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Introduction

The interaction of high-power laser pulses with solids
(metals, semiconductors, dielectrics and organic materials)
has been studied since the early stages of laser development
[11]. There was and still is a great deal of interest in utilizing
laser ablation and crater formation for practical applications.
However, the ablation mechanism and cratering processes are
strongly depended on both the laser pulse parameters and the
material properties. These mechanisms for ultrashort (femto-
and picosecond) laser pulses [12, 14, 16] differ significantly
from that for nanosecond pulses [1−3, 9, 10, 15]. The laser
energy density on the target for ultrashort laser pulses is very
low (usually below 10 J/cm2) whereas for nanosecond pulses
it reaches values of several 106 J/cm2. Focusing a beam of
a high-power nanosecond pulse laser onto a solid target causes
that a considerable part of the beam energy and momentum is
transferred to the target. The rapid heating of surface material
yields a high pressure of the order of megabars. As a result,
a shock wave is generated with typical velocity up to several
km/s. In these conditions a violent evaporation of the target
material follows and in the place where laser radiation is
impinging, a crater appears. Its dimension depends on the
laser beam parameters (the laser intensity, the focused spot
size, the laser pulse duration) as well as on the physical prop-
erties of the target material. A shock wave passing completely
through the target is followed by a rarefaction wave moving
into the compressed material behind the original shock wave.
On the rear of the target surface a bulge appears.

Energy and velocity distribution of ions emitted from a plasma
after relativistic self-focusing were investigated theoretically
and compared with experimental results [6].

The aim of this experiment was to investigate the crater shapes
and the expanding plasma stream and to find correlations
between them.
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Abstract The results of measurements of microablation from a silver target irradiated by the high-power PALS laser system
in Prague are presented. In this experiment the laser beam of energy of about 110 J in a 400 ps pulse was focused perpendicularly
to the massive silver target. The target surface position was changed with respect to the focal spot of the laser beam in the
range from -2.5 to 2.5 mm. A set of four ion collectors was used for plasma ion emission measurements. The effect of the laser
pulse interaction with the target, i.e. craters and damages formed in the vicinity of the craters, were investigated with the use
of scanning electron microscopy (SEM) and optical microscopy methods. The characteristics of the crater were compared
with the essential parameters of ion streams emitted from the plasma produced in the same laser shot.

Key words ion beam •  laser •  laser-induced crater •  plasma



E. Woryna et al.148

Experimental set-up

The high power iodine photodissociation Prague Asterix
Laser System (PALS) [7] delivering up to 700 J of energy in
0.4 ns at the wavelength of 1.315 µm was used in the
experiment. The laser beam was focused perpendicular to
a massive 1 mm thick silver target with the use of an aspherical
lens. According to the lens certificate, the focal length and
the focus spot diameter for λ=1.315 µm was 593 mm and
70 µm, respectively. The lens has a ∅ 30 mm hole in the centre
to prevent the destruction by the part of the laser beam
reflected and focused by the inner lens surfaces. This hole
was screened off by a mask of 35 mm in diameter. The target
surface position was changed with respect to the distance of
the focal spot of the laser beam within the range from
FP=-2.5 mm to FP=2.5 mm. The sign “-” means that the focal
spot was in front of the target surface, sign “+” – the focal
spot was inside the target volume. The FP=0 means that the
target surface is in the in-focus position (position of the
geometrical laser focus). Four ion collectors (ICs) placed at
distances of 42, 59, 51 and 46 cm from the target and at angles
of 23, 37, 52 and 62° with respect to the laser beam axis,
respectively, and an electrostatic ion energy analyzer (IEA)
placed at a distance of 287 cm at an angle of 30° with respect
to the laser beam axis were used to investigate the effect of
the focusing conditions on the characteristics of the emitted
ion streams [13]. The ICs deliver time-resolved signals of ion
current from which the total charge carried by ions and the
average ion energy can be calculated. The IEA gives the
possibility of identifying the ion species produced, i.e. deter-
mining their charge-to-mass ratio, energy and abundance on
the basis of ion spectra recorded for different analyzing
voltages. The background pressure in the experimental
chamber was 2.6×10−6 mbar.

Experimental results

Results of plasma investigation

Four ion collectors used in the experiments provided inform-
ation on the angular behavior of the expanding plasma stream.
Over the whole range of focusing conditions the angular
distribution of the charge carried by the ions fulfils the
dependence

(1)     Q = Q0 cosxα,

where Q0 is the charge carried in normal direction to the target
surface and x is the exponent of the power function. Q0 and x
take extremal values around FP=0 (Fig. 1).

The dependence of the total charge carried by the ions

(2)   Qtot = 2πQ0 ∫cosxα.sinα.dα

and the maximum ion current density as a function of the
focus position are shown in Figs. 2 and 3, respectively. These
parameters attain a minimum at the in-focus position on the
target surface FP≈0.

The electron temperature, Te0, and the mean charge state of
ions, <z0>, in the hot plasma region were estimated using
the Busquet formula [4] and the dependence on the average
ion energy, <Ei>, on Te0 and <z0> in the form <E i>=
C(<z0>+1)Te0. For <Ei>=500 keV determined in our experi-
ment and C=4, they were calculated to be Te0≈3 keV and
<z0>≈40. The maximum charge state of Ag ions measured
with the use of the IEA was zmax=39. Let us try to estimate the
laser-induced ablation pressure. The sound velocity of Ag ions
is cs=(<z0>Te0/Mi)0.5=3.3×107 cm/s and the ablation pressure
is pabl≈2ρcrcs

2=5.6 Mbar (where ρcr=nec(Mi/<z0>)=2.6 mg/cm3

is the critical density of Ag plasma, nec=1.12×1021/λ2=
6.45×1020 cm−3 is the critical electron concentration for
λ=1.315 µm and Mi is the atomic mass of Ag). The value of
the ablation pressure is in good agreement with the result
presented in [5].

Fig. 1. The amplitude Q0 and exponent x of the angular distribution of silver
ions.

Fig. 3. The maximum ion current density at the distance of 1 m from the
target.

Fig. 2. The total charge carried by silver ions.



Studies of plasma and craters produced by the interaction of high-energy sub-nanosecond laser with silver target 149

Results on crater investigation

The crater dimensions and profiles were deduced on the
basis of optical and SEM measurements of craters as well
as on their replicas made from acetate cellulose. Figure 4
shows the dependence of the dimensions of the craters and
of the target surface damages surrounding the craters (maxi-
mum and minimum radii of the craters and of the damages)
and the theoretical caustic of the focused laser beam with the
waist of 70/280 µm in diameter/length on the focusing
conditions present in our experiments for 105±8 J/0.4 ns laser
pulses. This means that the maximum laser intensity is
I=6.8×1015 W/cm2 (maximum energy density of 2.7 MJ/cm2)
at FP=0. It is seen that the craters and the damages are non-
-circular in shape and that the eccentricity is much higher for
the defocused laser beam. The crater radius is mainly determined
by the laser beam diameter for FP>1.4 mm and FP< -1.4 mm.
For -1.4 mm ≤ FP ≤ 1.4 mm the crater radius is much higher
(about 8 times) than the radius of the waist and approaches a
local maximum around FP≈0. Only for -0.4 mm < FP < 0.4 mm
a convexity (a collar) surrounding the crater appears. In gen-
eral, the crater profiles are asymmetrical relative to FP=0,
probably, due to different spatial distribution of laser energy
densities at different FP. The value of the crater diameters for
FP≈0 are consistent with that shown in [2, 10].

The depth of the craters shows a weak dependence on FP for
FP< -1.4 mm and FP>1.4 mm but for -1 mm < FP ≤ 1 mm the
crater depth abruptly increases and takes nearly a constant
value of about 0.27±0.01 mm. In all laser shots a bulge on the
rear side of the target occurs.

The rough estimation of the ablation efficiency, (i.e. mass of
the target material ejected from the target) on the basis of the
crater volume gives the following values: for FP=-2.5 mm –
6.9 µg/J (3.9×1016 atoms/J), for FP=0 – 4.3 µg/J (2.4×1016

atoms/J) and for FP=+2.5 mm – 11.6 µg/J (6.3×1016 atoms/J).
The plot of the ablation efficiency in dependence on the focus
position is shown in Fig. 5. This dependence takes a minimum
around FP≈0 similar as dependence of the total charge carried

by the plasma and the ion current density presented in Figs. 2
and 3. The crater volume and the mass ejected from it at FP=0
agree with the values given in [2, 10].

The structure of damages surrounding the craters, i.e., the
radial streams of solidified metal on the target surface suggests
that a large area surrounding the crater is in the liquid state
during the plasma expansion. Probable reasons of the surface
melting may be the following: a quality of the laser beam
(far-field diffraction pattern), lateral heat transport or second-
ary absorption of the X-rays from the plasma volume [8].

Taking into account the results presented in Figs. 2 and 5, the
ionization degree of the plasma, i.e. the ratio of the total
amount of ions recorded by the ion collectors to the total
amount of atoms ejected from the crater volume, was estimated
to be about 0.25% at FP≈0.

Summary

The dependence of the total charge carried by ions recorded
by the ion collector on the laser beam focus position FP
correlates qualitatively with the dependence of the ablation
efficiency on FP, calculated from the crater volume measure-
ments. The total amount of plasma ions is, however, only
a small part (~0.25%) of the total amount of atoms ejected
from the crater.

At sharp focusing the laser beam on the target (FP=0) the
crater diameter is much larger (crater diameter/laser beam spot
size ≈7) than the theoretical diameter of the beam waist. At
strong defocusing the laser beam the crater diameter is close
to the diameter of the beam.

The large crater volume and the hemispherical shape (crater
diameter/crater depth ≈1.8) can be best explained by shock-
-wave cratering process. It is believed, that large-area damages
surrounding the crater results from melting of the target surface
by far-field diffraction pattern of the focused laser beam, lateral
heat transport and/or by heating the surface by X-rays emitted
from the plasma.

Acknowledgments We are grateful to Mrs. H. Wlodarczyk and Mrs.
J. Pokorska for performing the replicas of craters and for the optical
microscopy investigations of the target craters and their replicas.
The work was supported by the EC for projects PALS/005 and

Fig. 4. The radii of craters (    ,      – maximum and minimum radius of crater),
damages (• ,    – maximum and minimum radius of damages), depth of crater
(    – depth of craters) and the caustic of focusing lens (- . -  − caustic of the
focusing lens) as a function of the target surface position.

Fig. 5. The ablation efficiency of silver.
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