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Abstract

Laser ablation is implemented in several scientific and technological fields, as well as a rapid sample introduction technique in elemental and
trace analysis. At high laser fluence, the ejection of micro-sized droplets causes the enhancement of the surface recession speed and depth
resolution degradation as well as the alteration of the sampling stoichiometry. The origin of such large particles seems to be due to at least two
different processes, phase explosion and melt splashing. Experimental evidence for both was found in metallic matrices, whereas non-metallic
samples showed more complex phenomena like cracking. The spatial distribution of the beam energy profile is responsible for significant
differences in the ablation mechanism across the irradiated region and for heterogeneous sampling. Under Gaussian irradiance distribution, the
center of the crater, where the irradiance is the highest, experienced a fast heating with rapid ejection of a mixture of particles and vapor (spinodal
breakdown). The crater periphery was subjected to more modest irradiation, with melt mobilization and walls formation. The overall resulting
particle size distribution was composed of an abundant nano-sized fraction, produced by vapor condensation, and a micro-sized fraction during
melt expulsion.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Both in the physical sciences as well as in materials techno-
logy, several groups have developed niche-oriented methodolo-
gies based on laser irradiation of matter. For instance, in inertially
confined fusion (ICF) [1–3], high-power lasers (as alternative to
ion beams) are deployed in nuclear fusion reactors to induce
heating and compressing of a deuterium and tritium pellet, which
can trigger a chain reaction potentially releasing tremendous
amounts of energy. In pulsed laser deposition (PLD) [4–6], the
vapor induced from a target of known composition is deposited as
a stoichiometric thin film upon a substrate. In ion implantation
technology, amajor advance toward traditional ion-beam facilities
is represented by plasma source ion implantation (PSII), where
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high-power laser ablation-induced plasmas are successfully
implemented as ion sources [7]. Further industrial applications
include production of nanotubes and nanoparticles, micro-
machining, prototyping, cutting, welding and writing [8–16].

Besides, a large number of users turned their attention to
laser ablation (LA) because of the clear advantages for solid
sample micro-analysis. The often mentioned rapidity, the
flexibility to any kind of matrix and the spatially resolved
modality have matched more and more to a robust quantifica-
tion capability [17–24]. Nevertheless, the possibility of
quantification without the use of matrix-matched certified
reference materials is still under preliminary investigation.

The issue of non-stoichiometric sampling during high-power
irradiation has brought more and more attention to the
fundamentals of laser-assisted micro-sampling. In the early
days, the largest number of publications was devoted to the use
of lasers as “black-box” systems for analytical purposes.
Recently, more and more papers are devoted to the investigation
of laser-induced particle formation, their size distribution and
composition [25–35].
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The questions to address are concerning few critical points,
i.e. for a given set of operating conditions (e.g. laser
wavelength, pulse duration, pulse spatial and temporal profile,
energy, etc.), (i) what is the ablated particle size distribution, (ii)
what is the mass ejection rate and (iii) how does each particle
composition compare to the parent solid's one. The latter point,
i.e. the compositional deviation of the different particle sizes
from the original parent solid's stoichiometry, is possibly the
most important in analytical chemistry, although from a
theoretical point of view this aspect has not been fully
addressed, yet.

More in general, the literature mostly offers empirical studies
on the effects of laser irradiation and observations on relative
ablation products. This heuristic procedure is limited to final-
stage perspectives, i.e. what one finds at the end of the
experiment. This procedure might be insufficient to unravel the
interplaying of the different ablation processes known to take
place during the whole duration of the laser pulse as well as in
the time after.

Persistent irradiation-induced thermal effects, i.e. activated
vaporization and melting, have a key importance. In fact, they
are retained to be the pitfall for the majority of applications
using LA. For instance, all pure and applied disciplines have
major concerns relative to the formation of micron-sized
particles, unanimously attributed to the expulsion of melt-
related droplets. For non-analytical applications, the fraction of
large particles degrading the performance is only the one ejected
toward the incoming beam (axial components), because they
interfere with the laser processing. In the analytical sciences
instead, the entire ejected particle ensemble is important
because all particles are carriers of analytical information
[25]. The fraction of large melt-derived droplets was reported to
decrease as a function of laser irradiance, up to a value of
0.5 GW/cm2, which is found to be similar to the threshold for
plasma shielding [36]. Above this threshold, the particle size
distribution remains almost unchanged, but the total number of
particles keeps increasing.

The present paper will initially provide a review of all
debated mechanisms for LA of both metallic and non-metallic
matrices. Subsequently, we will focus on experimental results
that give some insights, specifically for the mechanism of ns-
LA of metallic matrices. The substantial difference between
metallic and non-metallic samples (e.g. glass) in terms of
ablation process will also be shown. This motivates the idea of a
modeling network specifically for metals, as we are developing
[37–39]. In fact, the present discussion will serve as starting
point for an ongoing computer simulation study, to investigate
LA aerosols in a physical and chemical perspective.

Only short pulse LA (nanosecond regime) is addressed in
this work. The reasons for that are two-fold: first, the physical
mechanisms that take place in short pulse laser irradiation as
well as the typical irradiances are drastically different from
those realized in the case of ultra-short LA (femtosecond
regime), which need specific treatment. Second, although the
use of ns-pulse lasers is sometimes problematic, it is still very
popular in the analytical community. For this reason, there is
large interest in the fundamental understanding and possibly
solving these shortcomings of ns-pulse LA, mostly related to the
occurrence of a molten phase. The occurrence of this molten
phase and the number of products it brings along is also the
subject of this publication.

2. Theoretical background for laser micro-sampling

The laser pulse delivered to the sample interacts with it at
different levels: optically (i.e. interband transition, conduction
band carrier absorption and defect excitation), thermally (i.e.
heat transport and phase change) and also mechanically. The
optical penetration depth is defined as the inverse of the
absorption coefficient, which is a function of radiation
wavelength and material. Assuming a Beer absorption model,
it is defined as (symbols are listed in Table 1):

d ¼ a−1 kð Þ ¼ z

ln I0dð1−vÞ
Iz

� � ð1Þ

where it is clear that for z=δ the intensity Iz has been reduced to
1/e of the initial value.

The delivery of laser radiation induces a sudden temperature
rise in the electron ensemble, in a measure proportional to the
irradiance, i.e. beam power per unit surface. The electron-lattice
scattering triggers an energy transfer to the target and over a
“long” duration compared to the electron-phonon relaxation
time, local thermal equilibrium (LTE) sets in. The relaxation
time τ is the reciprocal of the electron-gas' oscillation damping-
rate. It can be related to the electrical conductivity measured
with DC electric fields, as follows [40] (symbols are listed in
Table 1):

s ¼ me

e2ne
r ð2Þ

For copper, knowing that σ=6.5×107 Ω−1 m−1 and
ne=8.5×1028 m−3 at room temperature [40], one can calculate
a relaxation time τCu=27 fs. More in general, the value of τ for
metals is typically in the range 10–100 fs. Thus, for ns-pulse
irradiation, LTE conditions are correctly assumed and the time-
dependent temperature distribution in the target depth can be
described by the heat-conduction equation (Fourier law), that in
one-dimensional form is written as follows (symbols are listed
in Table 1):
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where u(t) is the velocity of surface recession per unit pulse, i.e.
independent of repetition rate. For non-isotropic condition, the
one-dimensional form must me extended to two or three spatial
dimensions. The calculated value of u(t) depends on the
mechanism(s) taken into account to explain the experimentally
observed ablation yield. In the following, the five most
frequently debated ablation mechanisms are discussed.



Table 1
Table of symbols used in the equations

Symbol Description

α Absorption coefficient
δ Optical penetration depth
γ Surface tension
λ Laser wavelength
ξ Vaporization coefficient
ρ Mass density
σ Electrical conductivity
τp Laser pulse duration
τ Electron gas relaxation time
Φ Flux (e.g. vaporization flux)
χ Target reflectivity
cp Heat capacity at constant pressure (units)
Dh Thermal diffusivity
dp Midpoint particle diameter
e Electron charge
ΔHv Enthalpy of vaporization
h Fluid neck (jet) radius
I(z,t) Beam intensity distribution
Jhet Heterogeneous nucleation rate
Jhom Homogeneous nucleation rate
k Boltzmann constant
m Atomic/molecular mass
me Atomic/molecular mass
N Particle collective number
nhet Number density of heterogeneous nuclei
nhom Number density of homogeneous nuclei
ne Number density of electrons
p Pressure
pamb Ambient pressure
pb Boiling pressure
pbub Bubble pressure
r1, r2 Curvature radii of the fluid neck surface
rjet Unperturbed fluid neck (jet) radius
rpart Detached particle radius
R Universal gas constant
t Time
tsat Saturation time for homogeneous nucleation
T Temperature
Tb Boiling temperature
Ts Surface temperature
u(T) Surface recession velocity
v Fluid neck axial velocity
Vc Bubble critical volume
z Depth
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2.1. Surface vaporization

This process involves an activated migration of surface
particles away from the condensed phase into the ambient. It is a
necessary condition that the vapor pressure of the condensed
phase is lower than the saturated vapor pressure for a given
temperature. The rate of vapor pressure change as a function of
temperature is given by the well-known Clausius-Clapeyron
equation, which determines the so-called binodal line (symbols
are listed in Table 1):

p Tsð Þ ¼ pbd exp
DH
R

1
Tb

−
1
Ts

� �� �
ð4Þ

The velocity of surface recession was derived in Ref. [41]
from the Hertz-Knudsen equation, inserting Eq. (4) in the
pressure term, and multiplying by the vaporization coefficient ξ
and the volume m/ρ (symbols are listed in Table 1). After
rearranging, the recession velocity is expressed as follows:
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where one notes that the dependency on Ts is not monotone, due
to the combined effect of the pre-exponential (back-flux) and the
exponential term (forward-flux). The former term rapidly
decreases with Ts and then levels-off at high temperature
values, an opposite trend to the exponential term that initially
increases and then plateaus. As a combined effect, the forward-
flux term dominates at low surface temperature, so that the
recession velocity indeed increases with increasing temperature.
However, the vaporization process is high-limited and, when
the saturation level is reached, the re-condensation term
dominates. Thus, at high surface temperatures, the process is
increasingly less efficient and, at very high temperature, the
surface recession velocity slightly decreases with laser
irradiance, as shown before [26].

Recently, Chen and Bogaerts [39] modeled ns-pulse LA
assuming normal vaporization of the irradiated sample as the
dominating ablation process. They showed that calculated
vaporization depths provide a realistic lower-bound to the
experimental crater depth, the melt depth they obtained being
the upper bound [38]. Depending on the laser irradiance and
material thermo-optical properties, the role of vaporization
might be more (e.g. Fe) or less (e.g. Al) significant for a given
target material.

2.2. Heterogeneous boiling

This process involves an activated migration of particles
from the condensed phase into a volatile phase, similarly to
surface vaporization, yet the process here occurs within the
body of the condensed phase with formation of bubbles. The
presence of heterogeneous nuclei disseminated in the irradiated
volume should favor the formation of individual bubbles.
Indeed, such impurities or defects in the solid are important to
lower the activation energy barrier. The bubbles should grow
beyond a critical size [26] and coalesce by diffusion, in order to
allow extensive boiling [42]. The heterogeneous nucleation rate
per unit volume is obtained from the Volumer-Döring formula,
as given in the following relation [43] (symbols are listed in
Table 1):

Jhet ¼ nhetQd

ffiffiffiffiffiffiffiffiffiffiffiffiffi
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where Q and F are two specific control parameters that depend
on the geometry of the heterogeneous nuclei. The surface
tension γ is a function of temperature, which complicates the
application of the equation, but for fast heating rates (108 K/s or
higher), the surface tension cannot change as a continuum, but
step functions should be used. Heterogeneous boiling would be
a rapid process, if it would develop under real-world LA
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conditions, because it does not require extreme heating levels
like are required for homogeneous boiling (see below).
However, the process is retained to be not so relevant for
short and ultra-short laser ablation (τp<50 ns), because of the
low probability of nuclei formation and growth, as well as due
to the low bubble diffusion across the melt pool. Moreover, only
the very shallow sub-surface region is characterized by the
natural occurrence of a significant number of impurities and
defects, whose spatial distribution is however limited to few
atom layers [44]. Last, in the case of metals, the optical
penetration depth is just few tens of nanometers, a depth much
thinner than the observed ablated depths per pulse.

2.3. Homogeneous boiling and spinodal breakdown

This process is the explosive boiling of a superheated target
material, due to a rapid state-decay, i.e. metastable→unstable→
stable, occurring close to the critical temperature. This process
leads to the release of a mixture of vapor and droplets that has
been also termed “gas of droplets ejection” or “phase
explosion”.

Fig. 1 shows the T–p phase stability diagram for any
arbitrary molten metallic substance. The axes are plotted in
terms of reduced temperature and pressure, i.e. relative to the
critical point values. The binodal line is the thermodynamic
equilibrium boundary that separates coexisting liquid and vapor
phase for a given combination of p and T. The binodal line can
be rapidly crossed for laser pulses <1 μs, because the induced
heating is kinetically too fast. In this situation, a superheated
melt is obtained (gray region in Fig. 1), which retains the
features of a liquid as long as it is metastable. The limit for
metastability is the spinodal line, where the liquid collapses
from a metastable into an unstable system.

Actually, approaching the critical point the liquid evolves
into an unstable system, i.e. homogeneous nucleation of
bubbles is favored. Already at a temperature of 0.8Tc, one
faces an analytical variation of thermophysical properties in the
irradiated metal, e.g. decrease of density and electrical
Fig. 1. Phase stability diagram of a liquid metal near the critical point. For fast
heating, as obtained during ns LA, the melt can be pushed close to critical
conditions (superheating), which favors the realization of explosive boiling.
conductivity, increase of heat capacity, etc. [45,46]. At a
temperature of 0.9Tc, the rate of homogeneous nucleation
increases drastically, which leads to phase explosion.

The homogeneous nucleation rate (per unit volume) is given
by the following equation [43] (symbols are listed in Table 1):

Jhom ¼ nhomd
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Martynyuk, the pioneer of phase explosion theory in
combination with laser irradiation of metals, reported for Cs a
homogeneous nucleation rate of J=1 s−1 cm−3 at T/Tc=0.874,
whereas at T/Tc=0.905 the calculated value was as high as
J=1026 s−1 cm−3 [45,46].

A number of authors [41,47,48] discussed about the time
scale for realization of explosive boiling (spinodal breakdown),
i.e. the temporal interval it takes to have the irradiated zone
filled with homogeneous nucleation bubbles. Knowing the
volume of the irradiated zone and the radius of the critical
nucleus, one calculates the total number of nuclei. The product
tsat =1 / (Jhom⁎Vc) gives the time required for saturating the
irradiated volume with bubbles based on the nucleation rate and
bubble critical volume (for symbols, see Table 1). One should
note that the saturation time is independent of total irradiated
volume size (or beam spot size), because the bubbles form
altogether at the same time. Yet, the total number of nuclei that
fill-up the irradiated volume scales up linearly with the size of
irradiated volume. Moreover, the size of the critical nuclei is
larger for metallic matrices than for non-metallic or organic
ones [47], due to better thermal conductivity which favors heat
delocalization. This means that a strong superheating regime is
required in a metal to induce homogeneous boiling. For a
critical bubble radius rc=10 nm and a homogeneous nucleation
rate of Jhom=10

26 cm−3 s−1 [41], one obtains tsat =2.4 ps, which
is in agreement with the time for homogeneous nucleation
reported by Rethfeld et al. [48].

There have been several reports on experimental evidences
of spinodal breakdown at nanosecond and picosecond pulse
length [36,49–52]. Bulgakova as well as the Russo group
showed plots with the ablation rate as a function of laser
fluence, from where one could see that there is a threshold value
for rapid increase of the dependency. This increase is attributed
to the transition from a normal vaporization regime into a
regime of droplets occurrence.
2.4. Subsurface heating

First Dabby and Paek [53] proposed this process, which puts
forward two requirements for a given laser pulse duration: low
absorption coefficient and low thermal diffusivity of the target
material. The former condition allows volumetric heating of the
target material, which can be characterized using the product
K=α2Dhτp [26]. If the heat that is drawn away during surface
vaporization is not rapidly fed-in from the deeper regions, due
to low thermal diffusivity, then a temperature gradient develops
so that the surface temperature is not the highest. Thus, the



Fig. 2. Schematic visualization of the hydrodynamic evolution of a fluid system
under and impulse stress (here milk). Note the non-deterministic formation of
jets at the sides and their break-up into droplets. From Ref. [58].
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density of the material at depth might become significantly
lower than that at the surface and able to induce a convective
transport of mass (free convection). Convection might be also
become forced if the laser-induced vapor plume exerts a recoil
pressure on the surface that plays a significant role in mass
mobilization. In either case, mass expulsion should follow in
time after the vapor recession.

For instance, the case of graphite and aluminum is here
analyzed [49], considering their thermal conductivity (kgraph=
0.053 cm2 s−1, kAl=0.89 cm2 s−1) and optical absorption
coefficient in the UV (αgraph=1.5×10

5 cm−1, αAl=1.5×
106 cm−1). The resulting length of temperature increase beneath
the surface (Lgraph=350 nm, LAl=70 nm) as well as the actual
maximum temperature difference (ΔTgraph=6200 K, ΔTAl=2
K) show the different behavior for the two typologies of
materials and how this process is to be ruled out for the case of
metals. In fact, if this process is going to be relevant in terms of
material ejection, it could be only so for non-metallic samples
and long pulse duration.

2.5. Hydrodynamic instability

The ejection of large droplets depends on both laser
irradiance and material properties. The observed increased
ablation yield at high laser irradiance is attributed to a transition
from a vaporization-dominated ablation regime to a regime
where melt-expulsion concurs. Therefore, under such a melt
splashing condition, the ablation process becomes more
efficient. Voisey et al. [54] have calculated that the energy
required to remove material by means of normal vaporization is
about four times greater than the energy required to ablate an
identical volume with melt ejection.

Splash-related droplet expulsion must be attributed to
hydrodynamic instability induced into the melt pool. The origin
of such hydrodynamic instability is due to different causes,
either external or internal to the sample body. Von Allmen [55]
had introduced the concept of “piston effect” operated by the
laser pulse, thus invocating an external pressure. This effect was
related to 1-D steady state recoil of the plume exerting a
pressure back onto the molten surface, which eventually might
be inducing a lateral displacement toward the solid edge. It
should be said that Von Allmen's work, as well as a number of
other papers [56,57], was based on long pulse ablation using IR
radiation, where laser-induced melting is known to be
extensive.

One problem to the application of this model for short pulse
(ns) laser ablation is related to the timing of melt pool onset.
Experimental measurements (as also shown here below)
showed that plume expansion is several orders of magnitude
faster than the beginning of melt displacement. Thus, the
potential plume recoil pressure might be indeed exerted upon a
still rigid body, which turns into a fluid state only much later on.
It seems more likely to claim an energetic internal motor of
lateral melt displacement, which is possibly to be related to a
sudden expansion during the heating and even the explosive
boiling (as explained above). This process might be directly
responsible for a vertical ejection of droplet on a fast time scale
and indirectly for a radial displacement of molten layers moving
along the crater walls and breaking up into droplets under the
influence of surface tension.

In fact, melt splashing (Fig. 2) is controlled by a competition
between the inertial forces induced by the pressure field into the
fluid mass and the surface tension that tends to maintain
cohesion. The complexity of finding an appropriate solution to
the Navier–Stokes equation for a time-changing volume, whose
flow is controlled by increasingly stronger surface forces in
proximity of the detachment point, can be overcome using the
Lee approximation [59,60]. This approximation is based on
space and time dependent fluid neck (or jet, visible in Fig. 2)
radius and axial flow velocity (the motion is triggered by the
driving pressure on the fluid), as follows (symbols are listed in
Table 1):

Ath2 þ Azðvh2Þ ¼ 0

Atvþ vAzv ¼ −
g

q
Az

1
r1

þ 1
r2

� �
þ 3v

AzðAzvh2Þ
h2

ð8Þ

The first equation is derived from conservation of mass,
reduced to a form that tracks change of radius of the fluid neck
(mass density is constant). The second relation comes from the
above discussed competition between the inertial force (left side
term) and the gradient of surface tension together with the
viscous friction (right side terms, respectively).

Such a model has a novel implication for the prediction of
particle size distribution, i.e. the intensity of the pressure leading
to the jet formation (somehow proportional to the laser
irradiance) is of minor relevance during droplet expulsion
compared to the surface tension of the molten target material. In
this way, the actual size of micro-particles should be nearly
independent on laser irradiance and be related to a non-
deterministic chaotic process of resonant surface perturbation
growth [26].

The size of detached particles can be calculated from volume
conservation of the pinching jet as well as surface tension
minimization (i.e. the new surface should be as large as
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possible). Here the theory predicts that the radius of a forming
particle must be larger than the jet radius by at least 50%, i.e.
rpart >1.5rjet [59]. Thus, the system tends preferentially to the
production of a small number of large particles. This size–
number relation is important and opposite to the one valid for
nano-sized particles formed by vapor condensation. In the latter
case, one observes a large number of preferentially small size,
i.e. with positive skew of the size distribution (see also
measurement shown below).

3. Experimental

Several measurements were conducted to investigate the
characteristics of the melt ablation products, which are
presented and discussed in the next section. Detailed inspection
of the crater morphology and particles was done to obtain
information on the melt pool evolution. Individual laser-
induced particles were observed using secondary electron
images. Time-resolved acquisitions of the ejection products
were possible by means of shadowgraphy. Particle size
distribution (PSD) was determined in the range 10 nm–1 μm
using a differential mobility analyzer.

The laser ablation system used is based on the Quanta-Ray
DCR-11 (Spectra-Physics, Germany), but it was in-house
modified from the commercial 1064 nm Nd:YAG. The output
mirror of the cavity was a curved one to obtain an ‘unstable
resonator’ type cavity, which provided high output power
(fluence in this work was 20 J/cm2) because a wider region of
the YAG crystal was excited. This led to a non-uniform spatial
beam profile (Bessel or so-called “donut profile”). The
frequency-quadrupled wavelength (266 nm, Q-switched with
6 ns pulse length) was generated with two KDP's crystals set
along the beam path. The beam was pulsed at 10 Hz and a 150-
μm spot size was obtained using a 40-mm focal distance
objective lens. The ablation cell was a 30-cm3 cylindrical cell
filled with alternatively argon, helium, nitrogen, air or sulfur-
hexafluoride, though here only most relevant results will be
shown. Sulfur-hexafluoride induced intense shielding of the
laser radiation, due to gas dissociation, and hence the ablation
craters were always unaccented.

The sample was micro-machined to visualize inner structures
of ablation products. A Strata DB 235 dual beam focused ion
beam (FIB) workstation (FEI Company, USA) was used that
incorporates a FIB and a scanning electron microscope (SEM)
column tilted to each other at an angle of 52°. The FIB column
is adjustable from 1 pA to 20,000 pA at 30 kV with a specified
resolution of 7 nm, as given by the manufacturer. The
instrument is equipped with four secondary electron and ion
detectors.

In the shadowgraphy set-up, two beams were used, i.e. so-
called pump–probe approach. The pump was a XeCl excimer
laser (wavelength 308 nm, pulse width FWHM 25 ns) with
output energy of 75 mJ, though an attenuator was used along
the beam path to adjust the energy delivered onto the sample.
The probe beam was the second harmonic of Nd:YAG
(λ=532 nm, τp=6 ns) and it was used to induce fluorescence
in a water-diluted dye (Rhodamine 6G) in a quartz cuvette.
The dye was chosen as one being characterized by a strong
fluorescence band in the spectral range of the working
wavelength (λ>480 nm). The direction cuvette–CCD camera
was congruent with the sample surface orientation and
orthogonal to the pump beam. Upon ablation, the released
matter as well as the induced shockwave caused a local
difference of the ambient gas refractive index that could be
acquired with the CCD camera. In this very set-up, the
sample was mounted inside a gastight chamber so that a
controlled atmosphere could be formed. Several gases were
used, but in this paper results for argon are presented.
Further information on the set-up is available in the literature
[61,62].

PSDs were acquired using a differential mobility analyzer
(DMA). A radioactive unit charges the aerosol particles and
depending on the voltage applied particles of matching charge-
to-surface ratio are gated into the condensation particle counter
(CPC). Being the total charge constant, the ratio gives
information on the size of the particles, under the assumption
of identical particle shape. This technique is suited for the
determination of sizes in the range 10 nm–1 μm [63].

4. Results and discussion

4.1. Ablation crater morphology

The inspection of the ablation products morphology
provided information on the mechanisms of formation. In the
case of metallic samples, a relatively low melting point favors
the prompt formation of a fluid phase, which under the action of
intense pressure is mobilized. Hence, one observes a modifi-
cation of the surface topography in the neighborhood of the
ablation crater, whose roughness is a function of laser energy
and material's thermophysical properties. Fig. 3 shows a
selection of measured craters from ablated copper and silicon
with identical laser setting.

The crater in copper (Fig. 3A,B) is characterized by steep
contacts between the bottom and the wall, which is typical for
ablation above the threshold. The crater bottom (shown in more
detail in Fig. 4A) was somehow rough, which is an effect
partially due to the non-homogenized spatial beam profile and
partially due to the material ejection mechanism. It showed a
wavy structure with thin filaments collapsed on one side and
intertwined. The wall of the copper crater (see Fig. 3A) showed
several sheets piled-up on their move toward the edge, where
there are signs of overflow and tiny tips. The structure would
suggest a laminar flow in a viscous confined regime. On the
forefront of these laminae, the flow breaks up into a turbulent
regime as also shown below in cross-section images of the
crater walls (Fig. 6).

The crater in silicon (Fig. 3C,D) showed even steeper edges
than the copper sample. The wall was made-up of a number of
columnar structures in close contact one another. The surface of
these filaments was characterized by the presence of fine-
structured ripples (shown in more detail in Fig. 4B). Micron-
sized particles were observed in the immediate proximity, right
outside the crater (Fig. 3C,D).



Fig. 3. Crater structures obtained with Nd:YAG laser at 266 nm, 4 mJ, 10 Hz. (A, B) copper and (C, D) silicon.
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The observed structure would suggest a rapid and intense
normal transport of material in the center part of the crater. A
more sluggish radial displacement could be inferred next to the
wall. This scheme would suggest a strong irradiation regime in
the center and more modest irradiation at the periphery. This
might be explained with the spatial beam profile, as
schematically explained in Fig. 5.

In this case, the center would be heated-up at an extreme rate
possibly inducing explosive boiling, whereas the sides would
experience more soft energy deposition due to lower fluence
Fig. 4. Detailed view of the crater fine structure of Fig. 3. (A) Crater bottom in
copper and (B) crater wall in silicon.
upon inclined crater walls, thus just triggering melting and
hydrodynamic mobilization. The attainment of a phase
explosion stage would contribute to a rapid and persistent
removal of material in the form of “gas of droplets”, leaving a
set of casts due to the strong vertical acceleration on the crater
bottom. Hydrodynamic instabilities in the mobile melt phase at
the sides would less efficiently produce a low number of large
particles by means of jet break-up.

Fig. 6 shows two cross sections of the crater wall obtained
using FIB. This facility allowed micro-machining the sample
and in this case it was used to dig a trench across the crater wall
and have SEM images of the inner structure. Fig. 6C shows the
same region of Fig. 6B, eroded further ahead. One notes the
occurrence of several overlapping layers and the presence of
cavities in the bulk of the crater wall, which would rule out the
presence of a laminar flow regime. Such cavities have a
complex geometric shape as can be inferred from a comparison
Fig. 5. Schematic of beam profile and irradiance in adjacent zones of the crater.
The center is characterized by a stronger heating regime and therefore explosive
boiling. The sides are characterized by a weaker heating regime, which might be
sufficient to initiate the splashing phenomena.



Fig. 6. Cross section of the crater wall in silicon shown in Fig. 3. The occurrence of voids and the presence of overlapping layers suggest a stage of melt mobilization.
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between the two planar sections. Inspection of the cross sections
showed that voids, ripples and bends were occurring exten-
sively, which is possibly a consequence of melt mobilization. It
demonstrates that the flow is not laminar like in the upstream
regions inside the crater. The information obtained is that there
is a transition region from laminar to turbulent flow, due to a
sudden increase of the velocity at the crater rims.

4.2. Material ejection

Under this scheme, the ablation processes are spatially
separated because of the heterogeneous energy delivery across
the irradiated surface. Further observations, as shown below,
indicated that the ejection of material in the center was also
temporally separated from the one along the margin. This would
indeed support the idea of a fast catastrophic phase-explosion
Fig. 7. Material ejection timing as visualized with shadowgraphy (see Section 3 for co
end of the pulse. Note the rapid center expulsion of matter that at 4 μs is still visible. A
point of this material, a dense cloud of large particles is observed at the sides.
stage, where time lag to achieve critical conditions is reported in
ref. [47] as 5.5 ns and approximately 10 ps in Ref. [48] for its
completion, and a late-coming melt splashing stage on a time-
scale of few microseconds [64].

Indeed, shadowgraphy measurements permitted to observe
the release of two temporally distinct batches of material, as
shown in Fig. 7. Fig. 7A,B are two snapshots obtained from the
ablation of silicon, whereas Fig. 7C,D were obtained with the
same laser system, ablating tin. Here, the sample is on the right
side and the laser beam (the pump beam at 308 nm) is coming
from the left side of the images.

In Fig. 7A, one clearly sees the trace of a spherical
shockwave as it appears at 200 ns after the delivery of the
pulse. A further snapshot acquired at 4 μs permitted to evaluate
the outward expansion, which is shown in Fig. 7B. In both
images, i.e. at a time delay of 0.2 as well as 4 μs, the shockwave
nditions). Ablation in silicon is here observed at 0.2 μs (A) and 4 μs (B) after the
blation in tin is here observed at 0.2 μs (C) and 1 μs (D). Due to the low melting
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is penetrated by a column of material ejected normal to the
surface (see the arrows) moving faster than the shockwave
itself. The emission of such material was a function of laser
fluence. The emission was very rapid and lasted for several
microseconds. In Fig. 7B, the formation of a wake at the
shockwave front edge is seen, as highlighted by the circle.

In Fig. 7C, one sees the expanding shockwave at 200 ns after
the laser irradiation of tin. Tin is characterized by a very low
melting point (i.e. Tm(Sn)=232 °C) compared to other pure
substances used in this work (e.g. Tm(Cu)=1083 °C, Tm(Si)
=1410 °C) and hence permitted optimal visualization of the
melt expulsion process. In Fig. 7D, one notes the emission of a
second batch of material that was initiated not before 1 μs after
the pulse delivery. These particles diffused along whirling
trajectories as could be observed in a series of snapshots
obtained at 50 ns time delay and were located at the opposite
sides of the ablation crater. The arrows highlight some bigger
particles. The Russo group [64] has shown previously the
ejection of large particles from brass, on a similar time-scale.
The observation of distinct laser-induced particulate batches
supports the thesis of multiple co-existing ablation mechanisms
at high irradiance condition.

4.3. Particle characteristics

Further information on the ablation mechanism can be
obtained by the investigation of the particulate produced.
Recently, several publications addressed this topic. The Günther
group [28–30] has investigated extensively the laser-induced
particle size distribution (PSD) from the ablation of NIST 610s
glasses under several operating conditions. The PSD was found
to change significantly from shallow to deep crater ablation,
namely the ratio large/small particles decreased by a factor of 3
over 1-min ablation at 10 Hz. This would indicate that the
mechanism of ablation is very different at different crater
depths, i.e. at large depth the large particle expulsion process is
less efficient.
Fig. 8. Particle size distribution obtained for the ablation of brass (A) and glass NIST
long) showed a sensible decrease of the integrals. The figures show that metal and
This was also demonstrated by the observation that laser
ablation with a scanning mode (so-called “raster ablation”)
provided steady aerosol characteristics, though with a certain
dependency on the translation speed. Only by ablating on a
fixed position (so-called “point ablation”), they observed an
evolution of the aerosol mean size.

The same authors showed a drastic dependency of the PSD
on the radiation wavelength. They reported that, only with
λ=213 nm and λ=266 nm particles larger than 150 nm
formed, whereas with λ=193 nm (obtained from the same
solid-state laser system using an optical parametric oscillator),
all particles they found were <150 nm: a monodisperse aerosol
with mode at approximately 80–90 nm. Furthermore, they
confirmed that large and small particles have heterogeneous
composition, where elements like Cu, Zn, Ag, Tl, Pb and Bi
were found to be enriched in the smaller fractions as high as
90% relative to Ca. In any case, the overall composition of
small and large particles was found to match with the original
sample composition.

Koch et al. [34] determined the size distribution on a brass
sample using a near-IR femtosecond laser. For a fluence below
5 J/cm2, they found a 10±35 nm monodisperse aerosol of
stoichiometric composition, whereas at 10 J/cm2 the results
showed a bimodal size distribution with modes at 20±50 nm
and 1±5 μm and non-stoichiometric composition. A compar-
ison with ns ablation showed more pronounced formation of
micro-sized particles that more strongly deviate from the
stoichiometry of the irradiated solid. In a recent work, Koch et
al. [65] investigated non-conducting samples using the same
facility and they found an opposite scheme as compared to the
investigations on brass. In fact, for a fluence higher than 5 J/
cm2, the overall aerosol composition matched with the parent
material within a 10% deviation. For a lower fluence, a more
significant compositional deviation from the parent material
was found. The major fraction of the aerosol mass was in the
10–100 nm range and the relative abundance of micro-sized
particles has been found to diminish with high fluence.
610 (B), under conditions reported in the experimental section. Each run (1 min
non-metal matrices behave differently upon laser ablation (see also Fig. 9).



Fig. 10. SEM image showing a survey of particles produced during laser
ablation in silicon (conditions given in the experimental section). One note large
melt-derived particles produced by droplet expulsion as well as finer particulate
produced by vapor condensation.
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Kosler et al. [66] have also investigated the laser-induced
aerosol from NIST silicate glasses. In the initial stages of
ablation, multi-modal particle sizes <2.5 μmwere found, whose
span reduced to <0.3 μm after ca. 30 s ablation. The big
particles found were spherical or elongated, whereas small
particles are clusters enriched in Pb vs. U.

Liu et al. [33] investigated size-related effects on the ICP-MS
signal from brass samples. They found that Cu partitioned in the
melt-related particulate, whereas Zn was more prone to enrich in
the nano-particulate.

Our own DMAmeasurement results are shown in Fig. 8. The
number density is plotted on the vertical axis and it was
calculated as dN/d log(dp) as fully explained in ref. [63]. One
notes that the PSD under identical irradiation conditions is very
different for a non-metallic and metallic sample. In the latter, a
smooth and relatively narrow distribution curve, with positive
skew, showed a mode at about 30 nm (formed by vapor
condensation). In the case of glass, the profile is more jagged
and wide, possibly due to deeper volumetric absorption of
radiation as well as due to fractures induced in the material
(shown in Fig. 9) contributing to mechanical spallation [67].

This observation imposes to make a clear distinction of the
two cases, i.e. metallic and non-metallic matrices, when trying
to develop a numerical model for laser ablation particulate
formation. Fig. 8 shows also the evolution of the PSD with
ablation time, where three sequential 1-min runs are plotted.
The mode in the brass sample shifts toward finer size as a
function of ablation time and, apparently, it is soon outside the
measurement window (i.e. below 10 nm), indicating that for
deep craters the extracted aerosol was just the finer fraction. For
the glass sample, the time-dependent size shift was not so
evident, but one observes a significant reduction of ablated
mass, probably due to in-crater trapping, as shown in Fig. 9.
This reduction is also shown by the metallic sample, though to a
more modest extent.

This would suggest that, under identical duration of
irradiation, the surface recession depth is more modest for the
metallic sample. This is in agreement with theoretical
considerations on optical penetration depth for metal and
Fig. 9. SEM image showing fractures inside the glass crater at the bottom. Note
also the trapping of large spherical particles inside the edges. LA conditions as
given in Section 3.
glass: δCu=13 nm and δSiO2
(glass) =21 μm (recalculated from

original data of extinction coefficients in Ref. [68]).
Finally, Fig. 10 shows a group of laser-induced particles as

they were observed on the sample surface. One notes that the
coarser particles have a smooth surface and shapes variable
between the sphere and a prolate ellipsoid, suggesting tensile
stresses. These morphologies are to be attributed to the
temperature at time of detachment: if the droplet was still
fully molten upon detachment then its fluidity would allow
reshaping a minimum surface-to-volume geometry, i.e. a
sphere; otherwise a nearby quenching droplet retained the
wobbling elongated morphology produced during jet pinching-
off. As discussed elsewhere [69], particles might also build
fractal clusters by adhesion of nano-particulate on the surface of
large droplets. Nanoparticles can be seen in Fig. 10 on the
background. This fraction of particles resulted from condensa-
tion of vapor and are therefore enriched in volatile elements as
mentioned above.

5. Conclusions

Five potential material removal mechanisms have been
discussed together with their applicability for short pulse laser
ablation of metallic matrices. Results indicated that a number of
processes interlace during the material irradiation time and in the
subsequent time. It was possible to show that a few of themmight
be co-existing for high fluence irradiation of metals when the
beam profile is not homogenized, i.e. spinodal breakdown and
hydrodynamic expulsion. Binodal (surface) vaporization is active
as well, but it is retained to be the dominating ablationmechanism
at low fluence regime, i.e. below the droplet formation threshold,
and at saturated flux rates for high power LA.

This work showed evidences of spatial and temporal
separation of the dominating ablation processes. Such separa-
tions are attributed to the spatial beam profile as well as the time
required for explosive boiling and the melting to realize in the
given sample.
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Spinodal breakdown is a fast and catastrophic process that is
initiated by homogeneous boiling shortly before the critical
point. This process leads to a mixture of vapor and melt droplets
ejected normally from the crater bottom.

Hydrodynamic expulsion, or “splashing”, is controlled by a
competition between the inertial forces induced by the pressure
field into the viscous melt and the surface tension that tends to
maintain cohesion. The size–number relation of formed
particles suggests that micro-particles tend to be as large as
possible to minimize surface tension and low in number, as also
shown from measurements of PSDs. This behavior is opposite
for nano-size particulate produced by vapor condensation. Jet
break-up and droplets fission is a non-linear process, obtained
by a competition among resonant surface vibrations and
cohesive surface tension. It should be pointed out that the
properties of materials are non-standard under superheated
conditions, which makes the task of developing a modeling
network non-trivial.

Computational studies are indeed required to unraveling the
interplaying mechanisms and providing guidelines for future
better performance in many applied fields of laser ablation.
Therefore, the authors are committed with the development of a
numerical model that would address the open issue on size
distribution and composition of a given combination laser beam
and metallic sample.
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