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Abstract. Laser-induced plasma is today a widespread spectroscofgsiemsource. It can be
easily generated using compact and reliable nanosecond agses and finds applications in
various domains with laser-induced breakdown spectros€bi3S). It is however such a
particular medium which is intrinsically a transient aweh4point light emitting source. Its time-
and space-resolved diagnostics is therefore crucial fopttsiized use. In this paper, we review
our works on the investigation of the morphology andedthelution of the plasma. Different
time scales relevant for the description of the plasma’stik and dynamics are covered by
suitable techniques. Our results show detailed evolutionrandformation of the plasma with
high temporal and spatial resolutions. The effects of ther lparameters as well as the
background gas are particularly studied.

Keywords: Laser-induced plasma, Plasma diagnostics, Plasma emissionaPtasphology,
LIBS.
PACS: 52.25.Kn, 52.25.0s, 52.38.Mf, 52.50.Jm, 52.70.Kz

INTRODUCTION

Laser-induced plasma (LIP) represents a frequentgd spectroscopic light
emission source. It provides particularly the basfslaser-induced breakdown
spectroscopy (LIBS), an elemental analytical tegheiwhich is currently developed
for applications in a wide range of domains [1]. &mg them, one can mention the
detection of toxic metallic elements in fresh vedps [2], the classification and
identification of bacteria [3], the automated sagtof plastic wastes [4] or the surface
elemental analysis/mapping of geomaterials [5]. Tke of LIP as a spectroscopic
source is however not a recently emerged ideas siqponeer work has been reported
in 1963, three years after the invention of theedgd$]. Only recent investigations
showed the necessity of considering LIP as a teahsind non-point emission source
to improve the performance of the applications ]J[7,;Bme- and space-resolved
diagnostics of the plasma is thus of fundamentgloiance for LIBS. In this paper,
we review our works on the investigation of the ptmiogy and the evolution of the
plasma. Suitable techniques have been used to ddfenent time scales relevant for



the description of the plasma’s kinetics and dymamiDetailed evolution and
transformation of the plasma have been observel high temporal and spatial
resolutions. Particular attention has been paitheoeffects of the laser parameters as
well as the background gas.

BASIC PHYSICAL PROCESSESINVOLVED IN THE
EXPANSION OF LASER-INDUCED PLASMA

Optical emission from LIP takes place during itgaxsion into the background
gas. Since the ignition of material breakdown dredinitiation of the plasma are much
faster than the duration of nanosecond laser puig@sally used for ablation, the
early stage of the plasma expansion is driven bgriaupported absorption waves
(LSAW) [9]. The absorption of the tailing part diet laser pulse by the interacting
system including the ablation vapor from the targed the surrounding background
gas compressed and heated by the vapor, is thepsey which determines the
morphology and the subsequent evolution of thenpdad aser radiation is absorbed
preliminary by inverse bremsstrahlung which dongsafs soon as the medium
becomes ionized. Its efficiency sensitively incesaswith the laser wavelength
(typically ~ A°). Infrared radiation is thus much more stronglymled to the plasma
which during its evolution includes the ablationpua as well as the ionized
background gas. For UV radiation, photoinization ba efficient for excited states of
easily ionized elements, metallic vapor for examplee absorption of laser radiation
by the plasma accelerates its propagation towaeltaser coming direction and leads
to its anisotropic expansion.

In typical laser-induced plasmas, the relation leetwthe atomic state distribution
function and the plasma parameters is describedthigy local thermodynamic
equilibrium (LTE) [10]. In such a state, the balasof Boltzmann, Saha and Maxwell
types hold, while that of Planck fails. The uniqamperature which characterizes the
distribution laws of the three balanced procesiessithe quantitative determination
of the concentrations of different elements comdim the plasma according to the
procedure of calibration-free LIBS [11]. The chemkd validation of LTE in laser-
induced plasma often needs several independentoagpms [12]. A necessary
condition is provided by the McWhirter criterion iwh determines the minimal value
of electron density allowing the domination of final excitations of atoms and
ions by electrons over the radiation process. [Euartlalidation with the excitation
temperatures of the different species in the plasraaides the sufficient condition for
LTE if all these temperatures tend to a uniquee&alu

TECHNIQUESFOR TIME- AND SPACE-RESOLVED PLASMA
DIAGNOSTICS

In our investigations, several time- and spacelvesiotechniques have been used to
cover different time scales suitable to descrileedliolution of the plasma. Figure 1

summarizes these time scales together with thegponding diagnostics techniques
used in our experiments.
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FIGURE 1. Characteristi time scales after the laser impact and the assacthagndiics technique.
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Figure 2 schematically illustral the plasma diagnostii technique used in our
studie.. Figure Z(a) shows the setup of tir-resolved shadowgraph where a dela
probe pulse passes through the plasma. Its shadew die inhomogeneity induce
by the shockwan is directly recorded by a CCD camera. The use fa a fercors



laser pulse synchronized with the ablation pulse allows ps-ramge resolution.
Figure 2(b) illustrates the setup of fast spectroscopic imagimgrenthe plasma is
directly imaged by an ICCD camera with a time resolution upre. Specific species
can be selected using narrow band spectral filters centered on gstoantiines of the
species. In Figures 2(c) and 2(d), the setups of emissiorragmgty are shown. The
difference is in (c), only the time resolution is available thaokhe use of an ICCD
camera coupled to an Echelle spectrograph, the plasma emssspace-integrated by
a pair of parabolic mirrors. Full time- and space-resolutions areabiaiin Figure
2(d) where a fiber with a 50-um diameter core is placed on the ighatane of the
plasma to locally probe the emission from the plasma. Turéher detailed
descriptions of these setups can be found elsewhere in outeabtiapers.

RESULTSON TIME- AND SPACE-RESOLVED PLASMA
DIAGNOSTICS

The early stage propagation of the plasma is characterized by shackwpansion
as shown in Figure 3. We can see different behaviors for UV (22&Gnd)R (1064
nm) ablations [13]. For UV ablation, the shockwaves remgateiscal, while those for
IR ablation exhibit strong anisotropy with an elongated foFhis clearly shows the
effect of LSAW for IR ablation. Significant laser energy is absorbedarvicinity of
the shockwave front by either the compressed and heated backgeamsiod ablation
vapor under the shock front. This results in the accelerated prampagathe plasma
along the laser incident axis.
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FIGURE 3. Time-resolved shadowgraphs for UV(266 nm) andli&64 nm) ablations at an irradiance
of 15 GW/cn.

Figures 4 shows fast spectroscopic images obtained for IR albddtzonaluminum
target in argon ambient. The confinement of the Al vapor bysAilearly observed.
Such confinement has two benefic effects for a stable emissiontlfremplasma: i)
spatially delimiting the extension of the emission sourca megion of ~ 1 mm in
diameter; ii) thermally confining the plasma for a longer radadifetime.
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FIGURE 4. Fast spectroscopic images of the plasma congisfian Al ablation vapor propagating
into Ar background.



The validation of the LTE state is shown in Figure 5 faspia from a plastic
sample (PP) ablated with UV pulses. The measurement of theoaleensity shows
that the McWhirter criterion is satisfied for a delay < 2 us, wipobvides the
necessary condition for LTE. The further determination of temperatdirdgferent
species in the plasma shows that they merge into sesmagjie for a delay > 800 ns.
The plasma is therefore in LTE for delays larger than 800 ns aaitesthan 2 ps [7].
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FIGURE 5. Validation of LTE with the necessary and suffitieonditions.

Over the period where the plasma approaches LTE, we determindahprafiles
of the electron density and the temperature using time- and spacedesatission
spectroscopy for both UV and IR ablations. The resultsu(Ei®) show that for UV
ablation, the plasma has a higher electron density and a héghperature, while for
IR one, the plasma has a larger axial extent with a lower electrontydensl
temperature. However the plasma is much more homogenous fabléRon [8].
These observations are consistent with the above presentedwghaults and
correspond to the different absorption behaviors of the plasmaJ¥o and IR
radiations.
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FIGURE 6. Axial profiles of electron density and temperatfor UV and IR ablations at different
delays (600 to 3000 ns).

Finally in Figure 7, we show the stability of the emissattained with a gated and
localized detection which takes into account the time- andespeolutions of the
plasma (UV ablation of a glass sample). The shot-to-shot edplggtof the Al | 394
nm line is 5.6% (RSD). This result is significantly improvieg normalizing the
intensity with that from an internal reference (Si) to reduce the effeébe fluctuation
of laser energy. We get a repeatability of 3.5% (RSD) for thealored intensity.
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FIGURE 7. Shot-to-shot repeatability of the plasma emissioer 400 individual spectra.

CONCLUSION

We have reviewed in this paper our investigations on the chartictsen$ laser-
induced plasma as a spectroscopic light emission sourpecigby, the morphology
and the evolution of the plasma have been shown togethetheiteffects of the laser
parameters and the background gas. Our results allow wnettude that gated and
localized detection optimizes the use of such a transient anddéxgdight emission
source, and that an emission repeatability of 3.5% can mmliypobtained.
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