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Abstract: Ultra-short laser radiation is used in manifold
industrial applications today. Although state-of-the-art
laser sources are providing an average power of 10-100 W
with repetition rates of up to several megahertz, most
applications do not benefit from it. On the one hand, the
processing speed is limited to some hundred millimeters
per second by the dynamics of mechanical axes or gal-
vanometric scanners. On the other hand, high repetition
rates require consideration of new physical effects such
as heat accumulation and shielding that might reduce
the process efficiency. For ablation processes, process
efficiency can be expressed by the specific removal rate,
ablated volume per time, and average power. The analysis
of the specific removal rate for different laser parameters,
like average power, repetition rate or pulse duration, and
process parameters, like scanning speed or material, can
be used to find the best operation point for microprocess-
ing applications. Analytical models and molecular dynam-
ics simulations based on the so-called two-temperature
model reveal the causes for the appearance of limiting
physical effects. The findings of models and simulations
can be used to take advantage and optimize processing
strategies.
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1 Introduction

The laser has come a long way since its invention in 1960,
and its developer Theodore H. Maiman then called it, ‘A
Solution Seeking a Problem’ [1]. At the beginning, the
impact of the laser may have been bigger culturally than
technologically; and only 4 years after, British Agent
007 was strapped to a table being menaced with one in
the film, ‘Goldfinger’.

However, in the same year, Hargrove et al. [2] report
the first demonstration of an actively mode-locked laser,
i.e. a helium-neon laser with an acousto-optic modulator.
One year later, passive mode locking was demonstrated by
Mocker and Collins [3], and this is the basis for a long-term
stability of ultra-fast lasers. This was the beginning of the
success story for ultra-fast lasers and laid the foundation
for a myriad of innovative applications.

Within the next 20 years, ultra-fast laser systems
mainly based on dyes were developed and improved,
pulse duration was reduced from 10 ps to below 10 fs as
shown in Figure 1, while at the same time, pulse energy
and average power were increased to reach intensities of
more than 10 W/cm? This value could only further be
raised after the development of chirped pulse amplifica-
tion (CPA) by Strickland and Mourou [7].

Since the beginning of the 1990s solid state systems
took over from dye systems due to their higher reliability
and the possibility to reduce the size of the laser systems.
Today, ultra-fast laser systems are able to deliver several
hundreds of Watts average power und can work at fre-
quencies up to the gigahertz range [4-6, 8-12].

Ultra-fast lasers have made their way from science
labs to productions sides worldwide in manifold indus-
trial applications ranging from automotive industries to
medical technology, from mechanical engineering to phar-
maceutical industries, and from watchmaking to aeronau-
tic industries [13-20]. The technology was awarded with
the ‘Deutscher Zukunftspreis’ in 2013 due to its paramount
importance for, and crucial impact on, the German manu-
facturing industry and its global competitiveness (http://
www.deutscher-zukunftspreis.de/de/news/deutscher-
zukunftspreis-2013-festliche-preisverleihung-berlin).
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Figure 1: History of ultra-fast pulse duration, modified from Refs. [4-6].

2 Ablation process

2.1 Model

Ultra-short pulsed laser systems typically provide an
excellent beam quality with M?< 1.3, which equates a
Gaussian beam profile, i.e. the intensity distribution
I(r) in the focal spot can be considered as Gaussian-
shaped.

The ablation depth z_ (Eq. (1)) is, besides the penetra-
tion depth ¢ and the threshold fluence ¢, depending on
the fluence ¢(r) itself that is directly defined by the inten-
sity distribution I(r) [13-16],

z, =0 ln(

Penetration depth ¢ and threshold fluence ¢, are
material dependent and, for the sake of simplicity, will
be considered as constant with respect to temperature
changes. The intensity distribution I(r), therefore, mainly
defines the quantity of ablated material per pulse, i.e. the
ablated volume per pulse. To demonstrate the difference
in ablated volume per pulse, a Gaussian intensity distribu-
tion will be compared to a TopHat intensity distribution as
shown in Figure 2.

In case of a TopHat distribution, the ablation depth
z,,, can be written as
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Figure 2: Intensity distributions.

and for a Gaussian intensity distribution as

2
0- ln[ % ]_2.1'2 r<R
Zabl (r ) = ¢thres WO (3)
0 r>R
with R=w, - 1-ln[¢°] ablated radius and ¢ =2-—%&
2 ¢thres .7TWO
peak fluence.

E, is the pulse energy, and z_, is the ablation depth
for a Gaussian intensity distribution and is depicted in
Figure 3.

¢, =2¢ )

Average fluence ¢ and peak fluence ¢, are linked
according to Eq. (4).

The ablated volume per pulse can be calculated and
reads

¢

)

AV=aw-z, :nwé-é-ln(

thres
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Figure 3: Ablation depth z as a function of the radial position r
or the deposited energy per volume dE/dV for a Gaussian intensity
distribution for two different spot sizes (see Figure 5).

for a TopHat distribution and

27 R .7TW2 ¢
AV = ||z () rdrdp=""2.5-1n?| -2 (6)
-(lJ.-([ abl( ) (p 4 [¢thres]

for a Gaussian distribution. The ablated volume AV as a
function of ¢ /¢, . is shown in Figure 4.

Irrespective of the intensity distribution I(r), in the
case of pulsed laser radiation, the energy distribution or
fluence ¢(r) may directly be used to calculate the ablated
volume per pulse.

In principle, the same steps must be followed for both
intensity distributions, but the general approach is dem-
onstrated for the TopHat only. The deposited energy per
volume drops exponentially with the distance z from the
surface [20]

z

dE, . dE, =
dV(Z)_ v e )

dE
where E_ = dVO

-0 is the total absorbed energy and

corresponds to the integral, i.e. the orange area under the
curve in Figure 5.

The green area represents the amount of depos-
ited energy that is required for the ablation process and
amounts to

E, =§—§(zam)=‘f§;.¢t$es .a.m[¢¢ J (8)
thres
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Figure 4: Ablated volume per pulse V, for a TopHat and a Gauss-
ian intensity distribution and their ratio as a function of ¢ /¢, -
according to Eqgs. (5) and (6). The optimum at ¢ =e-¢, and the
break even at AV,  /AV, .. =1areindicated. At the optimum, a
TopHat is two times more efficient than a Gauss intensity distribu-
tion. The ablated volume has been calculated for a spot radius of
w,=16 um and a penetration depth of =0.06 um. Remark: An
ablated volume of AV=50 pm? corresponds to an ablation rate of
AV/At=8.3 mm?/min at a repetition rate offrep:2885 kHz (see
Figure 6).
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Figure 5: Deposited energy per volume dE/dV in dependence of
the normalized depth z/5. The orange area represents the total
absorbed energy, whereas the green area represents the energy
required for ablation.



132 —— T.Kramer et al.: Ablation dynamics

By dividing the energy for the ablation process E_ by
the total absorbed energy E_, the process efficiency # can
be defined as

tot?

n:%m.ln[sb] ©)
¢ ¢thres

and shows a maximum at ¢=e ¢, with a maximum

thres
efficiency of n= % =0.368. It is noteworthy that, in any
cause, 63% of the applied energy is lost. The ablated depth
then corresponds to the penetration depth z_ =4.

The ablation rate AV/At, i.e. the ablated volume per
time, can be calculated by multiplying the ablated volume
AV with the repetition rate f.

rep

AV
—=f AV 1
At f‘ep (10)
and the ablation rate can be written as
P
M:ﬂwé.(}f[ep.]n[ avze ] (11)
At frep ’ HWO ’ ¢thres
for a TopHat and
2
AV _ 7w, "3'frep In2 (2%%] (12)
At 4 frep ’ nWO ’ ¢thres

for a Gaussian intensity distribution.

It has to be mentioned that both intensity distri-
butions show a maximum. This maximum defines the
highest ablation rate and can be referred to as optimum.
In Figure 6, the repetition rate f,_ is increased, while the
average power P__is kept constant. Therefore, the fluence
reduces with increasing repetition rate and, in the case
of the TopHat, falls below the threshold fluence. The

optimum frequencies f, . thatare defined by the highest
ablation rate AV/Atmax, are given by
P
fmp"’pt - e ﬂWé *Pihres (13)
for a TopHat and by
2-P
frep,opt = » (14)

2 2
e '.7TW0 ’ ¢thres

for a Gaussian intensity distribution.

The optimum repetition rate f, epopt? 011 the one hand,
scales linearly with the average power P, , which implies
that the scanning speed needs to be increased by the same

factor if the spatial pulse distance is kept.
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Figure 6: Ablation rate AV/At for a TopHat and a Gaussian intensity
distribution as a function of the repetition rate f,ep. according to Eqgs.
(11) and (12). The optimum frequency for both intensity distributions
can be calculated according to Egs. (13) and (14). The following data
was used: P_ =30 W, w,=16 um, ¢, =0.35)/cm?, 6=0.06 pum.

On the other hand, the optimum repetition rate f, epopt
does scale reciprocal with the spot size zw.. When the
spot radius w, is reduced by a factor of two, the repetition

rate f, must be increased by a factor of four.
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Figure 7: Ablation depth z as a function of the laser peak fluence
¢, for copper showing three ablation regimes [22-24]. Each regime
can be described by an individual threshold fluence ¢, ..
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Ablation

Figure 8: Two-temperature model for ultra-fast laser ablation processes: basic mechanisms. The energy of the photons is absorbed by the
electrons and then transferred to the lattice by collisions. On the short timescale, the temperatures of the electrons and the lattice is differ-

ent (modified from Ref. [25]).

When increasing the fluence, different ablation
mechanisms become dominant [21-23]. Macroscopically
these ablation mechanisms can be demonstrated by plot-
ting the ablation depth z, against the natural logarithm
of the peak fluence ¢, as shown in Figure 7 [22, 23]. The
ablation mechanisms are defining an ablation regime
that is characterized by a linear increase in the ablation
depth z_ as a function of the natural logarithm of the
peak fluence ¢ .

Threshold fluence ¢, __as well as penetration depth 6,
in principal, are material and wavelength dependent, but
in addition, they change with the ablation mechanism for
each regime. Each ablation regime then can be described
by an individual threshold fluence ¢, and penetration
depth 6.

The energy of the photons of the ultra-short laser
pulses that are penetrating the bulk material is absorbed
by free electrons in the skin layer of a metal. The energy
drops exponentially with the depth as shown in Figure 5.
The electrons are being accelerated, which is equivalent
to a rise in the temperature of the electrons. They collide
with ions in the lattice transferring their kinetic energy
to the lattice. Because of their higher mass, the ions
accelerate much slower representing a retarded, but still
rapid, rise in the temperature of the lattice, whereas the
temperature of the electrons drops much faster. Depend-
ing on the absorbed fluence and the pulse duration, the
material is ablated by different ablation modes. The basic
mechanisms are schematically depicted in Figure 8. The
fundamental description of the temperature distributions
is called the two-temperature model that distinguishes
between the individual temperature of the electrons and
the lattice that was introduced by Anisimov et al. [26, 27].
Figure 9 shows an example of a two-temperature Model
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Figure 9: Two-temperature model: electron and lattice tempera-
tures at both surfaces of a nickel film, irradiated with a 200-fs laser
around melting threshold (absorbed fluence 43 mJ/cm?) (modified
from Refs. [28] and [29]).

simulating the irradiation of a 50-nm nickel foil with a
100-fs laser pulse [28, 29].

Theoretical predictions like melting thresholds or
heating rates can be made by means of the two-temper-
ature model, and it has widely been applied to explain
the experimental results during ultra-short pulse material
processing [30].

In Figure 9, the laser pulse as well as the temperature of
the electrons (orange lines) and the temperature of the ions
(green lines) on the front surface and on the back surface
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are shown. The temperature of the electrons on the front
surface rises immediately with the incident laser pulse. The
increase in the temperature of the lattice is much slower,
but after approximately 4 ps, the front surface starts to melt
already, and after approximately 8 ps, the surface on the
back reaches the melting temperature as well.

2.2 Ablation modes

During the past three decades, the understanding of the
process for ultra-short/ultra-fast pulsed laser ablation sub-
stantially changed. In the early years of materials processing

1760 m/s

1250 m/s I

g

g
=

Fluence (J/m?)
g
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with ultra-short pulsed laser radiation, it was assumed that
the high intensity of the ultra-short laser pulses was able to
directly evaporate a material (sublimation). As the repeti-
tion rates of the ultra-short pulsed lasers was in the range of
some 10 kHz, the term ‘cold ablation’ was used to describe
the application of ultra-short pulsed lasers. Increasing the
repetition rate and average power shed a different light on
‘cold ablation’, and heat accumulation stepped into the
limelight of the researchers (see Section 2.3). In addition,
the enormous rise in computing power helped to increase
and deepen the understanding of ultra-fast ablation.
Nowadays, the ablation process is described in a
more differentiated manner than by the mere calculation
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Figure 10: The integral visual picture of melting, generation of subsurface voids, and material ejection from an aluminum target irradi-
ated by a 100-fs laser pulse. The laser beam has a Gaussian spatial profile with a peak absorbed laser fluence of 2050 J/m?, as shown in
the bottom part of the figure. The representation of the laser-induced processes at the scale of the whole laser spot is based on a ‘mosaic
approach’, where snapshots from individual TTM-MD simulations taken at the same time of 150 ps after the laser pulse are aligned with
locations within the laser spot that correspond to the values of local fluence used in the simulations, as shown by the thin vertical and
horizontal dashed lines. The atoms in the snapshots are colored by their potential energy, from blue for low-energy atoms in the bulk of
the target to red for the vapor-phase atoms. The red dots connected by the red line mark the location of the melting front. The thicknesses
and locations of the top void-free layers are shown by black bars for simulations performed in the spallation regime and, in the case of the
lowest fluence of 650 J/m?, just below the spallation threshold. For two local fluences, 650 and 900 J/m?, the locations of the melting front
and the void-free layers are marked without showing the corresponding snapshots. The velocities of the top void-free layers at 150 ps are
provided in the figure [31]. Reprinted by permission from: Springer Nature, Applied Physics A (January 2014) Volume 114, Issue 1, pp 11-32,
Materials Science and Processing: “Microscopic mechanisms of laser spallation and ablation of metal targets from large-scale molecular
dynamics simulations”, Wu, C. and Zhigilei, L.V., doi.org/10.1007/500339-013-8086-4.
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of temperature fields. In particular, molecular dynamics
(MD) simulations based on the two-temperature model
have proven to be capable of delivering results for metals
that provide information on the mechanisms of laser
melting and resolidification [31-39], generation of crystal
defects [40-42], photomechanical spallation [34, 37, 39,
43-50], phase explosion, and material ejection in laser
ablation [33, 37, 39, 43, 48, 49, 51-71].

The energy deposition during an ultra-short laser
pulse creates a so-called inertial stress confinement [37,
43, 45], which characterizes the inability of the material to
expand during the time of ultra-fast heating by the laser
pulse. As a consequence, strong compressive stresses are
built up in the surface region. When these stresses relax,
they cause the generation and growth of sub-surface
voids which, in turn, may cause separation and ejection
of liquid surface layers or droplets from the bulk.

Wu and Zhigilei [31] performed a series of TTM-MD
simulations for femtosecond laser irradiation of Al and
combined them to an impressing overview, a ‘mosaic
approach’ or ‘the big picture’ as they call it. In Figure 10,
it is reprinted by permission including the explanation in
the caption.

They distinguish between two regimes, photomechan-
ical spallation and phase explosion, and report an abrupt
change in the composition of the ejected plume when the
laser fluence increases above the spallation threshold.

500
450
400
350
300

250

200 | I
150
100/} 1}]

50

O —_
0 2 4 6 8 10 12

Time t (us)

Temperature T (°C)

0.5 MHz —— 2.5 MHz 5.0 MHz

Figure 11: Example for heat accumulation due to the increase in
the repetition rate: temperature on the surface as a function of time
for three different repetition rates f_ =0.5 MHz, f_ =2.5 MHz and
fmp:S.O MHz on the surface of the target (z=0) [78].
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The ejection of liquid layers and large droplets give way
to a mixture of atoms, atomic clusters, and small droplets.
This phase explosion regime is caused by the overheating
above the limit of thermodynamic stability of the liquid
layer [31, 72], whereas the relaxation of the induced photo-
mechanical stresses is the reason for the material ejection
at lower fluences.

Photomechanical spallation or explosive decomposi-
tion of superheated material may lead to unusual metasta-
ble phases or complex surface morphologies. Especially
for metals, high cooling rates of up to 10”2 K/s caused by
the local high energy concentration and the large thermal
conductivity arise [72-74], and a highly undercooled liquid
is generated. The formation of unusual defect configura-
tions, nanocrystalline, and amorphous structures are pos-
sible effects [73-77].

2.3 Heat accumulation

For the description of the ablation modes, only a single
pulse and a timescale of some tens of picoseconds have
been considered. Applying a series of pulses requires a
longer time base and the consideration of accumulation
effects, e.g. heat accumulation or shielding gets important.
Heat accumulation refers to the continuous increase in tem-
perature of the target due to the fact that the time between
two consecutive pulses is too short to allow the material to
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1500 | e || et | et | - el e
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Figure 12: Heat accumulation in stainless steel AISI 304 at a high
pulse energy £, =3 m) and at a repetition rate of f =100 kHz. The
tenth pulse hits a molten surface [80].
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fully cool down. The remaining energy in the material is
then referred to as residual heat. In this context, the influ-
ence of the high repetition rates of state-of-the-art ultra-fast
laser systems must be investigated. Simple heat conduc-
tion calculations demonstrate that a surface irradiated by
laser pulses at low repetition rates stays cool, whereas at
high repetition rates, and keeping the same pulse energy,
it heats up rapidly. Figure 11 shows examples for stainless
steel AISI 304 at three repetitions rates [78—80].

Weber et al. [80] derived approximation formulas to
calculate the residual heat, respectively, the heat accumu-
lation, and the temporal evolution of the temperature of a
stationary spot for one-dimensional to three-dimensional
heat flow:

N.
AT | t=—"1|=
frep
p

where AT, . is the temperature increase, N, is the number
of heat inputs (consecutive laser pulses) at a given repeti-
tion rate f, e’ and nD denotes the dimensionality nD e {1,
2, 3}. Figure 12 shows the calculation results for stain-
less steel and 10 consecutive pulses with a pulse energy
of E, =3 m] at a repetition rate of f, o= 100 kHz according
to Eq. (15). The 10th pulse already hits a molten surface,
and the ablation process may change drastically, typically
reducing the efficiency and quality.

Furthermore, they found that the maximum number
of consecutive pulses per location decreases by P;e but
increases linearly with the feed rate.

Bauer et al. [81] reported the influence of heat accu-
mulation on the surface quality for the micromachining
of stainless steel AISI 304 with picosecond laser radiation.
They found a critical saturation temperature of approxi-
mately T . =610°C, where the quality of the ablated
surface drastically decreases; it changes from a smooth
and reflective surface to a rough, bump covered surface.
They developed an analytic model to predict the critical
saturation temperature. Three-dimensional simulations
of the temperature fields that consider the temporal and
spatial displacement of the consecutive laser pulses are
the basis for a heat flow model to describe heat accumula-
tion for scanning ultra-short pulse laser machining [81].

Q, %‘ 1
4-ﬂ~[€ nD = INnD
.Cp. f

rep

(15)

2.4 Shielding

Besides heat accumulation that reduces the range of laser
parameters, in particular, repetition rate ﬁep and peak
fluence ¢, and process parameters like scanning speed

DE GRUYTER

v_..» the subsequent laser pulse interacts with the ablated
material of the previous one as well.

Koenig et al. [82] investigated the plasma evolu-
tion during laser ablation with ultra-short pulsed laser
radiation. By means of pump-and-probe experiments,
they measured the transmission of the plasma/particle
plume for the ablation of aluminum as well as copper and
steel targets and discovered two transmission minima at
approximately ¢ =5 ns and £,=150 ns after the laser pulse
independent of the target material. The extent of the trans-
mission reduction differed for each material.

Figure 13 is reprinted by permission and shows
the temporal transmission of aluminum as well as of
copper and steel. The repetition rates corresponding to
the time of the minima are f ep(t1:5 ns)=200 MHz and
f, ep(tz: 150 ns)=7 MHz, respectively. In all cases, the
transmission recovers to 100% after about ¢ _ =5 us after
the laser pulse; this corresponds to a repetition rate of
fruprec=0-2 MHz.

Although the peak fluences of ¢ =17 J/cm? and
¢,=18 J/cm?, respectively, are far above the ones used for
micromachining, typically around ¢,=0.5 J/cm? for steel
and ¢, =3]/cm?for copper, applications at repetition rates
in the range of 0.2 MHz to 2 MHz may already suffer from
an efficiency loss due to the reduced transmission of the
incident ultra-fast laser radiation through the plume.

3 Industrial relevance

3.1 Quality and ablation process

From the point of view of the user, the previous find-
ings become interesting if the quality of the results or the
effectiveness of the process is affected. Then, there must
be a strategy to either avoid or to exploit the above-men-
tioned effects with respect to the objective that must be
optimized. Furthermore, the dependence of the objective
on the individual laser and process parameters finally
defines the stability and robustness of the process around
the chosen operating point.

Knowledge of the behavior on a certain parameter
over a larger range then can be used to upscale the abla-
tion process, e.g. to higher repetition rates or higher
average power.

3.2 Steel

A lot of investigations have been performed on stainless
steel AISI 304 regarding heat accumulation and shielding
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Figure 13: Temporal transition of probe pulses with a wavelength of 4
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at¢,=18)/cm? (B) [82]. Reprinted by permission from: The Optical Society of America, Optics Express Vol. 13, Issue 26, pp. 10597-10607
(2005): “Plasma evolution during metal ablation with ultrashort laser pulses”, ). Konig, S. Nolte, and A. Tiinnermann, doi.org/10.1364/

OPEX.13.010597.

effects. The results of the investigations on upscaling to
higher repetition rates and higher power, therefore, can
well be positioned in the context of these reported effects.
Jaeggi et al. [23] performed experiments on steel and
copper with ultra-fast laser radiation at repetition rates up
to 40 MHz and an average power of up to 365 W. Figure 14
shows the specific removal rate, the ablated volume per
time, and average power dV/(dt P, ), as a function of the
peak fluence ¢, for different repetition rates. The values
for low repetition rates are produced with different lasers
at different pulse durations and are added for the sake of
completeness (see Section 3.4). The efficiency increases
for repetition rates of 8.1 MHz and 10 MHz at 3.3 ps com-
pared to 0.2 MHz at 10 ps but is still lower than for 0.5 MHz
at 350 fs, and the maximum shifts slightly to a higher peak
fluence. The optimum peak fluence is approximately 0.4—
0.5 J/cm?. At peak fluences exceeding 1 J/cm? the abla-
tion at 10 MHz is more efficient than at 8.1 MHz. A further
increase in the repetition rate to 40 MHz again brings the
ablation efficiency back down to the level of 0.2 MHz but
compresses the maximum and shifts it to a lower peak
fluence. Peak fluences above 0.6 J/cm? could not be inves-
tigated due to the limit of the average power of 365 W.
Figure 15 shows three SEM images of the surfaces
machined at different repetition rates and different
average power. At the lowest repetition rate of 0.2 MHz
and the lowest average power of 0.4 W, the surface is
smooth and shiny, whereas for both higher repetition
rates of 10 MHz and 40 MHz and average powers of 54 W
and 155 W, respectively, the surface quality is rough and
bumpy. This surface structure is comparable to the one
presented by Bauer et al. when the surface temperature

exceeded the critical saturation temperature and, there-
fore, is an aftermath of heat accumulation.

The impact of heat accumulation can be reduced if the
number of pulses per location is reduced either by reduc-
ing the repetition rate (temporal measure) or by reducing
the overlap (spatial measure).

Reducing the repetition rate while keeping the
optimum peak fluence means to reduce the applied
average power by the same factor, and probably, the user
cannot take full advantage of the laser.
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Figure 14: Specific removal rate for steel AISI 304 at different
repetition rates [23].
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Figure 15: SEM images of machined surfaces in stainless steel AISI 304 at different repetition rates and different average power [23].
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Figure 16: Ablation efficiency of copper (C12 200) at different rep-
etition rates and overlaps [23].

Reducing the overlap, thus increasing the distance
between successive pulses, means to increase the scan-
ning speed. In this case, the scanning device becomes the
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limiting factor; glavanometric scanners may reach some
tens of meters per second depending on the focusing optics,
e.g. 40 m/s for f=163 mm [83]. In contrast, polygon scan-
ners go up to several hundreds of meters per second but
do not offer the same flexibility as galvanometric scanners.

As a consequence, novel machining strategies besides
the improvement of the equipment and hardware have to
be developed to fully benefit from state-of the-art ultra-
fast lasers for micromachining of metals. A few ideas will
be presented in Section 3.5.

3.3 Copper

The specific removal rate for copper (C12 200) at differ-
ent repetition rates is shown in Figure 16. The values for
0.5 MHz are taken from the results for a pulse duration of
350 fs. Compared to the results for steel, the ablation effi-
ciency for copper, in general, is lower, and the optimum
range is much broader. The optimum peak fluence is 2.5—
4.0 J/cm?. The ablation efficiency strongly drops with the
increase in peak fluence. From 2 MHz to 10 MHz, it drops
by 25% and from 10 MHz to 40 MHz by another 50%.
The maximum ablation rate was obtained at a repeti-
tion rate of f, =2 MHz and the maximum average power

ot
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Figure 17: SEM images of machined surfaces in copper (C12 200) at different repetition rates and different average power [23].
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of P, =306 W and amounted to AV/At=40 mm’/min. The
surface quality at this point is still high. Figure 17 shows
SEM images of the surfaces machined at different repeti-
tion rates and a different average power.

A decrease in the surface quality to the extent as
for steel could not be observed for copper as shown in
Figure 17.

3.4 Pulse duration

The influence of the pulse duration has been the topic
of several publications [22, 84—-89]. For the multitude of
materials, the motto ‘the shorter, the better’ applies when
it comes to the choice of a femtosecond or a picosecond
laser, although the differences for pulse duration below
1 ps are small.

Figures 18 and 19 show the specific removal rates of
stainless steel AISI 304 and copper (C12 200). Both graphs
prove that, in general, the shortest pulse duration investi-
gated has the highest specific removal rate. The influence
of the pulse duration on the specific removal rate is more
pronounced for stainless steel than it is for copper.

3.5 Upscaling

As shown before, the upscaling of the experimental
results obtained at a low average power and low repetition
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Figure 18: Influence of the pulse duration on the specific removal
rate of stainless steel AISI 304 [22].
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rates is not possible when effects like heat accumula-
tion or shielding occur. To take advantage of the average
power and repetition rates of state-of-the-art ultra-fast
lasers, the appearance of these effects has to be avoided
by either separation of the consecutive pulses spatially or
temporally. Increasing the scanning speed for galvano-
metric scanners is limited by the hardware; changing to a
polygon scanner increases the scanning speeds, and both
limits the flexibility at the same time.

If the spot size is increased to keep the optimum
peak fluence but a higher average power is applied, the
minimum feature size will be increased to the same extent.

As an alternative, the number of spots can be
increased. At present, the diffractive optical elements
(DOESs) or spatial light modulators (SLMs) can be used
to generate multiple spots of different shapes, matrices
of 2x2, 3x3, etc., spots can be used to machine a large
surface or to machine a higher number of pieces at the
same time with the same structure [90]. SLMs are provid-
ing a higher flexibility, but they underlie some restric-
tions like destruction threshold, resolution, or switching
frequency [91, 92].

Ultra-fast lasers in MOPA arrangement provide so-
called pulse bursts, pulse trains of a defined number of
consecutive pulses at the frequency of the seed oscillator.
Pulse bursts can be used to increase the productivity of
the laser; various investigations reveal that the ablation
efficiency can be kept or even increased for several con-
figurations of the pulse bursts [93-99].
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Figure 19: Influence of the pulse duration on the specific removal
rate of copper (C12 200) [22].
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Figure 20: Specific removal rate for the application of a two-pulse
burst on steel (AISI 304) [97, 98].

In Figures 20 and 21, the specific removal rate for stain-
less steel AISI 304 as a function of the peak fluence is shown
for a two-pulse burst with varying inter-pulse-distances and
a three-pulse burst, respectively. The highest removal rate
is achieved with a single pulse, but a two-pulse burst with
an inter-pulse distance of at least 24 ns ablates the same
amount of material per time and average power, i.e. it has
the same ablation efficiency per pulse. This means that
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Figure 21: Specific removal rate for the application of a three-pulse
burst on steel (AISI 304) [97, 98].
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Figure 22: Specific removal rate for the application of pulse bursts
on copper (C12 200) [97, 98, 100]. The pulse distance between two
consecutive pulses for all bursts is 12 ns.

each pulse of the two-pulse burst ablates as much material
as a single pulse and a two-pulse burst, therefore, it ablates
twice as much as a single pulse at the same repetition rate.
The user can benefit from this by applying a two-pulse-burst
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Figure 23: Specific removal rate for the application of a three-pulse
burst varying the height of the center pulse on copper (C12 200)
[97, 98].
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Figure 24: Specific removal rate for the application of a three-pulse
burst varying the height of the outer pulses on copper (C12 200) [97,
98].

at the same repetition rate and for the same scanning speed
but with the average power doubled. It has the same effect
as doubling the repetition rate and the average power for a
single pulse. The advantages are twofold: first, the scanning
speed, which in some cases may be the limiting factor, does
not increase. Second, the number of repetitions or layers can
be halved, which means that the production takes only half
the time. Just as a side note: Increasing the scanning speed
means increasing the acceleration and deceleration time as
well, and this, in turn, reduces the duty cycle, the ratio of
effective production time on the total production time.
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For most materials, the specific removal rate for a
single pulse at the optimum point cannot be exceeded.
Increasing the repetition rate and average power when
keeping the optimum peak fluence, therefore, will result
in the highest ablation rate. But even if the ablation effi-
ciency drops slightly, the sum of the ablation rate of two
pulses in a burst may exceed that of a single pulse at the
same repetition rate. By doing this, the applied average
power can be doubled, while repetition rate and scanning
speed can be kept. As no other geometrical parameter like
the spot size is modified, no further adjustments have to
be made.

However, for some materials, this statement is only
partially true. Figure 22 shows the specific removal rate for
copper (C12 200) as a function of the peak fluence for dif-
ferent pulse burst configurations at a fixed inter-pulse dis-
tance of 12 ns. In contrast to steel, the maximum specific
removal rate for a single pulse can be exceeded by approx-
imately 15% by applying a three-pulse burst or a five-pulse
burst, whereas it drops drastically for a two-pulse burst.
The application of a three-pulse burst, thus tripling the
average power at the same fixed repetition rate, will raise
the ablated volume per time by a factor of 1.15x3=3.45,
and the productivity can be increased by the same factor.
This rise cannot be achieved by only tripling the repetition
rate. In addition, reducing the height of the center pulse
to 75% of the height of the first and the last pulse does not
reduce the specific removal rate, and reducing the height
of the outer pulses to 50% of the height of the center pulse
retains the specific removal rate on the level of a single
pulse.

As shown in Figures 23 and 24, when applying this
three-pulse burst configuration, 50%-100%-50%, i.e. the
total pulse energy is doubled, and the ablation rate can be
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Figure 25:

SEM images of machined copper surfaces according to Figure 23 and Figure 24; approximate optimum peak fluence ¢
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Figure 27: Examples of microstructuring/surface modification and polishing with ultra-short laser pulses on stainless steel AISI 304.

tripled at the same repetition rate. Figure 25 shows SEM
images of the surface machined with different configura-
tions of pulse bursts.

This feature can be applied as long as the machining
quality still fulfills the requirements. Taking into account
the findings of Weber et al., the utilization of the pulse
bursts can be used to intentionally generate a molten layer
on the surface of the workpiece. Figures 26 and 27 show
examples of surface modifications and polishing.

Melting of the surface is used to polish metal parts,
and to a certain degree, this works for ultra-fast lasers
as well. Although the application of a cost-intense laser,
designed for ‘cold ablation’ appears weird on the first
glimpse, it might become economic on the second view in
a two-step combination with the ablation process.

Furthermore, the generation of a molten layer for
microstructuring applications can directly increase the
ablation efficiency. In general, the ablation of molten mate-
rial is a thermal process and likely more efficient; the abla-
tion efficiency rises drastically for microsecond pulses.

The appearance of holes and bumps on the surface
during micromachining by ultra-fast laser radiation is not
only a question of quality but, for a few materials, a ques-
tion of efficiency as well. The rough surface decreases the
amount of energy for the ablation process, and at a certain
degree of surface roughness, the ablation process stops
completely. If the appearance of holes and bumps can be
avoided by melting a thin layer on the surface, such that
the emerging holes and bumps are leveled out, the abla-
tion efficiency can be kept high [99, 100].
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