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ABSTRACT

The laser induced plasma spectroscopy was applied on particles attached on substrate represented by a silica
wafer covered with a thin oil film. The substrate itself weakly interacts with a ns Nd:YAG laser (1064 nm)
while presence of particles strongly enhances the plasma emission, here detected by a compact spectrometer
array. Variations of the sample mass from one laser spot to another exceed one order of magnitude, as estimated
by on-line photography and the initial image calibration for different sample loadings. Consequently, the spectral
lines from particles show extreme intensity fluctuations from one sampling point to another, between the detec-
tion threshold and the detector's saturation in some cases. In such conditions the common calibration approach
based on the averaged spectra, also when considering ratios of the element lines i.e. concentrations, produces er-
rors too large for measuring the sample compositions. On the other hand, intensities of an analytical and the ref-
erence line from single shot spectra are linearly correlated. The corresponding slope depends on the
concentration ratio and it is weakly sensitive to fluctuations of the plasma temperature inside the data set. A
use of the slopes for constructing the calibration graphs significantly reduces the error bars but it does not elim-
inate the point scattering caused by the matrix effect, which is also responsible for large differences in the average
plasma temperatures among the samples. Well aligned calibration points were obtained after identifying the
couples of transitions less sensitive to variations of the plasma temperature, and this was achieved by simple the-
oretical simulations. Such selection of the analytical lines minimizes the matrix effect, and together with the cho-
sen calibration approach, allows to measure the relative element concentrations even in highly unstable laser

induced plasmas.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Quantitative analysis by laser induced breakdown spectroscopy
(LIBS) normally requires an initial calibration with matrix similar sam-
ples [1] because the signal depends on physical and chemical properties
of material (matrix effect). Accurate LIBS measurements of the element
concentrations are difficult to achieve on complex and unknown mate-
rials, as it commonly occurs with geological samples [2,3]. For this rea-
son, calibration of the ChemCam LIBS instrument, employed for Mars
exploration, involved even 69 different rock types. Nonetheless, in
some cases the LIBS measured contents, also of some major elements
like silica and iron, differ up to 30% from true values [3]. A significant im-
provement of the precision might be achieved by normalizing intensi-
ties of the analytical lines by the continuum plasma emission, by the
integrated plasma intensity or by the line intensity from some major
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element in sample [4,5]. However, if the laser induced plume has pa-
rameters very different from one matrix to another, the calibration
graphs remain poor unless the signal is normalized on the plasma tem-
perature [6,7]. A complete correction procedure for calibration in pres-
ence of variable plasma parameters from one sample to another is
described in [8].

In a large majority of LIBS experiments the calibration needs extend-
ed measurements except in case of a very high reproducibility, where a
single pulse acquisition might be sufficient [9]. Unstable LIBS signal pro-
duces large error bars in calibration graphs due to fluctuations of the
plasma parameters from one spectrum to another. In such cases, the
precision could be improved by calculating the plasma parameters for
each spectrum and correcting the line intensities as mentioned previ-
ously. However, this approach is extremely time consuming and diffi-
cult to implement on large data sets. Recently, an attempt to correct
empirically the line intensities for variations of the plasma temperature
has been reported [10]. This correction procedure is based on retrieval
of four fitting coefficients from the acquired data set, and it improved
linear correlation between the measured line intensity ratios and the
certified concentration ratios in samples. Another rapid and easy to
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apply procedure for correcting the effects of variable plasma parameters
is based on line normalization by the overall plasma intensity, with the
coefficients specific for each analytical line [5]. This approach is particu-
larly useful in stratigraphic measurements, and it was successfully ap-
plied to determine composition of different layers on ancient ceramics.

Most of the LIBS works report fluctuations of the line intensities in-
side one order of magnitude except those relative to sampling of float-
ing particles in gases or to the measurements inside liquids. In
presence of extremely large plasma intensity fluctuations, averaging of
the spectra leads to poor analytical performances. Here, the measure-
ment sensitivity and precision might be drastically improved by apply-
ing conditional analysis where only spectra carrying the intense signal
are considered [11,12].

LIBS analysis of powders pressed into pellets, like soils or finely
grinded plant materials, is well established procedure [8,13-14]. The
sampling is performed always on a fresh surface in order to avoid the
signal variations due to crater development, and the material must be
available in weights of 1 g or higher. A possibility to determine by LIBS
the chemical composition of powders in small quantities was first ex-
plored by Gornushkin et al. [15]. Different types of particles were at-
tached to a double-sided tape and the signal was averaged over 8-10
laser spots. A good calibration curve was obtained for one Mg I transi-
tion after normalizing the measured line intensity on particle density.
The latter was estimated from area occupied by the particles and from
weight of the deposited material. In this way, the relative error was
10-20%, satisfactory for complex samples like those geological. In [16]
comparative LIBS analyses were performed by averaging the spectra
over pressed pellets or over particles on a tape. Calibration for measur-
ing Fe and Al content in particles involved CaCO5 and SiO, matrixes. The
authors observed a reduced matrix effect for particles on tape with re-
spect to the pellets. This was explained by different ablation rates for
the two matrixes when pressed into pellets while the corresponding
particles on tape were always fully ablated by a laser pulse.

Table 1
Spectrometer's acquisition ranges, here used ranges and the measured linewidths.

Spectrometer No.  Acquisition range (nm) Used Range (nm) Linewidth (nm)

1 236.3-406.0 236.3-400.0 0.09
2 398.2-546.2 400.0-546.2 0.10
3 570.0-796.3 570.0-796.3 0.16

LIBS measurements of particles were mainly developed for environ-
mental monitoring, aimed to determine their concentration in air. Indi-
rect analyses of particles deposited on filters by a forced gas flux are
more efficient than direct sampling of aerosol [17]. In the first case,
after averaging many spectra across the filter, it is possible to retrieve
a total mass of some element accumulated over a certain period [17-
19]. The typical detection limits are from 0.01 to 0.44 pg/cm?; the mea-
surement precision also depends on particle size and penetration into
the filter [11,17]. Another sample preparation method for trapping
and analyzing particles by LIBS was proposed in [20]. Particles were
mixed with certified pure oil and then the mixture was spread over
pure, polished aluminum. The sampling was performed by scanning
the substrate and accumulating the spectra over 200 laser shots. The
metallic substrate enhances particle-laser interaction and the esti-
mated plasma temperature reaches 15000 K. Good calibration curves
were obtained for Ti diluted in cellulose or alumina powders, but
their slopes differed for the two matrixes. The matrix effect was
then reduced by normalizing the analytic line on the known material
density.

Chemical characterization of particles in small quantities by LIBS has
many potential applications, where a suitable sample preparation could
also substitute pressing of powders into pellets [13-14]. The final
scope of this work was to obtain highly sensitive, quantitative LIBS
analyses of unknown particles on substrate. This task is extremely
complex due to a variable particle distribution, the interference of a
substrate, and the matrix effect. Here we performed the work in dif-
ferent steps:

1) Establishing of a simple sample preparation procedure, which pref-
erably enhances the spectral emission from particles while keeping
simultaneously the substrate's interference low.

2) Estimating the changes of particle mass and distribution inside laser
spot in order to evaluate the effects on the spectra.

3) Once ascertained that the plasma parameters are highly variable in-
side the data set for one sample, producing very large errors in cali-
bration graphs, we developed a novel calibration procedure that
mitigates this problem.

4) We found that the points in the calibration graphs remain scattered
in some cases due to the matrix effect, which causes very different
average plasma temperatures among the samples. The final step of
our work regards theoretical simulations aimed to select for calibra-
tion the line couples less sensitive to the temperature changes.
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At the end, we also discuss the advantages of here proposed calibra-
tion approach for reducing the matrix effect in LIBS measurements in
general.

2. Experimental

The experimental set-up is schematically drawn in Fig. 1. The plasma
was generated by an Nd:YAG laser (Quantel, CFR Ultra) emitting 6.5 ns
long pulses at 1064 nm; the laser energy was fixed to 130 m]. The laser
was fired manually after repositioning the target. The beam was focused
by a quartz lens f = 100 mm perpendicular to a horizontally placed tar-
get, mounted on a micrometric X-Y table. The substrate height was
slightly above the focal plane and the spot diameter, measured on
bare silica wafer, was of 0.42 mm, corresponding to laser fluency of
94 J/cm? (14.4 GW/cm?). The target was shifted for 2 mm between
two subsequent samplings; such a distance could be reduced to about
1.2 mm, sufficient to avoid the material removal by the shockwaves
generated by the previous laser pulses.

The plasma emission was collected at angle of about 60° from the
target plane by an optical system of diameter 25.4 mm and having
two quartz lenses with focal lengths of 75 mm and 150 mm, respective-
ly. The light was focused on a 1 m long fiber bundle containing three
quartz fibers with diameter 600 pum each, that bring the signal to three
compact spectrometers (Avantes AvaSpec-ULS2048L). The
spectrometer’s full and here used ranges, and the linewidths (instru-
ment broadening) measured by the calibration lamps, are summarized
in Table 1.

The chosen substrate consists of silica wafer (P-type Silica, with a
285 nm thick SiO- layer, Graphene Supermarket, W-5P-300) covered
with a pure reference oil (Base Qil 75, SpexCertPrep). The wafer was
cut manually into pieces with maximum dimensions of 15 mm
x 15 mm, and glued on an aluminum disk that matches the spin-coater
(Laurell Technologies, KL-SCI-20). The oil was delivered in volume of 10
UL by means of an autoclavable pipette (Labgene Scientific), and the
support was rotated for 30 s at speed of 40 rpm. During rotation an ex-
cess of the liquid detaches from the wafer, leaving an uniform oil layer
with the average thickness of about 10 pm. The oil film thickness was es-
timated for a droplet with volume V = 0.5 L, placed at the wafer's cen-
ter. After the rotation as above, the area A on the wafer occupied by the
oil film was determined from dimensionally calibrated photographs by
using Image] software (free source). The average oil thickness d on the
substrate was then calculated as d = V/A.

The samples analyzed (Table 2) were in form of fine powders and in-
clude four soil samples and two coal based materials. We also tested
Al,03 polishing powder (Union Carbide) with the grain size of 1 um in
order to evaluate contribution from the wafer/oil to the LIBS spectra
for different particle quantities inside the focal spot. For depositing the
particles we employed an air cleaner brush, commonly used to clean
photographic lenses. Particles inside a clean glass dish were collected
by the brush and blown on the substrate. For each sample we did mea-
surements along 5 lines with 7 spots each, starting with low particle
presence and later blowing more material on the substrate. Further-
more, another 7 or 14 spectra per sample were acquired at random po-
sitions, selected due to different particle distribution, as for example: a
single grain or a spot only partially covered.

Table 2
Analyzed powder samples, their description and the main constituents (in %).

Sample Type Silicon Aluminum Calcium Carbon

NIST 2709  Agricultural soil 29.7 7.50 1.89 1.2¢
NIST 2710  Highly contaminated soil 29.0 6.44 1.25 37
NIST 2711  Moderately contaminated soil 30.4 6.53 2.88 2¢
ISE 992 Sand clay 335 3.65 2.94 3.9
SRM 1632a Coal bituminous 5.9 2.95 0.241 64.4
SRM 1633b  Coal fly ash 230 15.0 1.51 -

2 Consensus values.

Table 3

List of the measured lines, the corresponding excitation energies Ey and the transition
probabilities g, Ay according to the NIST database; in the last column the first ionization en-
ergies E.(eV) are also specified.

No. Species N\ (nm) Ex (eV) A8k E.(eV)
1 All 309.3 4.022 437E+08 5.986
2 All 394.4 3.142 9.98E +07

3 Ball 455.4 2.722 4.44E+08 5.213
4 CI 247.8 7.68 8.40E+07 11.260
5 Cal 422.6 2.932 6.54E+08 6.113
6 Call 396.8 3.123 2.80E+08

7 Cul 324.7 3.817 5.58E+08 7.726
8 C2 Swan 516.8° — — —

9 CNUV 388.57 - - -

10 Fel 3723 3.332 1.78E+08 7.902
11 Fel 4383 4312 5.50E + 08

12 Fe Il 259.9 4.768 2.35E+09

13 HI 656.3 12.088 7.94E+08 13.598
14 KI 769.9 1.610 7.50E+07 4341
15 Lil 670.8 1.848 1.48E+08 5.392
16 Mg 1 285.2 4.345 1.47E409 7.646
17 Mg Il 279.6 4.433 1.04E+09

18 Mn | 403.1 3.075 1.40E+08 7.434
19 Mn II 257.6 4811 2.52E4+09

20 NI 746.8 11.996 7.84E+07 14.534
21 Nal 589.6 2.102 1.23E+408 5.139
22 O I triplet 777.2 10.741 2.58E 408" 13.618
23 Pbl 405.8 4375 2.70E+08 7417
24 RbI 780.0 1.589 1.52E+08 4177
25 Sil 288.1 5.082 6.51+E08 8.152
26 Till 308.8 4.061 1.20E+409 6.828
27 Till 3349 3.749 2.2E+09

28 Till 336.1 3.715 1.58E+09

¢ Bandhead.

b The most intense transition.

Images of the substrate before and after placing the particles were
acquired by a commercial HD camera mounted above the target at dis-
tance of about 80 mm. The area captured by the camera has dimensions
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Fig. 2. Top - calibration for measuring particle weights; bottom - examples of the laser
spots (red contours) along the lines with low (0.68-3.3 pg per spot) and high (6.4-8.7
ug per spot) particle loadings. The sample is ISE 992. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)



V. Lazic, A. De Ninno / Spectrochimica Acta Part B 137 (2017) 28-38 31

Table 4
Calibration coefficient b for retrieval of the sample weight from the photographs and the
maximum particle loading for the linear dependency.

Sample Colour b (counts/mg) x 10° Max. loading (mg)
Al,03 White 10.7 £+ 0.38 3

NIST 2709 Light brown 6.36 + 0.98 35

NIST2710 Light 144 £ 21 5

NIST 2711 Brown 4.18 +£0.23 4

ISE 992 Light brown 5.05 4+ 0.18 5

1632a Black 5.84 + 0.11 1.5

1633a Dark grey 89+ 1.2 3

of about 16 mm x 24 mm. The illumination conditions were fixed, pro-
vided by a white light source and two fiber bundles placed oppositely, at
angle of about 50° with respect to the target plane.

For the image calibration, the substrate on the aluminum disk was
weighted (A&D Instruments Ltd. Mod. HR-120-EC) before and after de-
livering the particles. Due to a poor scale resolution (+0.1 mg),
weightings were done for sample masses much larger than in the LIBS
measurements. This implies that the estimated weights inside the
laser spot cannot be considered as absolute values.

All routines for the data processing were developed under LabVIEW
environment, generating the reports with the filename, the spot posi-
tion, the peak intensities and the signal-to-noise ratio (SNR) for all the
selected lines, listed in Table 3.

3. Results and discussion

The chosen sample preparation method, consisting in particle at-
tachments on a thin oil film over silica wafer, has an advantage of en-
hancing the plasma emission from sample. Moreover, high substrate
purity ensures low interference with elements in samples; the used ma-
terials are cheap and could be disposed after the measurements. Here
we applied a different method for the data acquisition with respect to
[15-16,20], registering the single shot spectra instead of accumulating
the signal. In this way, it was possible to monitor eventual line satura-
tions in some hits and the spectral intensities for different particle load-
ings or distributions on the substrate. Monitoring intensities of the
single shot spectra, here strongly variable from one laser spot to another
also gives insight into the matrix effect and may indicate a strategy for
its reduction.

3.1. Estimation of particle weights

Unlike a bare silica wafer, the same covered with the oil film is highly
absorbing. The photographed substrate has the average pixel intensity
P,y < 0.2 only on a scale 0-255, and this is favorable for observing the
added particles. We performed the image calibrations by plotting the
summed pixel intensity S, over the substrate after subtracting the
value Sp measured before adding particles, versus the sample mass
(Fig. 2- top). The retrieved linear coefficient b (counts/mg), specified
in Table 4 for each sample, was then used to estimate the particle

Table 5

mass m (pg) inside a single laser spot as:

mipg) = 107> 3 ParAs (1)

where S is a sum of the measured pixel intensities inside the laser
spot, P, is the average pixel intensity on blank (unloaded) support,
and A, is area of the laser spot in pixels. Contour of the laser spot was ini-
tially determined from repeated pictures of the laser induced craters on
bare wafer, and then fixed for the further measurements. The laser spot
area A here corresponds to 256 pixels.

The linear fit coefficient b differs up to a factor 3 from one sample to
another, and it depends on particle size, not known for all the examined
materials. The particle size determines the light scattering and conse-
quently - the measured pixel intensities. A striking example of effect
of the scattering on the pixel intensity is represented by samples ISE
992 and SRM 1632, which have very similar calibration coefficients b al-
though the first material has a light colour and the latter is almost black.
Colour of the bulk material (large quantity) influences the saturation
point in the calibration graph. For the black sample SRM 1632 the satu-
ration occurs already at weight of 1.5 mg. White Al,O3 powder also sat-
urates for a relatively small particle mass because this material has low
specific weight and, once spread over the substrate, it rapidly ap-
proaches aspect of the bulk. Since we were interested in estimating
roughly the particle weights for small loadings, the image calibration
was limited to the linear range, corresponding to the maximum particle
mass specified in Table 4.

Fig. 2 — bottom shows details of pictures used to estimate the particle
weights inside the laser spot (encircled by red) in case of the first sam-
pled line - with low material loading, and the last line - with the maxi-
mum loading. For the reference material here (ISE 992) the estimated
particle mass inside the laser spots varies between 0.5 pg and 11 pg, as
specified in Table 5. These values are only the indicative because the cal-
ibration was performed for much higher mass loadings, but they are
very useful for evaluating the differences among the sampling points.
(For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

3.2. LIBS spectra and indicators of the plasma parameters

In absence of particles the laser-substrate interaction is very weak
and the spectra are dominated by CN and C, bands. These spectra also
contain the Na I doublet, attributed to a presence of sodium in air, and
weak CI (247.8 nm) and Si I (at 288 nm) lines. In presence of particles,
even invisible by an eye, the emission lines both from the sample and
the substrate become intense (Fig. 3). The plasma intensity depends
not only on the estimated mass of particles, but also on their distribution
inside the laser spot. A fully covered substrate approaches the case of
bulk sample material, where we detected weaker lines than for a partial
substrate's coverage (Fig. 4). This means that the chosen substrate en-
hances interaction between the laser and the sample. Indeed, we detect-
ed the most intense spectra on spots with relatively low particle
loadings (see Table 5). Si I and C I lines are not well correlated with

Range of the estimated particle weights inside the laser spot, of the ionic to atomic line ratios R(Mg), of peak ratios of CN and C line, and the sample mass inside the laser spot for which the

maximum R(Mg) was detected.

Sample Weight inside the R(Mg) WL Hy (nm) I,(CN)/I,(C) Weight (ug) for
laser spot (ug) max. R(Mg)
NIST 2709 1.6-11.0 3.9-0.72 0.69-0.18 4.6-45.6 3.8
NIST 2710 0.54-9.2 11.8-14 0.98°-0.31 0.72-134 12
NIST 2711 0.77-7.2 7.6-2.9 0.92-0.62 1.7-2.8 1.9
ISE 992 0.68-8.7 3.2-0.64 0.56-0.29 1.8-23.8 2.3
SRM 1632a 1.8-7.8 1.9-0.73 0.32-0.18 8.6-25.5 43
SRM 1633b 1.8-34 3.3-0.75 0.90-0.22 1.7-19.6 2.7

2 Max. measured excluding the saturated lines.
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Estimated Al,O, particle weight in the focal spot: 0.1 ng

8000

particle on oil

oil CN

6000 | Sil

4000

Intensity (counts)

Contour of
the laser spot

Laser induced
crater

Call All

Call
2000 - NIWAY {a

T T
380 390

Wavelength (nm)

370

1
400

Fig. 3. Left - comparison between the spectrum from the bare substrate (black line) and the same with Al,05 particles (blue line) with the estimated weight <0.1 ng inside the laser spot;
right - photos of the substrate/sample before and after the laser pulse. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

intensities of the lines belonging exclusively the sample. In such condi-
tions we cannot measure Si and C content in particles as these elements
represent interference from the substrate.

The acquired single-shot spectra were processed to retrieve the line
peaks (Table 3) after subtracting the nearby background, eliminating
those with signal-to-noise-ratio SNR < 3.5. The line peaks are extremely
variable from one sampling point to another, ranging from the detection
limit up to the detector's saturation in some cases. In particular, the
sample NIST 2710 strongly interacts with the laser and about 30% of
the acquired spectra present at least on saturated line among Ho, K 1
and Na I. The less intense spectra were detected on the coal SRM 1632
characterized by a large presence of carbon (>60%), the element
which first ionization energy is very high (11.26 eV).

One of indicators of the plasma parameters is a ratio ionic/atomic
line, both belonging to one element. Here we considered the Mg Il and
the Mg I lines from Table 3 because they are present in all the spectra,
their wavelengths are close to each other and belong to the same spec-
trometer channel. We define their line intensity ratio as:

(Mgl

R(Mg) = e

)

The measured R(Mg) shows large variations within the spectra from
one sample, as summarized in Table 5. In the same table we also report

30000 fully covered

partially covered

= 20000 -

= Mg I

>

o}

C3 |

= u

2 |

& 10000 \ |

£ |

the Lorentzian width (WL) of Ha line (determined from the line fitting
by the Voigt profile), which is an indicator of the plasma electron densi-
ty, then the peak ratio of the CN band-head and the C1line, as well as the
estimated particle weight inside the laser spot for which R(Mg) has the
maximum value. From Table 5 it could be observed that the lowest
R(Mg), hence the plasma temperature, occurs on the coal NIST 1632.
On the opposite, the samples NIST 2710 and NIST 2711 strongly interact
with the laser and the measured R(Mg) is very high. The ratio CN/C is
higher for lower values of R(Mg), indicating a cooler plasma dominated
by molecular emission.

Fig. 5 shows an example of a single shot LIBS spectrum acquired on
NIST 2711, where the estimated particle mass inside the laser spot
was of 2.4 pg. Here it was possible to observe also the Cu I line well
above the detection threshold, where this element has the certified con-
centration of 114 ppm. Furthermore, it is well known that the detection
sensitivity could improve many times if summing the spectra that
contain the specific signal above a certain threshold [12]. All these
lead us to the conclusion that the chosen sample preparation allows to
detect particle compositions with a high sensitivity. In order to estimate
the analytical capability of the method we report in Table 6 the maxi-
mum SNR,,.« for different elements measured in the single shot spectra.
Considering that the most intense spectra occur for intermediate sam-
ple masses inside the laser spot (Table 5) i.e. in presence of many parti-
cles, we might assume that the average element concentrations there

Sil
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‘\

| \
| 1

280
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1
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Fig. 4. Left - spectra from the ash particles NIST 1633 for a fully (black line) and a partially covered (red line) substrate; right - the corresponding photo of the sample with the laser spot
contours. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Spectrum and its details for NIST 2711 particles with the estimated weight of 2.4 yig inside the laser spot.

correspond to the certified values. Here we achieved a single shot detec-
tion of Pb and Cu at concentrations of only 19 ppm and 35 ppm, respec-
tively. On NIST 2710, characterized by a high plasma temperature and
consequently - by a high ionization degree, SNR,,.x of the Pb I and the
Cu I lines are lower than expected for relatively high concentrations of
these elements in the sample.

3.3. Calibration for element quantifications

For a plasma in local thermal equilibrium (LTE) and neglecting re-
absorption, the line intensity corresponding to atomic or ionic transition
between levels E; and E; of the element Z is given by:

K Ny giAie BT

- ki
Uy (T) - aZNZ le(T)

3)

i /
z=4z

where a'; is a constant depending on experimental conditions, gy and
Ay are the level degeneracy and the tabulated transition probability, re-
spectively, and Uz (T) is the temperature dependent partition function
of the considered species with density Nz in the plasma.

In typical LIBS plasmas the species are present both in atomic and in
first ionization state, and their relative concentration ratio in LTE condi-
tions is given by the Saha's equation:

N1 U
Nz Ne[em=3] Ugz(T)

E

B TIK]*?e % =fy(Ne,T)

(4)

where: N is plasma electron density (cm~>), U(T) and U7 (T) are par-
tition functions of atoms and ions in the first ionization stage, respec-
tively; E. is the first ionization energy; k is the Boltzmann constant; B
is a dimensionless constant with value of 4.825 x 10'°, which corre-
sponds to 2 « (2mmek)*2/h? and it has been calculated in [11] after ap-
propriate unit conversions.

At an equivalent plasma excitation temperature, the percentage of
atoms is larger at higher electron densities because of more efficient
electron-ion recombination (Eq. (4)). At a fixed plasma electron density,
the ionic emission increases with the excitation temperature; the same
effect exists for the atomic species (Eq. (3)) but only up to a certain tem-
perature where the thermal ionization suppresses further increase of

Table 6
The maximum signal-to-noise ratio (SNRy,,) measured in single shot spectra from each sample, relative to the chosen analytical lines; the element concentrations in the samples are also
specified.
Species® N\ (nm) NIST 2709 NIST 2710 NIST 2711 ISE 992 SRM 1632 SRM 1633
SNR, Conc. SNRy, Conc. SNRy, Conc. SNR, Conc. SNRy, Conc. SNRy, Conc.
All 394.4 187 7.50% 251 6.44% 419 6.53% 173 3.65% 162 2.95% 399 15.05%
Ball 455.4 192 968 ppm 17 707 ppm 201 726 ppm 28 256 ppm 9 120 ppm 246 709 ppm
Call 396.8 812 1.89% 717 1.25% 1159 2.88% 534 2.94% 138 2410 ppm 801 1.51%
Cul 324.8 66 34.6 ppm 13 2950 ppm 155 114 ppm - 17.6 ppm - 15.9 ppm 19 119 ppm
Fel 3723 97 3.50% 18 3.38% 73 2.89% 81 1.62% 51 1.11% 260 7.78%
Fell 259.9 318 261 183 77 14 235
K1 769.9 1137 2.03% Sat. 2.11% Sat. 2.45% Sat. 1.43% 549 4110 ppm 919 1.95%
Lil 670.8 918 - 537 - 752 - Sat. 25.9 ppm 248 39 ppm 973 -
Mg 11 279.6 1561 1.51% 389 0.853% 985 1.05% 547 0.546% 29 1150 ppm 122 0.482%
Mn | 403.1 147 538 ppm 55 1.01% 54 638 ppm 26 244 ppm - 29 ppm 7 131 ppm
Mn Il 257.6 87 116 88 30 8 28
Nal 589.6 942 1.16% Sat. 1.14% Sat. 1.14% Sat. 6470 ppm 790 828 ppm 750 0.201%
Pbl 405.8 44 18.9 ppm 64 5532 ppm 64 1162 ppm 9 23.4 ppm - 12.4 ppm 6 68 ppm
Rb1 780.0 34 - 41 - 130 - 397 68.5 ppm 9 30 ppm 26 140 ppm
Till 336.1 11 0.342% 89 0.283% 191 0.306% 59 2540 ppm 31 1750 ppm 194 0.791%

¢ Sat = saturated line on the detector.
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Fig. 6. Comparison between two calibration approaches for retrieval of the concentration
ratio Ca/Mg: a) using the ratios of the average line intensities; b) using the linear growth
coefficients B, retrieved from the single shot spectra.

the line intensities. Anyway, changes of the plasma parameters during
LIBS measurements affect the line intensities both from the atomic
and the ionic species.
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In our recent work [11] we have shown that variations of the line in-
tensities in LIBS plasmas are mainly caused by changes in the plasma
temperature and less influenced by the electron density. In the present
experiment, from the measured R(Mg) we might deduce that large var-
iations of the plasma temperature exist inside a single data set (for one
sample type). Furthermore, the spectra from the analyzed samples tend
to group around very different plasma temperatures, and this is one of
the reasons for so called matrix effect. Accordingly, in our LIBS measure-
ments we might expect poorly correlated calibration curves, with large
error bars, and this is exactly what occurs (Fig. 6 - top) where Cal line at
422 nm was normalized to the chosen reference line (Mg I at 285 nm).
For building up this calibrations graph, we considered 6 groups of the
averaged spectra per sample: each group corresponds to seven spots
in a raw with similar particle loadings, plus seven sparse samplings. It
clearly appears that from the averaged spectra we cannot measure the
relative element concentrations due to excessive variations of the plas-
ma temperature across one sample - reflected in the large error bar, and
from one sample to another - reflected in the point scattering.

In the common calibration approach it is assumed that the ratio of
the average line intensities I?Y is a function of the corresponding ele-
ment concentrations C:

5¥ C
w=1(2) 8
REF REF

where subscripts Z and REF are related to the measured and the ref-
erence element, respectively. We introduce the concentration ratio
Crz = Cz / Cggr. If the calibration graph is linear, we have:

Iav
% =az +bz(Crz) (6)
REF

where bz and az are constants for the chosen element transitions.
Being usually az =~ 0, the concentration measurements do not de-
pend on the absolute line intensities but only on their ratio.

In presence of large intensity variations from one sampling point to
another, as in our experiment, we propose not to consider the averaged
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Fig. 7. Comparison between two calibration approaches for retrieval of the concentration ratio Al/Mg. Top - using the ratios of the average line intensities. Bottom - using the linear growth
coefficients B retrieved from the single shot spectra. The plots on the left (a, b) correspond to Al line at 394.4 nm, on the right (¢, d) they regard Al I transition at 309.3 nm.
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Fig. 8. Left panels - intensity of Al I line versus Mg I line for sample NIST 2709, where the linearly fitted growth is shown (red line). Right panels - the corresponding theoretical line
intensity ratio (normalized) as a function of the plasma temperature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

spectra but to determine the linear fit coefficients B;(Crz) for each en-
semble of single shot spectra corresponding to one sample:

Iz = Az + B;(Crz) - Irer (7)

For all the examined cases the intercept is close to zero (Az =~ 0)
although calculated with a large error. By comparing Eqs. (6) and
(7) it is evident that the two linear coefficients intrinsically have
similar values (B, =~ bz). However, if the signal fluctuations are
very large the error in calculating Bz is much smaller than for the co-
efficient b (the line intensity ratio). Consequently, the calibrations
performed by using the coefficients Bz(Cgz) instead of the line ratios
produces much better results (Fig. 6 - bottom). Fig. 7 - top shows
other examples of calibrations based on the averaged spectra, rela-
tive to two Al [ transitions. Now, repeating the calibration but with
the linear growth coefficients B,(Cgz), the precision and the linearity
are importantly improved (Fig. 7 - bottom), particularly for the Al I
transition at 309 nm.

Now, let's see in details how the calibration is outstandingly im-
proved by considering the slopes B; of the analytical lines versus
the reference line. In Fig. 8 - left panels, the peaks of Al I transitions
at 309.3 and 394.4 nm, measured in single shot spectra, are plotted
versus the Mg I line for the sample NIST 2709. The data points
seem to align along parallel lines, here drawn arbitrary, where
those on the left (with a larger intercept) generally correspond to a
higher measured ratio R(Mg) i.e. to a higher plasma temperature.
This indicates the real nature of large errors observed in calibrations
by the averaged spectra (Figs. 6-7, top panels): the error bars here
are equivalent to spreading of the intercepts, which depend on the
plasma temperature. On the other hand, the slopes B; (red line in
Fig. 8) also depend on the element concentration ratio but they are
scarcely influenced by fluctuations of the plasma temperature
among the spectra from one sample. Wider ranges of the line inten-
sities inside the data sets allow calculating the slopes B; more
precisely.

Much lower data spreading for Al I line at 309.3 nm than for the line
at 394.4 nm (Fig. 8 - left panel) could be explained by simulations based

on Eq. (2). The theoretical intensity ratio Ry, of the analytical line I; and
the reference line Igzgr could be written as:

Nz fiz(T)
_ vz 8
™ Nrer f1rer(T) ®

where Nz and Nggr are species concentration in plasma, f;z(T) and
firer(T) are the temperature dependent functions for the given transi-
tions (see Eq. (2)):

giAiie Bkt
f(T) = Tum 9)

Approximation of the LTE usually holds for short integration periods,
as for example, of a few microseconds. However, we believe that the
spectra acquired with not gated detectors might also correspond to
LTE conditions because, except for the atomic lines from very low exci-
tation levels and the molecular transitions, the line intensities have ap-
proximately an exponential decay with short time constants. This
means that the time integrated spectra are dominated by the line inten-
sities present during the early plasma stage, where the LTE holds.

Table 7
Formulas for calculating the partition functions of different species, dependent on plasma
temperature expressed in eV.

Species Partition function
Mg | —0.68976 + 8.37684 « Tey — 14.42823 « T2, + 9.1079 « T3,
Mg Il 2.19509 — 0.78372 * Tey + 0.92923 « T2, — 0.26717 « T2,

Fel 19.79886 + 4.59506 + Te, + 18.32766 = T2, + 33.74256 « T2,

Fell 26.6301 + 35.7434 » Te, + 3.70962 + T2, + 1040752 = T2,

Mn I 5.7829 + 3.03974 « Tey — 16.95296 « T2, + 30.51789 = T3,

Mn I 7.94864 — 4.88212 » Tey + 6.22598 « T2, + 9.684 « T3,

All 427789 + 9.47982 « Tey — 19.53664 « T2, + 14.23736 « T3,
ALl 0.95935 + 0.24187 » Tey — 0.53439 « T2, 4 0.42161 = T3,

Cal —4.37395 + 30.72767 * Tey — 61.33914 « T2, + 45.54263 « T3,
Call 2.13822 — 2.13253 » Tey + 6.09014 = T2, — 1.97591 = T3,

Til 23.59506 — 32.21196 * Tey + 96.80733 « T2, + 24.16876 T3,
Till 26.27059 + 69.74564 « Tey — 6.6582 = T2, + 3.58086 = T2,
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Fig. 9. Left panels - calibrations based on the slopes for two Fe I lines and one Fe II line. Right panels - the corresponding theoretical line intensity ratios (normalized) as a function of the

plasma temperature.

Neglecting the temperature dependent changes in the ionization
rate and assuming that Nz and Nggr are proportional to the correspond-
ing element concentrations in sample, from Egs. (8)-(9) it is possible to
evaluate the theoretical line intensity ratio Rex:

C
Ren(T) ~ ==

LG e N Uner(T)
Crer e~ EX/KT Ugz(T)

(10)

Here we omitted the transition constants (Axgy) as they do not influ-
ence relative changes of Ry, with the plasma temperature. This ratio

BTi

BTi

depends on energy of upper transition levels of the selected lines and
on the partition functions. In order to calculate R, we retrieved from
the NIST database values of the partition functions for different species
in temperature range 0.5-1.05 eV (6000-12,000 K c.a.) with step of
0.025 eV. Partition functions of all here considered species could be
very well approximated by 3rd order polynomials in the given temper-
ature interval. Chi-square ranges between 0.9999 and 1.0 except for Al I
(chi-square 0.998) because in this case U(T) changes very little (from
1.00 to 1.11) and the corresponding NIST data are given with two
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Fig. 10. Left panels - calibrations based on the slopes for two Ti Il transitions. Right panels - the corresponding theoretical line intensity ratios (normalized) as a function of the plasma
temperature. The point with the highest Ti/Mg concentration ratio was excluded from the fitting.
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decimal digits only. The retrieved polynomial fit coefficients of the par-
tition functions are reported in Table 7.

Fig. 8-right shows the normalized, theoretically calculated ratios Al I/
Mg I as a function of the plasma temperature. The ratio involving Al [
transition at 309.3 nm changes <8% in the whole temperature range
here considered (6000 K-10,000 K), which is common for the LIBS
plasmas in gases at atmospheric pressure. In case of Al I line at
394.4 nm, Ry, rapidly decreases with the plasma temperature, changing
for about 70% between 6000 K and 10,000 K. These dissimilarities in be-
havior of the line intensity ratios with the temperature explain the dif-
ferences in data scattering among the single shot spectra (Fig. 8 - left)
and on the calibration graphs (Fig. 7 - bottom) for the two examined
Al I lines. When measuring the relative element concentrations it is of
outmost importance to choose pairs of the element transitions that
are weakly sensitive to variations of the plasma temperature. Such a
choice improves the measurement precision and it is essential for re-
ducing the matrix effect because dissimilar materials might interact dif-
ferently with the laser, producing plasmas with very different average
temperatures.

Fig. 9-left compares the calibration graphs for two Fe I lines and one
Fe II transition; the corresponding Ry, calculated for different plasma
temperatures are shown on the figure's right. Atomic Fe transition at
371.3 nm produces the calibration graph with two points well above
the linear fit. These points belong to NIST 2710 and 2711, on which
the laser induced plasmas have high temperature with respect to the
other samples. In fact, Ry, for this line normalized on the Mg I transition
changes for about 60% in the considered temperature range, and this ex-
plains the large data scattering in the calibration graph. The theoretical
ratio of Fe I line at 438.3 nm and the Mg I line is much less sensitive to
the temperature variations, so the points in the calibration plot are bet-
ter aligned than in the previous case although the saturation occurs. For
the relative concentration measurements C(Fe)/C(Mg) the best calibra-
tion was obtained for the ionic transitions (Fe Il and Mg II), which ratio
is also only weakly influenced by the plasma temperature. In this case
the curve's growth is almost linear, the points are well aligned and the
error bars are small except for the sample SRM 1632 where the large un-
certainty is caused by low SNR of the Fe II line.

Other examples of the calibration graphs are shown in Fig. 10 and re-
gard two Ti Il transitions normalized to the Mg II line. In both cases the
point corresponding to SRM 1633, with C(Ti) = 0.79% - more than twice
higher in the other samples, was excluded from the linear fit. The theo-
retical line ratio involving Ti II transition at 308.8 nm is less sensitive to
the temperature variations compared to Ti [l line at 334.9 nm, so the cor-
responding calibration graph is less scattered. The large error bars for
the samples SRM 1632 and ISE 992 are caused by low SNR of the Ti II
line.

4. Conclusions

The substrate here employed for trapping particles prior to the LIBS
measurements have the following advantages: both the oil and the
wafer have high purities, low costs, and their emission lines in the plas-
ma do not interfere importantly with spectra from the particles; the
substrate itself interacts weakly with the laser, but it strongly enhances
the plasma emission from the deposited sample material. The detection
sensitivity is high, and in a single shot acquisition some trace elements
were observed, like Pb in concentration below 20 ppm. The proposed
sample preparation might become a good alternative to powder press-
ing into pellets (like soils) because the spectral emission is enhanced by
the substrate and the sample consumption is very low.

The extreme fluctuations of line intensities among the spectra from
one sample are caused both by variable particle weight and distribution
inside the laser spots, as ascertained by on-line photography. Averaging
the spectra prior to the calibration, even if plotting the line ratios versus
the element concentration ratios, generates errors too large for evaluat-
ing the sample compositions. Intensities of an analytical and the

reference line from single shot spectra are linearly correlated, the corre-
sponding slope also depends on the relative element concentration but
it is weakly influenced by fluctuations of the plasma temperature. Cali-
brations based on the line slopes instead of the line ratios reduced sig-
nificantly the errors bars (from 20 to 50% to <10%), making possible to
measure the sample compositions. In case of much smaller variations
of the plasma intensities than here, as in sampling of flat homogeneous
materials, the use of the slopes for the calibrations instead of the line in-
tensity ratios should be still evaluated.

The matrix effect was evident from the scattered points on the cali-
bration graphs because of very different mean plasma temperatures
from one sample to another. In order to overcome this problem, we sim-
ulated theoretically the behavior of the line ratios with the plasma tem-
perature. The line ratios depend both on the excitation levels of the
transitions and on the temperature dependent partition functions of
the species - here extrapolated by 3rd order polynomials. The proposed
simulations are useful for selecting the line pairs less sensitive to chang-
es of the plasma temperature, important both for improving the preci-
sion and for reducing the matrix effect. Knowing a-priori which
spectral lines should be used for calibration also helps in setting-up
the experiment in terms of the spectral detection range, and in estab-
lishing the data elaboration procedures - particularly important when
dealing with large number of measurements and/or emission lines.
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