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We report the measurement of the 20 ps ablation threshold of pure and Cr®* doped LiSAF samples using
a simple method that employs a single scan of the sample across a focused laser beam waist. During the
scan, a profile is etched in the sample surface, and the measurement of the maximum transversal size of
the profile and the pulse peak power determine the ablation threshold, without any further knowledge of
the beam geometry. Also, it was possible to measure the depth of the ablation profile, to calculate its
effective volume, and to identify that the maximum material removal rate per pulse does not occur
at the beam waist, which is not intuitively expected. © 2008 Optical Society of America

OCIS codes:

1. Introduction

Ultrashort pulse laser ablation of solids is due to an
electron avalanche induced breakdown process [1,2],
which occurs when seed electrons are accelerated in
the laser field, exponentially generating free elec-
trons by collisions. The breakdown takes place when
the plasma originated by the avalanche electrons
reaches a critical density and transfers energy to lat-
tice ions, which expand away from the surface after
the pulse has passed. In metals, the seed electrons
are always present (conduction band free electrons),
and in dielectrics and semiconductors they are ex-
cited from the valence band to the conduction band
by the pulse leading edge, either by multiphoton
ionization [3,4] or by tunneling induced by the laser
field [5-7]. Although the seed electrons have dissim-
ilar origins in different kinds of material, a metalli-
zation occurs in dielectrics and semiconductors after
they are produced, and the avalanche evolves deter-
ministically in time [2,8,9] in the same way in all
solid materials that now behave like metals
[10,11]. These mechanisms confer a nonselective
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characteristic to the ultrashort pulse ablation, and
the intensity ablation threshold of a material, I,
is the only parameter relevant to the etching process.

The established method [12] to determine the ab-
lation threshold of a given material consists of ablat-
ing the material using a TEM,,, Gaussian beam at
various intensities in different positions on the sam-
ple surface, and then measuring each ablation area
diameter. A function fit to the area diameter depen-
dence on the intensity provides the ablation thresh-
old [12]. The method requires the knowledge of all
the geometrical experimental parameters (lens focal
length, sample relative position to the lens, and
beam propagation law), the pulses’ energies, and a
series of measurements, and can be applied to pulse
durations under tens of picoseconds.

In a previous work, we analytically described an
alternative method to determine the ablation thresh-
old in the ultrashort regime [13], based in the very
precise definition of the etching region resulting from
the nonlinear character of the ultrashort pulse abla-
tion together with the almost inexistent lateral heat
diffusion. If lattice heating occurs, the diameter of
the ablated area will depend on the material thermal
properties, and the method can no longer be used.
Here we present the results of applying the method



to Cr:LiSAF samples in the 20 ps regime. The tem-
poral pulse width and samples were chosen due
to their utilization in ultrashort pulse amplification
and our experience in growing fluoride crystals
[14,15].

2. Diagonal Scan Method and Experimental Setup

The method developed by us, which is schematized in
Fig. 1(a), consists of scanning a solid sample diagon-
ally across the beam waist of a focused laser beam.
The sample starts in a position where there is no ab-
lation, and then it is moved simultaneously in the z
and y directions passing through the beam focus, up
to the point where the ablation has ceased. This
diagonal scan (D-Scan) etches a profile in the sample
surface. If the pulse power is above the critical power
[13] Py = (1/2)enw?ly,, the etched profile will be
similar to the one shown in Fig. 1(b), presenting
two lobes, and in this case a simple equation relating

(@)

the half maximum transversal dimension of the pro-
file, pmax, the pulse power, Py, and the sample abla-
tion threshold intensity, Iy, is easily derived [13]:

Py
Ith = 2
TPmax

~ Py
201175 (1)

pmax

If the profile etched in the sample does not exhibit
the two lobes, a new scan should be done increasing
the pulse power (energy), or using a tighter focusing
lens (that decreases the beam waist w, and, conse-
quently, reduces P.;), so the lobes are created.
The lobes maximum half width p,,, occurs at the
positions [13] +y = zo[(2P,)/(enwilyy,) — 1]'/2 where
the pulse intensity is always (1/2)ely, = 1.361,, thus
not depending on the beam waist size wq or the con-
focal parameter z,. To determine the ablation thresh-
old intensity, only the pulse power must be known,
and all other geometrical parameters of the beam

Fig. 1. (Color online) Diagonal scan method: a) scheme of the experimental setup showing the sample movement and b) profile of the
sample surface etching, p(z), by the laser beam, w(z) for P, = 6P,;. The vertical and longitudinal axes are normalized by the beam waist

wy and confocal parameter z,, respectively.
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(focusing lens, beam waist, and propagation law) can
be left undetermined. The measurement of the abla-
tion profile maximum half width and the use of
Eq. (1) determine the ablation threshold intensity
I;,. Multiplying this value by the pulse duration
gives the ablation threshold fluence, Fy,.

We applied the D-scan method to determine the
ablation threshold of four samples: a pure LiSAF
crystal and two 1% Cr3* doped Cr:LiSAF samples,
all grown in our crystal growth laboratory, and a
1.5% Cr?+ sample extracted from a crystal rod grown
by VLOC [16]. To etch the profiles in the samples, an
amplified Ti:sapphire laser system was used gener-
ating 18.9ps (FWHM) pulses, centered at 830 nm,
at 1kHz repetition rate, and the beam was focused
by a 20 cm converging lens. The samples were fixed
to an x-y-z translation table controlled by a computer
and were moved diagonally to the laser beam by y =
10 mm and z = 60 mm through its waist at constant
speeds v, = 1mm/s and v, = 6 mm/s. Five ablation
profiles were etched in each sample at different pulse
energies always vertically apart by 500 um [x direc-
tion in Fig. 1(a)l. The samples were photographed
under an optical microscope, and the photographs
were used to measure pp,., using the 500 ym vertical
separation as scale for each profile and to determine
the ablation thresholds.

3. Results

Figure 2(a) shows the ablation profiles etched in the
pure LiSAF sample. In all five profiles the two lobes
can be observed, although there is an asymmetry
around the central position. The right portions of
the profiles were ablated after the sample crossed
the beam waist, and since the experiments were done
in air, we attribute the profile asymmetry to non-
linear effects that occur near the focus position, mod-
ifying the beam characteristics. For this reason, we
chose to measure the maximum transversal dimen-
sion of the profile in its left portion (corresponding to
the sample positioned before the beam waist), where

Fig. 2.

(Color online) a) Optical microscope picture of the profiles
etched in the pure LiSAF sample surface at different energies and
b) lateral picture of profile 1.
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nonlinear effects that modify the beam shape are
minimized. For all the other Cr3* doped samples,
the results were similar. Table 1 presents for each
profile of Fig. 2(a) the value measured for p,,,,, the
pulse energy ¢, and the ablation threshold fluence
Fy, calculated using Eq. (1) and 18.9 ps for the pulse’s
duration. The average value of the ablation threshold
fluence measured is (1.61 £ 0.11) J /cm?. In Fig. 3 the
ablation threshold fluences measured for all samples
are shown as a function of the Cr3* concentration
(the average value of the fluences measured for
the two 1% Cr®* doping samples is shown), and it
can be observed that the ablation threshold de-
creases with the Cr®* concentration raise. This is
an expected result, since the insertion of a dopant
in the host causes defects that usually create energy
levels in the bandgap, consequently decreasing the
energy needed to generate the initial free electrons
by the multiphoton or tunneling processes. Besides,
the dopant introduction in the crystal matrix distorts
the crystal structure, creating local stresses that
degrade the host mechanical properties. The unex-
pected result is that the higher Cr3+ concentration
(1.5mol. %) sample has a higher ablation threshold
than the 1mol. % samples. However, the lower
Cr3+ content samples grown at our laboratories have
not gone through an annealing process, which would
reduce mechanical stresses remaining from the
growth process. The higher Cr concentration sample
(grown by VLOC), has probably passed through an
annealing process, as is usually done in laser gain
media, minimizing tensions and increasing the ions’
bond energies to the structure, which is what
improves the crystal mechanical properties [17]. This
additional energy results in an increase in the abla-
tion threshold.

Due to the LiSAF crystal transparency, it was
possible, under the optical microscope, to take a
photograph of the lateral view of profile 1 shown
in Fig. 2(a) [observation through face yz, Fig. 1(a)],
presented in Fig. 2(b). The ablation depth depen-
dence on the distance, 4 (z), was measured in this pic-
ture, and the >total width, 2p(z), of the ablation
profile was determined from Fig. 2(a). From these
data it was possible to calculate an ablation effective
volume, V (z), defined by

Vet (2) = p(2)*h(2), 2

that depends on the sample position, and conse-
quently, on the pulse’s intensity. The results are

Table 1. Pure LiSAF Sample Fluence Ablation Thresholds

Pmax &p Fth
Profile (um) (ud) (J/cm?)
1 79.8+4.9 814+9 1.50 £0.18
2 73.1+4.8 723 £ 11 1.58 £0.21
3 64.3 £ 4.7 587+8 1.66 +0.25
4 554+ 4.6 447+ 8 1.71+0.29
5 42.1+46 279+ 6 1.84 £0.11
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Fig. 3. Cr:LiSAF ablation threshold dependence on the Cr?* concentration.

shown in Fig. 4, where it can be clearly seen that the
maximum material removal rate per pulse occurs
away from the beam waist. The maximum V . occurs
near the maximum width of the profile, p,,.«, and has
the value (1.12 £ 0.11)10% ym3. Near the beam waist,
V¢ presents a local minimum, with the value
(150 + 34)103 ym3. The ratio of these values is 7.5,
demonstrating that, in this temporal regime, the
maximum material removal rate takes place away
from the beam focus, being almost an order of mag-
nitude greater than at the beam waist. The mini-
mum V. value around the waist position is a
consequence of the small beam size and the small ab-
lation depth. We propose that the high laser intensity
at the beam waist generates a huge electron density
that shields the beam, minimizing the laser pene-

trating depth. Two processing conditions are now
defined: one at the beam focus, where lateral and
depth precisions are enhanced due to the small ma-
terial removal rate, and the other away from the fo-
cus, where the material removal rate per pulse is
maximized. Contrary to what is intuitively expected,
in this temporal regime, etching a sample at the
beam waist does not ensure the maximum ablation
depth or maximum material removal rate per pulse.

4. Conclusions

We applied a new and simple method that does not
require precise knowledge of the laser beam geome-
try to determine the ablation threshold of Cr:LiSAF
samples in the ultrashort pulse regime. The method
only demands the sample under investigation to be

B

ol ﬁ} i

2 o06f { H H
Z: . }}}hii## :

Position along the profile (mm)

Fig. 4. Effective volume ablated dependence on the sample surface along the ablation profile.
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diagonally scanned across the focused laser beam
waist, etching a profile in its surface, and the mea-
surement of the maximum half width of this profile.
In the samples investigated, a decrease in the abla-
tion threshold was observed with the Cr3* concentra-
tion increase, and this can be explained by residual
absorption and mechanical stress, both resulting
from the Cr3+t introduction on the crystal. In addi-
tion, the transparency of the sample allowed the lat-
eral observation of the etched profile giving access to
the ablation depth, which permitted the calculation
of effective ablated volume. This effective volume
dependence on the laser intensity led us to determine
that the maximum material removal rate occurs
away from the beam waist.

The authors acknowledge the financial support re-
ceived from FAPESP (grant 00/15135-9) and FINEP.
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