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Abstract Experimental results on picosecond laser process-
ing of aluminum, nickel, stainless steel, molybdenum, and
tungsten are described. Hole drilling is employed for com-
parative analysis of processing rates in an air environment.
Drilling rates are measured over a wide range of laser flu-
ences (0.05-20 J/cm?). Experiments with picosecond pulses
at 355 nm are carried out for all five metals and in addition
at 532 nm, and 1064 nm for nickel. A comparison of drilling
rate with 6-ps and 6-ns pulses at 355 nm is performed. The
dependence of drilling rate on laser fluence measured with
picosecond pulses demonstrates two logarithmic regimes for
all five metals. To determine the transition from one regime
to another, a critical fluence is measured and correlated with
the thermal properties of the metals. The logarithmic regime
at high-fluence range with UV picosecond pulses is reported
for the first time. The energy efficiency of material removal
for the different regimes is evaluated. The results demon-
strate that UV picosecond pulses can provide comparable
quality and higher processing rate compared with literature
data on ablation with near-IR femtosecond lasers. A signifi-
cant contribution of two-photon absorption to the ablation
process is suggested to explain high processing rate with
powerful UV picosecond pulses.
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1 Introduction

The use of laser pulses for micromachining of metals has
a number of important advantages over other fabrication
techniques. In particular, drilling with sub-picosecond UV
pulses enables structures to be made down to the sub-
micron region with virtually no defects related to the heat-
affected zone [1]. Important criteria to assess the utility
and state of maturity of laser technology are the ablation
threshold, speed, quality, and energy efficiency of process-
ing. The main characteristics of ablation depend on the laser
pulsewidth 7, the wavelength A, the fluence F', and the ma-
terial properties. The significance of pulsewidth on the ab-
lation behavior of metals was clearly demonstrated in [2]
where the ablation threshold in a Ni film with 0.5-ps UV
pulses was 100 times lower than with 14-ns pulses of the
same wavelength. The results of [2] and subsequent studies
[1, 3-10] led to the generally accepted view that the lowest
energy threshold and the best ablation quality are attainable
with short (picosecond/femtosecond) pulses; the removal of
material starts soon after laser irradiation with a minimal
amount of melting. In contrast, with longer pulses, the heat-
ing, melting, and vaporization occur during the energy depo-
sition that results in energy losses associated with heat con-
duction as well as with plasma development above the target
[2,5, 10, 11]. The presence of molten and boiling metal dur-
ing the interaction reduces the quality of processing.

The obvious benefits of pulse shortening to reduce the
threshold and improve ablation quality led to numerous in-
vestigations using femtosecond lasers operating mostly in
the near-IR range. Two different regimes of metal abla-
tion for low- and high-fluence ranges were observed for
femtosecond pulses in [12] and then studied in more de-
tail [6, 7, 13]. In terms of quality and mechanism of ma-
terial removal, these two regimes can be characterized as
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“gentle” and “‘strong” ablation phases [13], or as “non-
thermal” and “thermal” ablation [6]. Above some critical
pulsewidth 7, the threshold fluence becomes dependent
on 7, [4]. The value 7. decreases with increasing F and
at a given value of F, “thermal” ablation becomes dominant
when 7, > 7 [6].

UV short pulses combine the advantages of high opti-
cal resolution with the ability to minimize the heat-affected
zone [1]. In addition, the absorption coefficient of metals is
generally higher in the UV range compared to that in the
IR region, which should provide a lower ablation thresh-
old for UV pulses. However, systematic studies of ablation
of metals with UV pulses shorter than 1 ps are very small
in number and are mainly represented by experiments with
sub-picosecond excimer lasers [1-3]. The reason is that the
conversion efficiency of radiation from existing solid-state
near-IR femtosecond lasers into the UV region is limited by
the self-focusing of the beam in nonlinear crystals, and by
the large spectral width of ultrashort pulses. On the other
hand, IR pulses of several picoseconds in length can be con-
verted to UV with efficiency up to 50 % [14]. Comparative
experiments between 10-ps UV and 10-ps IR laser pulses
showed that for some metals, removal efficiency of the ma-
terial at 355 nm is higher than at 1064 nm [15]. We believe
that more detailed studies of the interaction of picosecond
UV pulses with metals is of scientific interest and could be
a good platform for the development of advanced technolo-
gies.

The present study is focused on comparing the material
removal rate by drilling of five metals using UV pico- and
nanosecond pulses at 355 nm over a wide range of fluences.
In addition, experiments are presented on drilling one type
of metal with a picosecond laser at 355, 532 and 1064 nm.
Quantitative characterization of laser ablation of metals is
dependent on the method of measurement and on the en-
vironmental conditions (air or vacuum) [2, 3, 13, 16]. In
this study comparative experiments are conducted under the
same environmental condition (air) using the same method,
namely through-hole drilling. The results are compared with
literature data on the ablation with femtosecond lasers.

2 Experimental setup and procedure

The experiments were performed with two types of com-
mercial diode-pumped laser (Passat, Inc). The picosecond
laser Compiler 355 is based on Raman shifting of nanosec-
ond pulses at 1064 nm to the Stokes range with simulta-
neous time-compression followed by the anti-Stokes fre-
quency shift back to the fundamental wavelength. The com-
pressed picosecond pulse at 1064 nm is then amplified and
frequency-converted in Compiler 355 to the second and
third harmonics. The maximum repetition rate is 400 Hz.
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The laser emits pulses at 1064 nm (500 uJ, 8 ps), 532 nm
(250 W, 7 ps) and 355 nm (150 pJ, 6 ps). The nanosecond
model Naples-Compact is based on a Q-switched Nd:YAG
laser with intra-cavity conversion to the third harmonic. The
Naples-Compact delivers 6-ns pulses at a maximum repeti-
tion rate of 400 Hz with an average pulse energy of 200 uJ
at 355 nm. For consistency in this study, both lasers were set
at the same repetition rate: 200 Hz.

For all experiments with pico- and nanosecond lasers, the
beams had a near Gaussian profile and a divergence close to
the diffraction limit. The beams were focused by a fused
silica lens with a focal length of 50 mm. Depending on the
laser type and the wavelength, the beam diameter on the lens
plane was within the range of 1.7-2 mm. The pulse energy
was varied with a set of neutral filters and with an attenu-
ator consisting of a rotary half-wave plate and a thin film
dielectric polarizer. The laser spot size on the target was de-
fined in each series of experiments with a set of thin pin-
holes typically passing about 50-70 % of the incident beam.
When the laser spot size was measured in the plane of the
sample, the pulse energy was minimized to prevent damage
to the pinhole. Fluences were deduced by a Gaussian ap-
proximation of the spatial beam profile. The samples were
positioned at two different distances behind the focal plane
in order to provide two overlapping ranges of fluences. De-
pending on the laser type and the wavelength, the laser spot
diameter (at 1/e?) was 100-130 um in the first position and
25-60 pm in the second position (closer to the focus). The
attenuator and filters varied the fluence within each range.
Average drilling depth per pulse (drilling rate) was deter-
mined by counting the number of incident laser pulses dur-
ing the drilling of each individual hole. Pulse counting was
stopped at the first sign of an output laser beam behind the
sample indicating the presence of a through-hole. The aver-
age depth per pulse was calculated from the total number of
pulses and the sample thickness. Four to six holes in each
sample were drilled at a given fluence level and the results
were averaged.

Five metals were selected with different thermal charac-
teristics: aluminum (Al, purity: 99.9 %), nickel (Ni, purity:
99.9 %), stainless steel (SS302, Fe/Cr18/Ni8), molybdenum
(Mo, purity: 99.95 %) and tungsten (W, purity: 99.8 %). All
samples had the same thickness of 100 um.

3 Results

3.1 Drilling rate of five metals with pico- and nanosecond
pulses at 355 nm

We tested the drilling rate on five metals using pico- and
nanosecond UV pulses with variable incident peak fluences
Fy, from 0.05 to 20 J/em?. Due to possible variations of the
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Fig.1 Drilling rate vs. peak fluence for five metals using lasers at 355 nm: 6-ps pulses (@, A) and 6-ns pulses (O, A). The dashed lines illustrate

the best fit using Eq. (1) for two logarithmic regimes

ablation depth for each individual pulse with the deepen-
ing of the hole, the results are presented in terms of av-
erage drilling rate. For low fluences, below 2 J/cm?, the
depth effect was assumed to be negligible because the laser
beam diameter on the target was larger than or compara-
ble to the depth of the through-hole (aspect ratio AR < 1).
With smaller spots (AR = 1.7—4), the fluence ranged from
1 to 20 J/cm?. The depth effect was checked by using
large (AR~ 1) and small (AR = 1.7-3) spots with the
same range: Fp =1-2 J/em?. Since no significant differ-
ence in the average drilling rate was observed with differ-
ent spot sizes used in these experiments, we plotted all re-
sults on the same graph with no corrections for the aspect
ratio.

Figure | compares the drilling rate for a range of fluences
for five metals. Efficient drilling with nanosecond pulses oc-
curs at much higher fluences compared to that of picosec-

ond pulses. In contrast to ablation with picosecond pulses,
the drilling rate with nanosecond pulses grows sharply with
increasing fluence soon after reaching the threshold. Ac-
cording to [17], this can be attributed to the sharp transi-
tion from evaporation near the threshold to melt ejection
when the absorbed power density is close to approximately
1 GW/cm? (6 J/cm? for 6 ns). The region of sharp increase in
the curves for 6 ns in Fig. 1 moves towards higher fluences
for metals with larger heat of fusion: Al (10.7 kJ/mol), Ni
(17.5 kJ/mol), Mo (27.6 kJ/mol), and W (35.3 kJ/mol). The
lattice is heated during the nanosecond pulse, so that instead
of solid-gas ablation, vaporization occurs from the surface
of the molten material even at lower intensities, and melt
ejection is possible [17, 18]. Due to the sharp increase with
high-energy nanosecond pulses, the drilling rate can be com-
parable or superior relative to that of picosecond pulses, as
observed for Ni, SS302, and Mo.

@ Springer



A. Spiro et al.

In the curves shown in Fig. | for picosecond pulses, for
each metal there are two regions with different slopes that
can be attributed to two ablation regimes found in previous
experiments using near-IR femtosecond lasers [7, 12, 13].
Theoretically, for each region the depth & removed with a
single pulse can be determined from a well-known logarith-
mic law that reflects the exponential decay of deposited en-
ergy over the sample depth [3]. In a simplified form the de-
pendence of 4 on the peak fluence F, can be written as

h =11n(F,/Fo) (1)

where [ and Fy are the scaling parameters related to the en-
ergy penetration depth and to the threshold fluence, respec-
tively. Using a logarithmic scale of fluences, this function
is a straight line with slope /, where h = 0 when Fj, = Fj.
For each tested metal, two straight lines in Fig. 1 (for 6 ps)
can be fit with different slopes and x-intercepts. The fitting
parameters in Eq. (1) are designated as /; and Fél) for the
low-fluence range (first regime) and as /; and FO(Z) for the
high-fluence range (second regime). The fits using Eq. (1)
are shown with dashed lines in Fig. | for all samples and
are illustrated in more detail in Fig. 2 for tungsten. Table 1
summarizes the fitting parameters along with related litera-
ture data. The critical value of fluence F, characterizing the
transition between the two regimes was calculated from the
intersection of the corresponding fitting curves (Fig. 2). For
simplicity the reflection from the surface [2, 3], the depen-
dence of the ablation rate and the threshold on the number
of pulses, the surface morphology, and the profile of ablated
crater [13, 16, 19] are not considered.

For three metals Ni, Mo, and W the energy penetration
depth /; in the first regime (F, < F) is close to the opti-
cal penetration depth defined from the absorption coefficient
(Table 1). The value Fé]) for Ni and W are in agreement

with the fluence thresholds F measured in vacuum with
0.5-ps pulses at 248 nm [3]. However, according to [7], the
threshold for certain metals increases by about 2—3 times as
the width of 800-nm pulses is increased from 0.1 to 4.5 ps,
whereas in this work we did not see a significant difference
between results observed with 6 ps UV pulses and results
reported in [3]. For Mo, Fél) is about two times higher than
the threshold for 0.5 ps UV pulses [3].

A surprisingly large penetration depth /; &~ 84 nm was
obtained for Al in the low-fluence range. This depth is about
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Fig. 2 Details of drilling rate of tungsten as a function of peak flu-
ence. The lines represent best fits using Eq. (1) where /; = 6.98 nm

and FO(I) =0.31 J/em? for the low-fluence range and I, = 87 nm
and FéZ) =2.44 J/em? for the high-fluence range. The critical value

Fer = 2.9 Jem? shows the fluence at the intersection point of the fir-
ting lines

Table 1 Penetration depths /;, /5, threshold fluences Fél), Féz) , and critical fluence F, obtained by fitting Eq. (1) to experiments with UV
picosecond pulses. Literature data on ablation with femtosecond pulses for five metals are shown: (a) [7], (b) [3], and (c) [13]

Metal st regime 2nd regime Literature data
i F" b F? For 1/a? Fob 7 3 Lit  Melting
(nm) (J/em?) (nm) (lem?)  (Jlem?) (nm) Jem? (ps) (nm) point (K)

Al 84.2 0.46 335 0.93 1.2 7.5 0.12 0.1 800 (a) 933

Ni 11.7 0.066 138 1.23 1.6 8 0.08 0.5 248 (b) 1728

SS 8.53 0.23 153 1.51 1.7 0.13 0.15 775 (c)

Fe 18.3 (a) 1811

Mo 11.1 0.34 85.2 1.63 2.1 7.2 0.155 0.5 248 (b)y 2896

\ 6.98 0.31 87.1 2.44 29 7 0.4 0.5 248 (b)y 3695

4The values represent the optical penetration depth calculated from absorption coefficient «

PThe values represent the threshold fluence deducted from fitting of a logarithmic function to the experimental ablation rate measured at low

fluences < 1.5 J/cm?
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Fig. 3 Drilling rate of nickel vs. fluence for picosecond pulses at dif-
ferent wavelengths in (a) the first and (b) the second regimes. Laser
wavelengths: 532 nm (O) and 1064 nm (@). The solid lines are the fit

11 times greater than that predicted by the reciprocal of the
absorption coefficient. Unusual behavior of ablation curves
for Al was also reported for short pulses at 800 nm in [7]
and attributed to strong electron-phonon coupling. For the
threshold fluence of Al, our result of Fél) =0.46 J/cm? is
similar to the result for 10-ps pulses at the same wavelength,
where Fy ~ 0.35 J/em? [15]. In stainless steel the value of
[1 is lower than the optical penetration depth in iron, while
Fél) is higher than the ablation threshold at low fluences
for near-IR femtosecond pulses [13]. Differences in optical
properties among various types of steel make it difficult to
compare our data with ablation characteristics reported in
the literature.

In the second regime, the values of FO(Z) for stainless steel
(1.51 J/em?) and Al (0.93 J/cm?) are close to the threshold
values reported for 100-150 fs near-IR pulses for SS (1.1-
1.25 J/ecm?) [7, 13] and for Al (about 0.8 J/cm?) [7]. As
shown in [7], the threshold fluence values slightly increase
(within 30 %) with increasing pulse duration from 0.1 to 4.5
ps, while the penetration depth decreases from about 300 nm
to 120 nm for SS and from about 160 nm to 70 nm for Al
In this work, the penetration depth measured with 6-ps UV
pulses is I» &~ 150 nm for SS, which according to [7] corre-
sponds to the result for 3—4-ps pulses at 800 nm. The value
of [ =~ 330 nm for Al (Table 1) is larger than the results for
100-fs and 4.5-ps near-IR pulses [7].

For both femto- and picosecond pulses there is no clear
correlation between the ablation threshold at low fluences
(parameters Fp and Fél) in Table 1) and melting tempera-
ture. There is a clear proportionality between the critical flu-
ence F ¢ and the melting temperature. Also, the energy pen-
etration depth /> in the second regime (Fp > F;) is higher
in pure metals with lower melting temperature.

to Eq. (1). For comparison, the dashed lines show the fitting curves for
picosecond pulses at 355 nm (Fig. | and Table 1)

Table 2 Parameters [/, Fél), I, Féz), and F obtained from fitting
Eq. (1) to experiments on drilling nickel with picosecond pulses at
three wavelengths

A (nm) 1st regime 2nd regime
L F} b F} Fe
(nm) (lem?)  (nm) (lem?)  (fem?)
355 11.7 0.066 138 1.23 1.60
532 13 0.096 110 1.53 2.21
1064 10 0.092 79 1.47 2.24

3.2 Dirilling rate in nickel with picosecond pulses at 532
and 1064 nm

To compare processing speeds for different wavelengths, we
conducted drilling experiments on nickel with a picosecond
laser Compiler 355. The beam at operating wavelength was
extracted from the laser before conversion to a higher har-
monic. Figure 3 shows the drilling rate for varying peak flu-
ences at 1064 and 532 nm. These rates are compared with
the results described above for 6-ps 355-nm pulses.

The experimental dependences were approximated with
a logarithmic function (Eq. (1)). As in the case of 355-nm
pulses, there are two regimes with different parameters [
and Fy (Table 2). In the low- and high-fluence ranges, the
drilling rate for UV is higher than that at longer wavelengths
(Fig. 3). In the high-fluence range (Fig. 3b), deeper energy
penetration for 355 nm pulses is probably associated with
higher electronic temperature due to the high energy of ab-
sorbed UV photons. In the low-fluence range F, < 2 J/em?
(Fig. 3a), the drilling rate is higher for 355 nm than for
1064 nm because the threshold fluence is lower. The pene-
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tration depth /; for all three wavelengths is 10-13 nm, which
is close to the optical penetration depth &' & 8 nm [8]. In
general, for picosecond pulses the processing rate for shorter
wavelengths exceeds the processing rate for longer wave-
lengths. This difference becomes more pronounced at higher
fluences, while for nanosecond pulses the reverse situation
is possible [20, 21].

3.3 Energy efficiency of drilling

An important aspect in laser micromachining is the energy
efficiency of processing, which shows the amount of mate-
rial removed per unit of laser energy. The maximum possi-
ble efficiencies can be estimated from our data with three
simplifying assumptions: (i) the laser beam has a flat-top in-
tensity distribution with the same fluence F in each point,
(ii) the ablated cavity has a flat-bottomed shape and a cross-
section that reproduces the beam shape, and (iii) the abla-
tion depth /% is identical for each pulse of the same energy.
These assumptions approach reality in the center of Gaus-
sian beam, where the peak fluence F, ablates the depth h.
Then the maximum possible energy efficiency & = h/F)
represents the volume of ablated material per unit of inci-
dent energy. These simplifications allow the optimal regime
of processing to be chosen. When the ablation depth & per
pulse obeys the logarithmic law (Eq. (1)), the dependence of
& on fluence takes the form

§ = (I/Fy) In(Fp/ Fo). @

Figure 4 shows & (in units of mm?3/J) as a function of
fluence, where & is calculated based on the data shown in
Figs. 1 and 3. The function & = f(F}) in Eq. (2) has a
maximum &pax = [/ (Fmax) at Frnax = eFop = 2.72Fy. Since
two logarithmic regimes are identified for drilling with pi-
cosecond pulses, & has two maxima as illustrated in Fig. 4
for Ni, Mo, and W. UV pulses are more efficient compared
to IR pulses as demonstrated by Ni over both regimes. For
comparison Fig. 4 also shows the values of & obtained from
tungsten with 6-ns pulses at 355 nm. The solid lines repre-
sent & = f(F)) using the parameters /1, F(;I), >, and Féz)
from Table 1. In the case of Ni (6 ps, 355 nm) the main
maximum Enay = 1 /(eFy) = 0.0064 mm3/J is in the first

regime because of the lower threshold value Fél), while the
other metals have the main maximum in the second regime.

4 Discussion

There are varying views on the existence of a low-fluence
regime with short pulses in the literature. The estimates [2]
showed that the thermal diffusion length in Ni is smaller
than the optical penetration depth ! (at 248 nm) when the
pulsewidth is shorter than 1.5 ps; the ablation is governed
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Fig. 4 Energy efficiency of material removal. The target, pulse dura-
tion, and wavelength are: Ni, 6 ps, 355 nm (A); Ni, 6 ps, 1064 nm
(A); Mo, 6 ps, 355 nm (x); W, 6 ps, 355 nm (@); and W, 6 ns,
355 nm (O). The solid lines are the functional dependences & = f(F)
calculated using Eq. (2) with the fitting parameters shown in Ta-
ble 1. Al and SS302 also exhibit two maxima with picosecond pulses.

The main maxima are &y = 12/(eF(§2)) =0.0132 mm3/J (Al) and
0.0035 mm3/J (SS302) at Fyax = 2.53 J/em? and 4.1 J/em?, respec-
tively

by the absorption coefficient «. In accordance with this, the
experiments [12] for laser ablation of copper at 780 nm led
to the conclusion that the ablation regime, determined by
the exponential decay of laser light, is only possible with
pulses shorter than 1 ps. In contrast, a low-fluence regime
was observed for Al, Cu, and steel when the energy pene-
tration depth is close to @~ ! for near-IR pulses up to 4.5 ps
[7]. In this work, well-defined low-fluence regimes were ob-
served for 6 ps UV pulses (Figs. 1 and 2), where the energy
penetration depth /] is close to the values of ! for four out
of five samples, namely Ni, SS302, Mo, and W (Table 1).

In a prior study [2], the results of laser ionization time-
to-flight mass spectrometry indicated vaporization of atoms
from a Ni surface that was irradiated with 0.5-ps UV pulses
at fluences as low as 0.02 J/cm?. In other experiments with
picosecond IR pulses and SEM imaging [6], the ablation of
Al in the low-fluence regime was attributed to the mechani-
cal separation and ejection of material due to a huge temper-
ature gradient in a small volume. In our work, in which the
hole-drilling method was employed, we did not find a clear
correlation between the threshold of the low-fluence regime
Fél) and evaporation or melting properties of the tested ma-
terials. The evaporation observed in [2] at very low fluence
is below our detection limit. We believe that within the range
between Fél) and critical fluence F;, effects of drilling as-
sociated with melting or boiling are minimal in accordance
with [6].
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The values of F, for pure metals in Table | increase
with the melting temperature, and interestingly is a linear
function of the atomic number (Fig. 5). The latter may be
a coincidence for the four selected metals. The dependence
of the critical fluence on the melting temperature indicates
the presence of a liquid phase in the ablation process for the
high-fluence regime at F, > Fr.

The effect of electronic heat conduction considered in
[7, 12, 13] for high-energy short near-IR pulses may be even
greater with UV pulses, due to higher energy of photons
with shorter wavelength. This assumption can be illustrated
with the data of Fig. 3, which compares drilling rate for
nickel measured with picosecond pulses at different laser
wavelengths. In the range of high fluences F}, > F¢, the
energy penetration depth /; ~ 140 nm for 355-nm pulses is
about two times larger than /, ~ 78 nm for 1064-nm pulses
(Table 2). Also, the values of /> in aluminum and steel for
6-ps 355-nm pulses (Table 1) is greater than the penetra-
tion depth obtained for these metals in [7] with high-energy
pulses at 800 nm of comparable duration (4.5-ps).

The above comparison for the high-fluence regime shows
a greater processing rate using UV pulses compared to near-
IR pulses. For example at a fluence of 5 J/cm? the drilling
rate in Al measured in this work with 6-ps UV pulses (Fig. 1)
is about 4.5 times higher than the ablation rate for 100-
fs pulses at 800 nm [7]. This difference can be explained
by higher two-photon absorption (TPA) in the UV range.
A dominant contribution of nonlinear absorption to the ab-
lation of dielectrics with short UV pulses is well studied
[22, 23]. In the case of metal ablation with low-energy UV
short pulses, multiphoton absorption is considered to be neg-
ligible compared to linear absorption [2, 3]. However, at

high fluences of picosecond UV pulses, we suggest that
the contribution of TPA can be significant and may ex-
ceed the contribution from linear absorption. Nonlinear op-
tical susceptibility, which determines the coefficient of TPA
(in cm/W), is proportional to the concentration of ions or
molecules. The concentration of ions in metals typically ex-
ceeds the concentration of molecules in polymers, such as
PMMA used in the TPA study [23]. According to our pre-
liminary estimates, the density of UV energy (per cm?) ab-
sorbed in the vicinity of the surface may exceed the value
required for photo-destruction of the material via TPA.

In the case of nanosecond pulses, ablation is governed by
the heat penetration depth /, =~ (2krp)_1/ 2 [2], where k is
the thermal diffusivity and 7, is the pulse length. A rough
estimate based on the slope of the straight solid line for
Al in Fig. 1 (355 nm, 6 ns) shows the penetration depth
[ ~ 0.5 pm, which is two times less but still of the same
order of magnitude as the calculated value for [, & 1 pm
for 6 ns pulses (k = 0.98 cm?/s for Al). Correct analysis re-
quires much higher fluences than those used in this work,
which focuses on a comparison with picosecond results. We
believe that better ablation quality with nanosecond pulses
can be achieved near the threshold fluence: F, <3 J /em? for
Ni, Fpp < 3.5 J/em? for SS302, Fp < 5 J/em? for Mo, and
Fp<9 J/em? for W. However, the processing rate in these
cases is several times lower than that demonstrated with pi-
cosecond pulses.

5 Conclusion

With UV picosecond pulses, we demonstrated two different
regimes of ablation for five metals. The drilling rate in both
regimes can be approximated by a logarithmic dependence
on the laser fluence F, but with different parameters for low
and high ranges of F. For three metals, Ni, Mo, and W, the
existence of the second logarithmic regime associated with
high fluences was observed for the first time. The process-
ing rate for UV picosecond pulses is faster than that for pi-
cosecond pulses at longer wavelength. Comparative analysis
of our results with literature data suggests that the mecha-
nism of ablation with UV picosecond pulses is similar to
that achievable with near-IR femtosecond lasers.

In comparison with femtosecond pulses, this work sug-
gests that comparable rate and quality of processing can be
achieved with picosecond lasers. In additional we believe
that in the case of high-energy short UV pulses, TPA can
contribute to ablation efficiency. The high optical resolution
and ablation quality make the picosecond UV laser an effec-
tive tool for producing fine microstructures.

For higher energy efficiency of material removal with pi-
cosecond lasers, UV pulses with moderate energies below
6-7 J/cm? in both regimes should be used. We have made
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the first observation that for picosecond pulses the energy
efficiency in the tested metals (except Ni) is approximately
two times higher in the second regime than that in the first
regime. At higher fluences F, > 10 J/em?, processing ef-
ficiency with nanosecond lasers can be higher than with
picosecond lasers. However, the presence of a significant
amount of molten material during metal interaction with
long pulses reduces the ablation quality.
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