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One approach to increase productivity of ultrashort pulse laser processing is the use of pulse bursts.
The small temporal spacing between the pulses within a burst results in an increasing influence of
intra-burst heat accumulation, shielding effects and redeposition of ablated material. Even an increase
in ablation efficiency can be achieved by bursts. To gain a deeper understanding of these effects, burst
ablation with flexible intra-burst pulse spacing is investigated. The industrial relevant materials cop-
per, aluminum and stainless steel are compared regarding their dominating effects based on the pulse
ablation efficiency. Surface effects and the ablation quality achieved are evaluated by means of the
surface roughness. The time periods of the secondary effects redeposition, shielding and amplified
ablation are identified and discussed for all three materials. Thus, a great potential for highly efficient
tailored burst processes by adjusting the temporal pulse spacings is shown.
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1. Introduction

Ultrashort pulse (USP) laser metal processing is charac-
terized by its high precision, versatility and quality com-
pared to longer pulsed laser processing [1-3]. However, due
to the low achievable ablation rate and therefore comparably
lower productivity, USP processing has only been estab-
lished in specific industrial sectors so far [4—6]. Therefore,
the implementation of ultrafast laser systems with average
powers in the range of hundreds of Watts is an important
USP research topic since several years [4,7-13]. Also, the
upscaling of USP processes is not trivial as the most efficient
operating point is about e*-times the material specific abla-
tion threshold [9,14]. Scaling approaches therefore cannot
consist of a simple increase of the pulse energy.

Different approaches are being investigated to overcome
this limitation. Three promising concepts to apply a high av-
erage power effectively are: the utilization of high repetition
rates [4,12,15], the process parallelization via multi beam
optical systems [11,16—19] and the use of pulse bursts [6,20—
30]. Using high repetition rates requires complex system en-
gineering such as polygon scanners to realize a beam deflec-
tion fast enough to realize the pulse separation necessary to
control arising heat accumulation and shielding effects
[4,10]. The multi beam concept also requires specific optical
systems and system technology and elaborate process design
due to amplified heat accumulation by adjacent beamlets
[16,19]. With both approaches the user loses some degrees
of freedom and thus flexibility in terms of process design
and applicability. The only approach which does not require
specific optical or deflection systems and can be imple-
mented with conventional scanner systems is the application
of pulse bursts. Therefore, it is the most universal approach
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and can be implemented on existing laser machining systems.
In this approach the single pulses of the USP-process are re-
placed with pulse bursts with the laser seeder frequency.
Typical seeder frequencies are in the range of tens of mega-
hertz and lead to a small temporal separation between the
pulses, which results in an high influence of intra-burst heat
accumulation and shielding effects. The achieved quality
[31] and efficiency [23] of the burst processes can be signif-
icantly affected by these secondary effects. Even an increase
in the ablation efficiency is possible for specific burst con-
figurations and some materials [6,23,32,33]. Disabled
shielding, ablation of molten material and an increased ab-
sorption are discussed as cause of this “amplified ablation”.
The heat accumulation can lead to smoother surface finish-
ings due to melting but always affects the achievable preci-
sion. Shielding effects reduce the effective pulse energy at
the material surface by absorption, scattering or reflection in
the ablation products. Therefore, the achievable process ef-
ficiency decreases. Furthermore, an alternating efficiency
dependent on the number of pulses per burst has been re-
ported for copper many times, which is still not fully under-
stood [6,20,21,23,28,32-36]. This effect is reported for
bursts in the MHz regime and is therefore probably depend-
ent on temporal pulse spacings. Also the hypothesis of ma-
terial redeposition by the even numbered pulses in the burst
is postulated [23,32,35]. To distinguish between shielding
and redeposition is challenging since redeposition always
implies shielding. In an ex-situ evaluation, as by comparing
ablation efficiencies, redeposition can only be determined if
the efficiency contribution of a pulse becomes negative. To
achieve a deeper understanding of the shielding and redepo-
sition and the temporal regimes of these effects, burst
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ablation with flexible pulse spacing is investigated. The in-
dustrial relevant materials copper, aluminum and stainless
steel are compared regarding their dominating effects based
on the ablation efficiency. For the targeted investigation of
the occurring secondary effects experiments with increasing
number of pulses per burst are carried out. The flexible
bursts provided by the used beam source allow the variation
of the temporal pulse spacing between the last two pulses
within the burst. Thus, the pulse specific efficiency is evalu-
ated regarding redeposition, shielding and amplified abla-
tion.

2. Experimental setup and procedure

For experimental investigation of the secondary effects
occurring during burst processing two high power ultrashort
pulsed laser systems FX600 and FX400 from Edge-
Wave GmbH are used. Both laser sources allow to disable
arbitrary pulses within a burst of up to 16 pulses. Therefore,
temporal flexible bursts with a pulse spacing of n times the
seeder pulse interval of 20 ns are enabled. For focusing and
deflection of the laser beam an excelliSCAN14 from
SCANLAB GmbH with a 160 mm f-theta optic from
JENOPTIK AG is utilized. For comparison of the ablation
efficiency cavities with dimensions of 3x3 mm? are ma-
chined on the sample surface. The scan strategy is a bidirec-
tional line scan with burst overlap BO and line overlap LO
of ~ 75 % and rotated by 90° with each layer for a homoge-
nous ablation as schematically shown in Fig. 1. The burst
overlap is hereby defined as the distance between the first
pulse of two consecutive bursts, the intra-burst pulse dis-
tance is neglected. The number of scanned layers is esti-
mated by the material specific expected efficiency and a tar-
get ablation depth. The burst repetition rate fio, is set to
300 kHz since it’s the highest repetition rate which provides
the maximum pulse energy for these laser systems. This is
necessary because the pulse energy is split up into bursts.
For all presented experiments the remaining essential pro-
cess parameters are kept constant and are listed in Table 1.
The three industrial relevant metals copper, aluminum and
stainless steel are investigated. The following abbreviations
assigned to the materials are used: copper (CW024A) Cu,
aluminum (AW-5005A) A/ and stainless steel (1.4301) SzSt.

Table 1 Summary of the used process parameters.
Process parameter

Wavelength A 1030 nm

Focus diameter 2wy 32 -42 um

Pulse duration T 1.5 ps

Pulse per Burst PpB 1-4PpB

Burst overlap BO ~75%

Line overlap LO ~75%

Burst repetition rate e 300 kHz

Pulse repetition rate foeed 50 MHz

Single pulse peak fluence Fo 0.8/1.9/4.8 J/cm**

*depending on the material type

For the measurement of the ablation depth and the result-
ing surface a Keyence VR5200 Profilometer and Keyence
VK-X3000 Laser Scanning Microscope is used respectively.
The data evaluation is performed with the MountainsMap
software from Digital Surf SARL.
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Fig. 1 Cavity scan strategy for ablation efficiency study.

For a more descriptive presentation and intuitive inter-
pretation of the data and the impact of secondary effects, the
measured process ablation efficiency is converted into a
pulse ablation efficiency. Referred to in the following as pro-
cess efficiency and pulse efficiency. It is assumed, that the
pulse efficiencies determined for n pulses per burst (PpB)
remain the same for n+1 PpB and the n+1 pulse efficiency
can be calculated with equation 1. For example, the effi-
ciency of the second pulse within a burst with two pulses can
be determined, if the efficiency of the first pulse is known
from a single pulse process.

Epuisen = N " Epurstn — Z?=_11 & (D

Using equation 1 the ablation efficiency &puse » Of the last
pulse within a burst can be calculated, if the n-1 pulse effi-
ciencies are known. Where »n is the number of pulses per
burst, e n 1 the burst process efficiency ant ; the ablation
efficiency of the i-th pulse. By successively increasing the
number of pulses per burst step by step, the efficiency of the
last pulse in the burst can be calculated iteratively. With this
method the pulse efficiencies of the second, third and fourth
pulse of up to four pulses per burst are calculated in section
3.

3. Experimental results

In the following section the efficiency and surface
roughness of time equidistant bursts (as reference) and of
time flexible bursts are presented. For better comparability
the efficiency of the last pulse of a burst is calculated for the
flexible bursts as described in section 2.

Fig. 2 shows the equidistant reference processes for cop-
per (Cu), aluminum (Al) and stainless steel (StSt). For all
processes the optimum single pulse peak fluence of the re-
spective material is used. The mentioned alternating effi-
ciency is visible for copper and aluminum for up to 6 PpB.
For an even number of pulses within a burst, the efficiency
drops significantly compared to the previous number of
pulses. For 7 PpB and above heat accumulation dominates
the process for stainless steel and leads to a molten surface
finish and low Sa values (cf. Fig. 3). This heat accumulation
is also present for aluminum and copper but in this case re-
sults in a rough surface finish (cf. Fig. 3 and Fig. 4 c)), which
leads to higher absorption and thus higher ablation efficien-
cies. For stainless steel no alternating efficiency can be
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observed. For copper and aluminum and 2 PpB, the effi-
ciency drops below 50 % of the single pulse efficiency. This
means the second pulse redeposits ablation products of the
first pulse instead of removing material. This leads to a neg-
ative pulse efficiency, as seen in Fig. 5 for the second pulse
at 20 ns temporal separation. Therefore, the absolute mate-
rial removal rate of this process is less compared to the sin-
gle pulse process.
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Fig. 2 Ablation efficiency for the material specific optimum single
pulse fluence over number of pulses per burst. For copper and alu-

minum an alternating efficiency effect can be observe for up to 6
PpB.
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Fig. 3 Surface roughness for the material specific optimum single
pulse fluence as a function of number of pulses per burst. For alu-

minum and stainless steel, surface effects increase the roughness
for specific parameter settings.

The surface roughness is rising with increasing pulses
per burst due to higher ablation volumes per burst and
greater intra-burst heat accumulation. The only exceptions
to this are 1 PpB for aluminum and 1 — 4 PpB for stainless
steel. For aluminum the formation of local areas with micro
hole formation arises (cf. Fig. 3). Stainless steel in contrast
shows wavy self-organized line structures for 2 - 4 PpB
which originate from melting Cone Like Protrusions. The
occurrence of self-organizing microstructures such as LIPSS
(laser-induced periodic surface structures) and CLP (Cone-
Like Protrusion [37] cf. Fig. 4 a)) are known for USP metal
processing, but the underlying causes are not yet fully un-
derstood. The interaction of plasmonic and thermal effects
are suspected as most probable cause which are impaired by
increasing heat accumulation. Furthermore, the formation of
such structures during burst processing as a function of the
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fluence and number of pulses in the burst similar to the be-
havior of stainless steel (cf. Fig. 3) is reported by Brenner et
al. [38,39].
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Fig. 4 LSM images of surface conditions for rough and smooth fin-
ishings for stainless steel (a, b), copper (c, d) and aluminum (e, f).

In the following the efficiency for bursts with flexible
temporal spacings is evaluated. For these experiments the
temporal distance between the last two pulses of a bursts is
varied. The number of pulses per burst is hereby increased
from 2 to 4 PpB. In Fig. 5 the efficiency of the second pulse
in a burst with two pulses is plotted as a function of the tem-
poral spacing At; between the first and the second pulse. The
efficiency of the first pulse is shown as a reference line for
all three materials. The temporal spacing between the first
and the second pulse At; is varied from 20 to 300 ns. For
stainless steel only for 20 ns a shielding effect becomes no-
ticeable by a drop in the efficiency. For temporal spacings
longer than 40 ns no significant efficiency reduction is evi-
dent. Copper and aluminum ablation with 20 ns temporal
spacing both result in a negative pulse efficiency which in-
dicates a redeposition of ablated material by the second
pulse. For copper, the efficiency is below the single pulse
efficiency for up to 160 ns. During this time frame shielding
of the second pulse by ablation products of the first pulse
takes place, which are still present above the ablated surface.
For a temporal separation above 160 ns the second pulse ab-
lates as efficient as the first pulse. Even a slight increase can
be seen. Therefore, the shielding effect vanishs for a time
regime greater than 160 ns. For aluminum, shielding of the
second pulse continues until a temporal separation of ap-
proximately 300 ns and may still be present in this regime.
The resulting surface roughnesses for the 2 PpB experi-
ments with increasing At; are shown in Fig. 6. The dashed
lines indicate the surface roughness of the corresponding
single pulse processes. For stainless steel and At; = 20 ns,
wavy line structures are visible but are smoothed with in-
creasing temporal spacing and becomes a straight line struc-
ture with a period of approximately 8 pm which corresponds
with the line overlap LO used in this case (cf. Fig. 4 b)).
Copper shows a slight increase in its roughness with increas-
ing efficiency and therefore higher ablation volume per burst.
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Aluminum also shows an increase in roughness with increas-
ing ablation volume but shows simultaneously the develop-
ment of isolated micro hole formations. In both cases the ef-
ficiency increases with larger temporal pulse spacing and
therefore also the roughness.

4.8 J/cm? - 1st pulse Cu
—4— 0.8 J/cm? - 1st pulse StSt

4.8 J/cm? - 2nd pulse Cu
-#- 0.8)/cm2?-2nd pulse StSt

—§— 1.9 J/cm? - 1st pulse Al -¥- 1.9 J/cm2 - 2nd pulse Al
E 0.4 P
£ I +1
= 03 //’i
€ e
£ o -
> 02| grE s L e ]
5 LI
S 0.1 /
“ /
© ¥
§ 0.0 !
E= 7
2 /
© —0.1 ¥
0 50 100 150 200 250 300
Atq[ns]

Fig. 5 Ablation efficiency of the second pulse in a burst with two
pulses as a function of increasing pulse spacing At.
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Fig. 6 Surface roughness after an ablation process with two pulses
per burst as a function of the temporal pulse spacing

In Fig. 7 the pulse efficiency for different temporal spac-
ings is shown for a burst with 3 PpB. The temporal spacing
between the first and second pulse is kept constant with
At; =20 ns and Ats between the second and third pulse is
varied. Thus, the pulse efficiency can be calculated by using
the efficiency of the second pulse for 2 PpB and At; =20 ns.
For stainless steel, a drop of efficiency for 40 ns to approxi-
mately 120 ns becomes visible. However, for shorter tem-
poral spacings than 40 ns the efficiency increases again. This
may show a relevant shielding effect of the third pulse which
is overcompensated by intra-burst heat accumulation for
At; = At =20 ns. For At, > 140 ns, an efficiency slightly
above the single pulse process is calculated for the third
pulse. This can be explained by a neglectable shielding ef-
fect and a still relevant intra-burst heat accumulation. For
copper, the third pulse shows a pulse efficiency above the
first pulse for all investigated temporal spacings. This indi-
cates a more efficient ablation of the redeposited material of
the second pulse. For 20 ns, the pulse efficiency of the third
pulse is more than doubled compared to the first pulse with
a drop to values around 0.2 mm?*/min/W for longer temporal
spacings. Aluminum also shows amplified ablation for all
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temporal spacings up to 280 ns with a steady drop in effi-
ciency with an increasing spacing. The dependence of the
amplified ablation on the temporal spacing could be due to
heat conduction. The hot and partly liquid ablation products
pushed back into the ablation crater could be responsible for
the amplified ablation due to increase absorption. But due to
the small amount of redeposited material, rapid cooling
takes place. Furthermore, sintering of the particles to the
sample surface could also accompany the cooling process.
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Fig. 7 Ablation efficiency of the third pulse in a burst with three
pulses with increasing pulse spacing At.

Fig. 8 shows the surface roughness for the ablation with
3 PpB and flexible temporal spacing At,. For copper and alu-
minum no significant changes in the surface condition be-
come evident with increasing pulse spacing. Only an in-
creased occurrence of particles on the sample surface be-
comes visible for copper. Stainless steel in contrast enters a
CLP regime for 3 PpB. For At, = 40 ns, the CLP formation
covers the whole processed area (cf. Fig. 8) but decreases in
spatial height with increasing temporal spacing and switches
to a wavy line structure for long spacings which originates
from molten CLP structures.

Fig. 9 shows the ablation efficiency of the fourth pulse
of 4 PpB with At; = At, = 20 ns as a function of the variation
of At; between the third and fourth pulse. For stainless steel,
a similar behavior compared to 3 PpB can be observed. A
shielding effect for the fourth pulse is present for up to ap-
proximately 120 ns. After this, the pulse efficiency is com-
parable to the efficiency of the first pulse. For short temporal
spacings the ablation efficiency of copper and aluminum is
similar to 2 PpB respectively, because for 20 ns a negative
pulse efficiency indicates redeposition of material with the
fourth pulse. For approximately up to 100 ns for both mate-
rials shielding of the fourth pulse is still relevant but for
larger temporal spacings the ablation behavior changes com-
pared to 2 PpB. In the case of 4 PpB, the pulse efficiency of
the fourth pulse exceeds that of the single pulse ablation and
indicates therefore an amplified ablation for aluminum and
copper. Thus, this represents a temporal regime for highly
efficient ablation of copper and aluminum with process effi-
ciencies exceeding those of 1, 2 and 3 PpB.
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Fig. 8 Surface roughness after an ablation process with three pulses
per burst as a function of the temporal pulse spacing of the third
pulse.
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Fig. 9 Ablation efficiency of the fourth pulse in a burst with four
pulses as a function of increasing pulse spacing Ats.
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Fig. 10 Surface roughness after an ablation process with four pulses
per burst as a function of the temporal pulse spacing.

For 4 PpB the surface roughness is plotted in Fig. 10 and
shows an offset compared to 1 PpB and a slight increase of
roughness with the temporal pulse spacing for copper and
aluminum. This is attributable to the higher ablation volume
per burst. The increased ablation volume is also represented
by more particles covering the processes sample surface as
the removal of the particles via a suction system becomes
challenging with increasing removal rates. For stainless steel
a transitional regime becomes visible where melt is created
because of the heat accumulation which begins to cover the
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CLP patterns. This leads to a polishing effect for the surface
finish of the processes with a large Ats, as shielding is not
present the full pulse energy is coupled into the material.

4. Conclusion

In this work the influence of the temporal pulse spacing
on the ablation efficiency and surface roughness of ultra-
short pulsed burst processes is investigated. As sample ma-
terial three industrial relevant metals are chosen: copper, alu-
minum and stainless steel. The identified time periods of the
secondary effects redeposition, shielding and amplified ab-
lation are summarized in Table 2. The most important find-
ings presented in this work are summarized in the following.

Table 2 Summary of the time periods of the secondary effects.

2nd pulse of 2 PpB
At =X

Srdpulseof3ppe Q4 =L - A<300ms
au=20ns  [ENNSTSENNN SN VO
at=X AT I [ oo

Athpulseof4pps _ Cu  M=20ns At <100ns  300ns>At,> 1000
ot =t =20ns - NSESEN ISR A E0RN I

At3=X

For copper, the dropping ablation efficiency for even
number of pulses in a burst is known. Here it is shown, that
for the second pulse of 2 PpB shielding and redeposition
ends with approximately 160 ns pulse spacing and the full
process efficiency is recovered. For the fourth pulse of
4 PpB, redeposition and shielding already ends after approx-
imately 120 ns and even an amplified ablation is observed
for longer temporal spacings. For the third pulse of 3 PpB,
the known amplified ablation is present for all studied pulse
spacings. Aluminum shows a very similar behavior com-
pared to copper regarding the intra-burst interaction. Only
the explicit time periods of the regimes differ and melt and
self-organized surface effects occur in specific constella-
tions, which show parallels to the behavior of stainless steel.
In contrast to this, for stainless steel only shielding and heat
accumulation seems to be relevant intra-burst interactions.
Shielding is occurring up to 120 ns according to the effi-
ciency drop, but intra-burst heat accumulation may over-
compensate some of the shielding at short temporal spacings
due to the low thermal conductivity.

A great potential is shown in this work to tailor burst pro-
cesses by adjusting the temporal spacings of single pulses in
the burst for highly efficient copper and aluminum ablation.
Even for stainless steel some adjustments can be beneficial
because surface effects impairing the quality and precision
can be avoided while keeping the applied average power
high. In further experiments, the time periods of the different
secondary effects are to be examined regarding the applied
fluence per pulse. Furthermore, tailored burst processes are
currently developed and investigated for all three materials.
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