
Spectrochimica Acta Part B 58(2003) 1867–1893

0584-8547/03/$ - see front matter� 2003 Elsevier B.V. All rights reserved.
doi:10.1016/j.sab.2003.08.004

Laser ablation for analytical sampling: what can we learn from
modeling?

Annemie Bogaerts *, Zhaoyang Chen , Renaat Gijbels , Akos Vertesa, a a b

University of Antwerp, Department of Chemistry, Universiteitsplein 1, Wilrijk-Antwerp, B-2610, Belgiuma

George Washington University, Deparment of Chemistry, Washington, DC 20052, USAb

Received 4 July 2003; accepted 22 August 2003

Abstract

The paper is built up in two parts. First, a rather comprehensive introduction is given, with a brief overview of the
different application fields of laser ablation, focusing mainly on the analytical applications, and an overview of the
different modeling approaches available for laser ablation. Further, a discussion is presented here about the laser
evaporated plume expansion in vacuum or in a background gas, as well as about the different mechanisms for particle
formation in the laser ablation process, which is most relevant for laser ablation as solid sampling technique for
inductively coupled plasma(ICP) spectrometry. In the second part, a model is presented that describes the interaction
of an ns-pulsed laser with a Cu target, as well as the resulting plume expansion and plasma formation. The results
presented here, include the temperature distribution in the target, the melting and evaporation of the target, the vapor
density, velocity and temperature distribution in the evaporated plume, the ionization degree and the density profiles
of Cu atoms, Cu and Cu ions and electrons in the plume(plasma), as well as the resulting plasma shielding of0 q 2q

the incoming laser beam. Results are presented as a function of time during and after the laser pulse, and as a
function of position in the target or in the plume. The influence of the target reflection coefficient on the above
calculation results is investigated. Finally, the effect of the laser pulse fluence on the target heating, melting and
vaporization, and on the plume characteristics and plasma formation is studied. Our modeling results are in reasonable
agreement with calculated and measured data from literature.
� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

1.1. Laser ablation application fields

Laser ablation(LA) is used for a growing
number of applications, such as pulsed laser dep-
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osition w1–3x, nanoparticle manufacturingw4x,
micromachining w5,6x, surgery w7x, as well as
chemical analysisw8–10x. Several analytical tech-
niques make use of the mechanism of laser–solid
interaction, in different regimes of laser irradiance,
including, among others, matrix assisted laser
desorption ionization(MALDI ) w11x, laser micro-
probe mass spectrometry(LMMS) w12x, laser-
induced breakdown spectrometry(LIBS) w13x.
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Last but not least, in inductively coupled plasma
mass spectrometry and optical emission spectrom-
etry (LA-ICP-MS and LA-ICP-OES), laser abla-
tion is used as solid sample introduction method
w14–20x. In spite of the many applications, the
exact mechanisms of laser ablation(e.g. thermal
vs. mechanical effects, mechanisms of particle
formation,«) are not yet fully understood. More-
over, different kinds of mechanisms can play a
role, depending on the type of material, the laser
irradiance, the laser pulse length, etc. In particular,
LA-ICP-MS, which is today’s most suitable tech-
nique for direct solid analysis, is still suffering
from a number of drawbacks, which are related to
the ablation process, the aerosol transport and the
vaporization, atomization and ionization of the
laser-induced product within the ICP. A number of
experimentally gained insights into the fundamen-
tal processes demonstrate the need of models
helping to localize such drawbacks and to define
regimes where these problems can be minimized
or overcome.
Therefore, we try to develop a numerical model,

describing the various processes related to the
laser-solid interaction, as well as the behavior of
the laser-ablated material. As a first step, we would
like to describe the most important parameters to
improve the technique in general. We will focus
in first instance on the application of nanosecond
laser ablation of metals, as sample introduction
technique for the ICP, to define the ablation pro-
cess and to gain further insights into which part
of the sample is removed, converted into atoms
and ions, and to describe its expansion dimensions
above the sample surface. Further studies and
models will incorporate the ablation cell, gas
flows, aerosol transport and ICP conditions. At
this stage, however, the model will also be useful
for other applications, operating at similar
conditions.

1.2. Overview of different modeling approaches
for LA

In the literature, a variety of models for laser
ablation are available, operating in different
regimes of wavelength(UV, Vis, IR), laser irradi-
ance(10 –10 Wycm ), pulse length(fs, ps, ns),4 10 2

target material(metals, organic solids,«), gas
environment(vacuum, ambient gas), and applied
to the various applications mentioned above. A
large number of models for laser–solid interaction
are based on thermal processes: heating of the
solid, followed by melting and evaporation. They
describe the laser–solid interaction on a macro-
scopic scale, i.e. by the thermal heat conduction
equationw21–38x. This assumption is justified for
ns-pulsed laser interaction, especially for metals.
Indeed, in metals, light is absorbed by interaction
with electrons. A quantum of optical energy is
absorbed by an electron, which is raised to a
higher energy state in the conduction band. The
excited electrons collide with lattice phonons,
thereby transferring the absorbed energy to the
lattice. Since the energy relaxation time is of the
order of 10 s for metalsw1,39x, the opticaly13

energy can be regarded as being instantaneously
turned into heat for ns-pulsed laser ablation. There-
fore, the concepts of temperature and heat conduc-
tion are applicable w39x. For ps-pulsed and
fs-pulsed lasers, the electron energy cannot be
regarded as instantaneously turned into heat, and
a two-temperature model is needed, which
describes the coupling of the electron temperature
and the lattice temperaturew40–47x. Further, there
exist also a few kinds of microscopic models,
based on the Boltzmann transport equation for
transport of electrons and for electron–lattice inter-
actions w48x, or based on molecular dynamics
simulations, for metalsw49,50x or for organic solids
w51–55x. However, these models are limited to a
short time-scale, because of the long computation
time. A mesoscopic modelw56–59x provides a
link between the microscopic and macroscopic
phenomena. The time-scale is less limited than in
molecular dynamics simulations, and the highly
non-equilibrium behavior can be adequately
described. Finally, a number of analytical models
for laser ablation have been reportedw60–66x.
Several models do not only focus on the laser–

solid interaction, but they describe also the expan-
sion of the evaporated material plume, or they
concentrate solely on the expansion process,
assuming certain input from the evaporated mate-
rial. The plume expansion can be investigated
either by hydrodynamic modelsw25–38,67–81x,
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by Monte Carlo simulationsw82–92x, or by a
combination of bothw93,94x. Most of the hydro-
dynamic models for plume expansion also consider
the formation of a plasma of the evaporated mate-
rial w29–38,67–74,76,77x. A few models focus
mainly on the plasma, either from the evaporated
materialw66,95,96x, or the early-stage plasma due
to electron emission from the targetw97–99x,
because this plasma can absorb a fraction of the
incoming laser intensity before it reaches the target
(so-called ‘plasma-shielding’).

1.3. Laser-evaporated plume expansion in vacuum
or in a background gas

Nearly all models describing laser–solid inter-
action followed by plume expansion apply to
expansion in vacuum or in a low pressure back-
ground gas(up till a few 100 Pa), which is easier
to model(e.g. only one type of material to follow,
and no interactions with the surrounding gas), and
which is close to reality for many applications
(e.g. pulsed laser deposition). Some papers have
investigated the effect of background gas on the
plume expansion with hydrodynamic modelsw27–
32,69–81x, but the pressure is mostly limited till
approximately 100 Pa or lowerw30–32,69–75x,
with a few exceptions till 1 atmw27–29,76–81x.
The general effect of the background gas is report-
ed to be the spatial confinement and slowing down
of the expanding plume. Moreover, the material
can even move backward, and several reflected
shocks within the plume were observedw31x. In
most of the papers investigating the effect of the
background gas, no additional conservation equa-
tions (for the background gas) or extra terms in
the equations for the material plume(describing
interactions with the background gas) are present-
ed. This would, however, be necessary for a
realistic description of the behavior of the expand-
ing plume in a background gas, especially at
atmospheric pressure. Wood et al. have included
some scattering terms in the hydrodynamics equa-
tions, to account for the transfer of momentum
from the plume to the background gasw72–74x,
but the model is only applied to low pressure
(below 50 Pa). Gnedovets et al. have reported a
hydrodynamic model with two distinct species

(material plume and background gas) and inter-
actions between themw78–80x. This model is
applied to expansion in a background gas at 1
atm, but for a long laser pulse(ms-range) at very
low laser irradiance(10 –10 Wycm ), so that no4 5 2

plasma is formed. A similar model was, however,
also applied recently to higher laser irradiance, but
again with the assumption of no plasma formation
w81x. Finally, the effect of the background gas is
also investigated in several Monte Carlo simula-
tions w88–92x or combined hydrodynamic—Monte
Carlo modelsw93,94x, but they are again only
applied to pressures below a few 100 Pa.
However, when laser ablation is used as sample

introduction technique for the ICP, the ablation
cell is filled with a gas(typically helium or argon)
at 1 atm, and this gas is used to transfer the ablated
material to the ICP(e.g. Ref.w16x). Also, in LIBS,
the laser ablation typically takes place at 1 atm
w76,96,100x, although a wide pressure range
(10 –1 atm) is also possiblew100,101x. It isy5

reported from experimentsw102x that the expansion
dynamics of the evaporated plume is highly
dependent on the background gas pressure. Free
expansion, plume splitting and sharpening, hydro-
dynamic instability and stagnation of the plume
were observed at different pressure levels between
10 and 100 Torrw102x. Other experiments havey6

revealed that the gas medium significantly affects
the laser ablation efficiencyw103,104x. Indeed, the
ICP emission intensity increases when using a
background gas with a higher ionization potential
(e.g. He), due to less plasma shielding, and hence,
more efficient laser samplingw103,104x. Therefore,
the effect of the background gas should in principle
be incorporated for realistic modeling of the laser
ablation process.

1.4. Particle formation in the LA process

It is generally known that the laser ablated
material consists not only of evaporated atoms,
but particles are also formed, either directly by the
laser–solid interaction, or later, through conden-
sation in the expanding plume(see below). These
particles are the subject of many methodological
investigations in LA-ICP-MS and LA-ICP-OES,
because they are considered to be the main source
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of elemental fractionation(i.e. non-stoichiometric
ablation: the analytical signal does not represent
exactly the sample composition) w20,105–110x.
Elemental (or isotopic) fractionation may occur
during the ablation process(e.g. preferential vola-
tilization of lighter elements(or isotopes), perhaps
coupled with preferential condensation), during the
aerosol transport(e.g. preferential transport of
smaller particles), as well as in the ICP, i.e. due
to incomplete vaporization(atomization, ioniza-
tion, excitation) of the aerosol. Whereas over the
past 17 years, the laser–sample interaction was
considered to be the major source of fractionation,
nowadays, aerosol transport, and especially the
ICP are believed to have an important effect as
well w20,110x. Recent studies have proven that the
aerosol structure, i.e. the particle size distribution,
has significant effect on elemental fractionation
w20,106–110x. The laser produced aerosol can be
subdivided into three fractions:(a) the largest
particles are too heavy to be transported;(b) the
particles with intermediate size can be transported
to the ICP, but cannot completely be vaporized;
and(c) the fraction consisting of vapor and small
particles can be completely transported and vapor-
ized in the ICP. The degree of elemental fraction-
ation will depend on the ratio of these three
fractions. If the majority of particles are small
enough, elemental fractionation will not be signif-
icant. However, if the fraction of larger particles
increases, an increasing number of particles will
not be transported or fully vaporized, and elemen-
tal fractionation becomes increasingly important.
Therefore, controlling the particle size distribution
is of uttermost importancew108,109x.
In spite of the large variety of models available

for laser ablation(see above), not many do con-
sider the formation of particles. Nevertheless, par-
ticle formation is not only important for LA as
sample introduction technique for the ICP, but it
has also major consequences in the other applica-
tion fields of laser ablation. Indeed, the particles
present in the vapor plume scatter the incident
laser light, which leads to a shielding of the target
surface w77,111x. Further, the quality of micro-
structures manufactured by laser ablation can be
considerably reduced due to the formation of
debris in the surrounding area, as a result of the

presence of nanoparticlesw77x. However, nanopar-
ticle synthesis is also a promising application of
laser ablationw78,112–116x.
A number of models describe particle formation

and growth in the expanding vapor plume, based
on condensation and nucleation theoriesw38,77x
or effusion theoryw111x. Using simple formulas,
information is obtained about particle size distri-
bution and rate of cluster growth. A one-dimen-
sional particle formation model, based on
condensation and nucleation theory, is developed
by Gnedovets et al.w78–80x and Blair et al.w81x,
and it is coupled to the expansion dynamics of the
evaporating plume and the background gas, assum-
ing no plasma formation. This model is applied to
laser ablation in 1 atm background gas. Indeed,
Wood et al. suggest that the background gas plays
a dominant role in particle formationw74x. Han et
al. drew similar conclusions, because the cluster
formation efficiency is determined by the rate of
collisions between clusters, vapor atoms and back-
ground gas, which is controlled by the density of
vapor atoms and buffer gas atomsw92x. It is
suggested that shock wave formation and reflection
phenomena due to the buffer gas play an important
role in the nanoparticle formationw92x. Zhigilei
also states that efficient particle formation is
expected when the background gas pressure is
sufficiently high, so that many collisions of the
vapor species can occur, although condensation
can take place under vacuum conditions as well
w117x. In general, condensation droplets are typi-
cally formed in long-pulse(ms) and low-intensity
(10 –10 Wycm ) regimes w78x; however, they4 5 2

can also be generated at higher laser intensity and
shorter pulse(e.g. 10 –10 Wycm and few ns8 10 2

pulse) under slow expansion of the vapor plume
into the background gasw118x.
The average particle size predicted with the

above models, ranges from approximately 1 nm
w81x to tens w38,77x and even a few hundred
nanometersw38,78,79x, depending on the applied
theory and the conditions. Normally, condensation
is used to explain the observation of small parti-
cles, composed of tens to thousands of atomsy
molecules. Formation of larger(sub-micrometer
and micrometer sized) particles would require an
unrealistically high number of collisions to occur
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in the expanding plume. Therefore, the larger
particles are probably the result of direct ejection
from the targetw117,118x.
Different mechanisms can play a role for direct

cluster ejection from the target, depending on the
target material. The ejection of large liquid droplets
andyor solid particulates can be caused by photo-
mechanical effects, as a result of laser-induced
stress w117x. When the laser-induced stresses
exceed the dynamic tensile strength of the target
material, i.e. in the regime of stress confinement,
when the laser pulse duration is shorter than the
time needed for mechanical equilibration, cavita-
tion and disruption of a liquid surface region, or
mechanical fractureyspallation of a solid target can
take placew53–55,117,119,120x. The importance
of this mechanism depends on the mechanical
properties of the target material, as well as the
microstructure and surface roughness. This mech-
anism can probably play a significant role for
organic materials (such as polymers) w53–
55,117,119x as well as for geological materials
(e.g. silicates) w121x.
For metals, however, mechanical fragmentation

is expected to be less important, and particles are
assumed to be formed by liquid(large droplet)
ejection, which can be the result of several pro-
cesses, in general termed hydrodynamic sputtering
w117x. Large droplets can be ejected as a result of
a transient melting and motion of a liquid caused
by steep gradients and the vapor plume recoil
pressurew1,118,122,123x. The expulsion of melt
by the impact of recoil pressure of the expanding
vapor plume in a background gas is also called
‘liquid splashing’ w120x. This recoil pressure will
be higher when the background gas is at higher
pressurew123x. Due to this local pressure, surface
hydrodynamic instabilities will be formed, which
result in the ablation of liquid in the form of
droplets w123x. The hydrodynamic mechanism of
large droplet ejection in metals is strongly sup-
ported by the analysis of surface morphology
w122,123x. Moreover, the splashing is expected to
occur in the radial direction, which is confirmed
by measured crater profilesw110x.
At high laser irradiance, i.e. above 2.2=1010

Wycm in the case of siliconw124–126x and above2

5=10 Wycm for aluminumw127x, or for short10 2

laser pulsesw55,116x, ejection of large particulates
is found to be very important, and is attributed to
phase explosion, or explosive boiling of the target
material beneath the surface layerw124–127x.
Indeed, bubbles are formed in this superheated
liquid layer. Once these bubbles obtain a critical
size, they can expand rapidly, initiating explosive
boiling and mass ejection in the form of large
(micrometer-sized) particulatesw125,126x. Recent-
ly, evidence was found that explosive boiling
occurs after completion of the laser pulse
w126,127x. The importance of this mechanism at
high laser irradiance is confirmed by the strong
increase in crater volume and depth at a given
threshold irradiancew124–126x.

1.5. Present (basic) model for LA

The above discussion shows that the entire
process of laser ablation and the subsequent behav-
ior of the ablated material(e.g. expansion into a
background gas, plasma ignition, shock waves,
particle formation,«) can be very complicated,
and that it cannot readily be described with one
single model. Therefore, it is our intention to
describe the entire process step by step.
As a first step, we will describe in the present

paper a model for the laser interaction of a copper
target, yielding heating, melting and vaporization
of the target material, followed by plume expan-
sion, as well as plasma formation and shielding of
the laser intensity. We will limit ourselves here to
expansion in vacuum, so that only the evaporated
material needs to be considered. Although this
might not directly reflect the reality of laser abla-
tion for the ICP, it is of interest to other applica-
tions (see above), and it can provide already some
insight in the mechanisms. Moreover, preliminary
calculations in our group have revealed that most
of the modeling results are not fundamentally
different for expansion in vacuum and in 1 atm
background gasw128x. Also, particle formation
will be neglected in this first step. This model
will, however, serve as a basis for the later descrip-
tion of laser ablation in 1 atm helium or argon,
and for the modeling of the formation and behavior
of particles. However, even this basic model is
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Table 1
Input data used in our model, for Cu as target material, as well as the references where the data are taken from. Some parameters,
related to the target, are given both for solid and liquid(molten) phase, when the values are different

Parameters Values for Cu Ref.

Thermal conductivity,k (W m K )y1 y1 380 (solid), 170 (liquid) w34x
Specific heat,C (J kg K )y1 y1

p 420 (solid), 494 (liquid) w34x
Mass density,r (kg m )y3 8960(solid), 8000(liquid) w1,34x
Absorption coefficient,a (m )y1 7.44=107 w34x
Reflectivity used in the model,R 0.34 w95x
Melting point,T (K)m 1358 w1x
Boiling point, T (K)b 2836 w1x
Heat of fusion,DH (Jymol)sl 1.3=104 w1x
Heat of vaporization,DH (Jymol)lv 3.048=105 w1x
First ionization potential, IP(eV)1 7.73 w133x
Second ionization potential, IP(eV)2 20.29 w133x
Electronic work function,f (eV) 4.5 w133x

already quite complicated and considers already
many processes.
Our modeling approach is based on a model

that was actually developed more than a decade
ago for another application, i.e. laser ablation
microprobe mass analysis(LAMMA ) w34x. It will
be applied here to laser ablation conditions typical
for LA-ICP-MS and LA-ICP-OES, and for LIBS,
i.e. a laser pulse duration of several nanoseconds,
and laser irradiance in the order of 10 Wycm .9 2

Cu will be taken as the target material. In Section
2, the different aspects of the model will be
outlined. Section 3 will show some typical results,
for a copper target. The effect of target surface
reflectivity and of laser intensity will be discussed
in Sections 4 and 5, respectively. A comparison
with other calculated or experimental results is
made in Section 6. Finally, a conclusion and
outlines for future work will be given in Section
7.

2. Description of the model

The model presented in this paper describes
several mechanisms, related to the laser–solid
interaction and the behavior of the evaporated
material. The different parts of the model will be
described in detail below, and the coupling
between the various parts will be outlined.

2.1. Target heating, melting and vaporization

As a result of the laser impact onto the solid
target, the temperature at the target surface will
rise, and eventually, the target can melt, and even
vaporize. The temperature distribution in the target
is calculated with the heat conduction equation.
The absorption length in the target(l s1ya w1x,abs

with a defined as the absorption coefficient,as
7.44=10 m ; see Table 1) is in the order of 107 y1

nm. Because this is much smaller than the laser
beam diameter(typically in the order of 100mm,
e.g. w16x), the heat conduction can be solved in
one dimensionw22,24,28,39x:

w z
≠T x,t ≠T x,tB EŽ . Ž .≠ k a

C Fx |s q I x,t (1)Ž .
D G≠t ≠x C r ≠x C ry ~p p

where T represents the temperature inside the
target,x is the position from the surface,t is the
time,k, C , r anda denote the thermal conductiv-p

ity, heat capacity, mass density and absorption
coefficient of the target material, respectively. The
calculations are performed here for a Cu target,
and the corresponding data used in the model, are
summarized in Table 1. In the current model, non-
linearities in material parameters, e.g. absorption
coefficient, are neglected, and the thermal proper-
ties of the target material are assumed to be
temperature-independent. This is not really true,
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but for most metals the variations are relatively
small over fairly wide temperature rangesw39x.
The first term of the right-hand side represents

the heat conduction, whereas the second term
denotes the energy source by laser energy absorp-
tion. I(x,t) stands for the laser irradiance as a
function of time and position in the target, and
can be written as:

w xI(x,t)sI (t)exp(yax) 1yR (2)0

I (t) is the incident laser irradiance at the surface,0

and R is the surface reflectivity. The latter is
generally close to 1 for metals, but it can drop to
values as low as 0.1 during laser ablation, when
the irradiance is high enough(approx. 10 Wy8

cm ) w1,39,122,129,130x. This is attributed to2

roughening due to the temperature increase of the
surface, to removal of surface films, and to melting
w39,122,129x, although the details of the mecha-
nism might not yet be fully understoodw130x. We
used a constant value of 0.34, as indicated in Table
1, because of lack of more accurate data, and in
order not to further complicate the solution of the
heat conduction equation. This is a reasonable
intermediate value, which has also been reported
in Ref. w95x, albeit for a somewhat different
wavelength, and it was not very clear where this
value was adopted from. We have, however, inves-
tigated the effect of this parameter on the modeling
results, as will be shown later in the paper, in
Section 4.
When the temperature at a certain depth in the

target exceeds the melting point of Cu, the target
starts melting, and the local temperature remains
constant during the time that phase transition takes
place. Furthermore heating of the molten target is
calculated in the same way, but using data for
molten Cu (see Table 1). In the molten phase,
convection is induced by the thermal gradient.
Although this effect leads to additional heat trans-
port, it is not part of the model. Melting normally
starts at the surface, but the melt front(i.e. the
interface between solid and molten phase) can
extend inside the target when the temperature rises
further. The heat conduction equation is solved as
a function of time during and after the laser pulse,
by an explicit finite difference method.

When the temperature at the surface becomes
very high, vaporization becomes significant. The
vapor pressure(p ) is calculated from the surfacevap

temperature, by integrating the Clausius-Clapeyron
equationw131x:

w zDH T yTŽ .lv s bx |p T sp exp (3)Ž .vap s 0 RT Ty ~s b

whereT and T are the surface temperature ands b

the normal boiling point at pressurep s1 atm,0

DH is the heat of vaporization, andR is the gaslv

constant. The data for a Cu target are also pre-
sented in Table 1.
From the vapor pressure, the vapor density at

the surface(r ) is calculated from the ideal gasvap,s

law:

pvap
r s (4)vap,s kTs

wherek is the Boltzmann constant.
Further, assuming that the vapor atoms leaving

the surface follow a one-dimensional Maxwellian
velocity distribution, the flow velocity of the vapor
atoms above the surface(v ) can be approxi-vap,s

mated by the average of the normal velocity
component at temperatureT w132x:s

2kTsv s (5)vap,s y pm

wherem is the mass of a Cu atom.
The vapor density (r ), vapor velocityvap,s

(v ) and vapor temperature at the surface(T )vap,s s

are used as input(i.e. boundary conditions) in the
second part of the model.

2.2. Expansion of the evaporated material plume

The expansion of the evaporated material into
vacuum is described by the Euler equations of
hydrodynamics, expressing the conservation of
mass density, momentum and energyw34x:

≠ rvŽ .≠r
sy (6)

≠t ≠x
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≠ rvŽ . ≠ 2w xsy pqrv (7)
≠t ≠x

2 2w z w zB E B E≠ v ≠ p v
C F C Fr Eq sy rv Eq qx | x |
D G D G≠t 2 ≠x r 2y ~ y ~

qa I y´ (8)IB laser rad

Herer is the mass density,rv is the momentum,
rE is the internal energy density,rv y2 is the2

kinetic energy density, andp is the local pressure.
Assuming that the evaporated material follows the
ideal gas law, the pressure and internal energy
density can be expressed as Ref.w34x:

rkT
ps 1qx (9)Ž .e m

w zr 3
rEs 1qx kTqIP x q IP qIP xx |Ž . Ž .e 1 i1 1 2 i2m 2y ~

(10)

Here, x , x and x stand for the fraction ofe i1 i2

electrons, singly charged(Cu ) and doublyq

charged(Cu ) ions in the vapor, and IP and2q
1

IP represent the first and second ionization poten-2

tial of Cu (values taken fromw133x, see Table 1).
These extra terms, and the factor(1qx ), aree

needed to account for the partial(or full) ioniza-
tion of the vapor(see below). In this work, we
assume that the Cu vapor can be ionized into both
Cu and Cu ionsw34x. However, it is clear thatq 2q

this formula can be extended to higher charge
multiplicity, when needed. In this formula, it is
assumed that the electrons can be treated as ideal
gas, following Maxwell–Boltzmann distribution.
Further, I is the laser irradiance andalaser IB

stands for the absorption coefficient due to inverse
Bremsstrahlung, which is a function of position in
the plume(see below). The product ofI andlaser

a gives the local laser energy absorption, whichIB

represents a gain for the internal energy of the
vapor. Finally,́ is the amount of energy emittedrad

by the vapor per unit volume and time in the
Bremsstrahlung process, which means a loss for
the internal energy of the vapor. Assuming that
the electrons are characterized by a Maxwellian

velocity distribution, ´ can be expressed asrad

w134x:

1y2 6B E2pkT 32pe 2 2C F´ s n Z n qZ n (11)Ž .rad e 1 i1 2 i23
D G3m 3hm ce e

wherem and e are the electron mass and charge,e

respectively,c is the velocity of light,n , n , ne i1 i2

represent the densities of electrons, Cu andq

Cu ions, andZ andZ stand for the charges of2q
1 2

the singly and doubly charged ions(Z s1 and1

Z s2). Again, this formula can be extended if2

more multiply charged ionic species are present in
the evaporated plume.
The second and third terms in the right-hand

side of Eq.(8) represent non-linear terms, because
they depend on the electron and ion densities,
which in turn depend on the vapor density. More-
over, the vapor density can show large variations
as a function of position, from near solid density
till vacuum. This large discontinuity can give rise
to shock waves. In order to accurately reflect this
shock formation, an appropriate solution method
needs to be used to solve the three conservation
equations. We used a finite difference method,
based on the first order Godunov scheme, which
describes the shock wave as a series of analytically
solvable mini-shocks(see Refs.w67,135–139x for
more information). It is worth to mention that we
have checked this Godunov solution method of
the equations with another solution method, i.e.
the second order MacCormack method(see, e.g.
w139x), and both solution methods yielded the
same results. The Godunov method was, however,
preferred for the present application, because of
the shorter computation time(i.e. ca. 5 times faster,
mainly because a larger timestep could be used).

2.3. Plasma formation

Because the temperature of the evaporated mate-
rial is very high, the vapor is ionized(see above)
and a plasma is formed. Since many collisions
take place between the various particles, the plas-
ma can be considered in local thermal equilibrium
(LTE). This means that in a sufficiently small
region of the plume, thermal equilibrium is estab-
lished between the electrons, ions and neutrals,
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and they are characterized with a common tem-
perature. Moreover, the ionization degree(i.e.
fraction of electrons and ions) can be described
by the Saha–Eggert equationw9x. Because previ-
ous calculations have shown that not only Cuq

ions, but also Cu ions are formed at the typical2q

conditions under study herew34x, two different
Saha–Eggert equations are incorporated in the
model, i.e. for the ratio of Cu ions to Cu atoms,q 0

and for the ratio of Cu to Cu ions:2q q

3y2B E B Ex x 1 2pm kT IPe i1 e 1C F C Fs exp y (12)2
D G D Gx n h kT0 vap

3y2B E B Ex x 1 2pm kT IPe i2 e 2C F C Fs exp y (13)2
D G D Gx n h kTi1 vap

Here,n represents the total vapor number den-vap

sity (n srym), x , x , x and x stand for thevap e i1 i2 0

fraction of electrons, singly charged(Cu ) andq

doubly charged(Cu ) ions and neutral Cu atoms,2q

respectively, which are defined asx sn yn , etc.e e vap

Further, h is the Planck constant, and the other
symbols have been explained above. Note that the
difference between the electronic partition func-
tions of the two ion stages was neglected in the
above formulas.
The two Saha–Eggert equations are combined

with two other equations, i.e. for the conservation
of matter, and the conservation of charge,
respectively:

x qx qx s1 (14)0 i1 i2

x q2x sx (15)i1 i2 e

Finally, the vapor temperature(T) in the Saha–
Eggert equations is adopted from the internal
energy density(see Eq.(10) above).
These five equations(Eqs.(10), (12)–(15)) are

solved together to calculate the five unknown
values (x , x , xi , x and T), from which thee i2 2 0

number densities of electrons, Cu , Cu andq 2q

Cu can be obtained. The Newton–Raphson meth-0

od w140x was applied to solve this strongly non-
linear system of equations. As discussed above,
this system of equations can be extended with

additional Saha–Eggert equations, when more
multiply charged ions need to be considered. For
every new unknown, an extra equation is added,
so that the system remains solvable, and the new
unknown value is also included in the other equa-
tions (conservation of matter and charge, and
equation for internal energy density).
This system of equations is solved at every

position in the plume, except in the first position
near the target surface, where the main source of
ions and electrons is given by thermionic emission
from the heated surfacew39x. This is described by
the Langmuir–Saha equationw39,141–143x:

B Ex fyIPi1 1C Ffexp (16)
D Gx kT0 s

wheref is the electronic work function(w133x;
see Table 1), and the other symbols are declared
above. Assuming that only singly charged(Cu )q

ions are formed, and combining the Langmuir–
Saha equation with the equations for conservation
of matter(x qx s1) and conservation of charge0 i1

(x sx ), yields three equations for threei1 e

unknowns. From the fractions(x), the number
densities of electrons, Cu and Cu can beq 0

obtained, based on the total vapor density(see
above).

2.4. Laser beam absorption in the plasma

Because of the formation of a plasma in front
of the target, the laser beam will be partially
absorbed before it reaches the target, i.e. so-called
‘plasma shielding’ w95x. Laser radiation is
absorbed primarily by inverse Bremsstrahlung,
which involves the absorption of a photon by a
free electron. The electron is raised to a higher
state in the continuum. This process must occur
within the field of a heavy particle(ion or neutral),
so that momentum is conservedw39x. Photo-ioni-
zation of excited states contributes only for ener-
getic photons impinging on easily ionized gas
mixtures w9x, and is neglected here. The two
contributions to inverse Bremsstrahlung are elec-
tron-neutral and electron-ion inverse Bremsstrah-



1876 A. Bogaerts et al. / Spectrochimica Acta Part B 58 (2003) 1867–1893

Fig. 1. Laser intensity-time profile assumed in the model. It is
a Gaussian-shaped pulse with 10 ns full-width at half-maxi-
mum (FWHM), and maximum irradiance of 10 Wycm . The9 2

dashed line represents the calculated laser intensity arriving at
the target, after passing through the plume(plasma).

lung. Their absorption coefficients are given by
w9x:

w zB Ehc
C Fa s 1yexp y Qn n (17)x |IB,eyn e 0
D GlkTy ~

6 3w zB Ehc 4e l neC Fa s 1yexp yx |IB,eyi 4
D GlkT 3hc my ~ e

1y2B E2p 2 2C F= Z n qZ n (18)Ž .1 i1 2 i2
D G3m kTe

Here, l is the laser wavelength,Q is the cross
section for photon absorption by an electron, dur-
ing a collision with the neutrals(taken here as
10 cm ) w9x, and the other symbols have beeny36 5

explained above. The common factor in both
formulas (1yexp(yhcylkT)) accounts for stim-
ulated emissionw9x.

2.5. Coupling of the different parts of the model

The different parts of the model are strongly
coupled. On one hand, the laser–target interaction
leads to evaporation, and the resulting vapor den-
sity, velocity and temperature are used as input for
the plume expansion and plasma formation. On
the other hand, the absorption of the laser beam
in the plasma represents an important coupling
back, both to the plume expansion(gain and loss
terms in the equation for conservation of energy),
and to the laser–solid interaction, because the laser
energy can be considerably attenuated(plasma
shielding) before it reaches the target, leading to
less efficient target heating, melting and
vaporization.
Hence, the different parts of the model need to

be solved simultaneously as a function of time, in
order to obtain an overall picture of the mechanism
of laser ablation of a Cu target, with plume
expansion and plasma formation.

3. Results of the model

The calculations are performed for a laser with
wavelength of 266 nm, and a Gaussian-shaped
laser pulse, illustrated in Fig. 1(solid line). The

pulse has a width(full-width at half-maximum,
FWHM) of 10 ns, and the peak laser irradiance
(or intensity) is 10 Wycm . Integrated over the9 2

entire pulse, this yields a fluence of 10.6 Jycm .2

In our calculations, we follow only one laser pulse.
The dashed line in Fig. 1 shows the laser intensity
arriving at the target, after passing through the
plume (plasma). It is clear that the laser intensity
at the target drops significantly after approximately
10 ns, as a result of plasma shielding of the
original laser pulse. After this significant drop,
which results in a weaker plasma, and hence less
plasma shielding, the laser intensity at the target
rises again, but as time evolves further, the laser
intensity at the target continues to decrease. This
illustrates that a significant fraction of the original
laser intensity is absorbed in the plasma, before it
can reach the target. In other words, the laser
intensity, which is really used for the ablation can
be much lower than the initial laser intensity.

3.1. Target heating, melting and vaporization

Initially, the Cu target is at room temperature.
However, as a result of the incoming laser beam,
the target will be heated. The calculated tempera-
ture distribution in the target is depicted as a
function of time during and after the laser pulse
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Fig. 2. Calculated temperature distribution in the target(a),
and calculated solidyliquid regions in the target as a result of
melting (b), as a function of time, for the conditions shown in
Fig. 1. The original target surface is at 0mm.

Fig. 3. Calculated temperature at the target surface(a), melt
depth in the target(b), target surface recession rate due to
evaporation(c) and depth of evaporation(d), as a function of
time, for the conditions shown in Fig. 1.

in Fig. 2a. The temperature is at maximum at the
surface of the target, as expected. The maximum
temperature of approximately 6750 K is reached
between 10 and 20 ns, i.e. when the laser irradi-
ance is at maximum. When time evolves, the
region with elevated temperature(i.e. above room
temperature) expands, due to thermal conduction
(see Eq.(1)). For the conditions under study, the
heating is more or less limited to the first 10mm
of the target. As far as melting is concerned, only
a few micrometer is influenced, as appearing in
Fig. 2b, which shows the solid and liquid(molten)
phases in the target, as well as the transition region,
which is partly molten(with temperature equal to
melting point). Although the surface temperature
drops significantly after the laser pulse, the first 2
mm of the target still remains in molten phase for
quite a long time. Only after approximately 60 ns,

resolidification of the melt starts to occur, and the
melt depth starts to drop slowly.
The surface temperature and the melt depth are

also plotted as a function of time in Fig. 3a, b
respectively). Fig. 3a shows a little dip in the
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surface temperature at approximately 10 ns, which
corresponds to the dip in the laser intensity at the
target (see Fig. 1). After 10–20 ns, the surface
temperature begins to drop, but it is still approxi-
mately 2000 K at 100 ns, for the conditions under
study. The target melting starts to occur at approx-
imately 8 ns(see Fig. 3b), when the temperature
begins to rise significantly. The melt depth increas-
es to approximately 2mm at 40–60 ns, i.e. clearly
after pulse termination. After a longer time, it
starts decreasing slowly, but it is still approximate-
ly 1.5 mm after 100 ns.
Fig. 3 also gives information on the target

evaporation. The surface recession rate due to
evaporation(Fig. 3c) is calculated from the flux
of evaporated atoms, in the following wayw34x:

dx j Mevap evapR s s (19)recession dt r

M andr are the molecular mass of the atoms(kg)
and the mass density(kgym ), respectively. The3

flux of evaporated atoms(m s ) is obtainedy2 y1

from the vapor pressure at the surface temperature
(p(T ); see Eq.(3) above):s

Ap TŽ .s
j T s (20)Ž .evap s

y2pMRTs

Here,A represents a sticking coefficient, which is
usually taken equal to one for metals. The other
parameters have been defined before.
As shown in Fig. 3c, the calculated surface

recession rate due to evaporation reaches a maxi-
mum of almost 10 mys, and it shows a very
similar profile as the laser intensity at the target
(Fig. 1), including the dip at approximately 10 ns.
This means that evaporation also ceases at pulse
termination (ca. 30 ns). Indeed, from Clausius–
Clapeyron equation it follows that evaporation
dramatically slows down when the surface tem-
perature drops below the boiling temperature.
From the surface recession rate due to evapora-

tion, the depth of evaporation can be obtained, and
the latter is plotted as a function of time in Fig.
3d. The evaporation depth rises as a function of
time, starting from approximately 10 ns, and it

reaches a constant value of ca. 70 nm, after
approximately 25–30 ns, when the surface reces-
sion rate has dropped to zero. Comparing Fig. 3b,d
tells us that the evaporation process affects only
the surface layer, till a depth which is a factor of
30 smaller than the depth at which melting takes
place.
In our model, material removal is solely attrib-

uted to vaporization. Hence, the thickness of the
evaporated layer, or evaporation depth(ca. 70
nm), represents a lower limit of the crater depth,
i.e. in case that vaporization is the only material
removal mechanism. However, in laser ablation
experiments, splashing of melt due to the plume
recoil is observed(see Section 1.4 above). If we
assume that the melt is completely ejected before
resolidification occurs, the melt depth(ca. 2mm)
can be considered as an upper limit for the crater
depth. In the book of Ready(Table 3.8, p. 111)
w39x, a measured crater depth of 2.2mm was
reported, for laser ablation by a 44 ns laser pulse
with irradiance of 10 Wycm , i.e. similar condi-9 2

tions as under study here. This would indeed
suggest that splashing of molten material is respon-
sible for a great deal of the material removal.

3.2. Plume expansion and plasma formation

Fig. 4 shows the calculated vapor density in the
evaporated plume(a), the plume velocity(b) and
vapor temperature(c), at different times, for the
conditions mentioned above. It is worth mention-
ing that the initial conditions(i.e. before the laser
pulse starts) assumed in our calculations, are a
vapor density of 10 m (which corresponds to18 y3

a residual pressure of 10 atm), zero vapory7

velocity, a vapor temperature of 300 K, and a
residual ionization degree in the plume of 10 .y10

These assumed initial conditions were not found
to be critical for the calculation results.
It is clear from Fig. 4, for the different times

shown in this figure, that the vapor density is
highest at the target(i.e. almost 5=10 m ; not27 y3

so clearly seen in the figure). It drops gradually
as a function of distance in the plume, and very
rapidly at the plume front. As time evolves, the
plume becomes longer. For the laser ablation
conditions under study, the plume length is calcu-
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Fig. 4. Calculated density(a), velocity (b) and temperature(c)
distributions in the vapor plume, at different times, for the con-
ditions shown in Fig. 1.

lated in the order of 0.1 mm after 20 ns, and
approximately 2 mm after 100 ns. Note that these
values are calculated for plume expansion in vac-
uum. For expansion in a background gas at 1 atm,
the vapor plume will be considerably shorter(see
Section 1.3 above). The plume velocity(Fig. 4b)
increases towards the end of the plume, and reach-
es maximum values of 20 000–30 000 mys. Close
to the target, the vapor velocity is calculated to be
negative(ca.y4500 mys at 20 nm, and approxi-
matelyy6000 till y6300 mys at 40 till 100 ns.
This probably represents the plume recoil back to
the target, which can give rise to target liquid
splashing (see Section 1.4 above). The vapor
temperature distribution in the plume is presented
in Fig. 4c. It is calculated in the order of 10 000–
50 000 K, and decreases slightly as a function of
time. This temperature drop is most pronounced
after 20 ns. Indeed, at 20 ns, the calculated
temperature is much higher than at later times,
because the laser pulse yields heating of the
evaporated plume. At 40 ns, the laser pulse is
already terminated, which explains the lower tem-
perature. The further drop as time evolves repre-
sents cooling due to plume expansion. It should
be noted that at the plume front a peak in the
temperature was calculated, but this has no physi-
cal meaning, because the calculated vapor density
at this position was very low, indicating that the
plume was terminated.
Fig. 5 shows the plume characteristics in detail

at 15 ns, i.e. at the maximum of the laser pulse.
The vapor density in the plume(Fig. 5a) decreases
away from the target. The plume length at this
time is calculated at approximately 0.1 mm. The
corresponding vapor temperature(Fig. 5b) is
approximately 50 000 K at small distance(near
the target), and it drops to approximately 15 000
K at the plume front. From this vapor temperature,
the ionization degree, or the fraction of Cu atoms,0

Cu and Cu ions and electrons, is calculatedq 2q

with the Saha–Eggert equation(see above; Eqs.
(12) and (13)). Fig. 5c illustrates that the Cu0

atoms are only present near the target. The rest of
the plume is more or less fully ionized at the laser
conditions under study. In the first 0.03 mm from
the target, where the vapor temperature is very
high, the majority of Cu atoms is even doubly
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Fig. 5. Calculated density distribution(a), temperature distri-
bution (b), fraction of Cu atoms, Cu and Cu ions and0 q 2q

electrons(c), density distributions of these species(d) in the
vapor plume, and laser intensity as a function of position in
the plume(decreasing towards the target, as a result of plasma
shielding) (e), at 15 ns, for the conditions shown in Fig. 1.

ionized (Cu ). At further distance, when the2q

vapor temperature drops, the Cu ions becomeq

dominant. The fraction of electrons is equal to the
sum of Cu ions and two times the Cu ionsq 2q

(see above, Eq.(15)). This explains why it is
almost equal to two in the beginning of the plume,
when the Cu ions are dominant(see dash-dotted2q

line and right axis in Fig. 5c). From the fraction
of the species, multiplied with the vapor density,
the species densities in the plume are obtained,
and the results are plotted as a function of distance
in the plume in Fig. 5d. The Cu atom density is0

very high near the target(order of 5=10 m ;27 y3

note that they-axis in Fig. 5d is truncated at
4=10 m , in order not to hide all other density26 y3

values), but it drops significantly in the first few
micrometers from the target. The densities of the
charged species(electrons and ions) reach a max-
imum at approximately 1mm from the target, i.e.
where the vapor density is still very high(see Fig.
5a) and the plasma is almost fully ionized. The
Cu and Cu ion densities are very comparableq 2q

here. After this maximum, the densities drop very
quickly, which is most pronounced for the Cuq

ions, and which is due to the steep decrease in
vapor density(see Fig. 5a). From these densities,
the absorption of the incoming laser beam in the
plasma is calculated, i.e. plasma shielding, due to
inverse Bremsstrahlung(IB). It appears that elec-
tron-ion IB (Eq. (18) above) is negligible in the
entire plasma. Indeed, the electron and ion densi-
ties are too low(in spite of the fully ionized
plasma, but the plume density is too low), to
compensate for the very small constant factor in
Eq. (18). Electron-neutral IB(Eq. (17) above),
however, is important in the first 10mm near the
target, where both electron and Cu atom densities0

are still sufficiently high. This absorption process
yields a drop in the laser intensity in the first 10
mm adjacent to the target, as is clear from Fig. 5e.
The calculated laser intensity arriving at the target
is approximately 1.7=10 Wycm , which corre-8 2

sponds to the value shown in Fig. 1.
Fig. 6 shows details of the plume at 100 ns. It

is clear that the plume has become much longer
now (note the different scale of thex-axis!), as
was also illustrated in Fig. 4a. However, the shape
of the plume density is very similar(see Fig. 6a),
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Fig. 6. Calculated density distribution(a), temperature distri-
bution (b), fraction of Cu atoms, Cu and Cu ions and0 q 2q

electrons(c), and density distributions of these species(d) in
the vapor plume, at 100 ns, for the conditions shown in Fig.
1.

with a maximum near the target(of almost
5=10 m ), a slight decrease as a function of27 y3

distance, and a steep drop at the plume front. The
vapor temperature(at maximum 25 000 K; see
Fig. 6b) is somewhat lower than at 15 ns, as was

explained above(i.e. no more heating by the laser,
and cooling due to plume expansion). Consequent-
ly, the plasma is somewhat less ionized. More
specifically, the Cu ions are of less importance2q

than the Cu ions in the entire plume. The Cuq 0

atoms are still only present near the target, as
appears from Fig. 6c, d. Indeed, the Cu atom0

density near the target is almost 3=10 m (the27 y3

y-axis of Fig. 6d is now truncated at 5=1024

m , so that the other density values remainy3

visible), but it drops very rapidly as a function of
distance from the target. The Cu ion density,q

however, decreases very slowly towards the plume
front, and the Cu ion and electron density reach2q

their maximum between 0.5 and 1 mm from the
target. Plasma shielding of the laser beam by IB
does not play a role anymore at 100 ns, since the
laser pulse is already terminated at 30 ns(see
above).

4. Effect of target surface reflectivity

The target surface reflectivity to be used in the
model (see above, Eq.(2)) is not known very
accurately. It is in general close to 1 for metals,
but it can drop to values as low as 0.1 during laser
ablation (see Section 2.1). We have used an
intermediate value of 0.34(see above). However,
the choice of this parameter will affect the calcu-
lation results, because it determines the amount of
laser energy that can be absorbed in the target,
and that gives rise to target heating, melting and
vaporization, and hence to the plume and plasma
formation. Therefore, we have investigated the
effect of this parameter on the calculation results,
as is presented in Fig. 7. When the target surface
reflectivity, R, increases, less energy can go into
the target, leading to a lower temperature in the
target(Fig. 7a), less melting(Fig. 7b) and evap-
oration (Fig. 7c,d), and consequently a lower
vapor density(Fig. 7e), a shorter plume(Fig. 7f),
a lower plume velocity and temperature(Fig. 7g),
and a less ionized plasma(Fig. 7h). The effect is
limited for low values of R, but it becomes
significant for values approaching 1. Indeed, when
R is equal to 1, no energy can enter the target,
and there will be no heating, melting, vaporization,
plume and plasma formation. WhenR is equal to
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Fig. 7. Calculated target surface temperature(a), melt depth(b), surface recession rate due to evaporation(c), evaporation depth
(d), average vapor density in the plume(e), plume length(f), vapor velocity and average temperature in the plume(g), and typical
fraction of Cu atoms, Cu and Cu ions and electrons in the plume(h), assuming different values of the target reflectivity,R.0 q 2q

0.9, 10% of the laser energy can enter the target,
and this can result already in a significant heating
(to a temperature of almost 4000 K, see Fig. 7a)
and melting(to a depth of more than 1mm, see
Fig. 7b). However, the evaporation is still of minor
importance(Fig. 7c,d), so that only a short vapor
plume is formed(Fig. 7f), at low temperature and
traveling with low velocity (Fig. 7g). Also, the
plume is composed only of neutral Cu atoms, i.e.
no plasma is formed yet(Fig. 7h). WhenR is
equal to 0.8, 20% of the laser energy can be used

for target heating, yielding a higher temperature,
more melting, as well as evaporation. Consequent-
ly, a longer plume will be formed, and the plume
velocity and temperature will be higher, leading to
almost fully ionized plasma. The vapor density
was calculated to be a bit lower than forR equal
to 0.9 (see Fig. 7e), which is attributed to the
faster expansion of the plume. WhenR is further
decreased, the target temperature, melting and
vaporization still increase, and the vapor plume
becomes longer, with higher density, velocity and
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temperature, and the electron density in the plasma
increases. However, the effect becomes less pro-
nounced whenR approaches 0. Indeed, the differ-
ence between 100 and 90% laser energy entering
the target(i.e. R equal to 0 or 0.1) is much less
than the difference between 10% and 0%(i.e. R
equal to 0.9 or 1). SinceR is expected to be
rather small during laser ablation(see Section
2.1), our choice ofR equal to 0.34w95x is probably
a good choice, and the calculation results can be
considered reliable.

5. Effect of laser intensity

We have also performed some calculations at
different laser intensities, in the range 10 –107 10

Wycm . The same Gaussian-shaped laser pulses2

were assumed in all cases; only the intensities
vary, as is presented in Fig. 8. The solid lines in
this figure represent the original laser intensities,
whereas the dashed lines denote the laser intensi-
ties arriving at the target, after plasma absorption.
It appears from this figure that plasma shielding
only takes place for laser intensities above
2=10 Wycm . Further, the plasma shielding8 2

becomes more pronounced at higher laser intensi-
ties. Consequently, the laser intensity arriving at
the target was calculated to be rather similar, in
spite of varying original laser intensities, as can
be deduced from Fig. 8.
Fig. 9 illustrates some calculated quantities for

different incoming laser intensities(or irradi-
ances). As is clear from Fig. 9a, the laser fluence
increases linearly with laser irradiance, which is
logical, because the pulse shapes are kept the
same. Further, at rising laser irradiance, the target
heating (Fig. 9b), melting (Fig. 9c) and vapori-
zation (Fig. 9d,e) increase, the plume becomes
somewhat more dense(Fig. 9f), longer (Fig. 9g)
and hotter(Fig. 9i), it travels with higher velocity
(Fig. 9h), and it becomes more ionized(Fig. 9j).
At a laser irradiance of 10 Wycm , the heating is7 2

very moderate, yielding a surface temperature of
less than 500 K. Consequently, neither melting nor
vaporization take place, and no plume is formed.
At 10 Wycm laser intensity, the heating becomes8 2

more important, and melting occurs. However, the
vaporization is still very limited, leading to a very

short and rather cool vapor plume(temperature
approx. 800 K), consisting only of neutral Cu0

atoms (hence, no ionization takes place). For a
laser intensity of 2=10 Wycm , the target heating8 2

and melting are still more significant, and vapori-
zation starts playing a more important role. How-
ever, the vapor plume is still rather short and cool
(approx. 900 K), and plasma is not yet created.
Upon further increasing the laser irradiance, target
heating, melting and vaporization grow in impor-
tance, and the plume becomes longer and much
hotter, leading to plasma formation. At 5=10 Wy8

cm , the plume is already almost fully ionized into2

Cu ions (approx. 85%). For higher laser irradi-q

ance, the fraction of Cu ions rises, and exceeds2q

the Cu fraction at 5=10 Wycm , because ofq 9 2

still higher plume temperature. Consequently, also
the electron density in the plume increases with
laser irradiance, so that more plasma shielding can
occur, as was indeed illustrated in Fig. 8.

6. Comparison with other calculated or experi-
mental results

Comparison with other data from the literature,
obtained either by models or experiments, is not
straightforward, because the laser ablation condi-
tions in the literature(e.g. laser wavelength, pulse
duration, irradiance, target material, expansion in
vacuum or in a background gas) are not always
clearly described, or they are not exactly the same,
and the results will be different for different
conditions. However, we have attempted to make
at least some qualitative comparisons, to check our
modeling results.

6.1. Comparison with other calculation results

In spite of the multitude of papers in the
literature describing models for laser–solid inter-
action, plume expansion and plasma formation
(see Section 1.2 above), not many of these papers
show detailed calculation results for conditions
comparable to the ones under study here. However,
a few papers gave results that can be compared
with our data. Amorusow36x calculated the plume
temperature, neutral atom and electron density for
a 6 ns laser pulse at 350 nm on an Al target. For
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Fig. 8. Laser intensity-time profiles for different values of laser irradiance, assuming the same pulse shape of 10 ns(FWHM). The
dashed lines represent the calculated laser intensities arriving at the target, after passing through the plasma.
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Fig. 9. Laser fluence corresponding to different values of laser irradiance(a), as well as calculated target surface temperature(b),
melt depth(c), surface recession rate due to evaporation(d), evaporation depth(e), average vapor density in the plume(f), plume
length (g), plume velocity(h), average temperature in the plume(i), and typical fraction of Cu atoms, Cu and Cu ions and0 q 2q

electrons in the plume( j), as a function of laser irradiance.
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an irradiance of 10 Wycm , the electron density9 2

was in the order of 10 m , which was found to26 y3

be higher than the neutral density. The plume
temperature was in the order of 20 000 K. Both
electron density and plume temperature increased
drastically with rising laser intensity up to a value
of 1.5=10 Wycm . For higher laser intensities,9 2

the rise was not so pronounced. These results are
in satisfactory agreement with our data. Kar and
Mazumderw38x calculated results for a 30 ns laser
pulse of 248 nm on a Nb target, at a laser
irradiance of 5=10 Wycm . The melt depth was8 2

reported to be 1–2mm. The dimensions of the
plume were in the order of 0.1–1 mm, increasing
with time. The plume temperature was approxi-
mately 10 000 K, resulting in an ion fraction of
several%. This is lower than our results, but the
melt depth and plume dimension are in good
agreement. Finally, Zhang et al.w37x performed
calculations for a 10 ns laser pulse at 248 nm on
a graphite sample, for a laser irradiance of
3=10 Wycm . Results are reported after 2, 5 and8 2

10 ns. At 10 ns, the plume length was approxi-
mately 0.1–0.2 mm. The plume velocity was in
the order of 10 mys, and the plume temperature4

was approximately 10 000–20 000 K. At the end
of the plume, a pronounced maximum of approx-
imately 100 000 K was shown, similar to our
observations. However, as discussed above(Sec-
tion 3.2), this temperature peak corresponds to a
region where the plume density has dropped to
very low values, so it has no real physical meaning.
In general, these calculation results were in good
agreement with our data.

6.2. Comparison with experimental data

Beside these modeling studies, several papers
report measurements in the laser-ablated plume,
mainly for the plume temperature and electron
density. Sometimes these experiments were carried
out in a background gas. However, preliminary
calculations from our group show that the plume
temperature and hence the electron density are not
too much different for expansion in vacuum or in
1 atm background gasw128x. The major difference
is expected in the rate of change of physical
properties, which will be much faster in vacuum,

because of the faster expansion. Russo and
coworkersw144x studied a 3 ns laser pulse at 266
nm on a Si target, for laser irradiance in the range
of 2=10 –8=10 Wycm . At 2=10 Wycm ,9 10 2 9 2

the plume temperature was approximately 15.000
K, and the electron density was ca. 5=1024

cm , at a distance of 1.8 mm and a delay timey3

of 30 ns. Doyle et al.w145x also reported electron
density values in the order of 1–10=10 cm ,24 y3

decreasing with distance from the target. The laser
ablation conditions in this case were a pulse of 30
ns (FWHM), at 248 nm, on a Mg target, for an
irradiance of 1.25–3=10 Wycm . Hence, the8 2

electron density was in the same order of magni-
tude, but for lower irradiance, which is probably
attributed to a difference in laser conditions(laser
pulse, wavelength), or target. However, in general
the agreement is reasonable. Moreover, the plume
length appeared to be in the order of 0.5 mm, at
30 ns, and it increases with time, which is in
correspondence with our results. An electron den-
sity in the order of 10 m was also measured24 y3

in Ref. w146x for a laser irradiance of 10 Wy10

cm , a pulse of 7 ns, at 355 nm, and an Al target.2

Monge et al.w147x measured a plume temperature
of approximately 10 000 K at maximum, and an
electron density approximately 10 –10 m .22 23 y3

This is lower than our calculated results, but the
delay time of measurement was several microse-
conds, which is much longer than in our study,
and it is illustrated, both in our calculation results,
as well as in Ref.w147x that the plume temperature
and hence the electron density drop as time
evolves, as a result of plume expansion. Hafez et
al. w148x also measured electron densities in the
order of 10 m , for a laser pulse of 7 ns, at22 y3

335 nm, an irradiance of 10 Wycm , and a Cu10 2

target, both for expansion in vacuum and in 5 Torr
argon. These reported electron density values are
also lower than our calculation results, but they
were probably also measured at a later time(not
reported in the paper), because the plume length
was in the order of 14 mm. Finally, in Ref.w149x
it was reported that for pulsed ns UV lasers on
metal targets, a dense and highly ionized plasma
is created at a laser irradiance in the order of
4=10 Wycm . The measured electron density at8 2

approximately 50–100 ns was in the order of
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10 m for a laser irradiance of 5=10 Wycm ,24 y3 8 2

and it dropped over several orders of magnitude
as a function of time(i.e. two orders of magnitude
at 1ms).
Beside electron density measurements, the ions

have also been investigated in laser ablation exper-
iments. Dreyfusw150x has reported laser-induced
fluorescence measurements of Cu , Cu and Cu ,0 q

2

as a function of fluence, to elucidate the mecha-
nisms playing a role in laser ablation. Amoruso et
al. w151,152x measured energy distributions of ions
in ns laser produced plasmas of Al and Cu targets
at visible and UV wavelengths, for a laser fluence
in the range of 3–60 Jycm , to study the impor-2

tance of various plasma processes(i.e. inverse
Bremsstrahlung absorption, photo-ionization, elec-
tron impact ionization and excitation). Franghia-
dakis w153x also measured ion kinetic energy
distributions in the laser-ablated plume, for UV
ns-pulsed lasers on various materials, including
Cu. It was shown that not only Cu ions, but alsoq

Cu ions were present. The Cu intensity was2q q

typically a factor of 5–10 times higher than the
Cu signal, but the laser fluence was somewhat2q

lower than in our case(i.e. 1–8 Jycm ). The facts2

that multiply charged ions were detected, not only
in Ref. w153x, but also in several other papers
referred to in Ref.w153x, are at least a qualitative
validation of our calculations. From the measured
energy distributions, an effective plasma tempera-
ture in the range of 20.000–100.000 K was
deduced, which also correlates well with our data.
Finally, the phenomenon of plasma shielding is

also studied in a number of papers. Russo and
coworkersw105,154x found that the mass removal
rate depends strongly on the laser irradiance, but
a roll-off in this dependence was observed between
1=10 and 5=10 Wycm (depending on the8 8 2

material), which is attributed to the onset of plasma
shielding. Indeed, it is generally stated(e.g. w22x)
that for ns-pulsed lasers, with laser irradiance
below 2.5=10 Wycm , only vaporization takes8 2

place, and a plasma is only created for a laser
irradiance above 2.5=10 Wycm . The plasma8 2

becomes fully ionized at approximately 5=108

Wycm , and it becomes opaque for the incoming2

laser energy at approximately 10 Wycm . This9 2

correlates with our calculations for the onset of
plasma formation and plasma shielding.

7. Conclusion

We have presented a model for ns-pulsed laser
ablation of a Cu target that describes:

1. Laser–solid interaction, yielding heating, melt-
ing, and vaporization of the target material;

2. expansion of the evaporated material plume in
vacuum;

3. plasma formation, generating electrons, Cuq

and Cu ions, beside the Cu atoms;2q

4. plasma shielding of the incoming laser light.

The results include the temperature distribution
inside the target, the melt depth, the amount of
evaporation, the vapor density, velocity and tem-
perature distribution in the plume, as well as the
resulting ionization degree, and the density profiles
of electrons, Cu atoms, Cu and Cu ions in0 q 2q

the plasma. All these results are presented as a
function of time during and after the laser pulse.
For a typical laser irradiance of 10 Wycm (i.e.9 2

fluence of approx. 10 Jycm for the pulse under2

study), it is found that the temperature in the target
rises till a few 1000 K, and is at its maximum
near the surface. The melt depth is calculated to
be in the order of 2mm. The evaporation depth,
however, is estimated to be only approximately 70
nm, for one laser pulse. The vapor plume expands
as time evolves: the plume length is in the order
of 0.1 mm after 20 ns, and it increases to ca. 2
mm after 100 ns. The vapor density in the plume
is very high near the target(approx. 5=10 m ),27 y3

but it decreases rapidly to typical values of 10 –24

10 m in most of the plume. Moreover, the25 y3

vapor density also decreases slightly upon plume
expansion. The vapor velocity in the plume
increases towards the end of the plume, where it
is in the order of 30 000 mys. The vapor temper-
ature in the plume is calculated between 10 000 K
and 40 000 K. At this high vapor temperature, the
plume is more or less fully ionized, and in some
regions of the plume, i.e. where the vapor temper-
ature reaches its maximum, the Cu ions can2q

even become dominant. Since the vapor plume is
converted into plasma, part of the incoming laser
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beam will be absorbed before reaching the target.
For the laser ablation conditions under study, it
was found that electron-neutral inverse Brems-
strahlung is mainly responsible for the plasma
shielding.
Because the target surface reflectivity is subject

to uncertainties(i.e. it is typically close to 1 for
polished metals, but it can drop to values as low
as 0.1 during laser ablation), we have explicitly
investigated the effect of this parameter on the
calculation results. WhenR was increased from 0
to 1, the target heating, melting and vaporization
were found to decrease, as well as the plume
length, the vapor density, velocity and temperature
in the plume, and the ionization degree and
charged species densities in the plasma. This is
logical, because whenR increases, the laser energy
that can enter the target and give rise to target
heating, melting and vaporization drops. The effect
of R is found to be much more pronounced atR
close to 1, and is only small forR between 0 and
0.8. Since this parameter is probably rather small
during laser ablation, our choice of 0.34 is proba-
bly a good choice.
Finally, we have also performed calculations for

different laser intensities(or irradiance), in the
range 10 –10 Wycm . A higher laser irradiance7 10 2

gives rise to more target heating, melting and
vaporization, resulting also in a longer plume, a
higher vapor density, velocity and temperature in
the plume, and more charged species(i.e. higher
ionization degree of the plasma), as is expected.
For a laser irradiance of 10 Wycm , the target7 2

heating is calculated to be very moderate, and
neither melting nor vaporization takes place. When
the laser irradiance increases to 10 Wycm or8 2

2=10 Wycm , target heating and melting become8 2

more pronounced, but the evaporation is still lim-
ited, so that the vapor plume is still rather short
and cool, and no plasma is formed. At higher laser
irradiance (5=10 Wycm ), target evaporation8 2

becomes much more significant, the plume
becomes longer and hotter, and a plasma is created.
This results also in plasma shielding of the incom-
ing laser light. For laser irradiance between
5=10 and 10 Wycm , the target heating, melt-8 10 2

ing and vaporization still increase, the plume
becomes longer, and the vapor density, velocity

and temperature, as well as the plasma ionization
degree still rise. However, the difference is not so
pronounced anymore, because a higher original
laser irradiance yields more plasma shielding, so
that the laser irradiance that actually reaches the
target does not rise to a large extent.
The present model does not yet describe the

expansion of the evaporated material into a back-
ground gas, and it does not consider the formation
of particles. Hence, it is not directly suitable for
the description of laser ablation as sample intro-
duction method for the ICP, where the laser abla-
tion cell is typically filled with gas at 1 atm, and
where the particles are the main constituents of
the flow transported to the ICP. In the next step,
the present model will be used as a starting point
for a more realistic description of laser ablation
for the ICP, including the expansion in 1 atm
background gas, and the formation of particles.
However, the goal of the present paper was to

demonstrate that this basic model could already
give insight in the various aspects playing a role
in the laser ablation mechanism. From the satisfac-
tory correlation between our calculation results
and several other papers in the literature, reporting
either modeling or experimental studies, even for
expansion in a background gas, it can be concluded
that our model presents already a realistic picture
of the mechanisms playing a role in laser ablation.
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