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Scaling the average power of ultrafast lasers into the kW range for high-throughput surface struc-
turing and micromachining by the pulse energy requires an adapted processing strategy in order to 
minimize surface defects due to high fluences and maintain a high surface quality. One promising 
approach to distribute the pulse energy uniformly on the sample surface is spatial beam shaping using 
a spatial light modulator. The local phase was modulated by computer-generated holograms for the 
generation of uniform intensity distributions in the focal plane. The corresponding intensity distribu-
tions resulting from the different holograms were monitored with an on-axis camera to ensure accurate 
beam shapes during surface structuring and micromachining of the two materials stainless steel and 
cemented tungsten carbide. Uniform surface structures and flexible, dimensionally accurate cavities 
were machined with a shaped ultrafast laser beam and high pulse energies up to over 1 mJ on the 
sample surface. Various beam shapes with a cross-sectional area up to 0.42 mm² were generated on 
the sample surface for energy-efficient micromachining and homogenous surface structuring. The 
capability of high-energy pulse beam shaping was demonstrated by the fabrication of a large-area 
checkerboard pattern with small transition zones <10 µm between unprocessed and structured areas. 
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1. Introduction
Ultrafast lasers are an excellent tool for functionalization

of material surfaces [1] and for micromachining of complex 
geometries with sizes and depths ranging from a few mi-
crometers [2] up to several hundred micrometers [3]. Even 
demanding requirements such as the automated and local re-
moval of exceeding material and smoothing of rough sur-
faces can be realized with this technology [3], [4]. Surface 
functionalization can be achieved by the generation of rip-
ple-shaped laser-induced periodic surface structures 
(LIPSS) on the surface, that allow to locally modify the wet-
tability, friction or optical properties [1], [5]. Such ripples 
are also generated during micromachining of deeper geom-
etries and are often an indicator for low roughness and there-
fore high surface quality after the micromachining process 
[6], [7]. 

High throughput is required for the economical applica-
tion of these processes in an industrial environment. In sur-
face functionalization and micromachining, the throughput 
is defined by the structuring rate (structured area per time) 
and by the ablation rate (removed volume per time), respec-
tively. In the past, a limiting factor was the low average 
power of the beam sources, which often prevented applica-
bility for large-area or high-volume manufacturing. Recently, 
this situation has changed with the demonstrations of ultra-
fast lasers that exceed average powers of kW [7] even with 
excellent beam quality [8]. Various challenges and process 
limitations arise when processing with high average laser 
powers [9], [10], which require advanced system technology 

and process strategies to achieve high throughput while 
maintaining high surface quality. For the cases of surface 
structuring and micromachining at high pulse energies, a 
major challenge is maintaining a low fluence, which is only 
a few times over the material-specific ablation threshold in 
order to maintain a fine ripple structure [1] and high energy 
efficiency in micromachining [2]. Using pulse bursts and 
beam, high throughput micromachining with 1010 W aver-
age power and over 2 mJ pulse energy was demonstrated in 
[6] and [7] for silicon and different metals with ablation rates 
up to 230 mm³/min. Another promising approach using
beam splitting was demonstrated in [11] with 200 W average 
laser power and 2 mJ pulse energy for high throughput sur-
face structuring with structuring rates up to 1910 cm²/min.

Since standard ultrafast lasers have a Gaussian intensity 
distribution, this is also usually the intensity distribution 
which is used for processing. However, processing with a 
uniform intensity distribution, i.e. “top-hat”, offers several 
advantages compared to a Gaussian intensity distribution: A 
higher maximum energy-efficiency at a lower optimum flu-
ence is achieved in micromachining with a uniform intensity 
distribution [2], [12]. Besides, it allows micromachining of 
rectangular grooves without recast on the rims [13]. In sur-
face structuring, the steeper intensity edges of a top-hat 
beam can be used to achieve smaller transition zones be-
tween unprocessed and structured areas, which allows for 
higher selectivity in ablation of thin films [13] and higher 
contrast in surface functionalization. Furthermore, a uniform 
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intensity distribution enables uniform surface structures in-
side the irradiated area [5] with higher structuring rate [14].  

The Gaussian intensity distribution of the laser beam can 
be converted into a uniform intensity distribution by beam 
shaping. Several technical approaches for flexible beam 
shaping in microprocessing have been developed in the past 
few years. Recently, acousto-optical deflectors (AOD) have 
gained attention for beam shaping [15] due to the fast 
switching capabilities up to few hundreds of kHz [16]. The 
AOD can also be combined with a Galvanometer-scanner 
[17] or a diffractive optical element (DOE) for high-speed
temporal and spatial beam-shaping [16]. Spatial light modu-
lators (SLM) with computer-generated holograms (CGH)
are a more common approach and can be used for the gener-
ation of arbitrary beam shapes with shape switching capabil-
ities up to few tens of Hz [18], [19]. The SLM can also be
combined with a Galvanometer-scanner [20] for beam shap-
ing and scanning or combined with another SLM for beam
shaping and beam splitting [21].

In this paper, beam shaping of ultrashort laser pulses 
with high pulse energies up to 1.27 mJ is demonstrated for 
uniform surface structuring of ripples with small transition 
zones and energy-efficient micromachining of large areas on 
metal samples. The potential of beam shaping for achieving 
a high surface quality even with high energy ultrafast lasers 
is shown in the following. 

2. Methods and materials
2.1 Experimental setup for flexible beam shaping

The ultrafast laser system (Spitfire ACE, Spectra Phys-
ics) used for the experiments emitted pulses with a circular 
Gaussian intensity distribution centered at the wavelength 
λ = 800 nm, with a spectral bandwidth of 30 nm (FWHM, 
Gaussian fit) and with an adjustable pulse duration τ between 
0.1 ps and 6.0 ps (FWHM, Gaussian fit). The maximum 
pulse energy EP of 6 mJ at the pulse repetition rate of 1 kHz 
corresponds to a maximum average output power of 6 W. 
The laser beam had a beam quality factor of M² < 1.3 and 
was linearly polarized. Flexible beam shaping was per-
formed using an SLM. The beam path with the 6f-optical 
setup between the SLM and the sample is shown in Fig. 1.  

Fig. 1 Experimental setup used for laser surface structuring with 
flexible beam shapes. 

A λ/2-waveplate was used to adjust the direction of polariza-
tion to a horizontal orientation. The experimental setup was 
designed to have an angle of incidence on the SLM of α < 5° 
in order to maximize the diffraction efficiency of the SLM. 
The beam diameter (1/e²) on the SLM was measured to 
10.0 mm using the knife-edge technique. The LCOS-SLM 

(X13139, Hamamatsu) had a fill factor of 96% and a resolu-
tion of 1272 x 1024 pixels with a pixel pitch of 12.5 µm, 
which corresponds to an effective field size of 
16.0 mm x 12.8 mm. After modulation and reflection by the 
SLM, the beam was focused by the lens L1 with a focal 
length of f1 = 150 mm. A spatial filter was mounted in the 
focal plane F1 in order to block the propagation of the 0th 
order and diffraction orders higher than the 1st diffraction or-
der. The beam was collimated by the lens L2 with 
f2 = 150 mm and deflected into the Galvanometer-scanner 
(intelliSCAN III 14, Scanlab). The F-Θ lens L3,p with 
f3,p = 100 mm focused the beam onto the sample, which was 
located in the focal plane F3,p of the F-Θ lens. The laser 
power and accordingly the pulse energy EP used for pro-
cessing was measured below the F-Θ lens L3,p to take power 
losses from optical elements and varying diffraction effi-
ciency into account. A small portion of the average laser 
power was transmitted through the mirror which was located 
before the Galvanometer-scanner. The transmitted laser 
beam was focused by the lens L3,c with f3,c = 100 mm onto a 
camera located in the focal plane F3,c. The CMOS-camera 
(µEye, IDS imaging) with a pixel pitch of 5.2 µm was used 
to monitor the intensity distribution of the shaped laser beam. 
The dimensions of the beam shape monitored by the camera 
correspond to the dimensions of the beam shape used for 
material processing, as both lenses, L3,p and L3,c have an 
equal focal length f3,p = f3,c = 100 mm. 

2.2 Analytical calculation of the holograms 
Beam shaping was performed using different computer-

generated holograms displayed on the SLM that modify the 
phase distribution of the beam. The fast analytical calcula-
tion of the holograms for the SLM according to [22] was 
used to create rectangles, squares and circles with uniform 
intensity distribution. The two dimensional phase function 
φ(x,y) is calculated by 

( ) ( ) ( ),ϕ β γ β γ= ⋅ + ⋅x x y xx y x y , (1) 
where the parameter 
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and where rSLM is the beam radius on the SLM, w3,p denotes 
the width of the desired beam shape in the focal plane F3,p of 
the lens with f3,p and corresponds to the edge length lx or ly 
(depending on the summand in Eq. (1)) of a rectangular or 
square beam shape or the diameter ld of a circular beam 
shape. The one-dimensional solution of γ for rectangular or 
squared shapes is 
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where 
SLM

ξ ⋅
=

r
r

2  and r denotes the radial distance from the

optical axis. In order to separate the shaped top hat beam 
from the 0th order spatially, a blazed grating was added to the 
hologram, which allowed to block the 0th order in the F1 
plane without disturbing the shaped top hat beam. 

2.3 Evaluation of the beam shaping quality 
The camera images taken of the incident beam in the po-

sition F3,c (cf. Fig. 1) were used to measure the uniformity 
and edge steepness of the shaped intensity distribution. The 
uniformity of the beam directly influences the uniformity of 
surface structures and flatness of the micromachined surface. 
The beam uniformity 

b
b

b
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µ

=U (5) 

was used to characterize the generated top hat beam, where 
σb is the standard deviation and µb is the mean intensity value 
of the evaluated area. Ub = 0 indicates a completely speckle-
free and perfectly uniform intensity distribution. As an ex-
ample, the evaluated area of a squared shaped beam with a 
desired edge length lx = ly = 500 µm as recorded by the cam-
era is marked with a red dotted line in Fig. 2, where the beam 
uniformity was measured to Ub = 0.08. In the following dia-
grams, a measurement uncertainty of ±0.01 was taken into 
account by corresponding error bars. 

Fig. 2 Image of the squared beam shape generated by a hologram 
on the SLM as measured with the camera in the focal plane 
F3,c (top). The beam uniformity Ub was measured within the 
red squared area of the intensity distribution to Ub = 0.08. 
The yellow and green dotted lines correspond to the vertical 
and horizontal cross sections of the intensity distribution, 
respectively (bottom). 

In material processing, the edge steepness of the shaped 
beam determines the extent of the transition zone between 
homogeneously structured areas due to the uniform intensity 
in the center area of the top hat and surrounding non-struc-
tured areas. The edge steepness 
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was used to characterize the generated top hat beam, where 
A10% and A90% are areas with intensity values above 10% and 
90%, respectively, of the average intensity measured in the 
center area of the top hat. As can be seen from the profiles 
of the recorded top hat beam in Fig. 2 (yellow and green dot-
ted lines), steep edges with a high contrast between the in-
tensity plateau and surrounding area were achieved. The 
steepness of the vertical edges was measured to 
Sb = 0.16 ±0.05 and the steepness of the horizontal edges 
was measured Sb = 0.13 ±0.05. 

2.4 Materials and evaluation of structured surfaces 
Two different materials were used for the experiments: 

One sample was made from cemented tungsten carbide (TC), 
whereas tungsten carbide (90 wt%) with a grain size of 
0.5 µm was bound in a Co-matrix (10 wt%). The other sam-
ple was made from stainless steel (SS) type AISI 304. Both 
of the samples were mechanically polished before surface 
structuring and micromachining. The surface structures re-
sulting from structuring with the shaped beam as well as the 
extent of the transition zone between structured and non-
structured areas were investigated using scanning electron 
microscopy (SEM, Jeol, JSM-6490LV). The micromachin-
ing process was characterized by the energy-specific volume 
ΔVE, which was calculated by 

E
P

∆
∆ =

⋅
VV

N E (7) 

where ΔV is the removed material volume with N pulses of 
the pulse energy EP. The removed material volume was 
measured with a laser scanning microscope (LSM, VK-9700, 
Keyence). In the following diagrams, the error bars represent 
an estimated measurement uncertainty of ±10%. The meas-
ured energy-specific volume was compared with the model 
presented in [2], which was modified for multiple pulses N, 
where the removed material volume can be calculated with 

b eff
th
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φ
 

∆ = ⋅ ⋅ ⋅  
 

V A N  (8) 

where Ab denotes the cross-sectional area of the laser beam, 
δeff is the effective penetration depth, ϕ is the fluence given 

by P

b
φ =
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A

 and ϕth denotes the material-specific threshold 

fluence. The cross-sectional area is given by b = ⋅x yA l l  for 

a rectangular or squared beam shape and by b
π

= ⋅ dA l2

4
 for 

a circular beam shape. 

3. Process limits for energy-efficient micromachining
with flexible beam shapes and ultrashort laser pulses at
high pulse energies

The energy-specific volume was measured for micro-
machining of tungsten carbide (TC) and stainless steel (SS) 
with a squared top hat beam with edge lengths 
lx = ly = 200 µm and different fluences ϕ and pulse durations 
τ. The cavities were micromachined with N = 1000 (TC) or 
N = 300 (SS) in order to receive a removed volume ΔV that 
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could be reliably measured with the LSM even at low flu-
ences close to the ablation threshold ϕth. The energy-specific 
volumes are plotted in Fig. 3. Violet diamonds represent the 
results for TC and τ = 6.0 ps, light blue diamonds represent 
the results for SS and τ = 6.0 ps, and dark blue triangles rep-
resent the results for SS and τ = 0.5 ps. 

Fig. 3 Energy-specific volume ΔVE as a function of the fluence ϕ 
for different materials (TC, SS) and pulse durations τ (6.0 ps, 
0.5 ps) as measured by LSM and as calculated using the 
model in Eq. (7) and Eq. (8) and fitting the values δeff and 
ϕth. 

The measured values show a well-pronounced maximum of 
ΔVE in the range of 0.1 ≤ ϕ ≤ 0.3 J/cm². For ϕ > 0.3 J/cm² the 
measured ΔVE decreases, which is in good agreement with 
observations made in [20], [23]. The maximum value of ΔVE 
is in the same range for TC and SS for micromachining with 
τ = 6.0 ps, however the position of the maximum value is 
shifted to higher ϕ and a lower decrease of ΔVE with increas-
ing ϕ was measured for TC. A 35% higher maximum value 
for ΔVE was measured for SS for micromachining with the 
shorter pulse duration τ = 0.5 ps. The corresponding model 
curves from Eq. (7) and Eq. (8) are shown in Fig. 3 with con-
tinuous lines in the respective colors. The parameters δeff and 
ϕth were used for fitting the model curves to the measured 
values. A good fit was achieved for TC and τ = 6.0 ps with 
δeff = 8 nm and ϕth = 0.065 J/cm², for SS and τ = 6.0 ps with 
δeff = 5 nm and ϕth = 0.040 J/cm², and for SS and τ = 0.5 ps 
with δeff = 9 nm and ϕth = 0.055 J/cm². The determined val-
ues for stainless steel are close to the values of δeff ≈ 9 nm 
and ϕth ≈ 0.150 J/cm² experimentally determined in [23], 
whereas the differences can result from a difference in the 
quality of the beam shape or the significantly increased edge 
length in this work. The determined values for the parame-
ters δeff and ϕth in combination with the model from Eq. (7) 
and Eq. (8) provide a useful tool for the calculation of suita-
ble beam cross-sectional areas and prediction of the ablated 
volume as a function of laser parameters and material prop-
erties. 

Although micromachining with the shorter pulse dura-
tion is beneficial from an energy-efficient perspective, new 
challenges can arise for high-energy laser pulses with regard 
to beam uniformity. The measured beam uniformity Ub and 

camera images of the corresponding squared intensity distri-
bution with lx = ly = 200 µm as a function of EP for τ = 0.5 ps 
(red triangles) and τ = 6.0 ps (dark red diamonds) are shown 
in Fig. 4.  

Fig. 4 Beam uniformity Ub of the squared top hat intensity distri-
bution (lx = ly = 200 µm) measured from camera images 
with constant exposure time as a function of the pulse en-
ergy EP for two different pulse durations, 0.5 ps and 6.0 ps. 

The exposure time of the camera was fixed, which resulted 
in brighter camera images with increased pulse energy. For 
τ = 6.0 ps, a uniform intensity distribution with Ub < 0.1 was 
observed independent of the pulse energy. For τ = 0.5 ps and 
up to a pulse energy EP ≤ 0.14 mJ, uniform intensity distri-
butions with Ub < 0.1 were also observed. However, for 
pulse energies EP ≥ 0.20 mJ, Ub increased up to Ub = 0.28, 
indicating a decrease of the beam uniformity. This is visual-
ized by the corresponding camera images shown in Fig. 4, 
as the shape of the beam became more distorted and the in-
tensity in the center of the beam significantly increased with 
increasing pulse energy. The measured value of Ub is artifi-
cially reduced for EP = 0.4 mJ due to the overexposure in the 
center of the image. The beam uniformity decreased at 
τ = 0.5 ps and for EP > 0.14 mJ due to a distortion of the 
phase distribution caused by the increased intensity of about 
one order of magnitude compared to τ = 6.0 ps at similar 
pulse energy. The high intensity caused an air breakdown in 
the focal plane F1 (cf. Fig. 1) between the lenses L1 and L2, 
which in turn distorted the phase of the propagating beam 
and resulted in a decrease of the uniformity of the shaped 
beam. With the setup used here, the pulse energy must be 
limited to EP = 0.14 mJ (measured on the workpiece) at 
τ = 0.5 ps to maintain high beam uniformity, which, assum-
ing an identical maximum intensity in F1 where the phase is 
not distorted by air breakdown, allows one to estimate the 
pulse energy limit for τ = 6.0 ps to be about EP = 1.40 mJ (on 
the workpiece in F3,p).  

Due to the limited usable pulse energy at τ = 0.5 ps with 
regard to beam uniformity, further investigations in this 
work were only performed with τ = 6.0 ps. The resulting sur-
face structures from micromachining of TC and SS with 
τ = 6.0 ps, N = 1000 and different ϕ as measured by SEM are 
shown in Fig. 5. 
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Fig. 5 SEM images of surface structures generated on tungsten car-
bide (TC) and stainless steel (SS) after irradiation with 
N = 1000 and τ = 6.0 ps and with different fluences ϕ. 

Ripples with a period of 0.7±0.1 µm were observed for TC 
and SS for low fluences ϕ about 3 to 6 times the threshold 
fluence ϕth (Fig. 5 a) and c)). The period of the ripples is cor-
related with the wavelength of laser beam of λ = 800 nm [1]. 
For high fluences ϕ about 15 to 20 times the threshold flu-
ence ϕth, completely different structures can be observed on 
the two materials. A surface only partly covered by ripples 
and with adherent nanoparticles was observed on TC 
(Fig. 5 b). A very rough surface covered with spikes of up to 
10 µm in diameter and height was found on SS (Fig. 5 d).  

With regard to process limits, the results emphasize the 
need to limit the local fluence to about 3 to 6 times the 
threshold fluence ϕth in order to achieve rather smooth sur-
faces covered uniformly only by ripple structures. For mi-
cromachining applications, this behavior coincides well with 
the range of fluence required for a high energy-specific vol-
ume ΔVE, as shown in Fig. 3. Higher pulse energies can be 
used in a 6f-optical setup by using longer pulse durations, as 
the lower intensity in F1 reduces phase distortions that can 
result in a distorted beam shape. 

4. Influence of the beam shape on the uniformity and
efficiency in micromachining

Within the process limits described in the previous sec-
tion, the laser beam was shaped using different holograms in 
order to receive squared (lx = ly = 600 µm), rectangular 
(lx = 800 µm, ly = 450 µm) and circular (ld = 650 µm) beam 
shapes. The different intensity distributions as measured 
with the camera in the focal place F3,c are depicted in the top 
of Fig. 6. A uniform intensity distribution was achieved for 
the squared top hat and rectangular top hat. Only the circular 
top hat showed a local intensity increase on the bottom left, 
indicated by the brighter area, presumably caused by a slight 
misalignment of the experimental setup. 

Fig. 6 Camera images of shaped beam intensity distributions gen-
erated by different holograms on the SLM measured in the 

focal plane F3,c (top) and corresponding LSM measurements 
of the generated cavities in the focal plane F3,p on stainless 
steel by micromachining with τ = 6 ps, ϕ = 0.25 J/cm² and 
N = 1000 (bottom). 

The corresponding micromachining results are depicted in 
the bottom of Fig. 6. A uniformly ablated area was achieved 
with the squared and rectangular top hat due to the uniform 
intensity distribution. The local intensity increase of the cir-
cular beam shape on the bottom left area resulted in an in-
creased local fluence, which caused the local formation of 
spikes in this area, indicated by the small red spikes.  
The energy-specific volume ΔVE of the different beam 
shapes - square, rectangle and circle - at similar beam cross-
sectional areas 0.33 ≤ Ab ≤0.36 mm² was measured for 
τ = 6 ps, ϕ = 0.26 J/cm² and N = 300 and is plotted in Fig. 7 
by a blue square, a blue rectangle and a blue circle, 
respectively. It is worth noting that the pulse energy was 
measured for each shape and each beam cross-sectional area 
on the workpiece after L3,p in order to account for differences 
in losses, e.g. due to a different diffraction efficiency.  
The values of ΔVE for the different shapes at similar beam 
cross-sectional areas 0.33 ≤ Ab ≤0.36 mm² were within the 
measurement error, indicating that the beam shape did not 
influence the energy-specific volume ΔVE. However, a 
significant decrease of ΔVE was measured with increasing 
beam cross-sectional area Ab, from ΔVE = 4.0 µm³/µJ at 
Ab = 0.04 mm² to ΔVE = 2.7 µm³/µJ at Ab = 0.36 mm², which 
corresponds to a reduction of about 33%. The decrease of 
ΔVE appears to go into saturation. For Ab > 0.36 mm² no 
significant reduction of ΔVE was observed. A similar 
behavior was measured for micromachining with gaussian-
shaped beams [23], [24]. The uniformity of the beam was 
Ub < 0.1 regardless of the shape and cross-sectional area of 
the beam. An additional quality criterion such as the maxi-
mum deviation to the mean intensity value is required in or-
der to quantitatively describe and identify a local intensity 
increase as found for the circular top hat. 

Fig. 7 Energy-specific volume ΔVE and beam uniformity Ub as a 
function of the beam cross-sectional area Ab for different 
beam shapes with different edge lengths or radius. The re-
moved volume was measured with an LSM for microm-
achining of SS with τ = 6 ps, ϕ = 0.26 J/cm² and N = 300. 
The beam uniformity was measured from camera images 
during micromachining. The dotted lines connecting the 
data points were drawn to guide the eye. 
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5. Large-area uniform surface structuring with ultra-
short laser pulses in the mJ range

The combination of an SLM with a Galvanometer-scan-
ner allows for large-area surface structuring with a shaped 
laser beam by rasterizing the beam over the sample surface. 
In the following, this is demonstrated for a squared sample 
of stainless steel with edge lengths of 25 x 25 mm². 740 
squares with an edge length of lx = ly = 650 µm 
(Ab = 0.42 mm²) were structured with N = 30 in a checker-
board pattern, as shown in the camera image in the bottom 
left of Fig. 8.  

Fig. 8 Camera image of a large-area checkerboard pattern on a 
stainless steel sample from oblique view after structuring of 
740 squares with an edge length of 650 µm each using 
τ = 6 ps, EP = 1.27 mJ, ϕ = 0.30 J/cm² and N = 30 (bottom 
left). The colors on the structured sample are created by the 
diffraction effect caused by the periodic ripple structures 
(SEM image, top right). The magnifications from the optical 
microscope (top left) and SEM (bottom right), respectively, 
show the uniformity of the squares and the small extend of 
the transition zone between unprocessed and structured ar-
eas. 

A pulse duration of τ = 6 ps was used to avoid phase distor-
tions in the focal plane F1 at the high pulse energy of 
EP = 1.27 mJ on the workpiece in F3,p. Considering the dif-
fraction efficiency of 69% and transmission of the optical 
setup of 65%, the pulse energy irradiated on the SLM was 
about EP = 2.88 mJ. Even with this high pulse energy irradi-
ated on the SLM, no degradation of the beam shaping quality 
or damage to the SLM was observed. The magnification 
(Fig. 8, top left) shows the accurate arrangement of the struc-
tured squares on the sample surface. The uniform intensity 
distribution of the beam caused a homogeneous formation of 
ripples all over the squared structure (Fig. 8, top right). The 
extent of the transition zone between unprocessed and uni-
formly structured areas is <10 µm (Fig. 8, bottom right), 
which corresponds to only 6% of the structured surface area 
of Ab = 0.42 mm² per pulse. It is worth noting that the tran-
sition zone is <10 µm, although the extent of the edge zone 
of the intensity profile in Fig. 2 is in the range of 30 µm to 
50 µm. This difference can be explained by the ratio of local 
fluence to ablation threshold: At local fluences in the range 

of the threshold fluence at ϕth = 0.04 J/cm², the generated 
ripple structures are low pronounced and therefore the tran-
sition zone appears smeared. This area corresponds to the 
very bottom of the edge zone. At fluences well above the 
threshold fluence, the ripple structures generated are 
strongly pronounced along the edge to the plateau at 
ϕ = 0.30 J/cm². The small transition zone allows a high con-
trast of the functionality of the unprocessed area and the 
structured area, e.g. with regard to the wettability, friction or 
absorptivity. The results show that large-area and uniform 
surface structuring with flexible beam shapes can be 
achieved with ultrashort laser pulses even at high pulse en-
ergies in the mJ range. With the development of SLMs ca-
pable of handling high average powers up to over 200 W 
[25], the presented results here pave the way for high 
throughput surface structuring with uniform intensity distri-
butions. 

6. Conclusion
In summary, beam shaping of ultrashort laser pulses with 

high pulse energy was performed using computer-generated 
holograms on a spatial light modulator for uniform surface 
structuring and energy-efficient micromachining of large ar-
eas on metal samples.  

Process limits have been determined that must be ad-
hered to in order to achieve uniform intensity distribution 
and a high quality surface: The local fluence on the work-
piece must be limited to 3 to 6 times the ablation threshold 
in order to achieve the maximum energy-specific volume 
and a surface covered by ripples. Although a 35% higher 
maximum energy-specific volume was achieved for mi-
cromachining stainless steel by using a pulse duration of 
0.5 ps instead of 6 ps, the pulse duration can be a limiting 
factor with regard to exceeding a critical intensity threshold. 
If the intensity in the first focal plane of the 6f-optical setup 
- which is often used for spatial filtering of the 0th order and
diffraction orders higher than the 1st order - exceeds a certain
value, phase distortions can occur from an air breakdown in
the focal plane which result in beam deformation and signif-
icant decrease in beam uniformity.

By staying within the process limits, different beam 
shapes such as square, rectangle and circle could be realized 
with high beam uniformity and were used to investigate the 
influence of the beam shape and beam size on the energy-
specific volume. No significant influence of the beam shape 
was observed, but a significant decrease in energy-specific 
volume was measured with increasing the beam cross-
sectional area, the cause of which needs to be investigated in 
future work. 

Finally, squared-shaped laser pulses with an edge length 
of 650 µm and having a pulse duration of 6 ps and a pulse 
energy of more than 1 mJ were used to demonstrate large-
area uniform surface structuring of fine ripples on stainless 
steel. The extent of the transition zone between unprocessed 
and uniformly structured areas is <10 µm, which corre-
sponds to only 6% of the structured surface area of 0.42 mm² 
per pulse. The results shown here prove the high potential of 
beam shaping for achieving a high surface quality even with 
high-energy ultrafast lasers. 
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