Comparing the maximum ablation efficiencies for Cu (Fig. 1b) and
steel (Fig. 2b), clear differences emerge in the sensitivity to the inter-
pulse delay (see Table 1). For Cu, the ablation efficiency decreases by
approximately 60% when the delay is reduced from 231.8 ns to 12.2 ns,
whereas for steel the corresponding reduction is only about 20%. In
addition, for steel the ablation efficiency level for the single-pulse
configuration is reached at §; = 122.0 ns, while for Cu the ablation ef-
ficiency remains below the single-pulse configuration efficiency at this
delay. In contrast, the surface morphology exhibits inverse trends: for
Cu, the surface roughness increases with inter-pulse delay (Fig. 1c),
whereas for steel it decreases (Fig. 2c), with the roughest surface
observed at & = 12.2 ns, and the smoothest in the single-pulse
configuration.

3.2. Comparing double-pulse ablation dynamics with single-pulse
transient reflectance change

To better understand the inter-pulse-delay dependence of ablation
efficiency observed in the double-pulse experiments, single-pulse PPM
measurements were performed to probe the ablation plume state at the
time of second-pulse arrival under comparable irradiation conditions.
While special care was taken to keep the pulse duration and beam waist
radius constant between the double-pulse (see Section 2.2) and single-
pulse PPM experiments (see Section 2.3), differences in the experi-
mental setups remain. First, the incidence angle of the laser pulses was
0° in the double-pulse experiments and 35° in the PPM experiments.
Second, the double-pulse experiments were conducted with a total of
1536 pulses per position, while the PPM experiments were performed in
single-pulse mode. These differences in incidence angle and surface
condition affect the absorption of the laser pulse [37], particularly due
to incubation effects in the double-pulse configuration, where each pulse
interacts with a surface modified by preceding pulses [38]. To account
for these differences and allow for a meaningful comparison between the
double-pulse and PPM experiments, the following analysis is performed
at the same multiples of the respective ablation threshold fluence [19].

For the double-pulse configuration, the scanning ablation threshold
fluence determined at an inter-pulse delay of 6, = 231.8 ns was used for
normalization, as both the scanning ablation threshold fluence and the
ablation efficiency reach a stable plateau at this delay (see Table 1 and
Supplementary Information Sections S1 for Cu and S2 for steel). For the
PPM measurements, the single-pulse ablation threshold fluences were
determined as (2.0 &+ 0.1) J/cm? for Cu and (0.18 + 0.01) J/cm? for
steel using the D*method [39] (see Supplementary Information, Section
S3).

Two multiples of the ablation threshold fluence were selected for
comparison between the two experiments. A peak fluence of 1.5e®,,
was chosen as it lies well within the spallation regime where Eq. (3)
applies. In addition, a peak fluence of 3.0e®dy,, was chosen, as the
maximum ablation efficiency is approximately reached at this value
regardless of the inter-pulse delay and material (see Fig. 1b for Cu and
Fig. 2b for steel).

3.2.1. Copper

The ablation efficiency for Cu shows a pronounced dependence on
the inter-pulse delay, as illustrated in Fig. 3a. For both investigated peak
fluences, 7,y increases with increasing inter-pulse delay ;. At @y =
1.5e®y,,, the efficiency rises steeply up to & = 122.0 ns, where it
approximately equals the single-pulse configuration value of 1.7 um®/pJ
(solid black line). Beyond this point, the increase flattens, reaching a
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Fig. 2. Final-state ablation characteristics of steel processed using the double-pulse and single-pulse configurations. In both cases, the laser emitted pulses with a
duration of 10 ps (FWHM) and a central wavelength of 1064 nm. In the double-pulse configuration, each emission event consisted of two energetically equal pulses
separated by an inter-pulse delay §,, whereas in the single-pulse configuration each emission event consisted of a single pulse. The emission events were spaced by 5
us, and the total number of incident pulses per position was 1536 in both configurations. Inter-pulse delays of 12.2 ns (left column), 122.0 ns (middle column), and
231.8 ns (right column) are shown. a) Ablation depth per pulse d,p, as a function of incident peak fluence per pulse ®y. The scanning ablation threshold fluences ®,,
were determined by fitting Eq. (3) to the data in the spallation regime for peak fluences ®, < 0.6 J/cm? For the double-pulse configuration the obtained fits are
shown by solid red lines, whereas for the single-pulse configuration the fits are shown by dashed black lines. b) Ablation efficiency #,p; as a function of ®y. ¢) SEM
images of the surface morphology after laser structuring at a fixed peak fluence of ®y, = 3.0e®y,,, corresponding approximately to the peak fluence at which the
maximum ablation efficiency is reached in the single-pulse configuration. Images are shown for three different inter-pulse delays in the double-pulse configuration
(12.2 ns, 122.0 ns, and 231.8 ns), as well as for the single-pulse configuration. The scale bar in the left image applies to all images. The ablation depths and surface
morphologies were evaluated in the central region of the 1 mm x 1 mm scanned squares and are representative of the surface morphology within the processed area.

value of 1.9 ym?3/pJ at §; = 231.8 ns, which is about 12% higher than the
single-pulse configuration value. For ®y = 3.0 @y, #ap) increases
continuously throughout the entire inter-pulse delay range, reaching a
value of approximately 2.5 yum3/uJ at 8, = 231.8 ns. This corresponds to
an increase of roughly 14% compared to the single-pulse configuration
value of 2.2 ym3/pJ, shown by the dashed black line in Fig. 3a.
Contour plots depicting PPM measurements of the transient reflec-
tance change AR/R are shown in Fig. 3b for incident peak fluences of
1.5e®y,, and 3.0edy,,. For both peak fluences, AR/R( drops rapidly
following pump-pulse impact at At = 0 ns. In the first few picoseconds,
this drop is dominated by the density decrease at the material’s surface,
which progresses more rapidly at higher fluence [21]. Starting from
approximately 0.1 ns, the relative reflectance saturates at a value close
to AR/Rp ~ —1, indicating that nearly all of the incoming probe pulse is
absorbed or scattered. This vanishing reflectance originates from the
formation of a dense ablation plume within the phase explosion regime
[19,40,41], consisting of individual atoms and atom clusters as well as
liquid droplets [6]. The lateral extent of the region with AR/Ry ~ —1

spans approximately 6 um for ®y = 1.5e®y, and 12 pm for @&y =
3.0e®dy,;, covering nearly the full diameter of the ablation crater.
Additionally, for ®; = 3.0e®y, an outward-propagating stripe of
increased reflectance is observed between 0.1 ns and 4 ns, which in-
dicates the emission of a shockwave into the surrounding air and
highlights the enhanced expansion of the ablation plume compared to a
peak fluence of 1.5e®y,,. Following this, the reflectance gradually re-
covers, starting from At = 12 ns and At = 5 ns for ®y = 1.5e®y,, and
3.0edy,;, respectively. Aside from minor reflectance fluctuations in the
central region, the spatial reflectance profile begins to resemble the final
state (marked as “inf” in Fig. 3b), suggesting that the ablation plume
becomes fully transparent between delay times of 50 ns and 100 ns.
Overall, the transient reflectance response differs only slightly between
the two applied peak fluences, indicating a typical photothermal abla-
tion mechanism in both cases.

The final-state reflectance (At = inf in Fig. 3b) remains significantly
reduced even after full plume dissipation. This persistent reflectance
decrease, approximately down to —0.3, can be attributed to the surface
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Fig. 3. Comparison of double-pulse and single-pulse experiments on Cu using laser pulses with a duration of 10 ps. a) Ablation efficiency 7, as a function of inter-
pulse delay &, for incident peak fluences of ®y = 1.5 ®tnr (open red squares) and ®¢ = 3.0 ®unr (filled red circles). Solid and dashed black lines indicate the ablation
efficiency measured in the single-pulse configuration for 1.5e®tnr and 3.0e®tnr, respectively. The gray shaded areas denotes the corresponding standard deviation. b)
Transient relative reflectance change AR/R, following a single pump pulse, measured as a function of delay time At and radial position r for @, = 1.5e®tnr (top half)
and @g = 3.0e®tn, (bottom half). The white curve denotes the spatial Gaussian fluence distribution. The final state reflectance (marked with “inf” in a separate panel)
was measured 1 s after pump pulse arrival. ¢) SEM images of single-pulse ablation craters generated at ®, = 1.5e®tn (top) and ®¢ = 3.0e®tnr (bottom). The scale bar

applies to both images.

morphology generated by the ablation process. As seen in the corre-
sponding SEM images of single-pulse craters in Fig. 3c, rough crater
structures with irregular edges and lateral dimensions in the micrometer
range are observed for both peak fluences. The increased surface
roughness enhances scattering and absorption of the probe light [37],
which explains the lowered reflectance compared to the pristine surface.

3.2.2. Steel

The dependence of the ablation efficiency 7,y on the inter-pulse
delay for steel is shown in Fig. 4a. For a peak fluence of 1.5e®y,, the
ablation efficiency increases from 0.83 pm3/uJ at 8, = 12.2 ns to 1.1
um®/pJ at 8 = 24.4 ns. Following this an approximately constant
ablation efficiency is observed up until the longest investigated inter-
pulse delay of 231.8 ns. At this point, the ablation efficiency of 1.3
um®/pJ approximately equals the single-pulse configuration value of
1.35 um3/uJ (see black solid line in Fig. 4a). At a peak fluence of 3.00®y,
the general ablation efficiency trend is comparable to that observed for
1.5ed,.. However, a constant level of approximately 2.2 um®/uJ is
reached only at an inter-pulse delay of 36.6 ns, with decreased ablation
efficiency for smaller inter-pulse delays. Furthermore, starting from an
inter-pulse delay of 36.6 ns, double-pulse processing results in an
increased ablation efficiency (2.2 um®/pJ) compared to the single-pulse
configuration ablation efficiency of 2.0 um®/uJ (see black dashed line in
Fig. 4c).

The transient relative reflectance change AR/R( depicted in Fig. 4b
reveals two distinct ablation regimes depending on the incident peak
fluence. At 1.5e®y,, a reflectance drop to approximately AR/Ry =
—0.85 is observed at At = 0.15 ns. As in the case of Cu, this decrease is
attributed to a rapid density decrease at the material surface [21]. Be-
tween At = 0.15 ns and At = 1.2 ns, the reflectance exhibits oscillations.
These Newton rings arise from interference between a propagating
spallation layer and the stationary material beneath it and serve as

experimental evidence for material ejection via photomechanical
spallation [21,41,42]. A recovery of the reflectance begins around At =
2 ns, and the final state is reached at approximately At = 100 ns. At
3.0e®dy,;, the initial drop in reflectance is both faster and more pro-
nounced, reaching AR/Rg ~ —1 already at At = 0.05 ns. This indicates
the formation of a dense, highly absorbing and scattering ablation
plume, characteristic of photothermal material ejection within the phase
explosion regime [19,40,41]. In this case, material is expelled more
rapidly, and the reflectance starts to recover as early as At = 0.2 ns, with
the final reflectance state reached by At ~ 50 ns.

The final-state ablation craters for single-pulse processing (Fig. 4c)
exhibit sharp edges with smooth surfaces for both peak fluences. In
contrast to Cu, the generated craters closely resemble the pristine sur-
face in terms of roughness. As a result, the final-state reflectance (At =
inf in Fig. 4b) remains nearly unchanged, with values that are within a
few percent of the initial reflectance prior to laser irradiation.

4. Discussion

4.1. Normalized second-pulse efficiency and plume transmittance as
diagnostic quantities

To assess how interaction between the second pulse and the ablation
plume affects ablation efficiency, we introduce a diagnostic quantity
that isolates the contribution of the second pulse in the double-pulse
configuration. The contribution of the second pulse to the ablation ef-
ficiency is estimated by subtracting the first-pulse contribution from the
total measured efficiency in the double-pulse configuration. To do so,
the ablation efficiency of the first pulse in the double-pulse configura-
tion must be estimated separately. This estimate is obtained from the
single-pulse configuration, in which single pulses are spaced by an inter-
pulse delay of 5 us. Pump-probe microscopy confirms that the ablation
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Fig. 4. Comparison of double-pulse and single-pulse experiments on steel using laser pulses with a duration of 10 ps. a) Ablation efficiency 7,p; as a function of inter-
pulse delay &, for incident peak fluences of ®y = 1.5 ®tnr (open blue squares) and @y = 3.0 ®tnr (filled blue circles). Solid and dashed black lines indicate the ablation
efficiency measured in the single-pulse configuration for 1.5e®tnr and 3.0e®:nr, respectively. The gray shaded areas denotes the corresponding standard deviation. b)
Transient relative reflectance change AR/R, following a single pump pulse, measured as a function of delay time At and radial position r for ®, = 1.5e®tnr (top half)
and @g = 3.0e®tn, (bottom half). The white curve denotes the spatial Gaussian fluence distribution. The final state reflectance (marked with “inf” in a separate panel)
was measured 1 s after pump pulse arrival. ¢) SEM images of single-pulse ablation craters generated at ®, = 1.5e®tn (top) and ®¢ = 3.0e®tnr (bottom). The scale bar

applies to both images.

plume has dissipated before the arrival of the next pulse at this delay
(see Fig. 3 for Cu and Fig. 4 for steel), ensuring that interaction with the
ablation plume is avoided. Since both the single-pulse and double-pulse
configuration deliver the same total number of pulses per position, we
approximate the first-pulse contribution in the double-pulse configura-
tion as half the ablation efficiency #nsp measured in the single-pulse
configuration. Subtracting this value from the total double-pulse effi-
ciency npp yields the ablation efficiency of the second pulse. To evaluate
how strongly this second pulse efficiency is affected by interaction with
the ablation plume, its efficiency is normalized by half the single-pulse
configuration value. This yields the normalized second-pulse ablation
efficiency #norm, defined by Equation43.

_ Npp — %I’/SP

= 4
’77[077" % ”SP ( )

This dimensionless quantity expresses how effectively the second
pulse ablates material compared to a non-interacting pulse. Based on its
value, four interaction regimes are distinguished:

e /norm < 0: Redeposition regime — the total ablated volume is reduced
compared to the first pulse alone, implying that the second pulse
adds material to the surface rather than removing it.

® 0 < #norm < 1: Shielding regime — the second pulse removes less
material than a pulse that does not interact with the ablation plume.

® /norm =~ 1: Recovery regime — the second pulse ablates with the same
efficiency as a non-interacting pulse.

® /norm > 1: Enhancement regime — the second pulse removes more
material than a non-interacting pulse.

To interpret the nnorm trends, it is essential to understand how
strongly the ablation plume attenuates the second pulse. Absorption and
scattering within the plume reduce the energy that reaches the target

surface, thereby decreasing the ablation efficiency. To quantify this
shielding effect, we introduce the optical plume transmittance Tp, which
is derived from the PPM measurements and describes the fraction of
pulse energy transmitted through the evolving plume, accounting for
attenuation due to both absorption and scattering within the plume.

As the probe pulse traverses the ablation plume, reflects off the
sample surface, and exits the plume again, the total measured reflec-
tance R(At) is given by Eq. (5).

R(At) = Tp(At)-Rs(At)-Tp(At) (5)

Here Rg(At) denotes the reflectance of the sample surface located
beneath the ablation plume.

To extract the plume transmittance Tp(At) from Equation 5, the
surface reflectance beneath the plume Rg(At) must be known. This
reflectance may vary temporally due to three effects: (1) temperature-
dependent optical properties [43], (2) transient melting [44], and (3)
transient morphological changes of the surface [37].

Literature data on ultrafast laser excitation of Ni, which has a ther-
mal conductivity of 90.7 W/(meK) [45], report solidification within 5 ns
after pulse impact at peak fluences up to 3e®y, [46]. Given the signif-
icantly higher thermal conductivity of 401 W/(meK) [45] for Cu, it is
expected to solidify even more rapidly, likely well before the shortest
investigated inter-pulse delay of 12.2 ns. Consequently, reflectance
changes due to an elevated surface temperature or the presence of a
transient liquid phase are excluded for Cu. However, Cu develops pro-
nounced surface roughness following ablation (see Fig. 3c), resulting in
a reduced reflectance (see Fig. 3b). As solidification is expected to occur
well before the shortest investigated inter-pulse delay of 12.2 ns, it is
assumed that these surface features are already fully formed at this delay
time and do not evolve further.

For steel, the low thermal conductivity of 14 W/(meK) [47] suggests
that transient melting may persist longer than in Cu. However, for FeNi
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alloys, reflectance is largely unaffected by temperature and the solid-
-liquid phase transition at the probe wavelength of 520 nm [43], and
SEM images (Fig. 4c) confirm a flat ablation morphology with no sig-
nificant surface roughness. As a result, both melting and morphological
effects can be considered negligible for the evolution of Rg(At) in steel.

Based on this analysis, the surface reflectance beneath the plume is
approximated using the reflectance measured at the longest inter-pulse
delay in the PPM experiments: Rg(At) ~ R(250 ns). At this delay, the
ablation plume has dissipated (see Fig. 3b for Cu and Fig. 4b for steel),
and the surface is assumed to be fully solidified and stable. The transient
plume transmittance is thus calculated by Eq. (6).

To(Al) (R( R(a) ®

2
At = 250ns))

The reflectance R is related to the measured relative reflectance
change AR/Rg by R = (AR/Ry + 1)-Rg (see Eq. (2)), where Ry is the
reflectance of the pristine surface. Substituting this into Eq. (6) yields

1
2
+1>

such that the dependence on the absolute value of Ry cancels. The plume
transmittance is therefore determined exclusively from the experimen-
tally measured relative reflectance changes, without requiring any
assumption about the absolute surface reflectance. Since the ablation
plume extends across the full ablation area, spatial averaging was per-
formed from r = 0 pm to r = ryp) for each delay time At. Here ryy, is the
ablation radius determined as described in Section S3 of the Supple-
mentary Information.

An additional issue arises when directly comparing the ablation
plume transmission obtained from the PPM experiments and the double-
pulse ablation efficiency. The transient reflectance and hence, the
ablation plume transmittance was measured at a wavelength of 528 nm,
while the double-pulse experiments were carried out at 1064 nm.

To resolve this issue, the following steps were taken. It is reasonable
to assume that the ablation plume consists of a plasma with an

AR/Ro(At) + 1

To(A) = (AR/RO(At = 250ns) @
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approximate temperature of 10 kK [48] and density smaller than the
critical density of about 110! cm™ at 1064 nm and 4e10%! cm™® at 528
nm [49]. By approximating the plasmas optical properties by a simple
Drude model, it can be shown (see detailed derivation in Supplementary
Information, Section S4) that the ablation plume transmittance at 1064
nm can be approximated from the measured plume transmittance at 528
nm by:

®

Eq. (8) allows comparing the transient ablation plume transmittance
at 1064 nm with the normalized second-pulse efficiency #porm at 1064
nm.

T»(1064nm) ~ Tp(528nm)*

4.2. Correlation of plume transmittance and normalized second-pulse
efficiency

This section investigates how the normalized second-pulse efficiency
fnorm correlates with the plume transmittance Tp. The goal is to assess
whether the transient optical properties of the ablation plume, quanti-
fied by Tp, can explain the delay-dependent trends observed in the
ablation efficiency of the second pulse. Fig. 5 presents both quantities for
Cu and steel at peak fluences of 1.5e®y,, and 3.0edy,,, providing the
basis for the following analysis.

For Cu at 1.5e®y,, (Fig. 5, top left), #norm closely follows the evolu-
tion of Tp, rising within the same temporal window up to approximately
100 ns. This trend indicates that shielding by the ablation plume is the
primary mechanism limiting second-pulse efficiency at inter-pulse de-
lays below 100 ns. Beyond 100 ns, #norm reaches unity, consistent with
the near-complete recovery of plume transmittance, allowing the second
pulse to reach the Cu surface without significant plume absorption los-
ses. At longer delays, #norm €xceeds 1, implying that the second pulse
becomes more effective than a single pulse once the plume has cleared.
At the shortest inter-pulse delay (12.2 ns), #norm briefly drops below
zero, indicating minor redeposition. While this effect remains small at
1.5y, at a peak fluence of 3.0y, (Fig. 5, top right), redeposition
becomes strongly pronounced for inter-pulse delays below 50 ns,
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Fig. 5. Normalized second-pulse efficiency #norm and plume transmittance Tp at a pulse duration of 10 ps for Cu (top row) and steel (bottom row), shown as a
function of inter-pulse delay 5, and probe-pulse delay time At, respectively. Results are shown for 1.5e®y,, (left column) and 3.0e®y,, (right column). Red squares and
blue circles denote 77,0:m(8,) for Cu and steel, respectively. Grey triangles show the plume transmittance Tp(At) at 1064 nm, approximated from transient reflectance
data using Eq. (8). Two critical values of #norm = 0 and #norm = 1 are highlighted by solid and dashed horizontal lines, respectively.
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coinciding with the region of lowest plume transmittance. At this high
fluence, the ablation plume contains a significantly higher vapor frac-
tion compared to the lower-fluence regime. The second pulse is absorbed
within the vapor above the surface, leading to recoil-pressure-driven
redeposition of ablated material [11,20,22-24], which explains the
observed negative #porm values. Interestingly, while Tp recovers rapidly
beyond 50 ns, #norm only reaches unity around 150 ns, suggesting that
the redeposition effect may partially persist even after the plume be-
comes optically transparent. In this regime, the second pulse reaches the
target and causes ablation, but part of the ablated material may be
pushed back toward the surface and redeposited, even if the net
removed volume remains positive. Nevertheless, the strongest suppres-
sion of second-pulse efficiency once again correlates with the lowest
plume transmittance, and enhanced efficiency (jporm > 1) is again
observed once the plume becomes fully transparent.

For steel at 1.5e®y,, and 3.0y, (Fig. 5, bottom row), #norm and Tp
show a strong correlation across the entire delay range. No negative
norm Values are observed, indicating that redeposition does not occur in
the investigated range. Shielding by the ablation plume is the sole
mechanism limiting second-pulse efficiency, and its effects are confined
to the shortest delay of 12.2 ns. Notably, the suppression is more pro-
nounced at the lower fluence of 1.5e®y,,, with #npomm dropping to
approximately 0.25 at an inter-pulse delay of 12.2 ns, compared to about
0.5 at the same delay for 3.0e®,. Beyond this point, the plume rapidly
clears. This is particularly evident at 3.0e®y,,, where the recovery of
plume transmittance to unity coincides with the recovery of #porm to 1.
These observations confirm that shielding is the dominant mechanism
affecting inter-pulse delay dependent efficiency in steel, establishing Tp
as a diagnostic for plume-shielding-induced reductions of ablation effi-
ciency in steel.

Comparing Cu and steel, several material-specific characteristics
help explain the observed differences in plume transmittance and
normalized second-pulse efficiency. First, the ablation depth per pulse is
significantly higher for Cu. As shown in Table 1, Cu exhibits an
approximately fourfold increase in ablation depth compared to steel at
the same multiple of the ablation threshold fluence. This implies that the
plume generated by the first pulse in Cu contains substantially more
ablated material, resulting in a denser and more optically opaque plume.
This interpretation is consistent with the overall lower plume trans-
mittance and longer recovery times observed for Cu relative to steel. In
contrast, the lower ablation depth and decreased plume density for steel
likely contribute to faster plume vanishing, reduced shielding and
absence of redeposition.

Second, the dominant ablation mechanisms differ between the two
materials. Cu shows consistent signatures of photothermal ablation with
characteristics of phase explosion across both fluence regimes (Fig. 3),
generating a plume composed of atoms, clusters, and droplets, all highly
effective at attenuating the second pulse [19]. For steel, however, the
ablation mechanism transitions with fluence (Fig. 4): at 1.5e®y,,
photomechanical spallation dominates, producing spallation layers with
lower optical absorption; at 3.0e®y,,, indications of phase explosion
appear, yet the plume remains less absorptive than in Cu. This is re-
flected in the faster recovery of both Tp and #porm for steel in the
high-fluence regime, despite entering a similar ablation regime.

Across both materials, increasing the peak fluence shortens the
duration of plume-induced shielding, as seen in the faster recovery of Tp
at 3.0edy,, compared to 1.5e®y,,.. However, the corresponding recovery
in fnorm is notably slower for Cu at high fluence. This discrepancy in-
dicates a breakdown of the Tp—#jporm correlation in regimes where dense
vapor-mediated shielding dominates the second-pulse interaction. One
contributing factor may be that plume transmittance in the current ex-
periments is inferred from single-pulse PPM measurements, which do
not account for how plume dynamics might evolve when the surface was
already irradiated by multiple pulses. In addition, for Cu at 3.0e®y,,
where the densest plume is inferred from the lowest Tp values, the
assumption of a maximum plasma density of ng = 10%° 1/cm?, used to

10

Surfaces and Interfaces 89 (2026) 109116

convert the transmittance at the probe wavelength of 528 nm used in the
PPM experiments to the wavelength of 1064 nm used in the double-
pulse experiments (see Supplementary Information, Section S4), may
no longer be valid under such conditions. These limitations may
contribute to the pronounced mismatch between Tp and #porm for Cu at a
peak fluence of 3.0e®y,;.

In summary, plume transmittance derived from single-pulse PPM
data provides a robust diagnostic for understanding second-pulse effi-
ciency trends in shielding-dominated regimes. While deviations occur at
high fluence in Cu due to dense vapor plumes and redeposition, the good
agreement in all other cases, including steel across both fluences,
highlights the utility of Tp for probing ultrafast laser-plume interactions
and predicting double-pulse ablation efficiency.

4.3. Enhancement of ablation efficiency at long inter-pulse delays

Efficiency enhancement, indicated by #norm values exceeding unity,
is observed for both Cu and steel once the ablation plume has fully
cleared and plume transmittance has returned to unity. The enhance-
ment amounts to up to 9% for Cu and up to 12% for steel (see Table 1).
Efficiency enhancements of this magnitude are consistent with previ-
ously reported MHz-burst ablation studies on Cu at comparable inter-
pulse delays of 15.5 ns, where an efficiency increase on the order of
10% to 15% relative to single-pulse ablation was observed when oper-
ating with a 3-pulse burst. Based on the present measurements, a po-
tential contribution from surface morphology changes to this efficiency
increase can be ruled out. As shown in Fig. 1 for Cu and Fig. 2 for steel,
the surface morphology after double-pulse irradiation at 6, = 122 ns
closely resembles that of the single-pulse case, as evident from the SEM
images. This suggests that increased surface roughness, which enhances
absorptance [37] and facilitates incubation [50], is not responsible for
the observed efficiency enhancement.

A more plausible explanation is heat accumulation, where residual
heat [10,51] from the first pulse remains within the material and con-
tributes to the energy budget of the second pulse. This effect can
enhance ablation efficiency, as part of the energy required for ablation is
already stored in the system rather than lost via heat dissipation [52,53].
The stronger enhancement observed for steel (12%) compared to Cu
(9%) further supports this interpretation. Due to its lower thermal
conductivity (90.7 W/(meK) for steel versus 401 W/(meK) for Cu), heat
dissipates more slowly in steel, meaning more thermal energy remains in
the irradiated volume by the time the second pulse arrives. As a result,
heat accumulation contributes more strongly to ablation efficiency
enhancement in steel than in Cu.

4.4. Practical implications: optimization of efficiency and surface quality

The results provide clear guidance for selecting optimal inter-pulse
delays in double-pulse processing of Cu and steel. For Cu, inter-pulse
delays shorter than 150 ns should be avoided due to pronounced rede-
position and plume shielding, which significantly reduces second pulse
efficiency. At delays exceeding 150 ns, ablation efficiency fully recovers
and can even slightly exceed the single-pulse reference efficiency by up
to 9% for Cu. Steel, in contrast, exhibits reduced plume shielding
compared to Cu for inter-pulse delays below approximately 30 ns, but no
evidence of redeposition. Once this inter-pulse delay is exceeded,
double-pulse processing can yield a small efficiency increase of up to
12% for steel

Besides ablation efficiency, surface quality must also be considered
in practical optimization. For Cu, a clear trend is observed: surface
roughness increases from 0.2 pm to 0.4 pym as the inter-pulse delay in-
creases. This increase may be explained by material redeposition. At
short delays, redeposited material may partially fill holes or smooth the
rough craters (Fig. 3c) formed by the first pulse, reducing surface
roughness. Once the plume has dissipated and redeposition no longer
occurs (8; > 50 ns), roughness increases to values comparable to the
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reference single-pulse ablation. For steel, no such smoothing effect is
observed. Here surface quality remains largely unaffected by pulse
timing, and double-pulse processing offers no clear benefit in terms of
roughness control.

These results allow specific repetition rate recommendations for
double-pulse processing. For Cu, inter-pulse delays of 150 ns or more
enable efficient double-pulse ablation at repetition rates up to 6.7 MHz,
by avoiding plume shielding. If reduced surface roughness is the primary
goal, shorter delays and higher repetition rates may still be beneficial
despite lower ablation efficiency. For steel, efficient double-pulse pro-
cessing is achieved at inter-pulse delays of 30 ns or more, allowing
repetition rates of up to 33 MHz.

Beyond the specific cases of Cu and steel, the material dependence of
plume shielding observed here can be generalized qualitatively by
considering the effective penetration depth of the deposited laser en-
ergy. This effective penetration depth increases with larger optical
penetration depth, weaker electron-phonon coupling, and higher ther-
mal conductivity, which together distribute the absorbed energy over a
larger volume during the pulse [7]. Materials with a larger effective
penetration depth therefore tend to exhibit higher ablation depths per
pulse and generate denser, more optically opaque plumes, leading to
stronger plume shielding and longer recovery times. Conversely, mate-
rials with more confined energy deposition are expected to produce less
dense plumes and experience reduced shielding effects in double-pulse
processing.

5. Conclusion

MHz-burst processing with ultrashort laser pulses offers a promising
approach to harnessing the high pulse energies provided by modern
laser systems. However, when inter-pulse delays are too short, signifi-
cant reductions in ablation efficiency can occur due to plume shielding
and, in some cases, redeposition of ablated material.

This study investigated these effects by combining double-pulse
ablation experiments on Cu and steel with time-resolved pump-probe
microscopy (PPM) measurements of plume transmittance. Inter-pulse
delays between 12.2 ns and 231.8 ns were explored. The results show
that plume shielding is the dominant mechanism limiting second-pulse
efficiency in both materials, particularly at short delays. At 12.2 ns,
efficiency reductions reach up to 63% in Cu and 21% in steel. In Cu, a
dense vapor plume formed at high fluences also led to redeposition,
causing negative second-pulse efficiencies.

As inter-pulse delay increases, these effects diminish. For Cu, full
recovery of second-pulse efficiency occurs at delays exceeding 150 ns,
corresponding to a maximum feasible repetition rate of approximately
6.7 MHz. For steel, recovery is already observed at inter-pulse delay
exceeding 30 ns, allowing repetition rates up to 33 MHz. Processing at
shorter delays remains possible but involves trade-offs between
throughput, efficiency, and surface quality.

These findings establish temporal pulse shaping as a practical and
tunable tool for optimizing ablation performance. By selecting appro-
priate inter-pulse delays, temporal pulse splitting allows high available
peak fluences to be temporally distributed into the peak-fluence regime
of maximum ablation efficiency, while avoiding plume-induced effi-
ciency losses.
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