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In this paper we study the influence of the processing wavelength on process efficiency and 
quality at picosecond microdrilling in steel. Possible optical setups for utilizing the second harmonic 
will be presented, and the influence of wavelength on the drilling rate will be discussed. The poten-
tial of helical drilling with the second harmonic in 1 mm thick CrNi-steel will be investigated with 
regard to process efficiency and hole quality. An analysis will be given of the role of particle-ignited 
atmospheric plasma and the relation between isophote contour and hole morphology. Our study re-
veals that a substantial enhancement of both precision and productivity can be achieved by using 
frequency-doubled instead of infrared radiation. It is shown that plasma ablation and melt produc-
tion can be minimized by drilling with the second harmonic. 
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1. Introduction 
The fabrication of high-precision microholes in metals 

is required in various industrial applications, for example in 
the field of fuel injection technology. It has been shown in 
a variety of publications that the use of picosecond laser 
pulses enables the production of microholes of high quality 
and contour accuracy without post processing, due to the 
reduction of melt generation and recast formation to a neg-
ligible extent [1-3]. Limiting the pulse energy with the ob-
jective of melt reduction and precision enhancement how-
ever, leads to insufficient process efficiency [4] resulting in 
an increase in processing time to several minutes per hole. 
In order to be competitive in terms of throughput with 
nanosecond laser drilling and other competing techniques 
such as wire electrical discharge machining (WEDM), the 
efficiency of microdrilling with ultrashort laser pulses has 
to be improved by two orders of magnitude. Thus, the prin-
ciple object of current research is to raise process efficiency, 
whilst maintaining highest quality. 

The high peak intensity of ultrashort pulses causes a 
considerable influence of laser-induced plasma on the abla-
tion process. At deep hole drilling, ablated particles accu-
mulate in the gas atmosphere inside the capillary. By inter-
acting with subsequent laser pulses, the residual particles 
are capable of initiating an electron avalanche which can 
induce an instantaneous low threshold breakdown of ambi-
ent atmosphere even at normal pressure and comparatively 
low energy densities [5,6]. The so-called particle-ignited 
plasma builds up inside the capillary and screens a consid-
erable part of the laser radiation. The breakdown threshold 
at ps drilling amounts to approximately 1011 W/cm2 or a 
few 10 J/cm2. It has been revealed by transmission meas-
urements on the basis of through-holes that the time re-
quired to lower the particle density by precipitation on the 
hole walls or removal via convection ranges between sev-
eral seconds and several minutes. This means that particle-

ignited plasma generally plays a role in high aspect ratio 
microdrilling with ultrashort pulsed beam sources. 

 Plasma emits a continuous spectrum of electromag-
netic radiation caused by bremsstrahlung and recombina-
tion. Spectroscopic investigations of the optical emissions 
during drilling in stainless steel with 5 ps pulses have 
shown that for deep holes, a continuum can be observed 
over a period of 100 to 200 ns [7]. Laser-generated plasma 
can thus be regarded as a secondary source for target heat-
ing which is less intense than the laser pulse, but much 
more long-lasting. This low-intensity post heating can lead 
to the formation of noticeable melt layers after the termina-
tion of the pulse [8,9] and lower quality at ultrashort pulse 
processing. Moreover, the particle-ignited plasma affects 
the hole shape as well as the drilling velocity. The magni-
tude of screening and the period of time that is needed to 
clear the capillary of particles depends on repetition rate 
and pulse energy. 

It is stated in [10] that for pulse durations above 5 ps, a 
certain fraction of the pulse energy is absorbed by laser-
generated plasma. Absorption by inverse bremsstrahlung is 
strongly reduced with decreasing laser wavelength (α ~ λ3) 
[11]. Provided that the laser-plasma interaction is governed 
by inverse bremsstrahlung absorption in the investigated 
parameter regime, drilling with frequency-doubled laser 
radiation can be expected to be beneficial from both quality 
and process efficiency aspects. In addition, frequency-
doubled radiation offers better focusability than infrared 
(IR) radiation. This provides for a larger energy density in 
the interaction zone and enables a potential increase in pro-
ductivity [12]. 

 
2. Experimental setup 

2.1 Laser source 
The investigations presented in this work have been 

carried out using the Staccato laser system manufactured 
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by Lumera Laser, which is based on the system described 
in [13]. At the fundamental wavelength of 1064 nm, this 
diode pumped Nd:YVO4 oscillator amplifier system gener-
ates pulses with a duration of 12 ps at repetition rates be-
tween 30 and 100 kHz and an average power of up to 12 W. 
This average power corresponds to maximum IR pulse 
energies between 400 and 120 µJ. The Staccato system is 
equipped with a harmonics generation unit designed to 
convert the fundamental wavelength into the second har-
monic (λ = 532 nm). On doubling the frequency, the pulse 
duration is compressed to 10 ps. An average power of 5 W 
is available at 532 nm. During the experiments, the times-
diffraction-limit factor M 2 was better than 1.3 at 1064 nm 
and close to 1.4 at 532 nm. The specified values were read 
behind the focusing optic, that is to say, at workpiece level. 
M 2 was measured by means of the camera-based beam 
propagation analyzer Spiricon M2-200. 

 
2.2 Processing optics and process technology 

In this paper we investigate the influence of the proc-
essing wavelength on drilling in sheet metal with a thick-
ness of 1 mm, consisting of X5CrNi18-10 austenitic steel. 
Fundamental research concerning the average drilling rate 
and the break-through time has been carried out on the ba-
sis of percussion drilling. The main part of the experiments 
though, has dealt with the fabrication of microholes at a 
diameter of 100 µm, utilizing a helical drilling process 
without core. 

Helical drilling was performed using the fully auto-
mated FGSW Helical Drilling Optic (HDO). Whereas the 
path diameter and the beam inclination angle were retained 
constant over all experiments, the rotation frequency of the 
HDO was adapted to each laser repetition rate. Circular 
polarization was used to achieve circular hole outlets. All 
experiments were carried out in ambient air at atmospheric 
pressure, without extra processing technology. 

The inlet and outlet diameters of the microholes were 
measured by means of an optical microscope. Scanning 
electron microscope (SEM) images of inlets, outlets and 
transverse sections of the fabricated holes were recorded to 
inspect their overall geometry and to obtain information on 
hole quality. 

 
3. Focusing of fundamental and frequency-doubled 
radiation 

3.1 Basic options for focusing the second harmonic 
There are various options for taking advantage of the 

better focusability of frequency-doubled radiation. The 
most convenient option is to feed the second harmonic into 
an unchanged beam delivery system, using the same beam 
expanding telescope and focusing optic as for the IR radia-
tion. A constant expansion ratio of the beam expander re-
sults in a constant diameter D of the incident beam on the 
focusing optic. Consequently, the focal diameter scales 
down by a factor of two, according to the bisection of the 
wavelength. The bisected focal diameter involves a four-
fold increase of the energy density, but also a bisection of 
the Rayleigh length. 

If the frequency-doubled beam is expanded to only half 
the diameter of the incident beam at fundamental wave-
length, the very same focal diameter df will be produced by 

a fixed focusing optic. While the focal energy density re-
mains constant, the Rayleigh length doubles, thus produc-
ing a slender caustic with a bisected divergence angle. 
Fig. 1 illustrates the discussed options of focusing the fre-
quency-doubled radiation. The depicted caustics were cal-
culated on the basis of values that approximately corre-
spond to the parameters of the utilized setups. The possibil-
ity of operating at extended focal length has not been util-
ized because changing the focal length modifies the drilling 
parameters of the HDO. 

The radius of a Gaussian beam is defined as the radius 
where the local energy density H(r,z) drops to 1/e2 of the 
maximum value H0(z) on the beam axis. An increase in 
axial distance z from the beam waist causes a decline in 
H0(z) hence decreasing the local energy density. Conse-
quently, a beam caustic as depicted in Fig. 1 can only be of 
limited significance in regard to the shape of a laser-drilled 
hole. A corresponding prediction can rather be derived 
from the isophotes, that is the constant energy density 
curves. 

The isophote radius in a Gaussian beam can be calcu-
lated depending on the chosen isophote energy density HIso, 
the axial distance z from the beam waist, the beam waist 
radius w0, the pulse energy Qp and the Rayleigh length zR. 
It is given by 
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Fig. 1 Calculated beam caustics at fundamental and bisected 

wavelength for D = const. and df = const. λ = 1064 nm or 532 nm, 
M 2 = 1.3, D = 8 mm or 4 mm, f = 100 mm. 

 
Fig. 2 Calculated 10 J/cm2 isophotes at fundamental and bisected 
wavelength for D = const. and df = const. λ = 1064 nm or 532 nm, 

M 2 = 1.3, Qp = 80 µJ, D = 8 mm or 4 mm, f = 100 mm. 
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Fig. 2 shows the 10 J/cm2 isophotes of the beam waists 
depicted in Fig. 1, calculated with a pulse energy of 80 µJ. 
The isophote of the fundamental wavelength reaches a 
length of z = ± 500 µm. For D = const. the isophote of the 
second harmonic has a similar dimension in z, which is due 
to the bisected Rayleigh length. In contrast to this, for 
df = const., the 10 J/cm2 isophote of the second harmonic 
extends to almost z = ± 1 mm. 

It is obvious that normally the energy density acting on 
the hole wall does not correspond to the isophote energy 
density. Particularly during the widening phase of the drill-
ing process, the angle between the wavefront normal and 
the surface normal of the hole wall is close to 90°. As a 
result the magnitude of the projected energy density, which 
is determined by the cosine of the angle between the corre-
sponding vectors, can be up to two orders of magnitude 
lower than the value of the isophote curve. In general how-
ever, it can be stated that with the application of frequency-
doubled radiation, higher energy densities can either be 
obtained in the focus (at D = const.) or in the depth of the 
hole (at df = const.). Both options appear desirable with 
regard to the required improvement of process efficiency. 

3.2 Experimental determination of the focal diameter 
In order to be able to compare the experimental results 

obtained at 1064 nm and 532 nm on a firm basis, the focal 
diameter has not only been calculated, but also determined 
experimentally for all investigated combinations of wave-
length and telescope expansion ratio, according to a 
method presented in [14]. With this method, the spot di-
ameter of beams with near-Gaussian intensity distributions 
can be determined by fabricating a series of dimples with 
energy densities slightly above the threshold value. In pro-
ducing this series, the ablation diameter d* is enhanced by 
gradually raising the pulse energy Qp. As can be seen from 
Fig. 3, the focal diameter df can be calculated with an accu-
racy of about 1 µm from the slope of the regression line of 
(d*)2 plotted as a function of ln(Qp). By measuring the di-
ameter D of the incident beam on the focusing optic, the 
focal diameters acquired experimentally can be verified 
using the approximate equation df = (4λ·f·M 2)/(π·D). 

 

 
Fig. 3 Experimental determination of the focal diameter at fun-

damental wavelength according to [14]. The focal diameter can be 
calculated from the depicted equation of the regression line. 
 
The results of the aforementioned beam diameter 

measurements are compiled in Tab. 1. At 1064 nm, we gen-
erally used a beam expanding telescope with an expansion 

ratio m of 1:4. Using a beam expander with bisected expan-
sion ratio 1:2 for the second harmonic, the focal diameter 
was actually kept constant. However, a bisection of df was 
not achieved at constant expansion ratio. This is caused by 
a reduction of the diameter of the emitted beam and a dete-
rioration of M 2 due to the frequency doubling process. 

 
Tab. 1 Beam diameter on focusing optic D and focal diameter df 

at 1064 nm and 532 nm for D = const. and df = const. 
 

λ 1064 nm 532 nm 532 nm 
Setup  D = const. df = const. 

m 1:4 1:4 1:2 
D 8.5 mm 7.6 mm 4.2 mm 
f 100 mm 100 mm 100 mm 
df 19.8 ± 0.6 µm 15.4 ± 1 µm 20 ± 1.1 µm 
 

4. Experimental results 

4.1 Drilling rate and completion time 
The drilling rate has been investigated by measuring 

the break-through time at percussion drilling in samples 
with different thicknesses. The break-through has been 
detected by means of a photodiode. Subsequently, the ac-
quired drilling times have been assigned to channel depths 
corresponding to the sample thickness. The drilling rate has 
not been averaged over the entire channel depth, but calcu-
lated in sections according to the gradation of sheet thick-
ness. 

As already described in [2], the highest drilling rate is 
generally obtained at the beginning of the drilling process. 
A sharp decline of the drilling rate can be observed up to a 
channel depth of about 500 µm, followed by a phase of 
constant drilling progression at low drilling rate. From 
Figs. 4 and 5 it can be seen that the behavior of fundamen-
tal (1ω ) and frequency-doubled (2ω ) radiation differs de-
pending on channel depth and focusing conditions. 

For D = const. (see Fig. 4) the capillary tip advances 
into the workpiece up to 15 times faster at 532 nm than at 
1064 nm until a depth of 500 µm is reached. The maximum 
drilling rate amounts 0.63 µm/pulse at 532 nm and 
0.15 µm/pulse at 1064 nm. At channel depths beyond 
500 µm, the drilling rate curves converge and eventually 

 
Fig. 4 Drilling time and average drilling rate at 1064 nm and 

532 nm versus channel depth for percussion drilling in steel with 
D = const. 1ω and 2ω : fp = 40 kHz, Qp = 80 µJ, f = 100 mm, 

zf = -200 µm. 1ω : H = 26 J/cm2. 2ω : H = 43 J/cm2. df see Tab. 1.
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diminish to roundly 1 nm/pulse. 

Operating at constant focal diameter, we obtain similar 
results (see Fig. 5). However, for df = const., the maximum 
drilling rate at 532 nm amounts to only 0.53 µm/pulse. The 
reason for this is lower focal energy density. 

 

 
Fig. 5 Drilling time and average drilling rate at 1064 nm and 

532 nm versus channel depth for percussion drilling in steel with 
df = const. 1ω and 2ω : fp = 40 kHz, Qp = 80 µJ, f = 100 mm, 
zf = -200 µm. 1ω : H = 26 J/cm2. 2ω : H = 25.5 J/cm2. df see 

Tab. 1. 
 
The completion time, that is the machining time which 

is needed to complete the desired hole geometry, can be 
derived from plots of hole diameter versus drilling time. As 
can be found in Fig. 6, the completion time for a 100 µm 
hole in 1 mm steel is reduced by a factor of four by means 
of helical drilling with the second harmonic at D = const. 
At 532 nm the outlet is widened to 100 µm as early as 60 s 
after process initiation compared to 240 s at 1064 nm. On 
top of this, it can be seen that the frequency-doubled radia-
tion widens the outlet to the predetermined diameter at an 
extraordinarily steady rate. At fundamental wavelength, the 
outlet diameter tends to fluctuate during the widening 
phase. 

 

 
Fig. 6 Outlet diameter versus drilling time for helical drilling in 
1 mm steel at 1064 nm and 532 nm with D = const. 1ω and 2ω : 

fp = 40 kHz, Qp = 80 µJ, f = 100 mm, s = 1 mm. 1ω : 
H = 26 J/cm2. 2ω : H = 43 J/cm2. df see Tab. 1. 

 
An obvious reason for the increase of productivity by 

changing to frequency-doubled radiation is the enhance-
ment of energy density in the interaction zone, compare 
[12]. Another possible explanation is based on the fact that 

the thickness of the heated material layer is determined by 
the optical absorption length in machining of metals with 
ultrashort pulses [8]. As the absorption length is propor-
tional to the wavelength, the pulse energy is deposited in a 
smaller volume at 532 nm compared to 1064 nm. This, in 
turn, causes a decline of the threshold fluence and leads to 
a more efficient widening of the hole by the wings of the 
Gaussian profile, which is decisive for the formation of the 
hole shape in the final phase of the drilling process. Meas-
urements presented in [15] confirm the reduction of the 
threshold fluence with decreasing wavelength. It is shown 
that the threshold energy density for the ablation of 100Cr6 
steel with 10 ps pulses is 63 mJ/cm2 at 1064 nm and 
32 mJ/cm2 at 532 nm. 

According to [11] the calculated absorptivity of pure 
iron at room temperature and perpendicular incidence is 
roundly 44 % at 532 nm and 36 % at 1064 nm. However, 
the absorptivity of laser radiation in metal surfaces does not 
only depend on wavelength, but also on polarization, 
workpiece temperature, angle of incidence, alloying ele-
ments, surface roughness and oxidation (see [11] for a gen-
eral discussion). At microdrilling with ultrashort laser 
pulses, several of the aforementioned influencing values, if 
at all, are only known within wide limits. Thus it is not 
clear whether the absorptivity is significantly higher at 
532 nm than at 1064 nm in the described experiments. 

Recently, high quality holes with a diameter of roundly 
90 µm and negative conicity have been manufactured in a 
1 mm steel sheet in 30 s [16]. A final estimation whether, in 
terms of process efficiency, helical drilling should be per-
formed at df = const. or D = const. cannot yet be given. 

4.2 Quality and hole morphology 
Fig. 7 depicts two holes manufactured at 1064 nm and 

532 nm, respectively, in a 1 mm CrNi-steel sheet by means 
of helical drilling. In both cases, the repetition rate was 
30 kHz, and the pulse energy was set to 80 µJ, yielding 
focal energy densities of 26 J/cm2 at 1064 nm and 43 J/cm2 
at 532 nm. It is obvious that drilling with the second har-

Inlet
Ø 105 µm

Outlet
Ø 95 µm

Inlet
Ø 90 µm

Outlet
Ø 85 µm

200 µm200 µm

λ = 1064 nmλ = 1064 nm λ = 532 nmλ = 532 nm

200 µm200 µm

Fig. 7 Transverse sections of microholes in 1 mm CrNi-steel, 
drilled at 1064 nm (left) and 532 nm (right). 1ω and 2ω : 

fp = 30 kHz, f = 100 mm, s = 1 mm. 1ω : tD = 120 s, df = 19.8 µm, 
H = 26 J/cm2. 2ω : tD = 90 s, df = 15.4 µm, H = 43 J/cm2. 
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monic enables the fabrication of microholes without visible 
melt deposits and with a regular shape. Contrary to this, at 
fundamental wavelength, melt ridges are formed on the 
hole walls, and a burr is generated at the inlet. The forma-
tion of melt at 1064 nm explains the bumpy widening be-
havior as it is displayed in Fig. 6. At 532 nm, with the drill-
ing process not being affected by the irregular melt struc-
tures inside the capillary, a smooth development of the out-
let diameter takes place. 

The depicted holes can also be distinguished by geo-
metrical criteria. Although the machining time was 30 s 
longer at 1064 nm than at 532 nm, the outlet diameter of 
the hole fabricated with the IR radiation remains at 85 µm, 
while the second harmonic widens the outlet to 95 µm, thus 
producing a negative conical shape. At 1064 nm, the capil-
lary is widened in the upper zone, whereas at 532 nm, the 
hole shape seems to reproduce the beam waist. 

4.3 Congruence of beam shape and hole shape 
Fig. 8 shows a comparison of the 5 J/cm2 isophote con-

tour with the morphology of completed holes in a steel 
sheet with a thickness of 1 mm. The depicted isophote con-
tours have been calculated on the basis of Eq. (1), taking 
into account the helical drilling parameters (beam path di-
ameter and inclination angle). Reflection on the hole walls 
has been neglected because of its minor role in the forma-
tion of the capillary during the widening phase. It is appar-
ent that the 1064 nm isophote curve declines to zero shortly 
above the hole outlet, hence causing the hole walls to curve 
inwards in the outlet zone. This causes an increase in the 
normal component of the laser flux, which is achieved by 
projection onto the hole wall (compare Sec. 3.1), so that 
ablation proceeds beyond the root of the isophote curve. 

The IR radiation ablates the workpiece beyond the iso-
phote, whereas at 532 nm, a good correlation of the iso-
phote contour and hole shape is observed. We believe that 
the radial expansion at 1064 nm is due to a particle-ignited 

breakdown of air inside the capillary. The energy density 
(26 J/cm2 at 1064 nm and 43 J/cm2 at 532 nm) exceeds the 
relevant breakdown threshold at both wavelengths. At 
532 nm however, a smaller fraction of the pulse energy is 
transferred to the plasma, causing less radial expansion. 
Moreover, the reduced plasma absorption at 532 nm leads 
to less post heating of the bulk material, which finally re-
sults in reduced melt generation (compare Sec. 4.2). These 
findings can be seen as a confirmation of the aforemen-
tioned assumption that inverse bremsstrahlung absorption 
dominates the laser-plasma interaction in the investigated 
parameter regime. 

As described in [5], the plasma cloud builds up in the 
zone of highest energy density. Fig. 8 confirms that the 
etching zone corresponds to the position of the beam waist 
(zR = 220 µm for the IR beam). The energy that is trans-
ferred to the particle-ignited plasma in the upper zone of 
the capillary is not available for widening the outlet zone 
[6]. This is a further reason for the smaller outlet diameter 
and the lower process efficiency achieved with 1064 nm 
radiation. 

Fig. 9 shows transverse sections of microholes which 
have been fabricated with frequency-doubled radiation at 
different focal positions. The congruency of isophote con-
tour and hole shape increases with rising focal position. At 
zf = +100 µm the hole shape is exclusively determined by 
the laser beam. This could enable predicting or even de-
signing the hole shape by calculating the isophotes on the 
basis of the parameters of the laser beam, the focusing op-
tic and the HDO. 

Plasma shielding at fundamental wavelength may also 
contribute to the difference in drilling rates as shown in 
Figs. 4 and 5. As also stated in [5] however, it is not to be 
regarded as the principal reason for the drop in drilling rate 
as it generally occurs at deep hole drilling, because the 
drop is observed for drilling with both fundamental and 
frequency-doubled radiation. 

 

 
Fig. 8 Comparison of 5 J/cm2 isophote and hole morphology at 

1064 nm (left) and 532 nm (right). 1ω and 2ω : fp = 40 kHz, 
Qp = 80 µJ, f = 100 mm, s = 1 mm, zf = -200 µm. 1ω : tD = 120 s, 
df = 19.8 µm. 2ω : tD = 60 s, df = 15.4 µm. The focal position is 

marked with a dotted line. 

Fig. 9 Comparison of 5 J/cm2 isophote and hole morphology for 
different focal positions. λ = 532 nm, fp = 40 kHz, f = 100 mm, 

s = 1 mm, tD = 60 s, df = 15.4 µm, H = 43 J/cm2. 
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5. Conclusion 

This paper reveals that, at microdrilling with picosec-
ond laser pulses, a substantial enhancement of precision 
and efficiency can be achieved by drilling with frequency-
doubled radiation. Microholes with a diameter of 100 µm 
in 1 mm steel can be completed several times faster at 
532 nm than at 1064 nm. At 1064 nm, we observe melt 
ridges and insufficient widening of the outlet, accompanied 
by poor roundness. The microholes fabricated using the 
second harmonic though, show a regular shape, smooth 
hole walls and an absence of recast. Moreover, at 532 nm 
the drilling process has higher reproducibility due to stead-
ier progression. 

We have found that the influence of particle-ignited at-
mospheric plasma can be minimized by reducing the proc-
essing wavelength. At 1064 nm, a considerable part of the 
laser energy is absorbed by the plasma causing a radial 
expansion of the upper zone of the capillary, insufficient 
widening of the outlet as well as the formation of melt due 
to prolonged surface heating. At 532 nm however, plasma 
expansion and melt production are negligible. The hole 
morphology follows the 5 J/cm2 isophote contour, whereas 
at 1064 nm ablation takes place beyond the corresponding 
isophote. 
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