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Abstract

A nanosecond pulsed Nd-Yag laser, operating at an intensity of about 109 W/cm2, was employed to irradiate different
metallic solid targets (Al, Cu, Ta, W, and Au) in vacuum. The measured ablation yield increases with the direct current
(dc) electrical conductivity of the irradiated target. The produced plasma was characterized in terms of thermal and
Coulomb interaction evaluating the ion temperature and the ion acceleration voltage developed in the non-equilibrium
plasma core. The particles emission produced along the normal to the target surface was investigated measuring the
neutral and the ion energy distributions and fitting the experimental data with the “Coulomb-Boltzmann-shifted”
function. Results indicate that the mean energy of the distributions and the equivalent ion acceleration voltage of the
non-equilibrium plasma increase with the free electron density of the irradiated element.
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INTRODUCTION

Pulsed lasers with nanosecond pulse duration and intensities
on the order of 1010 W/cm2 are largely employed in different
fields, from microelectronics to laser ion sources, from cul-
tural heritage to biomedical applications (Batani et al.,
2007; Jungwirth 2005; Schaumann et al., 2005; Veiko
et al., 2006). The laser-generated plasma, in fact, can be
used to imprint surfaces, to generate ions at high energy
and charge state, to clean the surface of old coins, and to
deposit biocompatible thin films on medical prosthesis by
means of the pulsed laser deposition technique (Bashir
et al., 2007; Conde et al., 2004; Fernandez et al., 2005;
Lorazo et al., 2006; Nelea et al., 2004; Thareja & Sharma
2006; Wieger et al., 2006; Wolowski et al., 2007).

Although many applications of these lasers exist at
present, further investigations are necessary in order to
characterize the laser-produced plasmas in terms of ion and
electron temperature, density, fractional ionization, angular
distribution, and dependence of the plasma parameters on
the nature of the laser irradiated target.

The electron density of the plasma, in fact, determines
the plasma evolution kinetics, the inverse bremsstrahlung
laser absorption, the electron-ion interaction and ionization
processes, the recombination and the charge separation

effects which produce, in times on the order of a few nano-
seconds, a high electric field inside the plasma. This field
is responsible for the ion acceleration and for the ion
energy distributions separation as a function of the
charge state (Laska et al., 2007; Torrisi et al., 2006).
The thermal processes occurring in the Knudsen layer,
close to the target surface, can be understood evaluating
the plasma temperature by assuming that the ionized gas
is in a local thermal equilibrium (LTE) condition. The
temperature can be measured directly knowing the
energy distribution of the neutral species emitted from
the plasma or with other methods.

For infrared and visible laser irradiation, the free electron
density of the target element and its dc electrical conduc-
tivity, sdc, are important parameters that determine the final
properties of the produced plasma, such as ablation yield,
temperature, and electric field developed inside it.

In this work, in order to measure the energy distri-
butions for the various charge states and to evaluate their
dependence on the free electron density of the irradiated
elements, measurements were performed with a mass
quadrupole spectrometer with electrostatic deflection. The
free electrons of metallic targets are the first cause of infra-
red and visible laser light absorption in the material, deter-
mining the laser penetration depth, the thermal
conductivity, the target reflectivity and, as it will be
demonstrated, the equivalent ion temperature of the devel-
oped non-equilibrium plasma.

265

Address correspondence and reprint requests to: Francesco Caridi,
Dipartimento di Fisica, Ctr. Papardo 31, 98166 S. Agata, Messina, Italy.
E-mail: fcaridi@unime.it

Laser and Particle Beams (2008), 26, 265–271. Printed in the USA.
Copyright # 2008 Cambridge University Press 0263-0346/08 $20.00
doi:10.1017/S0263034608000311

https://doi.org/10.1017/S0263034608000311 Published online by Cambridge University Press

https://doi.org/10.1017/S0263034608000311


MATERIALS AND METHODS

The nanosecond ablation experiments have employed a
Nd:Yag laser operating at 532 nm (second harmonic) at the
Messina University laboratory, with 3 ns pulse duration, in
single pulse or at 10 Hz repetition rate, with a maximum
pulse energy of 150 mJ. Measurements were made at 25
mJ, to minimize the crater effects, focusing the laser beam
on the target surface with a spot size of about 0.5 mm2 at
458 incidence angle. The corresponding laser intensity was
1.7 � 109 W/cm2.

The experimental setup comprises a high vacuum
chamber, a central rotating target holder, which permits ver-
tical movement of the target to change the spot position and
to rotate the target to change the incidence angle, and an elec-
trostatic mass quadrupole analyzer placed at 458 with respect
to the laser beam direction and at 08 with respect to the
normal to the target surface. A schematic overview of the
set up is shown in Figure 1a.

The pressure in the chamber was maintained at about
2 � 1026 mbar. The targets used in this investigation were
2 � 2 cm surface and 1 mm thickness pure Al, Cu, Ta, W,
and Au.

A special electrostatic mass quadrupole spectrometer, the
so-called Electrostatic Quadrupole Plasma (EQP Hiden
300), was employed to monitor the particles ejected from
the plasma with a mass range within 1 and 300 amu.
The instrument detects neutrals and charged particles
depending on the filament state (with filament “on” neu-
trals and ions are both detected while with filament “off”
only ions are detected). The charge state is monitored
through the mass-to-charge ratio measurement performed
by an electrostatic ion deflection. It measures the particle
energy with an accuracy of +5 eV and plots the energy
distribution of neutral and charged species in the energy
range 1 eV–1 keV.

Figure 1b shows the scheme of the EQP instrument. The
spectra acquisition occurs operating at 10 Hz laser repetition
rate, and it is triggered with the laser shot. A full EQP analy-
sis employs about 1–2 min, during which 600 or 1200 laser
shots irradiate the target. EQP uses a 458 electrostatic deflec-
tion, in order to measure the ion energy, and a differential
pumping at 1 � 1027 mbar pressure. The instrument consists
of four main sections: the ionisation source; the electrostatic
energy filter; the mass filter; the secondary electron
multiplier (SEM) detector. More details on the EQP instru-
ment are reported in the literature (Hiden Analytical
website 2006).

EQP spectra were analysed in order to separate the neutral
component from the ionic one and to plot the particle energy
distributions for the various charge states. The fits of the
experimental energy distributions were performed with the
“Coulomb-Boltzmann-shifted” function used in previous
works (Torrisi et al., 2002) through the “Peakfit” numerical
code (Cranes software website 2006).

The ablation yield was measured calculating the number of
removed atoms per laser pulse from the laser-generated crater
on the target. The crater profiles were investigated with
optical microscopy and surface profiler (Tencor-P10),
which depth and lateral resolution was about 10 nm.

RESULTS AND DISCUSSION

Figure 2a shows a comparison of the crater profiles
obtained irradiating the five elements (Al, Cu, Ta, W,
and Au ) in the same experimental conditions, at 08 inci-
dence angle. It is possible to observe that the crater
volume decreases from Al to Ta. The ablated mass per
laser pulse can be calculated through the crater volume
and the target density, giving a maximum value of
0.24 mg/pulse for Au and a minimum value of 0.03 mg/
pulse for Al. The ablation yield, expressed in terms of
removed atoms per laser pulse, gives a maximum value
for Cu (12 � 1014 atoms/pulse) and a minimum value
for Ta (4 � 1014 atoms/pulse). Obtained results indicate
that the ablation yield increases linearly with the dc electri-
cal conductivity of the target, as reported in Figure 2b.

Figure 3 shows two typical EQP spectra obtained ablat-
ing Cu and W targets at 25 mJ pulse energy and 10 HzFig. 1. The experimental setup (a) and the scheme of the EQP instrument (b).
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repetition rate. Spectra report the yield signal versus par-
ticle energy for neutrals and for single and double
ionized atoms. The fit of the experimental data (vertical
bars) indicates that the particles have typical Boltzmann
distributions peaked at different energies depending on
their charge state. In particular, neutrals are peaked at ener-
gies of about 15 eV and 25 eV for Cu and W, respectively,
while the first ionized atoms are peaked at about 62 eV and
85 eV in the two cases. The second ionized atoms are
peaked at a higher energy, of about 110 V and 150 eV,
respectively.

Neutrals energy distributions contain direct information on
the plasma temperature. Along the normal to the target
irradiation this energy is due to two different contributions:
the first is due to the thermal energy, ET ¼ 3kT/2 and the
second to the adiabatic expansion energy, EK ¼ gkT/2,
where k is the Boltzmann constant, T is the temperature,
and g is the adiabatic coefficient (1.67 ¼ 5/3 for monoa-
tomic species).

Thus the neutrals energy distribution doesn’t follow a
simple Boltzmann function:

f1 ¼
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but it must be written as a Boltzmann shifted function
(Torrisi et al., 2002):
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where A1 represents the normalization constant, m is the
atomic mass, and E is the total energy of the neutrals along
the normal to the target surface.

The fit of experimental spectra with Eq. (2) indicates that
the temperature for Cu and W plasmas is 6 eV and 10 eV,
respectively. The ion energy distributions contain infor-
mation not only about the temperature but also about the

Fig. 2. Crater profiles comparison (a) and ablation yield versus dc electrical
conductivity (b).

Fig. 3. Two typical EQP spectra obtained ablating Cu (a) and W (b) targets
at 25 mJ pulse energy and 10 Hz repetition rate.
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Coulomb interactions. In this case, in fact, a third contri-
bution is involved in the total ion energy; this is the
Coulomb energy, EC ¼ zeV0, where ze is the ion charge
and V0 is the acceleration voltage developed inside the
non-equilibrium plasma. As previously reported in literature,
in this case, the experimental data follow a Coulomb-
Boltzmann-shifted distribution (Torrisi et al., 2002):

f3 ¼
A3

2

ffiffiffiffi
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m

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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(pkT)3

s
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Data regarding the first ionized atoms can be fitted by Eq. (3)
assuming the temperature kT to be 6 eV and 10 eV and the
acceleration voltage V0 about 47 V and 62 V for Cu and
W, respectively.

The different results obtained irradiating Cu and W targets
under the same experimental conditions can be explained on
the basis of the different physical properties of the two
elements. One of these properties is represented by the
number of free electrons of conduction in metals, which
are weakly bounded to the elemental atom. In fact, for
elements characterized by an high electron density value,
there will be a higher amount of electrons in the dense
vapor, immediately after the laser ablation. These electrons
absorb the laser photons energy through the inverse brems-
strahlung process reaching energies suitable to induce ioniz-
ation processes. Also data regarding the second ionized
atoms can be fitted by Eq. (3) with a suitable value of the
A normalization constant. This fit leads back to the plasma
temperature kT and to the acceleration voltage V0, which is
in agreement with the data obtained analyzing the single
ionized atoms energy distributions.

The analysis of the EQP spectra for the five irradiated
targets allows us to study the dependence of the particles
yield and energy on the physical properties of the irradiated
target. For elements with a low value of the ablation
threshold, calculated through the approach given by Torrisi
et al. (2007), with a low thermal conductivity, as Al for
example, only a small fraction of the laser pulse energy is
used for the evaporation. As a consequence, above the
threshold the ablation yield is generally high (7 � 1014

atoms/pulse for Al at 25 mJ laser pulse), because of the
remaining high laser pulse energy transferred to the

plasma. On the contrary, for elements with an higher value
of the ablation threshold, as W for example, a higher
amount of the laser pulse energy is necessary to produce
its evaporation in vacuum, and the ablation yield is lower
(6.5 � 1014 atoms/pulse for W at 25 mJ laser pulse) as a con-
sequence of the remaining low pulse energy transferred to the
plasma.

Moreover, we expect that the mean energy transferred by
the laser pulse to the atoms of the vapor is low when the
target has a low evaporation point and high ablation yield,
as Cu for example, because many atoms compose a dense
vapor (Torrisi et al., 2003). On the contrary, the mean
energy is high when the target has a high evaporation point
and low ablation yield, as W for example, because the
vapor is less dense. This is in good agreement with our exper-
imental results detailed in Table 1.

Measurements demonstrated that the neutrals peak energy
grows with the free electron density of the irradiated targets,
as reported in Figure 4a. The free electron density was calcu-
lated multiplying the atomic density of the element for its
electron valence. The used values of electron densities are
reported in the first column of Table 1 for the five irradiated
metals.

The corresponding temperature of the produced plasma,
obtained as fit parameter of Eq. (2), increases linearly with
the electron density of the element, as reported in
Figure 4b. Thus, the free electron density in the irradiated
metal seems to be a good parameter which characterizes
the plasma properties, probably because it is linked to the
inverse bremsstrahlung absorption mechanism. Targets
with high free electron density absorb more energy from
the laser beam, with respect to those with low free electron
density, and their energy transfer to the atoms of the
vapour increases the plasma temperature.

The analysis of the EQP spectra have also allows us to
study the dependence of the ions 1þ energy distributions on
the physical nature of the irradiated target. Measurements
demonstrated that the peak energy of the first ionized atoms
grows with the free electron density of the irradiated target,
as reported in Figure 5a. This result confirms that the energy
transferred is proportional to this important physical parameter
of the ablated element. In the case of the ion energy distri-
bution, the evaluation of the energy shifts with respect to the
neutrals distribution allows us to calculate the ion equivalent

Table 1. The main parameters characterizing the five laser-generated plasmas

El.
Free electron density

(�1023/cm3)
Theorical ablation
threshold (J/cm2)

Removed mass
(mg/p)

Ablation yield
(�1014 ats/p)

En

(eV)
E1þ

(eV)
E2þ

(eV) Y1þ/Y0 Y1þ/Y2þ
V0

(V)
kT

(eV)

Cu 0.8 1.04 0.13 12 15 62 110 1.5 3.6 47 6
Au 0.6 0.8 0.24 7.3 17 67 116 1.8 3.5 49 7
Al 1.8 0.6 0.03 7 19 72 125 3.7 3.3 53 8
Ta 2.7 0.7 0.12 4 21 79 137 6.5 3.1 58 9
W 3.8 1.3 0.2 6.5 25 85 150 8.9 2.8 62 10
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acceleration voltage V0, in agreement with Eq. (3). This value
can be obtained also from the energy shift between the ion
energy distributions of the first ionized atoms group and of
the second ionized one. The results also demonstrated that
the equivalent acceleration voltage increases with the free elec-
tron density of the irradiated metals, as reported in Figure 5b.

The relative amount of the first ionized atoms with respect
to the neutral one grows with the electron density of the irra-
diated target, as reported in Figure 6a. The high value of the
ratio indicates a substantial predominance of the first ionized
atoms with respect to the neutrals in the direction of the
normal to the target surface. However, previous measure-
ments of angular distributions indicated that the neutrals
have a larger angular distribution with respect to the ions
and that their total amount can be comparable or higher
(specially near the ablation threshold) with respect to the
first ionized atoms contribution (Hansen et al., 1997). The
relative amount of the first ionized atoms with respect to

the second ionized ones decreases with the free electron
density of the irradiated target, as reported in Figure 6b.
This ratio refers to two ionic species having, approximately,
the same angular distribution (it decreases slowly with the
charge state) but a different ionization cross-section (it
decreases quickly with the charge state) (Shirkov &
Zschornak, 1996).

Preliminary results obtained with EQP indicate that the
maximum charge state for the five ablated elements obtain-
able at 25 mJ pulse energy is 2þ for Cu, Al, and Au, and
3þ for Ta and W. This result is in good agreement with
the ionization potential values of the elements (Zschornak
et al., 1986). In fact, assuming an average plasma tempera-
ture of about 8 eV, the mean thermal electron energy is
about 12 eV. Because the energy distribution has a tail up
to about three times than the mean energy, this means that
electrons with energies of about 36 eV are present in the
plasma. At this energy level the expected ionizations are

Fig. 4. The neutrals peak energy (a) and the corresponding temperature of
the produced plasma (b) as a function of the free electron density of the irra-
diated targets.

Fig. 5. The ions 1þ peak energy (a) and the equivalent acceleration voltage
(b) as a function of the free electron density of the ablated elements.
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2þ for Cu, Au, and Si, and 3þ for Ta and W, as reported in
Figure 7.

Table 1 resumes the main parameters characterizing the
five laser generated plasmas: the free electron density, the
ablation threshold (obtained from Torrisi et al. (2007)),
the ablation yield, the measured kinetic energies of the
neutrals, first and second ionized atoms, the measured single
ionized/neutrals and single ionized/double ionized ratios,
the equivalent ion acceleration voltage, and the plasma temp-
erature extrapolated from the experimental fit data.

CONCLUSIONS

Experimental results obtained with EQP detector permitted
us to determine directly the plasma temperature fitting
the energy distributions of the neutral and ionic species.
Moreover, the Coulomb-Boltzmann-shifted function,
written in terms of kinetic energy, permitted us to evaluate

the equivalent ion acceleration voltage developed inside the
laser-generated plasma and due to the non-equilibrium (in
space and in time) of the charge distribution in the plasma,
in agreement with literature (Torrisi et al., 2006).

Although elements with high evaporation point, as W for
example, need more energy to evaporate in vacuum and, con-
sequently, a lower laser pulse energy is available to generate
the plasma, measurements demonstrated that in this case, the
mean energy of the neutral specie is higher with respect to
that of elements with lower evaporation point. This means
that the evaporation point, also being an important parameter,
it is not sufficient to characterize the laser-produced plasma.

A possible explanation can be found in the lower density
of the plasma, in the case of high evaporation temperature
materials. On the contrary, laser ablation of low evaporation
temperature materials produces higher dense vapor and the
mean energy transferred to atoms and ions is lower with
respect to the previous case, as for Al for example.

Experimental results indicate that the ablation yield is lin-
early dependent on the dc electrical conductivity of the irra-
diated element but it doesn’t increase with the free electron
density of the ablated target, probably due to the ablation
process correlation with the heating conductivity of the
material and not to its electronic configuration.

However, another important physical parameter, which
strongly influences the plasma properties, is the plasma elec-
tron density that assumes an important role in the inverse
bremsstrahlung absorption mechanism. This parameter is
directly linked to the free electron density of the element con-
stituting the ablated target, i.e., to the electron configuration
of the elements. Results, in fact, demonstrate that the plasma
temperature, the equivalent ion acceleration voltage, the ratio
between the yields of ions 1þ, and neutrals increase with the
free electron density of the ablated element. The yield ratio
between ions 1þ and 2þ, instead, decreases with the free
electron density, due to the increment of the second ioniz-
ation yield with the plasma temperature. For these reasons

Fig. 6. The relative amount of the first ionized atoms with respect to the
neutral one (a) and that of the first ionized with respect to the second
ionized ones (b) as a function of the free electron density of the irradiated
targets.

Fig. 7. The ionization potentials as a function of the charge states for the
ablated targets.
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the free electron density of the metals can be considered as a
key parameter for the non equilibrium plasma generated by
visible pulsed lasers.
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