
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Spectroscopy Letters
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597299

Spatial and Temporal Characterization of Distilled Water Plasma Using
Laser-Induced Breakdown Spectroscopy: Effect of Self-Absorption on
Plasma Parameters
S. Boussaïdia; R. Hannachia; H. Ghalilaa; Z. BenLakhdara; G. Taiebb

a LSAMA, Physics Department, Faculty of Sciences, University Tunis El Manar, Tunis, Tunisia b LPPM,
Paris SUD University, Orsay, France

To cite this Article Boussaïdi, S. , Hannachi, R. , Ghalila, H. , BenLakhdar, Z. and Taieb, G.(2008) 'Spatial and Temporal
Characterization of Distilled Water Plasma Using Laser-Induced Breakdown Spectroscopy: Effect of Self-Absorption on
Plasma Parameters', Spectroscopy Letters, 41: 8, 369 — 375
To link to this Article: DOI: 10.1080/00387010802371973
URL: http://dx.doi.org/10.1080/00387010802371973

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597299
http://dx.doi.org/10.1080/00387010802371973
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Spatial and Temporal Characterization of
Distilled Water Plasma Using Laser-Induced

Breakdown Spectroscopy: Effect of Self-
Absorption on Plasma Parameters

S. Boussaı̈di1,

R. Hannachi1,

H. Ghalila1,

Z. BenLakhdar1,

and G. Taieb2

1LSAMA, Physics Department,

Faculty of Sciences, University

Tunis El Manar, Tunis, Tunisia
2LPPM, Paris SUD University,

Orsay, France

ABSTRACT The spatiotemporal evolution of the plasma induced by inter-

action of an Nd-YAG laser pulse with the surface of distilled water is

described. The temporal evolution from 200 ns after the plasma creation

to 2200 ns of the Ha and Hb lines is reported. Supposing the local thermo-

dynamic equilibrium, the two plasma parameters, electron density and tem-

perature, are determined, including the influence of the self-absorption on

its measurements. The spatial evolution of the Hb intensity and of the elec-

tron density is given.

KEYWORDS laser-induced plasma spectroscopy, plasma, self-absorption,

spatial, temporal, water

INTRODUCTION

The technique of laser-induced breakdown spectroscopy (LIBS), where

focusing the pulse of a laser on a surface forms luminous microplasma, is

a powerful technique due to its rapidity and its case of use.[1] This technique

has been developed over the past years for many applications,[2,3] including

analytical chemistry, medical surgery, and material cleaning. For solid tar-

gets, analysis of the spectra emitted by the vaporized species (ions and neu-

tral atoms essentially) gives information on their chemical compositions.[4,5]

Less attention has been paid to the analysis of liquid by LIBS, as a number of

alternative and classic analytical techniques have much higher sensitivity.

Cremers et al.[6] carried at the most advanced spectroscopic study on

plasma created by laser into water. The object of their study was to detect

the trace present into water using emission spectroscopy. The plasma is

obtained by focusing an Nd:YAG into the sample. The pulse duration is

about 15 ns. They obtained the temporal evolution of electronic temperature

and density by means of the Li and Ca elements. The corresponding tem-

peratures are between 6900 K and 11,600 K. The lines used for the determi-

nation of electron density are the doublet Li I (670.78 nm and 670.79 nm)

and the Ca I line (422.7 nm). The precision of Ne is estimated to �25%.

Received 17 April 2007;
accepted 30 April 2008.

Address correspondence to
S. Boussaı̈di, LSAMA, Physics
Department, Faculty of Sciences,
University Tunis El Manar, Tunis,
Tunisia. E-mail: boussaidi_slah@
hotmail.fr

Spectroscopy Letters, 41:369–375, 2008
Copyright # Taylor & Francis Group, LLC
ISSN: 0038-7010 print=1532-2289 online
DOI: 10.1080/00387010802371973

369

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
2
:
5
0
 
3
0
 
J
a
n
u
a
r
y
 
2
0
1
1



These lines are resonance lines; no verification or

correction of the self-absorption effect was done.

This may be critical, particularly for the Li I doublet,

which is sensitive to this effect. Thus, it is possible

that the electron densities may have been overesti-

mated during the experiments of Cremers et al.

Other point of fundamental importance is that all

the spectra were integrated in the space, and no

radial measurements of Te or Ne were done.

We have determined both plasma electron density

and temperature from analysis of the time-resolved

spectra of the two hydrogen lines Ha and Hb, taking

into account the auto-absorption phenomenon

observed in the case of the Ha line. The spatial evolu-

tion of the electron density Ne was also determined

by using the correlation between it and the Stark

width of the atomic lines.

MATERIALS AND METHODS

In Fig. 1, we present the experimental setup. The

second harmonic of an Nd-YAG laser (Quantel,

France; model Brillant B) pulse at 532 nm, 10ns

duration, 30mJ energy, at a repetition rate of 5Hz, is

focused on the surface of the sample (distilled water)

by a lens of 15 cm focal length (L2). The plasma emis-

sion is collected by another lens of 10 cm focal length

(L1) on the entrance slit of a 60-cm focal length

monochromator (Gzerny–Turner, USA). The distance

between the plasma P and the slit is 60 cm. The lens

L1 is set a distance d1¼ 12.6 cm from P in order to

obtain an image magnification of �4, making easier

the study of the spatial evolution of P. The signal is col-

lected by an ICCD camera (Andor, Belfast, Northern

Ireland; model istar) in which the matrix CCD is com-

posed of a 1024� 512 photocathode connected to a

PC for signal analysis under software control, and it

caters to a broad range of spectroscopic applications.

The spectra were acquired using a gate time of

200ns, which provided a good signal-to-noise ratio,

necessary for a precise measurement of the spectral

line intensities. The time delays after the laser pulse

ranged between 200ns and 2200ns.

Plasma Parameters

A lot of studies have been performed to investi-

gate the shape of the hydrogen line behavior and

eventually its broadening.[7] We present here briefly

the different theoretical approaches used. The elec-

tron impact theory considers the broadening as a

result of the impacts of the free electrons in the

plasma (impact approximation). As a consequence,

the amount of the broadening depends on the elec-

tron concentration and on a logarithmic factor that

decreases with an increase of the electron density.

In the quasi-static approximation, the broadening

depends on the electron density for singly ionized

ions to the power of two thirds. This power law still

holds true after accounting for ion–ion correlation

and Debye shielding effects. Assuming that the

collisions by electrons are predominant in the plasma

FIGURE 1 Experimental setup.
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produced by the Nd-YAG laser used and that this

plasma is at local thermodynamic equilibrium

(LTE). The determination of the electronic density

and temperature is fundamental. In fact, the electro-

nic temperature describes the population of the

excited states using the Boltzmann law.[8,9] On the

other hand, the electronic density is frequently used

to study the thermodynamic properties of the plasma

and also the collisional process. In the current work,

we will try to determine these parameters and their

evolution in time. The determination of the electro-

nic temperature and density will serve us to judge

whether the plasma is under LTE conditions or not.

In this study, plasma inhomogeneity was neglected

because the gradient was not very strong. In general,

however, the gradient of temperature and density is

strong except for the first few millimeters from the

target surface. Thus, the spatial evolution that we will

present later confirms this supposition. In Fig. 2 we

present the temporal evolution of Ha at 656.28 nm

(Fig. 2a) and Hb at 486.13 nm (Fig. 2b),[10] in the

time interval 200–2200 ns. These lines are useful to

determinate the electron plasma temperature (Te)

obtained from the measurement of the ratio of their

intensities[11] as follows:

I1
I2
¼ g1A1

k1

� �
k2

g2A2

� �
� exp

� E1 � E2j j
kTe

� �
: ð1Þ

The precision on the intensities is estimated at 3%

using the reproducibility on the line emission inten-

sity, so we obtain incertitude on the temperature of

about 5%. Here I, k, A, and g are respectively the

total emission intensity (integrated over the profile),

the wavelength, the transition probability, and the

statistical weight of the two lines, respectively, and

E1 and E2 are the energies of the emitting levels.

The first estimation of the temporal evolution of

the electron temperature shows an exponential

decay (s� 455 ns), at in can be seen in Fig. 3.

The emission profiles of the hydrogen Balmer

lines can be affected by different kinds of broaden-

ing, including natural, Doppler, Stark, instrumental

(in our case the instrumental broadening is about

0.03 Å), and so forth.[11] The Stark effect is linear for

hydrogen and hydrogenic lines.[1] Due to this effect,

hydrogen lines are broadened and therefore more

sensitive to the plasma electron-number density,[12]

and the width of Stark-broadened spectral lines in

plasma depends on the electron density Ne.
[1] A lot

of studies has been carried out to calculate the elec-

tron densities; it was shown that for an accurate

determination of the electron density in the range

of 1015 to 3� 1017 cm�3, the Hb line is frequently

FIGURE 2 (a) Temporal evolution of the Ha-line at 656.28 nm.

(b) Temporal evolution of the Hb-line at 486.13 nm.

FIGURE 3 First estimation of the temporal evolution of

electron temperature fitted with an exponential decay.
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used.[13,14] The comparison of the theoretical and

experimental results of widths using the Hb line

presents reliability better than 5%.[7] In the current

work, we enlarge this range and we estimate that

the calculation of the Hb-line width is still available

untill 4.5� 1017 cm�3 and it confirms the fact that at

electron densities higher than 5� 1017 cm�3, the

Hb-line width is affected by other phenomena[15]

such as strong broadening, which introduces the

asymmetry between the red and the blue peaks,

and distortion of the line, which may be caused by

the self-absorption effect.[16] Many theoretical and

numerical studies were performed to determinate

the electron density. The most frequently used tables

for this purpose were evaluated by Vidal, Cooper,

and Smith using the unified theory.[17] One of these

methods is presented by Joviçeviç et al.,[12] and

Helbig,[18] who calculated the Stark width including

the Doppler and instrumental broadening, gives the

following relation between the Stark half-width

at half-maximum (HWHM) of the Hb line and the

electron density Ne.

Neðcm�3Þ ¼ 1016 � ðHWHM=4:7333Þ1:49: ð2Þ

Because the gradient of temperature is present and

for a convenient spatial diagnostic of the plasma, the

formula (2) will be useful later to evaluate the spatial

evolution of the electron density. The method used

for the temporal evolution of the electron density is

given by Griem;[7] this is a theoretical approach based

on semiclassical theory and it shows its performance

for dense plasma. The stark full-width at half-

maximum (FWHM) is related to the electron

density by[7]

Neðcm�3Þ ¼ CðNe; TeÞ � FWHM3=2; ð3Þ

where C is a parameter that is tabulated for the H

Balmer lines in the literature[7] and which depends

weakly on Ne and Te. We represent in Fig. 4 the tem-

poral evolution of the electron density calculated

from the Ha and Hb line Stark widths.

Knowing the values of electronic temperature and

density, we can affirm the existence of LTE in the

range of time mentioned before. Using the criterion

given by Griem on the electron density:[7]

Ne0 ¼ 1:6� 1012 � ðDEÞ3 � T 1=2
e ;

where DE is the difference between the two upper

levels of the considering species, and Te is the

electronic temperature obtained previously. We

obtain the value of Ne0� 4� 1014 cm�3, and thus ver-

ify that our plasma is under LTE as our density values

are greater than Ne0.

Effect of Self-Absorption on the

Plasma Parameters Determination

Due to the presence of a relatively cold layer at the

periphery of the expanding plasma, the lines emitted

from the target species can be strongly self-absorbed

and become optically thick.[7] Therefore, the mea-

surements of electron density and temperature using

these lines are likely to be affected by strong errors.

It is shown that for high densities, the Ha line is self-

absorbed, thus making the electron density overesti-

mated.[16] Indeed the self-absorption increases the

width at half-maximum of the line and decreases its

intensity.[19] And the measurement of the broadening

of the line used for the determination of Te and Ne

has to be corrected.

We propose here a simple method that can be

used for quantifying the effect of self-absorption on

the emission lines profiles observed by LIBS. We

suppose first that the plasma is homogenous and

we neglect the gradient of temperature and density.

The self-absorption coefficient is defined as the ratio

of the measured peak height to peak height of the

line non–self-absorbed. This coefficient is equal to

one if the line is optically thin and decrease to zero

if it becomes thick.[20]

FIGURE 4 Temporal evolution of electron density calculated

from (&) Ha line width and (�): Hb line width.
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The ratio of the intensities is given by

I thin
0

I thick
0

¼ s0

ð1� expð�s0ÞÞ
; ð4Þ

where s0 is the optical thickness.

In the other side, the ratio of the (FWHM), which

is also affected by the self-absorption, is given by the

formula

Dxthin

Dxthick
¼ Dkthick

Dkthin
¼ �1� s0

Ln 1þexpð�s0Þ
2

� �
0
@

1
A
�1=2

: ð5Þ

We’ll introduce in this work the so-called correc-

tion factor (CF) defined by

CF ¼ I thin
0 � Dkthick=I thick

0 � Dkthin: ð6Þ
We present in Fig. 5 the variation of these values

versus the optical thickness (4, 5, and 6).

The variation of the correction factor plotted with

the ratio Dkthick=Dkthin is shown in Fig. 6. The plot is

fitted by a simple function given by

CF ¼ ðDkthick=DkthinÞ0:773: ð7Þ

As mentioned previously, the electron density cal-

culated from the Hb line is better than the one calcu-

lated from the Ha line, but we shouldn’t forget the

fact that this one is self-absorbed. Hence we presume

that the electron density calculated from the Hb line

is the real value. We have deduced from the values

of densities (using the Hb line) given in equation

(3) the values of the Stark FWHM that the Ha line

should have if it was non self-absorbed, and then cal-

culated the value of DkSA=Dknon-SA, and we calculate

the correction factor using the expression (7). The

variation of the CF with the ratio of the integral inten-

sities is given by the expression calculated by M.El

Sherbini et al.[20]:

CF ¼ ð~II thin
=~II

thickÞ0:5: ð8Þ

Finally, to get the corrected temperature values

that are reported in the graph presented in Fig. 7,

one uses the equations (7) and (8) and then corrects

the intensity of the Ha line. The temperature calcu-

lated after the self-absorption correction is less than

the temperature calculated and presented in Fig. 3.

In fact, the self-absorbed lines are generally followed

by a decrease of peak intensity; for this reason, the

temperature calculated before is higher than the one

calculated after including a correction due to the

self-absorption. The temporal evolution of the

electronic temperature presents an exponential

decay as can be observed in the two cases, neverthe-

less this decay is smoother in the first case (�455 ns)

than in the second one (�402ns). The current method

can be generalized for any plasma induced by laser

ablation. In fact, this method can optimize with a high

precision the electronic temperature values that are

highly used for a quantitative study of the plasma.

Nevertheless, one must use lines whose Stark para-

meters are known with good precision.
FIGURE 5 Evolution of (�)Ithin/Ithick; (&) Dkthick=Dkthin and (D)

C.F versus a random optical thickness.

FIGURE 6 CF¼ (Dkthick=Dkthin)0.773.
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Spatial Evolution of the Hb Line

We have recorded the spatial emission of the Hb

line by moving horizontally the collecting lens L1

by a step of 0.5 mm on a total horizontal width of

3 mm. These results, recorded at the time intervals

0.5ms, 1 ms, and 2ms after the laser pulse, are shown

in Fig. 8. In order to investigate the behavior of the

plasma, we have chosen to study among different

parameters the spatial evolution of the electron den-

sity. The electron density can be calculated by using

the HWHM of the Hb line already studied, applied in

equation (2). These results are presented in Fig. 8. As

can be seen from the figure, the radial gradient of the

electron density is much smaller than the radial gra-

dient of the intensity, which depends strongly on r,

and it decreases quickly. Because the electronic den-

sity depends on the Stark width and there are no sig-

nificant differences of the Stark widths[21] on both

sides of the center of the plasma, therefore the elec-

tron density should not differ very much in radial

direction. These results do not contradict the results

found by other authors.[21,22] The density profile is

practically flat, this behavior confirms the spatial

plasma homogenity, nevertheless the profile is

smoother at 0.5 ms and at 1 ms more than at 2ms,

FIGURE 8 &,�, and ~: Spatial evolution of the electron density. &,�, and4: Spatial evolution of the intensity. &, &: t¼0.5 ls;�,�:

t¼1 ls. ~, 4: t¼ 2 ls.

FIGURE 7 Temporal evolution of Te corrected.
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and we can attribute this to the plasma expansion.

The plasma expansion explains also the intensity

profile. However, the interaction with the ambient

air has also a strong influence on the expansion pro-

cess.[23] The drop of density to zero characterizing

the plasma–air boundary is not observed, which sup-

poses that the plasma geometry could not be cylind-

rical, therefore a hemispheric geometry[24] could

explain this behavior but not in our experimental

conditions where, and especially at the edges of

the plasma, the geometry is not regular.

CONCLUSIONS

We have presented in this present work the results

of the measurements of two parameters (electronic

density and temperature) used to describe the

plasma formed by interaction of laser pulses on the

surface of pure water, including corrections due to

the self-absorption of the Ha line. The correction fac-

tor introduced in these corrections allows as to

obtain a correct estimation of the plasma tempera-

ture during its formation and its evolution. However,

one must know a Stark width (i.e., electron density)

of at least one line with good precision in order to

evaluate the correction factor, which will serve to

correct the electron temperature. Results on the spa-

tial distribution of intensities and electron density are

given. The spatial evolution of the integrated intensi-

ties could be used to determine the emissivity of the

plasma by applying the Abel inversion,[7] as the

intensities measurements reported here are averaged

over the radial distribution. Hence, this study would

be useful to describe plasmas induced by laser

ablation especially on liquid surfaces.
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