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The temporal evolution of a plasma formed by the interaction of a Nd-YAG 10ns laser
pulse with the surface of aqueous solutions of CaCl,, has been observed by analyzing the
variation of the emission spectra of ions and neutral atoms in the time interval after the
laser pulse, 500ns < ¢ < 5000 ns. The intensity measurements of the lines of Call at
31584, 3179A, 3706 A, 3736 A, 3933 A, 3968 A were used to obtain the electronic
temperature 7, using a Saha-Boltzmann analysis. The broadening of the resonance line
of Cal at 4227 A was used to deduce the electronic density N,, with the aid of the semi-
classical theory of Stark broadening. A value of 7, ~ 28000 K decreasing slightly to
21000K, and an exponential decay for N, were found, with N, ~ 1.25 x 108 cm™ at
500ns and 7, = (1200 £ 50) ns.
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1 INTRODUCTION

A powerful technique called LIBS, laser induced breakdown spectroscopy,
has been widely implemented for detection of traces of elements in liquid,
solid, and gaseous media [1, 2]. By focusing a laser pulse on the surface of
the medium, a plasma is produced due to strong ionization originating from
the creation of a dielectric rupture by the strong electric field, and the high
energy density gives rise to an intense vaporization of matter and formation
of excited states [3]. This technique has been developed over the past years
for many applications, including analytical chemistry, medical surgery,
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non-linear effects, industrial soldering, material cleaning, etc. In many
works where interest was directed towards getting information on the
chemical compositions of the irradiated medium, the technique used was to
monitor the spectra emitted by the excited species (ions, neutral atoms and
in some cases molecules) in order to deduce both qualitative and quanti-
tative information [3—5]. A big effort was put on lowering the detection
limit, without in any case reaching the level of standard analytical techni-
ques; some authors were concerned about time and spatial resolved studies
of the laser induced plasma [4, 6, 7].

In short, the following qualitative description of the phenomena involved
with LIB in liquids can be given. It is admitted that during a pulse duration
of ~10ns in step 1, free electrons are produced by multiphoton absorption
of the first photons, and these electrons absorbing energy from the suc-
ceeding photons of the laser beam by inverse bremsstralhung [8] get more
and more energy. In step 2, electrons loose their energy by collision to form
charged species, including electrons and excited ions, and a new form of
energy is stored under electrostatic and kinetic energy, which gives rise to
the plasma expansion. Step 3 gives rise to a cascade of ionization and
different process of recombination, which lead to a growth of the plasma
toward the focusing lens, and radiative relaxation of the electrons with
emission of a continuum. In step 4, one can observe the relaxation of the
plasma by recording the time evolution of the light emitted, consisting of
both contintum and line emission, revealing the radiative relaxation of
different energy levels of the ions and the neutral atoms: it is agreed that
excited species are mainly produced by ion-electron recombination. It
should be mentioned that apart from the plasma formation, other effects due
to the laser beam-surface interaction such as, shock wave formation, droplet
ejection, non-linear effects (stimulated Raman), are not included in the
description given here. Recently, an important contribution to the modeling
of plasmas formed by LIES on TiO target has been developed [9].

In this work we present data on the time evolution of the plasma pro-
duced during the interaction of a laser pulse with the surface of aqueous
solutions of CaCl,, obtained by measuring the variation with time of the
emission of lines originating from Call and Cal. The time interval under
study will include step 4 already mentioned above. The relative intensities
of some lines of Call are used to determine the evolution of plasma tem-
perature 7,, by assuming both a local thermodynamic equilibrium and a
Boltzmann distribution of the levels involved in the transitions [10]. The
broadening of the first resonance line of Cal, assumed to be due to the Stark
effect, is used to deduce electronic density [11-13]. The variation with time
of the intensities and of the broadening allow us to deduce the time evo-
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lution of T, and N,, which will be used to build up a kinetic model for the
ionic and neutral production.

2 EXPERIMENTAL SETUP

The diagram of our experimental system is shown in Figure 1. The second
harmonic of a Nd:YAG laser producing pulses of 10 ns duration at 2 Hz,
with maximum energy per pulse of 75ml, is focused on the aqueous
solution (CaCl,, 0.4mol/1, Sigma, purity 99%) surface by a biconvex lens
of 15 cm focal length. The energy and the repetition rate of the pulses were
adjusted in order to obtain the best reproducibility of the signal and to allow
the relaxation of the liquid between two successive pulses. The emitted
light from a central slice of the plasma, observed at right angles to the path
of the laser beam, is collected by a quartz lens of 10 cm focal length on the
entrance slit of a 60cm focal length monochromator, equipped with a
Hamamatsu R928 photomultiplier. This slice has a thickness of 100 pm and
the entire height of the plasma, so the detected signal is spatially integrated
from that zone. The signal is sent from the PM through a digital oscillo-
scope (Tektronix 320 TDS) to a PC, where a program using Labview allows
time delayed detection with a resolution of 10 ns.

3 RESULTS AND DISCUSSION

Two groups of lines are detected: lines of Ca™t with transitions 45, 2—4P3),
at 3933 A, and 48, ,—4P; , at 3968 A, transitions 4P, ,—4Ds; at 3158 A

532 nm
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FIGURE 1 Experimental set up.
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and 4P;,,—4Ds;; at 3179 A, transitions 4P;,,—5S;,, at 3706 A and
4P3,,—5S1,, at 3736 A, and the resonance line of the Ca — transition
4S,—4P; at 4227 A. The time evolution of emissions of Ca’ lines at
3933 A and 3968 A is shown in Figure 2. As mentioned above and which
has already been observed [14], there is an early stage of the plasma at
t < 140ns which is characterized by a strong continuum emission. At a
later stage discrete line spectra become stronger than the continuum signal.
One can see in Figure 3 that the Ca atom emission appears delayed after the
ion lines. This behavior was observed by D. Cremers et al. [15] who
described it as being due to “a shift in the population of Ca from Call to
Cal”. C. D’Angelo [16] suggests that the emission occurs through the
formation of excited species by radiative recombination.

Figure 4a shows the temporal evolution of the line intensity of Call at
3968 A during the first 5000 ns: the emission can be detected from 140 ns
and reaches its maximum value ~550ns after the laser pulse. The decay
can be characterized by an exponential function. The same behavior is
observed for the lines at 3933 A, 3158 A, 3179 A, 3706 A and 3736 A, as
shown for example by the line 3179 A (Fig. 4b).

Intensity (@)

FIGURE 2 Temporal evolution of the plasma emission between 3920 A and 3980 A. One

can see the strong continuum at the beginning, followed by the appearance of spectral lines of
Call at 3933 A and 3968 A.
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FIGURE 3 Temporal variation of Cal emission at 4227 A, (curve a), Call emission at
3933 A, (curve b), Background emission at 3920 A (curve c). A similar behavior is observed
with Mg?.
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FIGURE 4a Evolution of line intensity at 3968 A. m: Experimental results, —: Fit by /() =
Iy exp[—(t — to/7)] + I,; T = 1280ns.
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FIGURE 4b Evolution of line intensity at 3179 A. M: Experimental results, —: Fit by
I(t) = Iyexp [—(t — to/7)]; T = 1300 ns

In the case of transitions between excited states, we obtain a good fit as
seen in Figure 4b using the following function:

Ii(t) = Iy €XP<?)
where 7, =500 ns.

But in the case of the two resonance lines, the re-absorption is very
strong as the life time of the ion in its fundamental state is very long. Under
such conditions, it is clear that a resonance photon has a large probability to
be absorbed by another ion after travelling a short distance: the result of the
process of emission and re-absorption is the imprisonment of resonance
radiation in the plasma [17]. At a later stage this radiation escapes from the
medium to be detected.

To obtain a good fit for the resonance lines we have used the following
function:

fo—t
10 = lexp(*—) +1,

where [, represents the contribution of the imprisoned photon which
escapes at a later time.
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The decay constants of the different lines are displayed in Table I, one
can notice that the decay constants observed are much longer then the level
lifetime (1/4,,) displayed in Table II. We assume then that the apparent
lifetimes are due essentially to collisional and partly to reabsorption phe-
nomena.

3.1 Plasma Temperature

The temperature of the plasma induced by the laser on the surface of water
has been measured using a Saha-Boltzmann analysis. The use of the
expression for the population N, of the upper energy level

A@ _ 8u _I%
N(T) ~ U(T) eXp(KT) M

where

— U(T) is the partition function
— g, is the statistical weight of the level u
— E, is the energy of the level u

and of the emission coefficient ¢ of a line at the frequency v [18]:
s = — AulV, 2
e= A )

allows the determination of the temperature 7.

TABLE I Constants decays of the lines 3933 A, 3968 A 3158 A, 3179 A, 3706 A and
3736

Line (A) 3968 3933 3736 3706 3179 3158
Decay constant (ns) 1280 1275 1330 1320 1300 1320

TABLE II Spectroscopic data of some lines of Call

A (A) E, (cm™) g A,y (10%s7
3158.86 56839.25 4 3.1
3179.33 56858.46 6 3.6
3706.02 52166.93 2 0.88
3736.90 52166.93 2 1.7
3933.66 25414.40 4 1.47
3968.46 25191.51 2 1.4
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Figure 5a shows the plot, y =Log(V,/g,) as a function of £, at 3200 ns,
where we have used the spectroscopic data given in Table II.

The temperature evolution is shown in Figure 5b. One can see that T,
seems constant during the first 2.5 us around the value of 28000 K, and
decreases slowly to 21000 K during the next 1.5 ps. T, is averaged in the
observed region of the plasma as mentioned above in 2.

3.2 Electronic Density

The electronic density N, is usually measured from the broadening of the
lines, which is assumed to be essentially due to electron impacts with
radiating atoms (Stark broadening). The contribution of electric microfields
generated by plasma ions is usually considered to be negligible in com-
parison with the first one [19].

To determine N,, we have to compare the experimental width with the
theoretical data for the same 7. In this work, the Stark broadening of the
Cal line at 4227 A is used to deduce N, and its temporal evolution.

Using the Sahal-Bréchot code based on the Sahal-Bréchot and Baranger
theory [11-13], we have measured the line widths # and have adjusted the
electronic densities until the calculated values of W fit the experimental
values. These theoretical half-widths were calculated by using the values of
T, found as shown above in 3.1.

The full half width of the line emitted between the initial level i and the
final level j is giving by the following formula [11]

W=N JOO of @)dv| D 0i(0) + Y ap(v) + o A3)
0 i T#

where

— 0;7 and oy are the inelastic cross sections

o, elastic cross section

— i’ and j are the perturbed levels,

— N and v are respectively the density and the velocity of the perturbers,
and f{v) is the Maxwellian velocity distribution.

Figure 6 shows the evolution of the electronic density with time: N, is
equal to 1.25 10"®cm ™ at 7= 500 ns, before decaying exponentially with a
time constant 7, = (1200 &= 50) ns.

N, is an important parameter used to describe the plasma environment
and is crucial for establishing its equilibrium conditions. In a local ther-
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FIGURE 6 Temporal evolution of the electronic density of the plasma N,. The error bars are
due to the experimental incertitude in the determination of the temperature.

modynamic equilibrium, the collisional excitation and de-excitation must
dominate the radiation processes, which requires a minimum of electronic
density. The minimum of N, necessary for the establishment of local
thermodynamic equilibrium between two states separated by AE(el) is a
function of the temperature, and is given by Griem [18]

N =9.2x 10" x /T x AE?

For AE=7.041eV and at 7,=28000K, N, should be at least
5.3 x 10" cm™>. In this case, N, is in excess of 10'” cm™ for 7 < 5000 ns.
This suggests that local thermodynamic equilibrium exists throughout the
states of species in the plasma during this time delay.

4 SUMMARY AND CONCLUSION

In this work we have characterized temporally the plasma induced by
nanosecond Nd:YAG laser pulses on the surface of CaCl,, aqueous solu-
tions. We report a series of measurements on the temporal evolution of the
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plasma, by a time resolved spectroscopic method. The plasma emission
spectra are characterized by a strong bremsstrahlung continuum for the
early stages ¢ < 140ns. After this time, ion lines appear, followed by the
neutral atom emission. The intensities of Call, which decrease exponen-
tially for #> 500ns, are used to determine the temperature 7,= 28000 K
from a Boltzmann plot. The comparison of the evolution of the line profile
(half width) of Cal emission with the semi-classical theory allows the
determination of the electronic density N, of the medium:
N,~1.25 x 10" cm™ at t= 500 ns followed by an exponential decay with
a time constant 7, = (1200 4+ 50)ns. A confirmation of the validity of the
assumption of local thermodynamic equilibrium has been carried out as
well.

By comparing the decay constant of the electronic density and the decay
constant of the line intensities originating from Call, we note that they are
similar. This remark leads us to conclude that for #> 500ns, the line
intensities of Call have the same behavior as the electronic density, thus
that the Call population is correlated to N.. A model built on this obser-
vation is presented in the subsequent study [20].
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