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The most common way to create surface functionality in mass production are replication processes 
via structured mold tools. Currently used manufacturing processes for tool structuring like photo-
chemical etching are limited in precision and in flexibility. A new and promising approach is to com-
bine nanosecond (ns) and picosecond (ps) pulsed laser ablation sequentially to a hybrid process- sim-
ilar to mechanical roughing and finishing process. However, one of the main drawbacks is the low 
productivity of the ps process that significantly determines the productivity of the whole combined 
process. To overcome the above-mentioned drawback, we investigate ultrashort pulsed laser pro-
cessing using pulse bursts and varying pulse durations. By reducing the pulse duration from 10 ps to 
900 fs the productivity gets doubled without any negative impact on the surface quality. Using average 
powers of more than 70 W an ablation rate of up to 13 mm³/min is achieved. Not only productivity 
benefits from burst processing, but also the surface quality gets significantly improved. The roughness 
of a ns pre-structured surface improves from Ra = 1.40 µm to Ra = 0.54 µm. 

Keywords: burst mode, pulse duration, combination, productivity, heat accumulation, micro struc-
turing, surface quality

1. Introduction 
In the field of surface structuring nanosecond pulsed la-

ser sources are established for industrial use in a wide range 
of applications. A crucial factor for the success of the tech-
nology is to serve a high throughput. Ultrashort laser pulses 
still have shown their advantages regarding highly precise 
ablation while minimal thermal influencing the material in 
diverse applications. Microstructures enable, for example, 
friction reduction in combustion engines or optimize the ef-
ficiency of LED-based illumination systems [1-4]. In the 
area of consumer products structured surfaces lead to optical 
and haptic functions that determine essentially the product 
quality. However, one of the main drawbacks is the low 
productivity of the ultrashort pulse laser process. 

To overcome the above mentioned drawback a new and 
promising approach is to combine nanosecond (ns) and pi-
cosecond (ps) laser ablation to a sequentially hybrid process 
similar to roughing and finishing during milling [5]. The ns 
process is extremely determined by melt dominated ablation 
that leads to high ablation rates. However, melt protrusions 
and debris accompany the process [6-7]. In contrast, by us-
ing ultrafast laser sources new design features with higher 
resolution can be fabricated. Due to the mainly vaporized 
dominated ablation, highest precision can be achieved [8]. 
By a combination of these two processes their individual ad-
vantages are to be used.  

Main research activities presented are different ap-
proaches for increasing productivity of ultrafast laser pro-
cessing on initial grinded and in preparation of a combined 
process on initial ns-pretreated samples as well. The ap-
proaches consist in particular the influence of burst pro-
cessing and the influence of pulse duration between 10 ps 

and 0.9 ps. Findings are supported by a simulation model of 
the temperature distributions during the laser ablation pro-
cesses. 

In the next section the methodology is described includ-
ing the processed material, the used laser source with its 
burst technology and a simulation model for temperature 
distribution. The results are contained in section 3. At first 
the influence of the pulse duration while using pulse bursts 
is discussed ablating on an initial grinded surface.  After-
wards the results of the ablation on grinded and ns-pretreated 
surfaces with ultrashort pulses are shown varying the num-
ber of pulses per burst and the single pulse fluence. 

2. Method 
In the following, the experimental setup and the method 

of the underlying investigation is described. After introduc-
ing the processed material with the two different initial sur-
face morphologies the specialties of the used laser source are 
outlined. The burst technology is explained as well as the 
simulation model for the temperature distribution that allows 
for explaining the effects seen in the experimental results in 
section 3.2. 

2.1 Processed material and laser source 
The experimental tests are conducted on hot-working 

steel blanks (1.2738). The samples have two different initial 
quality levels. One sample was grinded until a surface 
roughness of Ra = 0.35 ± 0.02 µm is reached. Another sam-
ple was treated with ns laser pulses resulting in a surface 
roughness of Ra = 1.40 ± 0.26 µm (cf. Fig. 1). The experi-
mental tests are carried out identically on both of these sam-
ples. Squared cavities with a dimension of 6 x 6 mm² are 
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produced applying a bidirectional scan strategy with an an-
gle of 0° and 90°. In all results presented here, the number 
of layers (N) is kept constant at 50 scans per cavity. 

 
Fig. 1 SEM images of sample surfaces. Grinded sample with an 
initial average surface roughness of Ra = 0.35 ± 0.02 µm. Ns-pre-
treated sample with an initial average surface roughness of 
Ra = 1.40 ± 0.26 µm. 

The experimental setup consists of a high power ultrafast 
laser source from Amphos with a maximum average power 
of 𝑃𝑃𝑎𝑎𝑎𝑎 = 145 W and an adjustable pulse duration 𝜏𝜏 between 
10 ps and 900 fs. The amplifier is based on the InnoSlab con-
cept, a design of the master oscillator power amplifier 
(MOPA) that was developed at Fraunhofer ILT. The emitted 
laser radiation has a wavelength of 1030 nm (Yb:YAG) and 
an adjustable pulse repetition rate 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟  between 250 kHz 
and 4 MHz. The seeder frequency 𝑓𝑓𝑆𝑆𝑟𝑟𝑟𝑟𝑆𝑆 is 37.86 MHz. The 
laser beam is moved by a galvanometer scanner (Arges 
Rhino 16) and focused on the tool steel surface with a focal 
length of f = 163 mm. The focus diameter (1/e²) is about 
2𝑤𝑤0 = 35 µm (measured with a camera based beam profiler) 
at a theoretical Rayleigh length of about 𝑧𝑧𝑅𝑅  = 940 µm. To 
obtain reproducible and correct average overlapping pulses 
the feed per pulse (i.e. scan speed 𝑣𝑣𝑓𝑓) and the line distance 
(LD) is fixed at 8 µm. 

2.2 Burst technology 
Besides the adjustable pulse duration the high power ul-

trafast laser source offers the so called burst technology. 
These promises to increase productivity in ultrafast laser ab-
lation. The master oscillator creates pulses with low energy 
and a high repetition frequency of (about) 37.86 MHz. An 
electro-optic pulse picker (EOM) selects one pulse out of e.g. 
77 pulses so that a repetition frequency of approx. 500 kHz 
is created. The pulse picker can also select several pulses in-
stead of one, so that these pulses packaged in a group are 
called "bursts".  

 
Fig. 2 Illustration of pulse to pulse frequencies and corresponding 
time periods for single pulse and burst technology. 

The time period between two pulses in a burst amounts 
only 26 ns. In comparison to that, the time between two sin-
gle pulses is about several µs (cf. Fig. 2). The pulse picker 

allows to apply a number of pulses between 1 and 10 to a 
burst. In the following this parameter “Pulse per Burst” will 
be abbreviated with PpB. Finally, these bursts are amplified 
in the amplifier, while the energy is distributed equally over 
the pulses. So for example an energy of about 500 µJ for a 
single pulse will be split up into a group of ten pulses with 
about 50 µJ per pulse. This kind of Amphos laser source pro-
vides a maximum average power of 145 W while generating 
a maximum pulse energy of 500 µJ at a repetition frequency 
of 250 kHz. 

2.3 Simulation model temperature distribution 
Even for ultrashort laser processing a certain amount of 

the laser pulse energy incident on the sample surface does 
not contribute to the ablation process and is deposited as re-
sidual heat in the material. For steel 1.4301 Bauer et al. de-
termined by calorimetric measurement that up to 
𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 = 40 % of the laser pulse energy remains as heat in the 
solid workpiece [9]. This residual energy can accumulate 
and lead to thermal effects within the processed material. 

For burst processing, when multi pulses impinge the sur-
face with a frequency in MHz regime, the small amount of 
residual heat that is introduced into the material by a single 
pulse may not be completely dissipated into the sample by 
heat conduction before the next pulse is applied after a view 
nanoseconds. As a result to that, the following pulse (e.g. in 
the same burst) hits a locally preheated workpiece and heats 
it up to an even higher temperature [10]. 

The coefficient 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 is extremely determined by the ma-
terial properties (e.g. optical properties, energy penetration 
depth, ablation threshold) and the applied laser processing 
parameter. Vorobyev et al. determined at first residual heat 
coefficients for several materials (Cu, Mg, Au, Si, Al) de-
pending on the applied single pulse fluence of ns and fs laser 
ablation using calorimetric technique [11-12]. Finger set as 
a result of theoretical calculations and observed experi-
mental results the remaining heat coefficient for Inconel 718 
in the range between 30 % and 40 % [13]. In the following 
simulation the residual heat coefficient 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 for hot-working 
steel 1.2738 is set to 35 % that agrees well with the literature. 

Assuming the spatial laser intensity distribution follows 
a Gaussian beam and represents a surface heat source the 
temperature raise at 𝑡𝑡 = 0 at the location (𝑥𝑥0, 𝑦𝑦0, 0) can be 
calculated by [9] 
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=
2𝜂𝜂𝑟𝑟𝑟𝑟𝑠𝑠 ∙ 𝐸𝐸𝑝𝑝

𝜋𝜋𝜋𝜋𝜋𝜋 ∙ √𝜋𝜋𝜋𝜋𝑡𝑡(8𝑎𝑎𝑡𝑡 + 𝑤𝑤0
2) 

∙ exp �
(𝑥𝑥 − 𝑥𝑥0)2 + �𝑦𝑦 − 𝑦𝑦0�

2

4𝑎𝑎𝑡𝑡

∙ �
𝑤𝑤0

2

8𝑎𝑎𝑡𝑡 + 𝑤𝑤0
2 − 1�� ∙ exp �−

𝑧𝑧2

4𝑎𝑎𝑡𝑡
� 

(1) 

with laser pulse energy 𝐸𝐸𝑟𝑟, density 𝜋𝜋, specific heat capac-
ity 𝜋𝜋 and thermal diffusivity 𝑎𝑎. 

For a burst with 𝑛𝑛 pulses and a scan speed 𝑣𝑣𝑓𝑓 along the 
x-axes the temperature distribution follows [14] 

𝑇𝑇𝑥𝑥0,0
𝑏𝑏 (𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡) = � 𝑇𝑇𝑥𝑥𝑖𝑖,0

𝑟𝑟.𝑟𝑟.(𝑥𝑥,𝑦𝑦, 𝑧𝑧, 𝑡𝑡𝑖𝑖)
𝑛𝑛−1

𝑖𝑖=0
 (2) 
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1/𝑓𝑓𝑟𝑟𝑟𝑟𝑟𝑟𝑆𝑆= 26 ns
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The following Table 1 gives an overview about the ma-
terial properties of hot-working steel 1.2738 that are used for 
the simulation model. 

In Fig. 3 a simulation of the temperature distribution is 
illustrated. A residual heat factor of 35 % is assumed. Be-
sides the material properties the temperature distribution is 
strongly determined by the laser process parameters and the 
spatial and temporal displacement. The shown simulation re-
sult is calculated with a spot diameter 2𝑤𝑤0 = 35 µm, a laser 
fluence 𝐹𝐹0 = 3 J/cm², a scanning speed 𝑣𝑣𝑓𝑓 = 4 m/s, a repeti-
tion frequency 𝜈𝜈𝑟𝑟𝑟𝑟𝑟𝑟 = 500 kHz and 10 pules within a burst.  

 
Fig. 3 Temperature distribution after absorption of a series of 
pulse bursts containing 10 pulses each. The next pulse burst im-
pinge a preheated and molten surface at position 𝑥𝑥 = 0. 

The temperature distribution shows the situation at a 
time when the next group of 10 pulses will impinge on the 
surface at position 𝑥𝑥 = 0. The sample is in its molten state at 
this time due to heat accumulation as a result of previous 
pulse bursts that hit the surface with Δ𝑥𝑥 = 8 µm. Taking the 
melting enthalpy into account, the melt temperature for 
1.2738 is set to 1759.15 K. The simulation helps to under-
stand how the surface looks like while interacting with ul-
trashort laser pulses (cf. section 3.2). 

3. Results and Discussion 
To analyze the produced cavities a laser scanning micro-
scope (Keyence VK 9700) is used. Target figures for exam-
ination are the surface roughness (Ra and Rz) and the abla-
tion depth (Δ𝑧𝑧) that is used to calculate the ablation rate 
dV/dt and the power specific volume ablation rate 
dV/dt/Pav for measuring the efficiency of the ablation pro-
cess. The surface roughness was measured by using a mag-
nification lens of 50x together with a cut-off length of 
0.08 mm. In order to obtain a representative value for the 
surface roughness it was calculated by the average of 60 
line roughness that cover the surface. 

At first, the influence of the pulse duration on the abla-
tion efficiency and on the surface roughness is discussed 
while ablating on an initial grinded surface. In the following 
the results of the ultrashort pulsed laser ablation on an initial 
grinded as well as on an initial ns-pretreated surface are 
shown. Here the effect of heat accumulation is presented by 
varying the number of pulses per burst and the incident sin-
gle pulse fluence. By comparing the simulation model of the 
temperature distribution with the surface morphology, the 
results can be explained as a consequence of heat accumula-
tion. Also a correlation between the measured surface rough-
ness and simulated melt pool depth can be found. Further-
more, the achieved volume ablation rates are presented. 

3.1 Influence of the pulse duration and number of 
pulses per burst 
3.1.1 Ablation efficiency 

The dependence of the ablation efficiency (ablated vol-
ume per time and average power) on the pulse duration for 
grinded hot working steel 1.2738 is shown in Fig. 4. The ex-
perimental data presented are for different pulse durations of 
0.9, 4, 7 and 10 ps. Parameters like single pulse peak fluence, 
pulse repetition frequency, scan speed, line distance or num-
ber of layers are kept constant. Only the number of pulses 
per burst are varied – 1, 2, 4, 6, 8 and 10. As a result of burst 
processing the ablation efficiency drops in comparison with 
single pulse ablation for all pulse durations between 0.9 ps 
and 10 ps. Shielding effects of ablated particles prevent an 
energy transfer to the work piece so that in consequence less 
energy contributes to the ablation process. However, the ab-
lation efficiency for 4 and 6 pulses per burst is less than for 
8 and 10 pulses that strikes the theory mentioned above. A 
possible explanation can be that heat accumulation over-
compensate the shielding at this point. 

 
Fig. 4 Measured ablation efficiency depending on the pulse dura-
tion for different numbers of pulses per burst (PpB) – 1, 2, 4, 6, 8 
and 10. 

Overall, the ablation efficiency increases for every burst 
configuration by reducing the pulse duration. A reason can 
be found in the change of the effective penetration depth 
𝛿𝛿𝑟𝑟𝑓𝑓𝑓𝑓 by reducing the pulse duration. The following equation 
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Table 1 Material properties of hot-working steel 1.2738 

Mater ia l  p roper t i es  1 .2738 

Dens i t y 𝜋𝜋 7800  kg/m³  

Heat  capa ci t y 𝜋𝜋  460  J /kg/K 

Ther mal  d if fus ivi t y 𝑎𝑎 (×10 - 6 )  9 .615  m²/ s  

Res idua l  hea t  fa ctor  𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟 0 .35 
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illustrates the influence of the effective penetration depth 
and supports as a theoretical explanation. The ablated vol-
ume for a pulsed Gaussian beam with a spot radius 𝑤𝑤02 de-
pends essentially on the incident (𝐹𝐹) and threshold fluences 
( 𝐹𝐹𝑡𝑡ℎ ) and on the effectively penetration depth ( 𝛿𝛿𝑟𝑟𝑓𝑓𝑓𝑓 ) 
[13, 15]: 

Δ𝑉𝑉 =
1
4𝜋𝜋 ∙ 𝑤𝑤0

2 ∙ 𝛿𝛿𝑟𝑟𝑓𝑓𝑓𝑓 ∙ ln2 �
𝐹𝐹
𝐹𝐹𝑡𝑡ℎ

� (3) 

While keeping the incident fluence (𝐹𝐹 ) constant and 
without almost no change in threshold fluence (𝐹𝐹𝑡𝑡ℎ) while 
changing pulse duration [16] the result for higher ablation 
efficiencies has its reason in an increased penetration depth 
(𝛿𝛿𝑟𝑟𝑓𝑓𝑓𝑓) for decreased pulse durations [17]. For single pulse 
ablation the effect is already observed for several materials 
(steel, copper, Inconel) [13 and 17-19]. This examination 
shows that also for burst processing the ablation efficiency 
increases by decreasing the pulse duration. On the one hand 
side burst processing reduces the nominal ablation effi-
ciency due to pulse-to-pulse interaction and correlated 
shielding effects (cf. ablation with high repetition frequen-
cies in [13]). On the other hand side shorter pulse durations 
in the range of 1 ps lead to an increase of ablation efficiency 
also for pulse burst processing having a look at the results 
shown in Fig. 5. 

 
Fig. 5 Normalized ablation efficiency depending on the pulse du-
ration. The measured data are each normalized to the efficiency 
data at 10 ps. 

The nominal measured ablation efficiencies for 1 PpB 
and 2 PpB are the highest for all pulse durations with excep-
tion at 4 ps. Parameters with 4 PpB and 6 PpB achieve the 
lowest efficiency for all pulse durations, while 8 PpB and 
10 PpB are in between. Due to the high seed laser frequency 
of 37.86 MHz the time between two pulses in a burst 
amounts only 26 ns. This short period of time leads to pulse-
to-pulse interaction so that only a part of the pulse energy is 
available for the ablation process. The rise of the ablation 
efficiency as a result of reducing the pulse duration from 
10 ps to 0.9 ps is between 85 % for 4 PpB and 141 % for 
10 PpB. The average rise of ablation efficiency is about 
0.034 mm³/min/W for reducing the pulse duration by one pi-
cosecond. 

For better identification of the influence of the pulse dura-
tion on pulse-to-pulse interaction in Fig. 5 the ablation effi-
ciency is normalized to the measured efficiency at 10 ps. It 
is shown that for 10 PpB the relative rise of ablation effi-
ciency is stronger than for single pulse (1 PpB) ablation by 
reducing pulse duration from 10 ps to 0.9 ps. As a result of 
higher ablation efficiency for shorter pulse durations one 
would expect that particle shielding is more pronounced for 
the use of shorter pulses. However, the results show the op-
posite effect. A decrease of pulse duration not only leads to 
higher ablation efficiencies but also to less pulse-to-pulse 
interaction and less shielding for burst processing. Similar 
results are observed by Finger with high single pulse repe-
tition frequency up to 7.1 MHz [13]. One possible explana-
tion for this behavior is that the ablation plume and parti-
cles propagate faster for applying shorter pulse durations. 
Therefore, the shielding of subsequent pulses within a burst 
is less pronounced because the plume is less dense when 
the next pulse arrives. Another reason could be that the size 
distribution of the ablated particles differs for the use of 
shorter pulse durations. In consequence, other scattering 
mechanisms determine the pulse to pulse interactions when 
applying shorter pulses. 
 
3.1.2 Surface roughness 

As shown in Fig. 6 there is no significant influence of 
the pulse duration to the surface roughness. If there is a weak 
correlation then the surface roughness tends to become bet-
ter by reducing the pulse duration whereby the measured 
data are within the standard deviation. 

 
Fig. 6 Measured surface roughness Ra depending on the pulse du-
ration for different numbers of pulses per burst (PpB) – 1, 2, 4, 6, 
8 and 10. 

These results show that laser ablation processing of metals 
like 1.2738 with ultrashort laser pulses in the range of 1 ps 
or lower promises advantages in efficiency that lead to in-
creased productivity by a factor of approx. 2 in the end. In 
the following examination the experiments are only pro-
cessed at this working point with a pulse duration of 900 fs. 
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3.2 Influence of number of pulses per burst and flu-
ence on different initial pretreated surfaces 
3.2.1 Surface morphology and surface roughness 

In the following, the influence of pulse bursts on the sur-
face quality is examined while varying the single pulse en-
ergy. Pulse bursts consisting of one pulses to ten pulses 
(1 PpB to 10 PpB) are applied. The single pulse peak fluence 
(𝐹𝐹0) is varied between 0.8 J/cm² and 3.0 J/cm².  

Thus, a pulse burst with ten pulses (10 PpB) possess en-
ergy ten times higher than a pulse burst with only one pulse 
(1 PpB) that has to be considered. The pulse duration is kept 
constant for productivity reasons at 0.9 ps (cf. section 3.1). 
Pulse repetition frequency, scan speed, line distance and 
number of layers are kept constant for comparison purposes.  

 
Fig. 7 Development of the surface morphology on the initial 
grinded sample in dependence of the applied number of pulses per 
burst (PpB) and single pulse fluence. A corresponding simulation 
of the temperature distribution illustrates the effect of heat accu-
mulation. 3 ablation regimes can be identified (blue, green, yel-
low) 

In Fig. 7 the effect of the number of pulses per burst and 
the corresponding applied single pulse fluence within the 
burst on the initial grinded surface is illustrated. In Fig. 8 the 
effect on the initial ns-pretreated surface is shown. On the 
one hand side the amount of heat accumulation can be con-
trolled by the number of pulses per burst. On the other hand 
side the single pulse fluence determines the effect of heat 
accumulation at the surface as well [cf. 14]. A simulation of 
the temperature distribution following the model described 
in section 2.3 is assigned to each processing parameter. The 
development of heat accumulation depending on the number 
of pulses per burst and on the fluence is supported and visu-
alized by the simulation model. 

Applying one or two pulses per burst the ablation pro-
cess is accompanied without heat accumulation regardless 
of the used fluence. The ablation process here is determined 
by ultrashort pulsed specific vaporization. Here the surface 
roughness depends obviously on the initial surface. While 
applying 1 or 2 PpB on the grinded surface (Ra = 0.35 µm) 
the obtained surface roughness varies between 0.51 and 
1.25 µm. Doing the same on the ns-pretreated surface 
(Ra = 1.40 µm) the processed surface shows a roughness be-
tween 1.11 and 1.59 µm.  

 

 
Fig. 8 Development of the surface morphology on the initial ns-
pretreated sample in dependence of the applied number of pulses 
per burst (PpB) and single pulse fluence. A corresponding simula-
tion of the temperature distribution illustrates the effect of heat ac-
cumulation. 3 ablation regimes could be identified (blue, green, 
yellow) 

Focusing on the heat development while processing with 
8 or 10 PpB the simulation model offers that independent of 
the fluence a melt pool is formed. As a result the develop-
ment of the surface morphology tends to get rougher while 
increasing the fluence (with an exception for grinded surface, 
10 PpB, 0.8 J/cm²). Due to the heat accumulation the next 
pulses impinges on a preheated and molten surface that 
causes an inconsistent consolidation. Here the difference re-
garding the initial surface morphology is not important any 
more. As a result of the formed melt pool the ns-pretreated 
surface is smoothed due to the surface tension of the melt. 
Thus, the resulting surface roughness varies in the same 
range regardless of the initial surface roughness (grinded 
sample: 0.47 µm to 1.53 µm; ns-pretreated sample: 0.51 µm 
to 1.64 µm). The resulting surface roughness seems to be de-
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termined only by the laser processing parameter. One excep-
tion is the surface applying 10 PpB with a fluence of 
0.8 J/cm². While receiving a smoothed surface processing on 
the ns-pretreated sample (Ra = 0.65 µm) the surface mor-
phology on the grinded sample is dominated by fused craters 
(Ra = 3.94 µm). A reason could not be fund yet and further 
investigations are necessary. 

Processing with 6 PpB and a low fluence of 0.8 J/cm² the 
surface gets covered by holes that occur more on the ns-pre-
treated surface (Ra = 1.24 µm) than on the grinded surface 
(Ra = 0.80 µm). Regarding the simulation model for this pa-
rameter combination the heat accumulation is not as pro-
nounced that a melt pool is formed. By increasing the flu-
ence to 1.6 J/cm² the melt ensures a better surface quality 
(ns-pretreated: 0.72 µm, grinded: 0.71 µm). A further in-
crease of the fluence leads to a rougher surface but still better 
than processing with 8 or 10 PpB. 

According to processing 6 PpB the fluence is also 
strongly determining the surface quality while applying 
4 PpB. Using 0.8 J/cm² the grinded as well as the ns-pre-
treated surface is littered with tiny peaks that cause a very 
rough surface (ns-pretreated: 3.51 µm, grinded: 3.21 µm). 
Increasing the fluence to 1.6 J/cm² ensures the peaks to dis-
appear but induces holes similar to the parameter combina-
tion 6 PpB and 0.8 J/cm². The surface is smoothed by further 
increasing the fluence and heat accumulation that leads to 
the best surface quality at a fluence of 2.3 J/cm². Here a sur-
face roughness of 0.47 µm for the grinded surface and 
0.54 µm for the ns-pretreated surface is obtained. Neverthe-
less a few holes are also created on this surface. 

To sum up, the observed ablation process could be di-
vided into three different regimes. The first regime (high-
lighted in blue) describes the ablation without a developed 
melt pool. Heat accumulation does not affect the result. The 
surface roughness is extremely determined by the initial ex-
isting surface like Neuenschwander saw on different me-
chanical pretreated surfaces [20]. The ablation process is 
dominated by vaporization.  

In the second regime (highlighted in green) a melt pool 
is build, but the following pulse burst impinges on an already 
consolidated surfaces. The already existing melt pool en-
sures that roughness peaks are smoothed due to the surface 
tension of the melt. As a result initial rough surfaces can be 
smoothed and ablated with good quality at the same time. 
This ablation regime is very interesting and a specific char-
acteristic for ultrashort pulsed burst ablation. It promises 
moderate ablation rates and best surface qualities regardless 
of the initial surface quality due to melt-induced surface ten-
sion. 
In the third regime (highlighted in yellow) a melt pool is 
build. The ablation process is significantly determined by 
heat accumulation that influences the morphology of the 
surface structure. According to the simulated temperature 
distributions, the next pulse burst is applied on molten ma-
terial. That leads to rougher surfaces by melt ejections. The 
ablation process is comparable to the melt dominated abla-
tion with longer nanosecond pulses. 
 
 
 
 

3.2.2 Correlation between measured surface roughness 
and simulated melt pool depth 

A consideration of a possible correlation between the 
simulated melt pool depth and the obtained surface rough-
ness reveals that, from a certain point onwards, the melt pool 
depth is equal to the averaged roughness depth Rz. Fig. 9 and 
Fig. 10 show the averaged roughness depth Rz as a function 
of the melt pool depth, simulated by the model described in 
section 2.3.  

The averaged roughness depth Rz is the average of indi-
vidual roughness depths of five consecutive individual 
measuring paths in the roughness profile. In each measuring 
segment, the extreme values are added to a range and di-
vided by the number of measuring segments. 

 
Fig. 9 Averaged roughness depth Rz as a function of the simulated 
melt pool depth for different numbers of pulses per burst applied 
at a grinded sample. 

 
Fig. 10 Averaged roughness depth Rz as a function of the simu-
lated melt pool depth for different numbers of pulses per burst ap-
plied at a grinded sample. 
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This correlation phenomena could be observed processing 
on the grinded surface (cf. Fig. 9) as well as on the ns-pre-
treated surface (Fig. 10). As soon as the process is in the 
third regime (highlighted in yellow), a melt pool is formed 
that obviously determines significantly the surface rough-
ness. A melt pool depth of 5.40 µm for 4 PpB and 3 J/cm² 
leads to a roughness depth of 5.88 ± 0.88 µm. As a result of 
increasing either the number of pulses per burst or the flu-
ence, heat accumulation causes a more pronounced melt 
pool. 10 PpB and a fluence of 3 J/cm² finally lead to a melt 
pool depth of 13.80 µm while the measured roughness 
depth is 13.42 ± 1.51 µm. If the process parameters do not 
form a melt pool, the surface roughness cannot be predicted 
with this explanation model. 
 
3.2.3 Volume ablation rate 

In Fig. 11 and in Fig. 12 the corresponding ablation rates 
depending on the applied number of pulses per burst and sin-
gle pulse fluence are illustrated for the initial grinded and ns-
pretreated samples. By increasing the pulses per burst and 
the fluence respectively the ablation rate can be improved 
significantly. 

 
Fig. 11 Dependence of the applied number of pulses per burst and 
the single pulse fluence on the ablation rate on an initial grinded 
surface. The maximum accomplished ablation rate is 
13.14 mm³/min. 

While single pulse processing with 0.8 J/cm² achieves an 
ablation rate of 0.11 mm³/min, 10 PpB reach 2.73 mm³/min 
for the grinded surface. For single pulses with a fluence of 
3 J/cm² a maximum ablation rate of 1.28 mm³/min is meas-
ured. Applying the same single pulse fluence to 10 pulses 
within a burst a maximum ablation rate of 13.14 mm³/min is 
achieved (cf. Fig. 11). This value is one order of magnitude 
higher compared to ablation rates achieved with single pulse 
processing. However, the applied energy is also one order of 
magnitude higher for this comparison (cf. section 2.2). Nev-
ertheless, only the burst technology enables to transfer such 
an amount of energy to the surface while achieving appro-
priate surface qualities (cf. Fig. 7) using galvanometer scan-
ners. The ablation rate is calculated with an ideal duty cycle 
of 100 %. 

Similar results were achieved for ablation on the ns-pre-
treated surface (cf. Fig. 12). Single pulse processing with 
0.8 J/cm² leads to an ablation rate of 0.37 mm³/min, while 
10 PpB accomplish 3.67 mm³/min. Applying a fluence of 
3 J/cm² an ablation rate for single pulses of 1.19 mm³/min 
respectively for 10 PpB of 13.63 mm³/min is measured. Fi-
nally an average power of approximately 72 W is used to 
realize such an ablation rate with ultrashort laser pulses. The 
related surface qualities are shown in Fig. 7 and in Fig. 8. 

 
Fig. 12 Dependence of the applied number of pulses per burst and 
the single pulse fluence on the ablation rate on initial ns-pre-
treated surface. The maximum accomplished ablation rate is 
13.63 mm³/min. 

4. Conclusions 
For a combination process using high productive nano-

second and very precise picosecond laser pulses the bottle 
neck for productivity is still the ultrashort processing. Thus, 
investigation of the pulse duration dependence and burst 
processing on ultrashort pulsed laser ablation of 1.2738 hot-
working steel to increase productivity are presented. Using 
high power InnoSlab picosecond lasers in master oscillator 
power amplifier (MOPA) design, it is possible to generate 
pulse bursts with a selectable number of pulses per burst. In 
addition to that, a new designed compressor enables an ad-
justable pulse duration between 10 ps and 0.9 ps utilizing the 
same laser active medium. 

The reduction of the pulse duration leads to a significant 
improvement of productivity between 185 % and 241 % de-
pending on the number of pulses per burst applied. Besides 
the known increase of the ablation efficiency for using 
shorter pulse durations, a decrease of shielding effects for 
the use of pulse bursts is observed. A negative impact on the 
surface quality quantified by the surface roughness could not 
been identified. Thus, a pulse duration of 900 fs is a prefer-
able working point for micro ablation of hot-working steel 
1.2738. Similar results show the investigation of 
Russ et al. [21] who compared three lasers with pulse dura-
tions of 400 fs, 900 fs and 6 ps and confirmed that the ab-
lated volume for 400 fs in neither case could exceed the 
900 fs level. Pointing out that the energy penetration depth 
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𝛿𝛿𝑟𝑟𝑓𝑓𝑓𝑓  at 400 fs and 900 fs seems to be quite similar, they 
measure a difference in the threshold fluence 𝐹𝐹𝑡𝑡ℎ. Following 
equation 3 this leads to the effect, that even for a similar pen-
etration depth at 400 fs the ablated volume per pulse is lower 
than at 900 fs. They assume that nonlinear effects could 
cause a distortion of the beam profile that led to an irregular 
ablation. However, Jaeggi et al. measured a rise in the aver-
age power specific volume ablation rate by decreasing the 
pulse duration to 350 fs [19]. Finally further investigations 
are necessary to make a decision for a practical use in an 
industrial environment where the ablation process has to be 
stable while achieving a high throughput. 

A further improvement of the productivity can be accom-
plished by using pulse bursts instead of single pulse pro-
cessing. The ablation rate could be raised by one order of 
magnitude while an energy that is ten times higher can be 
realized for the ablation process that supplies appropriate 
surface qualities.  

The investigations of processing with bursts on grinded 
and ns-pretreated surfaces as well show that thermal heat ac-
cumulation can be used for smoothing the surface while ab-
lating. Three ablation regimes were identified. Within the 
first regime no influence of heat accumulation can be ob-
served. The resulting surface quality is strongly determined 
by the initial surface roughness. The second regime is of par-
ticular interest. Due to the number of pulses per burst and an 
adequate fluence heat accumulation forms a melt pool be-
tween 2 µm and 6 µm depth that smooths roughness peaks. 
Especially a precise ablation is possible if the following 
pulse burst impinges on a consolidated surface. As a result a 
ns-pretreated surface with an initial surface roughness of 
Ra = 1.40 µm could be improved to Ra = 0.54 µm during the 
ablation process with 4 PpB and a fluence of 2.3 J/cm² and 
3.0 J/cm² respectively. 

Ablation in the third regime is characterized by a melt 
dominated ablation similar to nanosecond processing. The 
final surface roughness can be predicted very well by the 
simulation model of the temperature distribution. The ob-
tained melt pool depth correlates linear with the averaged 
surface roughness Rz. 

The findings of the underlying examination help to in-
crease the productivity of ultrashort pulsed micro ablation 
by achieving reasonable qualities. Focusing on productivity 
an ablation rate of more than 13 mm³/min at a surface rough-
ness less than 1.7 µm can be achieved. Focusing on surface 
quality an ablation rate of 4 mm³/min at a surface roughness 
less than 0.6 µm can be accomplished regardless of the ini-
tial surface roughness. For the combination process of nano-
second and picosecond pulsed laser ablation the results 
promise a further improvement of the throughput that has to 
be shown in next examinations. Furthermore in following 
investigations the observed effects have to be proofed for a 
wider range of ns-pretreated surface qualities. The simula-
tion model can support this investigations while its suitabil-
ity will be reviewed at the same time. 
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