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Emission spectra of Mgl and MgII from a plasma induced by the interaction of a laser
pulse with the surface of aqueous solutions of MgCl,, were recorded by a time
resolved spectroscopy method to obtain information on the processes involved in the
formation and the evolution of the two different species. A kinetic model based on
ion-electron recombination produced during the relaxation of the plasma is
constructed with the aim to explain the origin and the temporal shift of observed Mg™*
and Mg emissions. Comparison with the experimental results is presented and discussed.
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1 INTRODUCTION

In the last decades, the Laser-Induced Plasma (LIP) technique has been
widely used as an analytical tool to get information on the contents of water
and organic solutions [1-3]. The technical approach consists mainly of
focusing a beam of a pulsed laser on the sample to produce a transient
plasma and to use atomic emission spectroscopy (AES) to analyze the
solution. Two setups are used: in the first the plasma is produced within the
bulk of the liquid [4, 5], while in the second it is produced at its surface
[6, 7]. The latter case gives more information as the plasma formed on the
surface is more intense and has a longer life time. In some cases the laser
beam was focused in an aerosol or in a liquid jet [8, 9]. The processes in the
formation of a plasma by interaction of a pulsed laser with media have been
discussed in detail [10, 11].

To our knowledge, all studies show that, in the case of alkaline solutions,
only the neutral atoms (Nal, KI) are observed by their radiative deexcita-
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tion, and for the alkaline—earth solutions, neutral atoms (Mgl, Cal) and
mono-charged ions (MgII (Call) are observed, whereas the spectra of Nall,
KII, Calll and MgIII are not seen. D. A. Cremers et al. [5] note that in the
case of a plasma induced in a solution of CaCl, the emission of Cal is
observed after the emission of Call. The same behavior is observed in the
case of MgCl, [6]. The observations of these authors and others mentioned
in our previous work [11] lead us to conclude that a electron-ion recom-
bination process can be at the origin of the formation of the excited species.
The goal of this work is to verify this hypothesis.

We have recorded the time evolution of the intensities of some MgII and
Mgl lines emitted in a plasma induced by Nd:YAG laser pulses on the
surface of water solutions of MgCl,, and we have built a kinetic model
based on recombination processes. The agreement of the results given by
the model with those obtained experimentally is presented and discussed.

2 EXPERIMENTAL SET UP

Details of the experimental set up are given elsewhere [11]: the beam of a
pulsed Nd:YAG laser emitting at 532 nm with a pulse duration of 10 ns and
75mJ energy is focused at a repetition rate of 2 Hz on the surface of an
aqueous solution (MgCl,, 4-5 H,0, 0.05 Mol/1, Prolabo, purity 97%). The
emitted light from the central slice (the observed slice has a thickness of
100 um through the entire height of the plume) of the plasma is collected on
the entrance slit of a 60 cm focal length monochromator, equipped with a
photomultiplier (Hamamatsu R928). The temporal behavior of the emission
is measured by a digital oscilloscope (Tektronix 320 TDS) and processed
by a computer using a Labview program.

3 RESULTS

The time evolution of the plasma emission in the 2770 A to 2860 A region
is shown in Figure 1. A series of lines are observed: emissions of MglIl
(2803 A, 2797 A, 2795 A, 2790 A) and emissions of Mgl (2777 A, 2852 A).
Shortly after the laser pulse the dominant radiation is a strong continuum
attributed to bremsstrahlung phenomena (free-free transition) and colli-
sional radiative recombination (free-bound transition).

Figure 2 shows the time evolution of the continuum emission (at 2860 A)
together with the emission of MgII at 2803 A (3S,,, — 3Py ») and of Mgl at
2852 A (3Sp — 3P;). The continuum emission decreases rapidly compared
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FIGURE 1 Time evolution of the spectrum of the plasma between 2770 A and 2860 A.
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FIGURE 2 Curve a: time evolution of the background continuum at 2760 A. Curve b: Mgll
emission at 2803 A, emission at peak. Curve c: Mgl emission at 2852 A, emission at peak.
Notice the delay in the appearance of the two lines.
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to the discrete emission and we can measure the onset of the ionic line
which starts to be observed at f~ 80ns while the neutral starts at
t ~ 200 ns, with a shift of 120ns. In Figure 3, the scatter graph (square)
shows the time evolution of the MglI line intensity at 2803 A, where it
should be noted that the intensity increases rapidly to reach its maximum at
t ~ 550ns and then decreases: a fit with an exponential decay is shown,
which is discussed below. The scatter graph (triangle) given shows the
evolution of the fundamental resonance Mgl line intensity at 2852 A: it
increases to reach its maximum at ¢ & 950 ns before decreasing more slowly
compared to the preceding one, and the fit shown will also be discussed
below. In the time interval 500ns < ¢ < 1000 ns, we note a decrease of the
Mg*t emission although the emission of Mg continues to increase. For
¢t > 1000 ns, the emissions of both Mg™ and Mg decrease at different rate.

In Figure 4a, the temporal behavior of the lines of Mgl at 2777 A and
2852 A are compared: apart from the relative intensities, they are quite
similar, as is the temporal behavior of the lines of Mgll at 2803 A and
2795 A displayed in Figure 4b. From the similarity of the time evolution of
the neutral emissions, we can suppose that the excited states of Mgl
are formed by the same mechanism. Also from the similarity of the tem-
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FIGURE 3 Time evolution of the Mgll line intensity at 2803 A: the intensities are
normalized by the intensity at # = 550 ns. The continuous line fit 1 is an exponential decay (see
text). Time evolution of the Mgl line intensity at 2852 A: the intensities are normalized by the
intensity at # = 1100 ns. The continuous line represents fit 2 is the sum of three exponential
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FIGURE 4a Temporal variation of the Mgl lines at 2777 A and 2852 A: the time evolution is
similar for both lines.
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FIGURE 4b Temporal variation of the MgII lines at 2795 A and 2803 A: the time evolution
is similar for both lines.
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poral behavior of the ionic emissions, we can make the same assumption
for the formation of excited states of Mgll. Since the temporal behavior of
the ionic emission is different from that of MgI, the process of formation of
the excited states must be different.

4 KINETIC MODEL

It is well known that free electrons can be captured by a positive charged
ion via different mechanisms [12—14].

(a) Radiative Recombination (RR): a direct capture of a free electron by an
ion X9 where the excess energy is carried away by a photon. This
phenomena contributes to the continuum spectrum emission [15-16].

X +e— XD 4 py (1)
(b) Three Body Re combination (TBR)
X fete— XD e 2)

in this case the excess energy is carried away by the second electron e*.

(c) Dielectronic Recombination (DR): in this case the excess energy is
used to excite a core electron within the ion. After this capture process
the ion is in a multiply excited state which can decay in different ways
[14]

XOT 4 e — [XU™ o XD 4oy — XD 4 Ay + A,
A3)
The processes presented (RR, TBR, DR) can be at the origin of the
observed spectrally discrete line emission, and we will use that assumption
in the following treatment.

In our previous work [11] we had determined the temporal evolution of
the plasma generated under our experimental conditions: the electronic
temperature 7, drops from 28 000K at # =~ 500 ns to 21 000 at # ~ 5000 ns.
The evolution of the electronic density N, under experimental conditions
described here and elsewhere [11] can be given by the phenomenological
function:

fo—t
N,(£) = N, exp( 07.-

) for ¢ > tp = 500 ns @)

e

where 7., the time constant of relaxation of N,, is equal to 1200 4+ 50 ns and
Ny, the electronic density at # = 500 ns equal to 1.25 x 10'8 cm™3.
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The next step is to interpret the time evolution of the plasma after #j, the
time from which we have determined the evolution of the electronic density
N, [11].

We can separate the time scale of the ion-electron recombination into two
parallel and almost simultaneous process: process 1 is the recombination of
the electrons with the Mg™™ ions ejected from the solution to give Mg™
ions, while process 2 is the recombination of the Mg™ ions formed in the
first step with electrons to give Mg atoms.

Process 1

k
Mgt + e = Mgt — Mgt + Py (3)

This reaction describes the recombination processes assuming the
approximation of a small variation of the electronic density. Indeed, the
constant decay of the electronic density is much larger than the lifetime of
exited states of Mg™.

The rate equation for the process (5) is given by:

dMg* ()]

& = N (1) ©)

where k; is the recombination coefficient and [Mg'"(¢)] is the concentra-
tion of Mg™™ ion in the plasma. It is given by:

[Mg ™" ()] = Mg (t0)] — [Mg" (1)]. (M

Using the Saha equation, the populations [Mg™*], [Mg"*] and the electronic
density N, are related by [17]:

Ne[Mg++]_ZZMg++(T) mKBT 3/2 M (8)
Mg*l — Zygr (T) \ 27 KsT

where Zyg++(T) and Zy,+(T) are the partition functions, )" and AEME"
are respectively the ionization energy and its correction for interaction in
the plasma.

The density of population [Mg;F] which are in quantum states u is given
by the Boltzmann distribution [17]:

M1 = Mg ] e (). ©)
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The emission coefficient /,; of a line corresponding to the transition
between levels u and / is given by:

hvy
Iul: Jul

AulMg1P(v). (10)

4g

In the work presented elsewhere [11], we have shown that the temperature
T does not vary significantly in the range 500 ns < ¢ < 5000 ns. Therefore,
we can assume with a good approximation that the second term in Eq. (8) is
constant.

By combining Egs. (8), (9) and (10) we can write:

L, oN.[Mg*™] (10b)

By observing the temporal evolution of the line intensity at 2803 A of Mg*
given in Figure 3, we note that the intensity decreases exponentially for
t > 500 ns with a decay constant T &~ 1285 ns. This was also observed for
Ca™ lines [11]. We notice that this constant decay is similar to the constant
decay of the electronic density. This implies that in the expression 10b
[Mg*™] remains constant during the observation time.

In the following treatment, we assume that [Mg™ " (£)] ~ [Mg™t(#)]

(6) = Mg" (1] = J Mg (1)INo exp (’° - ’/) @

to te

= Mgt(r) =k [Mg++(t0)]Nore(l _ (t" - t)) (11b)

e

[Mg ™" (¢)] represents the concentration of Mg™ ion formed by recombination
between ¢, and t.
[Mg**()] is given by

t

Mg+ (0)] = J

-1,

to—1
ki [Mg ™t (19)INo exp( 0 ) dr (12)
Te
where 7, is the lifetime of the excited species: it is equal respectively to
3.8ns and 2 ns for upper states corresponding to the emissions 2803 A of
Mg" and 2852 A of Mg.

(12) = 0] = Mg Worexp (" ewn(2) 1] 9

e e
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Using 7, < T.:

Mg 0] = kMg Wor, exp () (14)

e

The deexcitation of Mg** can be achieved by a radiative transition from

one of its excited p states to a level /. The line intensity /,(¢) is given by:

i) =" A g™ () (15)

where A, is the transition probability which gives

Ly(t) = Iy exp (tor— t) (16)

e

Process 2

Mg" +e 3 Mg* — Mg+ hvig (17)

This reaction describes the recombination processes assuming the
approximation of a small variation of the electronic density, as for process
1.

The rate equation for the process (17) is given by:

O oo 0] (18)

where [Mg*(7)] represents the concentration of Mg™ at the instant z. We
assume that the concentration of Mg™ at the instant ¢ is Cj.
Using (11b): Mg* is given by:

[Mg" (5] = Co + ki [Mg++(to)]N0re(1 —exp (“’T_ t)) (19)

e

d[Mg(1)]
dr

= (1) (co + I Mg N, (1 — exp (’OT_ t))) (20)
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and [Mg*(¢)] is given by:

t

Mg" ()] = J

-1,

ko N.(1) <C0 + Kk [Mgt Ny, (1 — exp <for— ﬂ))) dr (21)

e

th—1
[Mg*(1)] = kaNyCot, exp< 01— ) + ki [Mg ™ INE 7,7,

X (exp <tor— t) — exp (72001— 0)) (22)

We introduce /,,(¢) as the line intensity emitted by Mg* by a radiative
transition from a level m to a level n, given by:

h
() A M (1) 23)

which gives

L () = Ly exp (tOT_ t) + 1 (exp <IOT_ t) — exp (@)) (24)

The expression (24) can be obtained in another way, by applying the Saha
Eq. (8) to the population of Mg, Mg* and N,, by applying the Boltzmann
Eq. (9) to Mg, and by using the Egs. (10) and (19).

5 DISCUSSION

In the case of a system where the electronic density follows the expression
(4) and whose evolution can be described with the approximations given in
Section 4, the intensity of the line emitted by an element formed after one
recombination (Mg") is given by (16) and the intensity of the line emitted
by an element formed after two successive recombinations (Mg) is given
by (24).

In the case of Mg™ emission at 2803 A, we have used the expression (16)
to fit the observed line intensity. We have adjusted 7. within the experi-
mental error, in order to obtain the best fit for 7> #, and found
7, = 1285ns (Fig. 3 fit 1). This value is similar to that found for the
emission line of Ca™!!. The striking observation is the similarity between
the decay constant of the electronic and the decay constants of Mg* (and
Ca™) emissions. This result allows one to conclude that the recombination
process can be at the origin of Mg"™ (and Ca™) formation.
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For the Mg emission at 2852 A, we have used the expression (24) to fit
the observed line intensity. As this intensity shows a maximum for
t > 500 ns, we have adjusted 7. in order to fit this maximum with that found
experimentally, we found 7, = 1300 ns similar to that found above (Fig. 3 fit
2). By comparing the decay of the line intensities with the decay of the
electronic density we obtain dt,/t, = 0.04 where Jt, is the difference
between the value obtained from the measurement from N, with the one
obtained with this fit; this 4% discrepancy can be considered as negligible.

The temporal behavior of N, and Mg, Mg™ is expected to be due to both
plasma expansion and recombination processes. By comparing the results
given by the kinetics model which is built disregarding the expansion, with
those found experimentally, we note a very good agreement: a strong
correlation between the time evolution of Mg" emissions and N, is
observed and the time evolution of the Mg emission can be fitted by the
expression obtained by the model which implies the recombination process
Mgt electron. These observations lead to the conclusion that either the
plasma expansion does not modify significantly the concentration of the
three species within the observed zone and during the range time
(500ns < ¢ < 5000ns), or that this expansion affects in a similar way the
three populations.

6 CONCLUSION

In this work a kinetics model based on electron-ion recombination is pre-
sented and compared with the experimental results obtained from a plasma
induced by a pulsed laser on the surface of water solutions of MgCl,. The
time evolution of the lines intensities (2803 A) of Mgl and (2852 A) of Mgl
is reported. It is noted that the temporal behavior is different: the time
of appearance, the time when they reach a maximum and the way of
relaxation. By comparing with the model presented we can say that the
recombination of the electrons created at the beginning of the interaction
with the laser pulse, with ions ejected from the solution could be the origin
of the observed exited species. In a first approximation, the kinetics of
recombination electron-ion processes can be simulated with the present
simple model in the observed region of the plasma and in the indicted time
interval.
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