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Laser creation of aluminium plasma from a solid target: A model

Several phenomena are evolving at the same time in laser-induced plasmas. Modelling the creation phase of this kind of plasma implies to understand these phenomena and their interactions. A 1D model was elaborated with the purpose of providing a complete description of the ablation of an aluminium alloy target. Phenomena as solid heating, vaporisation step vapour excitation and ionisation processes, among others, were taken into account. The plasma was assumed to have stored energy in more than one hundred level of Al, Al + , Al ++ , Al +++ and free electrons interacting through five processes. In this paper we propose to describe influences of the multiphoton ionisation and target surface temperature from ambient to critical temperature.

Introduction

The determination of the elementary composition of a sample surface is a question widely open. The classical techniques need experimental protocol unable to provide (a) in situ investigations and (b) instantaneous determinations. The Laser Induced Plasma Spectroscopy (LIPS) is a promising way to avoid these drawbacks [1,2,3] but comes up against several problems to be solved in order to be generalized.

This technique is based on the analysis of the spectrum emitted by the plasma created by a nanosecond laser shot on the sample and its comparison with previously determined reference spectra with known samples. The wide range of possible spectra is the main limitation of the technique: instead of the recourse to databanks, we propose to model the complete behaviour the evolution in space and time of the spectrum produced by the plasma.

Two steps are usually distinguished: (1) the creation phase: the plasma produces an intense continuum spectrum due to its high ionization degree and (2) the recombination phase: the plasma becomes optically thin with signals easy to read. These characteristics explain why the recombination phase has been so widely studied [4,5]. Nevertheless the plasma is out of equilibrium during the creation phase as well as during the subsequent phase: in these conditions, a relevant description of the recombination of the plasma cannot be done without that of the creation phase. Our work is also devoted to understand the global behaviour of the plasma: in spite of the elaboration of former models [6,7,8], the creation phase is still largely misunderstood.

We have elaborated two models in the purpose of understanding the behaviour of the plasma produced by an aluminium sample:

(α) the first one (called model A) assumes that the sample heating is directly driven by the laser pulse, (β) the second model (called model B) solves the problem of the heat diffusion inside the sample.

These models are briefly described in the second part of this contribution. In the third part, we discuss successively some results derived from each model.

Physical Models

The two models have been developed considering a laser pulse with a characteristic time scale of τ = 4 ns and a characteristic energy of E = 65 mJ. The laser light is focused on an aluminium target on a disk of d = 1 mm in diameter. We assume Gaussian profile. Consequently, the evolution in time of the laser flux density φ las is driven by:
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The models differ by the laser-surface interaction:

(α) the simpler model (called model A) assumes an arbitrarily Gaussian type temperature evolution of the edge target, As soon as the edge target reaches the melting temperature T m = 933.47 K, the vaporisation driven by the vapour pressure starts. Aluminium atoms go from the liquid phase to the gas phase whose pressure is initially assumed equal to 0. These atoms interact with incident photons inducing its progressive ionisation by multiphoton ionisation. In the same time, the electrons are heated by inverse Bremsstrahlung: then the electron collisions lead to the increase of the excitation and ionisation degrees. This heating is reinforced by that of the edge of the sample which can reach relatively easily the critical temperature T c . The latent heat of vaporisation tends to zero in these conditions, the vaporisation occurs inside the sample and leads the liquid to explode. The resulting ejection of matter explains the important depth of the crater often observed after irradiation [9,10]. In models A and B, the calculations are done with surface temperature systematically less than T c , the concept of liquid to gas phase change loosing its meaning for T > T c . As a result, our model does not reproduce the explosion phase.

Therefore, the matter ejected by the sample interacts with photons of laser pulse and the plasma components through processes such as:

• electron excitation,

• electron ionisation,

• inverse Bremsstrahlung,

• multiphoton ionisation,

• elastic collision.

These interactions have been all taken into account assuming that the electron gas relaxes quickly to reach a Maxwell-Boltzmann (MB) equilibrium with the electron temperature T e under elastic collisions. The heavy species are assumed in MB equilibrium with the temperature T h different from T e . The possible coupling between T h and T e is accounted for through elastic collisions.

Due to the high level of temperatures reached by the plasma, a total of 107 excited states of Al, Al + , Al ++ and Al +++ have been taken into account. Each population density is assumed in chemical non equilibrium and behaves freely as a result of the inelastic collisions listed previously.

These processes induce an evolution in time of the energy of the electrons and of the heavy species (atoms and ions) respectively driven by classical balance equations ( 2) and ( 3) where e is the energy of particles by unit volume, P the production term and ϕ r the energy flux density term. The subscripts e and h refer respectively to the electrons and to the heavy species. The energy flux density terms result from the ejection of matter from the target.
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The plasma is assumed to be uniform so that

( ) h , e div ϕ r is equal to X / h , e ϕ - r
where X is the plasma thickness. This latter parameter is assumed driven by the arithmetic mean speed resulting from the temperature T h of the heavy species.

The terms P e,h of Eq. ( 2) and (3) take into account the inelastic processes leading to the evolution of the population density of the excited states. Besides, for each forward rate coefficient, we calculate the correspondent backward rate coefficient due to Saha and Boltzmann equilibrium. This procedure leads to a correct description of the chemistry of the plasma and, in particular, to reproduce in continuity the transition from the creation phase to the recombination phase with the same kinetic mechanism.

Results

In this communication, we have chosen to show only results concerning the evolution in time of the temperatures T e and T h : during the conference, the behaviour of the species population density will be also illustrated and commented.

Influence of the multiphoton ionisation

Considering the multiphoton ionisation, we calculate the rate of the process as a function of the number n of photons concerned according to equation ( 4) where σ MPI is the value of the cross section [11]:

n las MPI k ϕ σ = (4)
The influence of this process is studied by limiting arbitrarily the number of photons. The study of the related behaviour of the plasma leads to distinguish two cases. If n ≥ 3, the electron temperature increases quicker than T h through inverse Bremsstrahlung. The thermal non equilibrium induced lasts 20 µs (cf. figure 1). After that characteristic time scale, the elastic collisions ensure the thermal balance of the plasma. Conversely, if the number of photons is limited to 1 or 2, the evolutions in time of T e and T h are significantly different. Multiphoton ionisation can not occur since low energy levels. Consequently, inverse Bremsstrahlung can not induce an increase of electron temperature until the maximum of surface target temperature. Furthermore, to limit the number of photons involves temperature inversion and a greater delay than in the previous case to reach the thermal equilibrium (cf. figure 2). 

Influence of surface target temperature

In the model A, the surface target temperature can be changed regardless of the fluence of the laser. Figures 1, 3 and4 represent the temporal evolution for the imposed target surface temperature and its influence on plasma components temperature. The maximum of the surface temperature is set to 1900 K (figure 3), 2900 K (figure 1) and 3900 K (figure 4). Among other results, it is interesting to note that higher maximum of surface target temperature, faster thermal equilibrium.

In case of figure 3, there are not enough electrons to induce a quick thermal equilibrium. Conversely, in case of figure 4, the elastic collisions and the important density of electrons induce a quick thermal equilibrium.

During the conference, we will comment the plasma behaviour when the critical temperature is reached at the edge of the sample.

Complete model for laser-induced plasma

In case of model-B, the surface target temperature is calculated considering laser-surface interaction and heat dissipation into the target. The edge temperature increases quickly and reaches after few nanoseconds very high values in the order of critical temperature (figure 5). The thermal equilibrium is also reached quickly: this is the direct result of the elastic collisions whose contribution is largely more important than in the case of the model A. The densities reached in the plasma are indeed largely higher due to the rapid increase of the vapour pressure with T s . We have previously mentioned than an explosion phase begins when the critical temperature is reached at the surface. The critical temperature constitutes therefore a key point for the behaviour of the plasma: the modelling under or above T c at the surface should be consequently deeply different. This reason has led us to estimate precisely its value.

The critical temperature of aluminium

The value of the critical temperature of aluminium has never been experimentally obtained due to its high level. Some unsteady experiments have be performed for other metals whose T c is lower, but in the case of aluminium, the value seems to be largely too high.

Nevertheless, the measurements of other properties can lead to indirect estimations. In particular, the surface tension and the enthalpy of vaporization can be used. Other more theoretical approaches can help to the evaluation of T c .

Tab.1 New estimations of critical temperature T c for aluminium [12] 

Method

Value (K) 

Conclusions

Two models on the creation step of aluminium laser-induced plasma were developed considering free electrons and 107 energy levels of Al, Al + , Al ++ and Al +++ interacting through 5 processes.

The model A assumes no coupling between the heating of the target and the laser pulse. Its study shows that the multiphoton ionisation drives clearly the production of free electrons.

The model B (complete model) is in progress. It is based on the thermal coupling between the laser pulse and the target. Melting propagation, vaporisation step and coupling with the thermal and chemical non equilibrium plasma are taken into account.
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 6 β) the complete model (called model B) takes into account the thermal dissipation inside the sample.

Fig. 1 .

 1 Fig.1. Evolution in time, calculated by model A, for plasma components temperature (T e and T h ) with no limit on the number of photons.

Fig. 2 .

 2 Fig.2. Evolution in time, calculated by model A, for plasma components temperature (T e and T h ) with maximum of two photons considered for multiphoton ionisation.

Fig. 3 .

 3 Fig.3. Evolution in time, calculated by model A, for electron temperature (T e ), heavy temperature (T h ) and imposed target surface temperature (T S ) with a maximum of 1900 K.

Fig. 4 .

 4 Fig.4. Evolution in time, calculated by model A, for electron temperature (T e ), heavy temperature (T h ) and imposed target surface temperature (T S ) with a maximum of 3900 K.

Fig. 5 .

 5 Fig.5. Temporal evolution, calculated by model-B, for electron temperature (T e ), heavy temperature (T h ) and imposed target surface temperature (T S ).

  Finally, we propose the following new coordinates for the critical point: T c = 6700 K ρ c = 650 kg.m -3 p c = 4.5 10 8 Pa

Table 1

 1 present briefly these evaluations derived from these methods.

	Equation of state	5698
	Equation of state	6063
	Cohesive enthalpy	6548
	Surface tension	7164
	Enthalpy of vaporisation	7504
	Enthalpy of vaporisation	7626