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A theoretical investigation of the expansion of the plasma, produced by a nanosecond laser pulse hitting a titanium
metallic target, has been carried out. The study is oriented to understand the interaction of the plasma plume with the
surrounding gas (air) not only from the fluid dynamic point of view, but also considering the effects of chemical
reactions. To this purpose, a 2-D solver of the Euler equations has been developed and self-consistently coupled with
the local thermodynamic equilibrium calculation. The results show the plasma confinement due to the ambient gas
and the appearance of metallic oxides in proximity of the plume border.

Nomenclature
H; = chemical energy
L = target dimension
M = mean molecular mass
nsp = total number of species
P = pressure
R = gas constant
T = temperature
t = time
U = internal energy
u = flow speed in the x direction
v = flow speed in the y direction
74, = source term for density
Zq, = density produced for each species in the time unit
z,, = source term for energy
zv; = source term for velocity u
€ = total energy per unit mass
p = mass density
p; = mass density of the species i
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I. Introduction

ASER-INDUCED plasma (LIP) is a topic of growing interest in

different fields such as material processing, diagnostic
techniques, and space applications. Pulsed laser deposition (PLD)
has been successfully employed for the deposition of thin films of
classical and novel materials [1,2]. The possibility of producing
species in LIP with electronic states far from chemical equilibrium
enlarges the potential of making novel materials that would be
unattainable under thermal conditions. LIP technological applica-
tions require a parallel investigation of the plasma plume from a
fundamental point of view. Indeed, while the generation of LIP
requires a simple experimental setup, the LIP theoretical
investigation requires strong efforts in fluid dynamics and chemical
kinetic models.

Many numerical approaches (see, for example, [3—6]) have been
developed to adequately describe the plasma expansion, and a strong
linking with experimental research [7,8] has improved the
knowledge of this complex phenomenon. The main difficulty in
modeling LIP expansion is that the plume dynamics and plasma
chemical reactions should be investigated and ultimately modeled
together, in a coupled fashion, considering not only the evaporated
species, but also the interactions with the environment.

In this context, a 2-D fluid-dynamic approach, taking into account
the role of chemical processes, is proposed. Euler equations are used
to simulate the plasma in the early stage of its evolution, including a
detailed chemical scheme. While in high vacuum reactors the plume
expands essentially perpendicularly to the target with a very small
angular dispersion, and therefore one-dimensional models ade-
quately describe the plume dynamics [9-11], in high pressure
environments (such as air or water) the 1-D approach strongly over-
extimates the flow speed, because the real expansion is practically
spherical. In this case a 2-D model is essential to describe the plume
confinement due to the ambient gas.

LIP setup is used also as an elemental analysis [12] and on-line
control of laser-matter interaction [8], in the so-called laser-induced
breakdown spectroscopy (LIBS) technique. The flexibility of LIBS
allows its use in a wide range of applications as environmental heavy
metal contaminations [13], monitoring of industrial processes [14],
space exploration [15], artwork analysis [16], defense application
[17], and so on. The possibility of employing LIBS in a double-pulse
mode leads to the extension of this kind of in situ diagnostic in a water
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submerged environment [18], where conventional analytical
techniques are unfeasible. Despite the importance of underwater
LIBS applications, few results have been obtained in such an
environment [18-24].

‘When a nanosecond laser pulse is focused on a submerged target, a
consistent amount of the laser energy is spent in mechanical effects,
resulting principally in the formation of a cavitation bubble [25].
Even if there is enough laser energy to form the plasma, due to the
interaction of the ablated particle with water, the plasma is rapidly
cooled by electron-ion radiative recombination and by chemical
reactions so that the single-pulse LIP spectral emission signal is very
short and noisy [26]. When a second pulse strikes the target surface
before the bubble produced by the first pulse collapses, the LIBS
signal is enhanced and shows behaviors similar to single-pulse LIBS
in air. Ithas been observed both theoretically [27] and experimentally
[18,25,26] that the bubble size strongly affects the emission spectra
produced by the second laser pulse, underlying the fact that the
bubble dynamics is very relevant for the double-pulse LIBS [28].

A set of experiments [18] by double-pulse LIBS on a submerged
target has been performed also to test the feasibility of this kind of
application in seawater. On the other hand, a great effort has been
given to build a theoretical model able to simulate the experimental
observations during the ablation of a metallic titanium target at low
pressure [3,7,29,30]. In that system the 1-D fluid dynamics has been
coupled with the ionization—-recombination kinetics of titanium
atoms to obtain a quantitative agreement with optical emission
measurements of the plasma temporal evolution. The same approach
has been improved to simulate the double-pulse LIBS on metallic
titanium in water taking into account the chemical reactions of the
ablated material with water vapor environment. To obtain the
background conditions inside the vapor bubble, before plasma
expansion, and to validate the model with some experimental data, a
theoretical study on the bubble dynamics has been done, considering
an homogeneous bubble in thermal and chemical equilibrium [27].
All these investigations have used the 1-D plasma expansion model.

In this paper we have developed a 2-D fluid-dynamic model of the
plasma expansion coupled with a complete thermochemical
equilibrium model for Ti + air and Ti 4+ water systems. We consider
the second laser pulse striking the target inside the vapor bubble,
which is supposed to be a static system. The bubble lifetime
(expansion collapse) has a duration at least in the order of hundreds of
microseconds, depending on the laser pulse characteristics
(wavelength, energy density, and pulse duration [31]), while the
second pulse LIP in water extinguishes in a few microseconds
(<5 ws). Therefore, it is reasonable to consider the bubble as a
stationary environment in which the LIP expands. Because of the
high pressure of the ambient gas, local thermodynamic equilibrium
can be supposed. This assumption has been confirmed by
experimental measurements [32]. Particular attention will be devoted
to the effects of a 2-D expansion, the role of plasma processes, and to
the role of the chemical interaction between the plume and the
ambient gas.

II. Theoretical Model

Because of experimental resolution and sensitivity the description
of the plasma dynamics by optical measurements is not exhaustive.
The support of theoretical investigation of the plume expansion can
give amore complete characterization of the plasma. In this paper we
have extended the 1-D model [29,30] in local thermodynamic
equilibrium (LTE) approximation to 2-D geometry, solving Euler
equations. This approach describes the local thermodynamic model
with two state variables (as an example, pressure and temperature, or
density and energy). For accurate calculations, we consider a detailed
description of the internal degrees of freedom of atoms and
molecules. For atoms many electronically excited states have been
considered, limited by a cutoff to prevent partition function
divergence. For molecules, all available electronically excited states
have been included in the calculations considering for each of them
the complete rovibrational ladder.

We solve the equations:
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The source term z,_for energy includes the laser heat input into the
escaping particles.

There are different models of the ablation process based on laser
energy conversion. These models are not very accurate because they
do not consider the interaction mechanisms [33]. A different
approach consists of describing the evaporation process with an
analytical function, derived by optimizing theoretical results with
experimental data [3,7]. The ablation rate used in this work has been
determined for the fluence range 5 J/cm?.

The expanding plasma is formed by atoms, ions, and electrons. To
study the spatial and temporal evolution of the density of each
species i, we have modified the mass conservation Eq. (1) in the
form:

dp; | Opiu  dpv
ot dx x|

(&)

where p; is the mass density of the species i and z,,; is the density
produced for each species in the time unit. To connect the total
density of the system and the density of the different species, we have
used the relation:

nsp

p=) b ©)
i=1

where nsp represents the total number of species.

We have applied these equations to the study of a titanium target
expanding in air or in water vapor at different pressures, supposing
that the species produced from the target are Ti™ and e~ both with
molar fractions 0.5.

The system of Eqgs. (1-6) must be coupled with an equation that
connects pressure, temperature, and molecular mass. According to
the hypothesis of an ideal gas, the correlation between pressure and
temperature can be described by the equation:

o
P =-—=RT 7
7 )

where T is the temperature, M is the mean molecular mass, and R is
the gas constant. The general expression of total energy per unit mass

(e) is
e=-—+—+—= (8)

where U is the internal energy and H  is the chemical energy. For an
ideal gas without internal structure and chemical reactions, Eq. (7) is
simplified as

P= %ps )

Two nonideal contributions to Eq. (9) have been neglected: virial
and Debye—Hiickel corrections [34]. It has been shown [35,36] that
the virial correction is very small for 7 > 2000 K up to 1000 atm, but
can be relevant for 7 < 300 K and P ~ 100 atm [37], conditions not
present in our calculations. The Debye—Hiikel correction [34] can be
more important, not exceeding in any case the 5%. Our calculations
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include the Debye—Hiikel theory for self-consistently cutting the
atomic partition functions and their derivatives.

The numerical solution of the system of Egs. (1-7) determines the
time-dependent profiles of different macroscopic quantities, such as
mass density, temperature, and Mach number between the target and
the substrate [3,7,29,30]. We have solved the system of equations
numerically, applying an “upwind” space discretization [38], solving
alternately in the x direction and y directions, following the operator
splitting method [39].

To calculate the thermodynamic quantities and the equilibrium
constants we use the statistical thermodynamic approach [40],
starting from the partition functions. The partition functions are
calculated directly from internal levels, obtained from spectroscopic
constants for molecules [41] and from energy levels for the atoms.*
In the calculation of partition functions, the effects of quasi-bound
vibrorotational states, energy-level completion of the monatomic
components, and autoionizing states have been also considered [42].
From partition functions it is possible to calculate the single species
thermodynamic properties and the equilibrium constants, and,
knowing the gas composition, the mixture thermodynamic functions
can be easily determined. The equilibrium composition is calculated
using the hierarchical approach described in [43,44]. This method
consists of solving one equilibrium equation at a time, following the
proper order. The choice of the order in which the reactions are
solved is a critical point in the algorithm and determines the speed of
convergence. This method is very suitable for fluid-dynamic
applications for two reasons. First of all, it does not need inversion of
large matrices, and moreover it determines the concentration of
majority species very fast, as first stage, and then refines the solution
calculating secondary species and traces.

Fluid-dynamic and equilibrium modulus have been coupled
following this procedure: in a given time step the fluid-dynamic
evolution is calculated neglecting the reactions, then the species
concentration is updated, in each grid point, under constant volume
and energy constraint.

The fluid-dynamic evolution considers a step adaptive method, to
limit the truncation error of all the relevant quantities [38]. The step
adapting method is based on the evaluation of the integration errors
by comparing the numerical solution with the extrapolation value
obtained from previous steps.

III. Results

The effect of chemical reactions on the plume expansion can be
studied comparing LTE results with those obtained in the “free-flow”
approximation, that is, neglecting the chemical reactions. The
calculations have been performed considering different spatial grids.
The best results have been obtained with A = 5 x 107> m. Anyway,
by doubling the grid size the results are very close, showing smoother
profiles.

The ablated particles are produced at a constant rate from the target
surface for a given release time in the ambient gas (water vapor or
air). In the case of a water bubble we suppose that the plasma and
vapor particles are confined inside the bubble because the particle
exchange through the bubble surface is much slower than the bubble
dynamics. On the contrary, in air environment an open boundary
condition is supposed, being the plume size smaller than the reactor.
For the titanium target the following species can be considered: Ti,
Tit, TiO, TiO,, H,0, H,, H, 0,, O, 05, H,H*,0,0~, 0%, 0*2,
0*3,0™,0H,OH*,0H~,N,, NS, N7, N, N*,N*2 N+3 N*+4 NO,
NO™, and e~. Two different sets of initial conditions are used for the
different background (in air T, =30,000 K, V,=10* m/s,
and Z,=5000 Kg/m3/s; in water T,=20,000K, V,=
1 x 10* cm/s, and Z, = 5000 Kg/m?3/s) to reproduce experimental
conditions [29]. The laser pulse duration is of the order of tens of ns.
Both in air and water environment, the target is evaporated with the
following fractions: 50% Ti*, 50% e~. The background pressure

**IAEA (International Atomic Energy Agency) database available online
at http://www-amdis.iaea.org/ [retrieved 3 March 2008].
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Fig. 1 Mixture density profile as a function of distance from the target
after 107 s from the beginning of the laser pulse aty = L/2 and y = L.
The expansion occurs in air background at 1 atm.

varied between 1073 and 1 atm. As initial background conditions we
consider local thermodynamic equilibrium at the 7 = 300 K.

First of all, we will discuss results obtained for the simulation of a
titanium plasma expanding in air background. Figure 1 shows the
density profile as a function of the distance x from the target at
different y position, with L being the dimension of the evaporation
region (L = 0.6 mm). We report the density profile after 10~/ s from
the beginning of the laser pulse, with the first one along the normal in
the middle of the target (y = L/2), and the second one along the
normal at the end of the target (y = L). Because of the broadening of
the plume at the edge of the target during the expansion, a reduction is
shown of the mass density as moving apart from the symmetry axes.
The effect of the expansion in two dimension can be observed clearly
by comparing the density profile obtained with 1-D and 2-D codes, as
shown in Fig. 2: for a short time the two models predict the same
density, for a longer time peak in the density profile along the
symmetry axes is higher in the 1-D model than in the 2-D model.

As a consequence of the equilibrium calculation, during the
expansion the titanium ions and the electrons can recombine,
depending on the plasma temperature. Figure 3 shows the density
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Fig. 2 Mixture density profile as a function of distance from the target
after 5 x 1073 s and 5 x 107 s from the beginning of the laser pulse.
Comparison between 1-D and 2-D results, obtained along the normal in
the middle of the target. The expansion occurs in air background at
1 atm.
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Fig. 3 Density profile of Ti, Ti*, and TiO as a function of distance from
the target after 5 x 10~% s from the beginning of the laser pulse (on the
left), temperature profile as a function of distance from the target after
5 x 10~% s from the beginning of the laser pulse (on the right) along the
normal in the middle of the target. The expansion occurs in air
background at 1 atm.
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Fig. 4 Density profile of N,, NO, O,, O, N, O*, and N* as a function of
distance from the target after 5 x 10~% s from the beginning of the laser
pulse along the normal in the middle of the target. The expansion occurs
in air background at 1 atm.

profile of Ti, Ti*, and TiO after 5 x 10~# s from the beginning of the
laser pulse (on the left), together with the temperature profile (on the
right). When temperature decreases the recombination is stronger
and atoms and molecules appear.

In Fig. 4 the density profile of some air components is plotted as a
function of distance after 5 x 1078 s from the beginning of the laser
pulse. Although the background at 300 K is made of N, and O,, the
plasma determines dissociation (N, O), ionization (N, O*) and
recombination (NO). In particular, ions are especially present in the
hot region of the plume, while NO increases at the front expansion
where temperature is lower.

To show the strong effect of gas background pressure on the plume
expansion, in Fig. 5 we report a comparison between the density
profile after 5 x 107® s from the beginning of the laser pulse in the
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Fig. 5 Mixture density profile as a function of distance from the target
after 5 x 10~ s from the beginning of the laser pulse along the normal in
the middle of the target. The expansion occurs in air background at
10~3 atm (on the left) and at 1 atm (on the right).
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Fig. 6 Density profile of N,, NO, O,, O, N, O*, and N* as a function of
distance from the target after 5 x 10~% s from the beginning of the laser
pulse along the normal in the middle of the target. The expansion occurs
in air background at 10~ atm.

case of background pressures of 1 and 10~ atm. One can observe
that the lower background pressure allows a faster expansion and a
less confinement effect on the plume. Moreover, the lower
background pressure modifies the chemical reactions occurring
between the plume and the background, as evident from Fig. 6,
leading to a minor recombination effect and to a much higher ion
concentration inside the plasma. Therefore the background pressure
influences both the fluid-dynamic and the chemical processes
occurring during the plasma expansion.

To verify the effect of chemical equilibrium calculation, in Fig. 7
there is a comparison between free flow and “reactive flow” in the
case of an expansion against air at 10~ atm. The free flow is a
simplified case, supposing infinitely slow chemical rates and
therefore no reaction occurs in the time of plume expansion. This plot
shows the density as a function of the distance from the target after
5 x 1077 s from the beginning of the laser pulse. The plume expands
in air (N, and O,). Because of the heating of the background as
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Fig. 7 Mixture density profile as a function of distance from the target
after 5 x 107 s from the beginning of the laser pulse along the normal in
the middle of the target. Comparison between free flow and reactive flow.
The expansion occurs in air background at 10~3 atm.
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plasma expands, chemical reactions can take place. It seems that the
introduction of the chemical processes decelerates the flow
expansion. This is due to the conversion of translational energy in
chemical energy, with a consequent deceleration of the plume front,
due to the relevant dissociation of the air molecules. The introduction
of chemical processes slows down the translational temperature, so
that the plume can move slower than in the case of a frozen system.

Similar results have been obtained by the study of a titanium
plasma expanding in a water background. To show the broadening of
the plume both in air and in water, in Figs. 8a and 8b the density after
1077 s from the beginning of the laser plot is shown in a 2-D graph
(expansion in air in Fig. 8a, expansion in water vapor in Fig. 8b). Itis
quite interesting to observe the broadening of the plume, which is
more evident in the case of water background, and the faster
movement of plasma when it expands in air, compared with LIP in
water, where there is a strong confinement effect of the plume.
Moreover, in both cases a decreasing of the density close to the target
can be observed as a consequence of the plume expansion.

As an example in Figs. 9a and 9b the water composition is shown,
respectively, in the case of an expansion against 10~ and 1 atm. A
strong influence on the species concentration depending on the
background pressure is evident, as already shown in the case of
expansion in air. In particular, at lower background pressure
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Fig. 8 Two-dimensional mixture density profile (Kg/m?) after 1 x 10~7 s from the beginning of the laser pulse. Comparison between air background

(Fig. 8a) and water vapor background (Fig. 8b). dx = 5e¢ — 5m.
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Fig. 9 Density profile of H,0, H,, 0,, H, O, OH, O*, and H* as a function of distance from the target after 5 x 108 s from the beginning of the laser
pulse along the normal in the middle of the target. The expansion occurs in water vapor background at 10-* atm (Fig. 8a) and at 1 atm (Fig. 8b).
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Fig. 10 Density profile as a function of distance from the target after
5x 1078 s and 107 s from the beginning of the laser pulse. Comparison
between 1-D and 2-D results, obtained along the normal in the middle of
the target. The expansion occurs in water vapor background at 1 atm.

(Fig. 9a), the presence of ions is more incisive than in the case of a
higher background pressure (Fig. 9b). Finally, the broadening of the
plume is shown in Fig. 10, comparing a 2-D calculation with a
monodimensional Euler code. At the beginning, discrepancies
between the two codes are quite small, but as time goes on the
introduction of a bidimensional code is fundamental.

IV. Conclusions

The theoretical modeling of a plasma expansion occurring in
different background at different pressure has been carried out. The
fundamental role of a 2-D fluid-dynamic code in the case of
simulations running for time much longer than the laser pulse
duration has been shown. Moreover, the effect of chemical processes
in local thermodynamic equilibrium is discussed, showing also the
influence of different environments. The global heat capacity (frozen
and reactive) strongly affects the dynamics of the plume expansion.
Two-dimensional calculations make it possible to simulate the
emission spectra accounting also for self-absorption. However, the
local thermodynamic equilibrium assumption is valid only in high
pressure environment. The equilibrium and free-flow calculations
can be considered as extreme cases for finite rate chemical kinetics. A
kinetic model for finite rate kinetics has been already investigated in
1-D fluid dynamics [3,29] and will be applied to 2-D models in the
future.
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