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Abstract

Calibration curves for the elements Cr, Ni and Mn in commercial steel alloy samples were obtained employing the
Internal Standardization method in atmospheric air pressure. A number of experimental parameters have been
optimized in order that the produced calibration curves showed good linearity over a broad range of concentrations
covered by the alloy elements. Emphasis was given to the development of the method for field analysis and for the
on-line control of production processes. � 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ž .Laser-induced breakdown spectroscopy LIBS
has received increased attention as a laser-based
analytical technique for rapid, multi-elemental
determination in gases, solids and liquids, due to
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Italy, October 2000, and is published in the Special Issue of
Spectrochimica Acta Part B, dedicated to that conference.
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its versatility, minimal sample preparation and
simplicity. It has become a widely-adopted tool
for the analysis of materials, both for the labora-

� �tory as well as for in-situ applications 1 , and
remote analysis in hostile environments.

The principle of the LIBS technique is as fol-
lows: when a powerful pulsed laser is focused on
a surface, a tiny amount of the material is vapor-
ized, and through further photon absorption, it is
heated up until it ionizes. This laser-induced
plasma is a micro-source of light that is analyzed
by a spectrometer. The obtained spectra consist
of emission lines corresponding to the elements
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evaporated from the sample surface. Although
there have been a lot of papers published over
the last few years dealing with the LIBS tech-
nique and its applications as an analytical method,

� �considerable research is still continuing 2�6 in
order to further develop the method: this has to
do with the optimization of the various experi-
mental parameters in each particular case to im-
prove the capabilities of the technique. In the
same sense, emphasis is given to solving the prob-
lems resulting from the ‘matrix effects’ of the
samples on the emission spectra and also from
the fractionation problems, ‘which may cause the
composition of the plasma vapor to be different

� �from the composition of the sample itself’ 7 .
In view of quantitative measurements, the cri-

teria for the so-called ‘stoichiometric ablation’,
i.e. when the plasma composition corresponds to
the sample surface, have been recently discussed

� �by Corsi et al. 8 . Briefly, in all typical LIBS
experiments, the laser power used seems to be
adequate for the analytical purposes of the
method. Lack of saturation and, therefore, opti-
cally thin plasma can be achieved by selecting the
appropriate experimental parameters. Finally, the
assumption about the establishment of local ther-

Ž .modynamic equilibrium LTE , in order that the
population distribution of any species in the
plasma is described by the Boltzmann distribu-
tion, can only be validated a posteriori, when the
plasma temperature T and electron density ne e
are calculated.

In the present work, we produced calibration
curves for the elements Cr, Ni and Mn, obtained
from their spectra emitted from a hot laser-pro-
duced plasma. The samples were commercial steel
alloys with known composition. Unlike similar

� �work on steel samples published recently 2,9 , we
Ž .used: a atomic emission lines with longer wave-

Ž .lengths for the above elements; b two different
laser wavelengths for ablation to search for ef-

Ž .fects due to different photon energies; and c
relatively lower laser intensities to irradiate the
samples. The temporal evolution of the plasma
emission was also studied and the geometry of the
system was optimized: all these different experi-
mental parameters resulted in calibration curves
valid over a broad relative concentration range.

The motivation for this work was to establish a
correlation between the mass spectrometric data
from which the certified concentrations of our
commercial samples were deduced and concen-
tration data based on the LIBS technique over a
broad range of concentration values. This is an
important task for future on-line applications of
the LIBS method in the local steel industry, tak-
ing fully into account the multi-elemental analyti-
cal capabilities of LIBS.

2. Experimental

2.1. Instrumentation

A schematic diagram of the LIPS apparatus is
Žpresented in Fig. 1. It consisted of a Quantel

.YG981 pulsed Nd�YAG laser used to evaporate
the target and heat the vapor plume. The mea-
surements were performed with both fundamen-

Ž . d Ž .tal IR 1.06 �m and 3 harmonic UV 355 nm
wavelengths, and the pulsed energies were 5�30
and 15 mJ for the IR and UV wavelengths, re-

Žspectively. A fast photodiode MRD500 Mo-
.torola placed near the target detected the laser

pulse and this signal served as t�0 in the time-
Ž .resolved measurements see below . A plano-con-

vex quartz lens with a focal length of 100 mm was
used to focus the laser on the target. A 2-m long

Žquartz optical fiber CVI Laser Corp., ��0.4
.mm, numerical aperture 0.22 , placed as close as

possible to the plume, served to collect the plasma
emission. The light emerging from the other side
of the fiber was focused by a second lens on the
entrance slit of a 600-mm focal length Jobin�Yvon

ŽHRP spectrometer 1200 g�mm grating, entrance
. Žslit 80�200 �m . A 1-k linear diode array EG&G

.OMA III detected the dispersed light and the
spectrum was displayed on a computer. The spec-
trum extent that could be detected after each
laser shot was approximately 20 nm, set by the
dispersion of the spectrometer and the length of
the sensitive area of the OMA detector.

Since all LIBS experiments deal with transient
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Fig. 1. Experimental apparatus. For explanation, see text.

phenomena, all measurements were performed in
a well-defined time window of observation. For
this reason, a homemade 10-Hz generator served
as the time base: it triggered the laser, the OMA

Žcontrolling computer operated in the external
. Ž .synchronization mode and a EG&G high volt-

age pulsed amplifier: the latter was used to trig-
ger the OMA detector and define the delay and
the width of the time window for the data collec-
tion. The gate delay values were set with respect
to the laser signal, recorded by the photodiode,
and could be varied between 0 and several mi-

Ž .croseconds while the gate width some �s long
was set appropriately to optimize the spectra.

The samples were positioned vertically to the
incident laser beam on a PC-controlled xy trans-
lator and moved during measurements: the laser
position was usually changed every five pulses
with a step size of 0.75 mm: thus an area of
approximately 10�10 mm was scanned. For ev-
ery new sample, first the ‘single scan’ mode of the
OMA detector was used to optimize the signal.

During this mode, the laser pulses cleaned the
sample surface as well before the actual measure-
ments followed. Secondly, the ‘accumulation’
mode was selected: 150 single LIBS spectra were
summed and stored in the disk, or alternatively,
sent to the printer. For each sample, this mea-
surement was repeated five times and both the

Ž .average and the standard deviation S.D. were
calculated. As a result of this method, and in
combination with the sample movement, the data
were the average of a small area on the sample
surface rather than of a single spot.

The stored files were transferred via a RS232
connection to the Lab PC and the spectra were

Žplotted and processed by standard software Mi-
TM .crocal Origin 5.0 . For the calibration of the

spectra and the peak assignment, we used LIBS
Ž .spectra of pure elements Fe, Mn, Cr, Ni as a

reference. Wavelength values for the reference
� �spectra were taken from 10 : this method re-

˚vealed a wavelength accuracy of 0.5 A or better
for the steel LIBS spectra.
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Table 1
Composition of steel samples in Cr, Ni, Fe and Mn

Sample number Fe Ni Cr Mn
Ž . Ž . Ž . Ž .% % % %

4997 97.21 0.185 0.946 0.78
5100 97.42 0.29 0.78 0.6
5086 97.08 0.27 0.87 0.85
5192 95.49 1.406 1.088 0.8
4542 95.58 1.68 1.225 0.63
5095 49.20 19.86 26.46 1.812
4682 68.61 9.25 19.3 0.669
4999 59 11.45 24.74 1.192
SS304 72.01 8.18 18.23 1.26
SS316 67.80 11.16 17.21 1.26

2.2. Samples

Steel alloy samples were supplied from the
Ž .Greek Modern Casting GMC company near the

city of Volos. They originated from the produc-
tion process and were delivered with a certified
composition based on their analysis with a mass

Žspectrometer. The stainless steel samples SS304
.and SS316 were obtained from the company

Avesta Sheffield Ltd with analysis certification.
The sample preparation before irradiation re-

quired a minimum amount of time. They were cut
into pieces of uniform size and their surface was
cleaned with alcohol. The composition of the
steel samples is depicted in Table 1. It should be
noted here that the composition of Ni and Cr

Ž .cover rather a wide area 0.1�26% of concentra-
tion values while that for Mn is in the order of
2% or less.

( )3. The internal standardization IS method

LIBS has been demonstrated in the past as an
analytical tool for qualitative determinations with
great success. While the qualitative analysis of a
sample is rather an easy task, quantitative results
on elemental composition emerging from LIBS
measurements require much more effort. An im-
portant question for such measurements is to
what extent the element composition in the
plasma, as it emerges from line intensity mea-
surements, corresponds to the actual surface

composition. Plasma emission is dependent on
� �laser parameters and geometry 11 that have to

be optimized in each individual case, but also on
composition, surface condition and thermal
properties of the sample. The latter are known as
‘matrix effects’ and affect the line intensity of an
element embedded in a particular matrix.

To avoid a number of experimental parameters
that are difficult to measure, the so-called inter-
nal standardization method has been proposed
� �12 and widely used. The method is based on the
following principle: a number of reference samples
are prepared, all having a similar and known
elemental composition. Usually, in such a set of

Žsamples, a suitable element dominates internal
.standard and defines the sample properties in

view of the ‘matrix effects’. It is, therefore, ex-
pected that the plasma emission be less affected
from sample to sample. In a LIBS experiment,
the ratio of the line intensity of a trace element
to the emission line of the internal standard is
measured and plotted as a function of the known
concentration ratios in the reference samples.
These plots are the calibration curves that allow
quantitative analysis in unknown samples.

Obviously, a limit is set to the applicability of
this method, because a similar composition for
the unknown sample is also required. A large
number of data based on this method have shown
that this can be anticipated for laboratory mea-
surements, where reference and unknown sam-
ples can be embedded in similar matrices, but is a
severe restriction for field experiments where the
sample composition is unknown.

For completeness, we note here that, recently,
a new procedure has been developed for a cali-
bration-free quantitative analysis in LIBS experi-

� �ments 13 . In this method, matrix effects can be
overcome and field measurements on solid and
liquid samples have become possible now without
the exact knowledge of their composition and
properties. However, even this method may have
a major drawback, as, from a practical point of
view, one needs to record the whole spectrum to
detect at least one line of each element in the

� �plasma 8 , a task that may not be always possible
to perform.

Applying the IS method for the purposes of the
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present work, the intensity I Ž� . of a spectral line
occurring between two levels of the species � in

� �the plasma, is given by 12 :

g A W �hc i i iŽ� . Ž� . Ž .I �G N exp � 1Ž� . ž /� kTZ� e

Ž .In Eq. 1 , � is the wavelength of the transition;a
g , A and W � are the statistical weight, sponta-i i i
neous emission coefficient and energy of the up-
per state I; Z� is the partition function; N Ž� . is
the total population of species � ; k is the Bolz-
mann factor; and T is the electron temperature.e
G is a geometric factor, related, e.g. to the collec-
tion efficiency of the fiber, the spectrometer, etc.
For the derivation of this equation, only a local

Ž .thermodynamic equilibrium LTE has been as-
sumed to prevail in the plasma so that a Boltz-
mann distribution is established among the bound
energy levels. The plasma temperature T changese
rapidly, of course, with time during the plasma
evolution, but LTE implies that a definite T cane
describe the plasma during the short time window
when a spectrum is recorded.

If we write the same equation for the internal
Ž .standard reference r and build the intensity

I Ž� .

ratio , we obtain the basic equation for the ISŽ r .I
method:

Ž� . � g A r Ž� . W � �W rI Z Nr i i i i Ž .� exp � 2�Ž r . Ž r . ½ 5� g A kTZI Na r r e

The afore-mentioned ‘matrix effects’ on the emis-
sion spectra manifest themselves through the

Ž .temperature dependence of Eq. 2 . The tempera-
ture enters into this equation in two places: first
in the Bolzmann factor and secondly into the
ratio of the partition functions Z i. The rate of
change of these factors, when the temperature
changes, is again a function of the temperature
itself; it is, therefore, necessary, before attempt-
ing any estimation of these rates, to choose the
optimal experimental parameters that define the
working temperature as well. This is done in
Section 4.

4. Selection of the experimental parameters

Before proceeding with the quantitative mea-
surements, a number of parameters were syste-
matically changed and their effect on the recorded
spectra was studied. The first parameter was the
delay of the time window in respect to the laser
pulse. In the initial stage of plasma formation,

Ž .clusters of atoms ‘droplets’ are often ejected
from the target into the hot plasma built by the
ambient gas and it takes some microseconds until

� �they fully evaporate 14 . Due to the different
evaporation energy and ablated mass of an ele-
ment, its emission maximum is reached at a dif-
ferent time and this makes the intensity ratio of

� �two elements time dependent 15 . We have,
therefore, recorded the same spectrum changing
each time the delay up to 12 �s and with fixed
width. A decrease in the Ni�Fe ratio with in-
creasing gate delay was observed with a tendency
to stabilize for a delay of 7 �s and longer. It was
also found that for a time delay of approximately
5 �s, the ratios Mn�Fe showed smaller R.S.D.
values: as a result, all following quantitative mea-
surements for these elements were performed
with a 7-�s delay values or longer. It is clear that
these delay values are connected with a strong
sacrifice of signal.

Fig. 2 shows the spectral region of 505�475 nm
that has been used for the Mn�Fe calibration
curve. This spectrum has been recorded for delay
values of 4�12 �s in steps of 1 �s. It is dominated
by Fe lines and is, therefore, suitable to calculate
the plasma temperature and follow its depen-
dence on the delay time. The spectrum was first
corrected to account for the spectral response of
the OMA detector, and after subtracting the

� �background, the Bolzmann plot 12 was applied
with selected Fe lines. This plot revealed temper-
ature values of, e.g. 6500 K for a 4-�s delay and
6000 K for a 7-�s delay, indicating a temperature
decrease with increasing delay as expected. These
temperature values are in good agreement with

� �those measured by Ko 15 using similar targets.
It is now possible to estimate the temperature

Ž .effect on the intensity ratios according to Eq. 2 .
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Fig. 2. Spectrum recorded for the investigation of the calibration curve for Mn. The monochromator was set at 494 nm, the laser
was IR 30 mJ�p, and the delay and width settings were 7 and 1 �s, respectively.

We consider the Fe partition function Z Fe, as it
enters into the intensity ratios for all calibration

dZ Fe

curves. The rate of change of the partitiondT
W Wm mfunction has a exp � T-dependence,2 ž /kTT

where W are the Fe level energies. For T�6000m
K, we made an estimation of the Fe partition
function, taking the sum of 490 Fe levels from the

� �ground state up to the threshold 16 . The relative
change of Z Fe for this temperature range was
1.8�10�5. Similar behavior is expected for the
partition functions of Ni, Cr and Mn as well.
These values can now be compared with the
rate of change of the Bolzmann factor

W � �W r
i i Ž .�exp � in Eq. 2 . For an energy½ 5kTe

difference �W of the order of a few eV and
T�6000 K, the corresponding relative change is
of the order 10�4 , indicating that the temperature
dependence of the Bolzmann factor is stronger
and dominates over the partition function depen-
dence. For this reason, the T dependence of the

partition function is usually neglected in the liter-
� �ature 17 and the same will be considered in this

work.
The criteria for the selection of the most ap-

propriate emission lines in the IS method follow
directly from the result above. The upper ener-
gies of the transition for the species � and refer-

Ž .ence r in Eq. 2 should be as close as possible to
minimize the temperature effect of the Bolzmann
factor on the reproducibility of the line intensity
ratio. This effect was systematically investigated

� �in 14 . Other requirements include: first, the
emission lines should show minimal interference
with other lines; and secondly, they should be as
close as possible in the spectrum to account for
differences in the spectral response of the light

Žtransmitting system optical fiber, spectrometer,
.OMA photo-cathode sensitivity, etc. .

Contrary to recent work on similar samples
� �2,9 , atomic lines have been selected in the pre-
sent experiment for the quantitative analysis. This
has resulted mainly from the long delay chosen to
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record the spectra, since for such delay values,
the ionic lines have declined considerably, due to
recombination processes in the plasma. A further
advantage, on the other hand, can be considered
to be the strong reduction of the non-resonant
background and line broadening in compliance
with the requirements above. For completeness,
we mention here two problems that may arise
when atomic lines are selected for quantitative

Ž .analysis: 1 the lowest trace element concentra-
tion that may be detected is higher than the one

� �given in the literature 2,9 , because the emission
signal of the element has declined when long

Ž .delay values are selected; and ii in a Fe environ-
ment, the very rich Fe atomic spectrum shows
frequent overlapping with lines of the other ele-
ments under consideration.

Finally, we investigated the effect of the dis-
tance of the laser-focusing lens from the target on
the quality of the spectra. It was found that when
the samples were placed at the focal distance of

Ž .the lens f�10 cm , the recorded line intensities
of the elements were strongly fluctuating, indicat-
ing that the produced plasma was not stable. This
was due to the air breakdown, visible even by eye,
just above the sample surface. Furthermore, this
plasma absorbed the laser light and only a part of
it, which was different from shot to shot, reached
and ablated the target. Similar observations have

� �been made by Cabalin et al. 18 . The best ar-
rangement was found to be when the sample was
placed so that the focus was 5�10 mm behind the
target surface and slightly optimized when dif-
ferent laser pulse energies were used. Under this
condition, the emission lines showed a constant
height for a large number of laser shots. This
result is documented by the improvement of the
R.S.D. values that were measured to be from 1 to
6% for all samples, comparable to those found in

� �literature 2 .

5. Results and discussion

From the sample composition given in Table 1,
it can be seen that the maximum concentrations
of Ni and Cr were 19.86% and 26.46%, respec-
tively, while for Mn, the maximum value was a

Ž .factor of 10 lower only 1.81% . It was, therefore,
necessary to select different experimental condi-
tions, in particular where the laser pulse energy is
concerned, to achieve a high sensitivity of this
method. In the following, Cr and Ni will be con-
sidered separately from Mn.

5.1. Calibration cur�es for Cr and Ni

According to the previous section, the emission
lines that comply with the requirements of the
internal standardization method are Ni I 352.5�Fe
I 357 and Cr I 427.5�Fe I 438.35 nm. In particu-
lar, concerning the conditions of keeping the tem-

�perature dependence of the intensity ratio Eq.
Ž .� � �2 as smooth as possible, we found 16 , for the
upper level energies, 7.25 eV�4.9 eV for the
Ni�Fe pair and 6 eV�4.3 eV for the Cr�Fe pair.

For both elements, the available concentration
range was rather big. To avoid saturation effects
due to self-absorption for the high concentration
values, the laser pulse energy should be kept low,
at the expense of a higher value of the lowest
concentration that could be detected. The sam-
ples were irradiated with the 1.06-�m wavelength
at a pulse energy of 6 mJ. A rather tight focus
was used, since at these low values the air break-
down was strongly reduced. Other experimental
parameters were: gate delay 4.8 �s and width 2
�s for the Cr and gate delay 9.5 �s and width 15
�s for the Ni measurements. The differences in
the gate delay may be attributed to the higher

Ž . Ž .boiling point of Ni 2900�C than for Cr 2300�C ;
the former needed longer time to fully evaporate
and for its emission line to acquire a certain
stable value.

The calibration curves for Cr and Ni are shown
in Figs. 3 and 4, respectively. In both figures, the
relative intensities of the elements are plotted
against the relative concentration values in the
samples. We notice here that while Fig. 3 is

Žplotted in a linear scale with the maximum of the
.Cr�Fe concentration ratio being less than 0.6 ,

the plot in Fig. 4 was drawn in a logarithmic scale,
since the Ni�Fe concentration values extended
up by three orders of magnitude.

Both calibration curves can be well described
by a straight line with correlation coefficients
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Fig. 3. Calibration curve for Cr.

near unity. This means that, in particular for Ni,
Ž .the linear dependence as is given by Eq. 2 holds

for a rather extended range of concentration val-
ues. This is a particular interesting result, since

under different experimental conditions, a non-
� �linear fit was employed 2 to describe the curve,

even for concentrations of these two elements
Ž .much smaller almost by a factor of 10 than

Fig. 4. Calibration curve for Ni in logarithmic scale.
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those investigated by us. Such non-linear calibra-
tion curves show a saturation behavior for high
concentrations values: this may become a severe
problem in LIBS applications for analytical pur-
poses, because the effectiveness of the technique
is lowered when the slope of the calibration curve
is reduced.

It is generally accepted that the saturation ef-
fect is due to the self-absorption of the emission
lines in a high-temperature and -density plasma,
which is the case in the early stage of the plasma
evolution. When, for example, ionic lines are se-

� �lected to produce the calibration curves 2,9 ,
then the non-linear curve description becomes
necessary since such measurements are per-
formed with a gate delay of the order of 1 �s or
less. The phenomenon of saturation can be even
more pronounced when the population is trapped
in the lower level of the transition that can reab-
sorb the emitted light: this happens when the
ground state is the lower level of the transition.
This was, e.g. the case in the Cu determination in

� �steel 19 and Cu and Mg determination in Al
� �alloys 20 . The ground state selection, as the

lower level of the transition, in combination with
short delays used, produced calibration curves
that could be described by a polynomial fitting.

From the above discussion, it follows that no
saturation effects are expected in the calibration
curves of our experiment. The long delay values
selected, and the fact that the emission lines of
Cr and Ni terminate in higher energy levels other
than the ground state, make saturation effects
less probable and allow a good linear behavior
throughout the whole concentration range inves-
tigated.

5.2. Calibration cur�e for Mn

To account for the lower concentration of Mn
in the available samples, the pulse energy was

Žincreased to approximately 30 mJ�p fundamen-
.tal wavelength 1.06 �m and the laser beam

slightly defocused to avoid air breakdown by the
higher laser intensity. This revealed a better
stability of the emission lines according to the
discussion above. Other experimental parameters

were a 7-�s gate delay and a 1-�s width of the
time window for observation.

� �In a recent work on Mn 9 , ionic lines for the
Mn�Fe pair in steel have been used and a gate
delay below 1 �s was chosen to produce calibra-
tion curves for Mn for a comparable concentra-
tion range as in our experiment. In our work, the

Ž .spectral range from 503 to 477 nm Fig. 2 was
selected and the atomic lines 482.352 nm for

Ž . Ž .Mn I and 495.758 nm for Fe I were used. This
pair of transitions satisfies well the requirements
of the internal standardization method, as stated
in a previous section: in particular, the upper
energy levels of the transitions are 4.89 and 5.3

� �eV for Mn and Fe, respectively 16 , to reduce the
effect of small variations of the plasma tempera-
ture on the intensity ratios. Moreover, both tran-
sitions terminate in higher lying atomic levels.
This fact, in combination with the long delay
used, makes self-absorption less probable and a
linear calibration curve is expected.

In Fig. 5, the calibration curve for Mn is shown.
IMnThe relative intensities are plotted as aIFe

function of the relative concentration on Mn in
the sample in a linear scale. A straight line with a
correlation coefficient approaching unity can de-
scribe the curve. Each point is the average of five
measurements and each measurement was accu-
mulating OMA spectra following 150 laser shots.
Table 2 presents the R.S.D. values for each data
point: they are comparable with those found in

� �the literature 2,20 . Error bars were not included
in the calibration curves explicitly, since the accu-
racy of the concentration values given by the
sample manufacturer was not known.

Similar results for Mn were obtained when the
Ž .third harmonic 355 nm of the Nd�YAG laser

was used to irradiate the samples. The target-to-
lens distance was slightly different and was op-
timized for 95 mm, so that the focus was 5-mm
behind the sample surface. The laser pulse energy
was 15 mJ�p, while the gate delay and width were
the same as above. No difference was found in
the recorded spectra with the UV irradiation of
the samples. Fig. 6 presents the calibration curve
for Mn and 355-nm excitation. The correlation
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Table 2
R.S.D. values for 1.06 �m laser wavelength, gate delay 7 �s
and width 1 �s

Ž .Sample R.S.D. %

5100 1.80
4542 0.94
4997 2.87
5192 6.00
5086 2.74
4682 2.21
4999 4.83
5095 3.48

coefficient of the linear fit lies close to unity.
Table 3 depicts the R.S.D. values for the data
points, indicating that the produced plasma was
stable and the accuracy of the results was again in
the same order as with the IR irradiation.

( )5.3. The limit of detectability LOD

In the following, we give an estimation for the
lowest concentration values that can be detected
using the parameters selected in this experiment.
For these calculations, we refer to Mn because its
emission was recorded with both 1.064-�m and

355-nm laser wavelengths, and we have another
parameter for comparison. The detection limit
has been calculated according to the expression

� �3� �S 21 , where � is the S.D. of the back-B B

ground outside the wings of the element line
under consideration for the sample with the lowest
concentration ratio, and S is the slope of the
calibration curve. The LOD for Mn was esti-
mated at 113 ppm for the IR and 235 ppm for the
UV sample irradiation. These are both a factor of
10 higher than those usually found in the litera-
ture. This was rather expected, since, for the long
delays used, the emission lines have declined con-
siderably.

We note that the LOD values differ by a factor
of 2. This is obvious from the larger slope S of
the calibration curve produced with the IR sam-
ple irradiation, since, according to the definition
given above, � should be independent of se-B

lectable parameters. It means that the calibration
curve with IR irradiation has a higher ‘gain’, in
the sense that larger line emissions are obtained
for the same concentration ratio with this wave-
length. One explanation could be the higher laser

Ž .intensity 30 mJ�p used with the IR wavelength.

Ž .Fig. 5. Calibration curve for Mn. The sample was irradiated with the IR laser 1.06 �m .
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Table 3
R.S.D. values for 355-nm laser wavelength, gate delay 7 �s
and width 1 �s

Ž .Sample R.S.D. %

5100 5.02
4542 2.38
4997 4.41
5192 3.93
5086 6.29
4682 1.98
4999 2.04
5095 1.43

Another reason could be a better coupling of the
laser energy to the sample surface for the IR than
the UV wavelength, thus increasing the amount

Žof ablated material: the increase for Mn being in
.a lower concentration than Fe has a more

pronounced effect on the intensity ratios in the
lower range of concentration values. Conversely,
the weak Mn lines disappear first into the back-
ground, even though the Fe lines can still have
considerable intensity.

If one is interested mainly in low LOD values,

the experimental conditions should be accord-
ingly changed. For example, shorted gate delays
have to be used, at the expense of non-linear
calibration curves for higher concentration values
due to self-absorption effects. Another parameter
is the gas and the pressure of the ambient atmo-
sphere: it has been reported that, if the plasma is
formed under a controlled atmosphere, i.e. under
low pressure Ar, stronger emission lines are
recorded and a value closer to that given by

� � � �Aragon et al. 2 and Sturm et al. 9 can be
obtained; however, this may become a major re-
striction for applications of the LIBS method for
field measurements or on-line process control.

A further reduction of the LOD can be achieved
if the so-called ‘background equivalent concen-

Ž . � �tration’ BEC can be reduced 9 . BEC is equal
to the value of the calibration curves for vanish-
ing relative concentrations, as has been reported
by many authors and also observed in the present
work. The only explanation given for the BEC

� �thus far 9 is the high signal level produced by
the photo-cathode of the photo-multiplier or
OMA detector, just after the irradiation of the

Ž .Fig. 6. Calibration curve for Mn. The sample was irradiated with the UV laser 355 nm .
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target with the laser, when the photon flux is very
high. The photo-cathode may be saturated and,
although the subsequent gating partially removes
the initial signal, strong saturation may still dis-
tort the signal in later times. BEC may have an
effect on the LOD values, but should not, in
general, restrict the application of the calibration
curves as working curves for quantitative analysis.

6. Conclusion

In this experiment, the parameters for the
recording of the plasma emission from steel alloy
samples have been investigated and optimized for
the purposes of this work. The plasma was formed

Ž .in atmospheric air under IR 1.06 �m irradia-
tion; the distance of the focusing lens to the
sample was optimized to form stable plasma above
the sample, without air breakdown. The transla-
tion of the sample was controlled so that a fresh
area of the sample was irradiated every few laser
shots. The settings for the gate delay and width
were optimized for each element to reduce the
background signal, increasing the signal to noise

Ž .ratio S�N and stabilize the line intensity ratio.
In this way, the recorded spectra could be used to
produce calibration curves for the elements Cr,
Ni, and Mn, employing the method of the internal
standardization.

The calibration curves for the elements Cr and
Ni covered a wide concentration range, exhibiting
a good linear fit, which resulted from the long
delay for observation and appropriate selection of
the emission lines. Similar results were obtained
for Mn. In addition, the wavelength dependence
for the Mn calibration curve was investigated by

Ž .irradiating the samples with UV 355 nm light.
The produced calibration curve showed a good
linear fit as well, but with a smaller slope, indicat-
ing a reduction in sensitivity by a factor of 2 with
respect to the IR irradiation.

The results showed that this method could be
appropriate for in-situ elemental analysis in this
concentration range, without using very high laser

intensities. After parameter optimization, sample
analysis was an easy task, lasting less than 5 min
for every sample. Calibration curves, attained for
a wide range of concentration values of the ele-
ments, were obtained with a good linear fit. The
present results can be the basis to extend, in the
future, the measurements to the other trace ele-
ments used in steel alloys with the purpose of
developing a LIBS apparatus useful for the on-line
control of the steel fabrication procedure in in-
dustry.
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