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a b s t r a c t
We have performed spectroscopic analysis of the plasma generated by Nd:YAG laser irradiation of ﬂesh and
skin of fresh potatoes. From the spectra recorded with an Echelle spectrometer 11 minor elements have been
identiﬁed. Their relative concentrations were estimated by comparing the measured spectra to the spectral
radiance computed for a plasma in local thermal equilibrium. According the moderate plasma temperature of
about 6500 K at the time of spectroscopic observation, the electrons are essentially generated by the
ionization of the minor metal atoms, making plasma modeling possible although the organic elements may
be out of equilibrium. Among the spectral lines selected for the analysis, the Na I 588.99 and 589.59 nm
doublet was found to be partially self-absorbed allowing us to estimate the number density of sodium atoms.
The value was found to agree with the number density predicted by the plasma model. As a result, the
relative concentrations of the detected minor elements have been estimated for both the ﬂesh and skin of the
potatoes. Among these, aluminum and silicon were found to have relatively large mass fractions in the
potato skin whereas their presence was not detected in the ﬂesh. The present study shows that laser-induced
breakdown spectroscopy is a promising tool to measure the elemental composition of fresh vegetables
without any sample preparation.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
The control of minor element concentrations in food is necessary
to evaluate sanitary risks. Several studies have shown a correlation
between health problems and exposure to speciﬁc substances [1]. The
detection of salutary and harmful elements in aliments such as fresh
vegetables or fruits can provide useful assessment and control for safe
and healthy alimentation [2]. Toxic elements such as heavy metals
found in agricultural products may lead to intoxication and also, with
prolonged accumulation, neurodegenerative diseases [3].
During the past years, several crises in the food chain, such as the
mad cow disease, and the dioxin-contaminated chicken, demonstrated that fast tools for alimental analysis are required. For this purpose,
different techniques such as ﬂame atomic absorption spectrometry
(FAAS) [4–6] or graphite furnace atomic absorption spectrometry
(GFAAS) [7,8], inductively coupled atomic emission spectroscopy
(ICP-AES) [9] and inductively coupled plasma mass spectrometry

☆ This paper was presented at the 5th Euro-Mediterranean Symposium on Laser
Induced Breakdown Spectroscopy, held in Tivoli Terme (Rome), Italy, 28 September–1
October 2009, and is published in the Special Issue of Spectrochimica Acta Part B,
dedicated to that Symposium.
⁎ Corresponding author. Tel.: + 33 4 9182 9290.
E-mail address: hermann@lp3.univ-mrs.fr (J. Hermann).
0584-8547/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.sab.2010.04.015

(ICP-MS) [10,11] or laser-induced breakdown spectroscopy (LIBS)
[12] have been proposed. Compared to conventional techniques such
as ICP or AAS, LIBS has some distinct advantages [13]: it allows for
realtime and stand-off analysis of multielemental samples and does
not require any sample preparation. In addition, by choosing the
appropriate irradiation conditions (laser wavelength, pulse duration,
pulse energy and focalization geometry) LIBS may be applied to
analyze every kind of material, independently of its chemical
composition. As a result of the recent progress in the technologies
of laser sources, compact spectrometers and detectors, reliable
portable LIBS systems are now available, ensuring new applications
of LIBS analysis in ﬁelds such as environmental survey and quality
control of aliments [14]. LIBS is also promising for applications in
many other ﬁelds such as interplanetary exploration [15], quality
control in industrial production [16], recycling of materials and
analyses in hazardous and dangerous environments [17].
However, quantitative LIBS analyses are generally limited to
inorganic samples [18,19] because of the matrix effect: the properties
of the laser-produced plasma depend critically on the sample
composition. In case of complex organic materials such as fresh
vegetables or other ailments, the measurement calibration is
inefﬁcient. To overcome this difﬁculty, we investigate in the present
study a quantitative measurement procedure based on the comparison of the measured spectrum to the spectral radiance computed for
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a plasma in local thermal equilibrium (LTE). The procedure was
patented by the French National Centre of Scientiﬁc Research (CNRS)
[20].

3. Results and discussion

2. Experimental set-up

The spectral lines that have been selected for the present analysis
are listed in Table 1. They belong to neutral atoms of 14 different
elements including carbon, hydrogen, oxygen and 11 minor elements. The spectral lines have been chosen to measure plasma
temperature, electron density and the relative elemental concentrations. Only spectral lines of neutral atoms were considered in order to
simplify the data analyses. Indeed, metals have similar ionization
potentials (see Table 1) and the radiation from the corresponding
neutral atoms is expected to be emitted from the same plasma
volume. Contrarily, the ionic species mainly radiate from the volume
of large temperature. Thus, temperature gradients have to be taken
into account if spectral line emission from both neutral atoms and
ions is considered.
Spectral lines of known Stark broadening coefﬁcients have been
chosen in priority in order to take into account self-absorption. Most
of the transitions were found to be optically thin. Contrarily,
signiﬁcant self-absorption of the sodium resonance lines Na I 588.99
and 589.59 nm was evidenced. Thus, the number densities of Na
ground state neutral atoms could be deduced from the relative
intensities of both spectral lines.

Material ablation was produced by an Nd:YAG laser (Quantel,
model Brio) that was operated at 1064 nm. The laser delivered pulses
of 100-mJ energy and 4-ns duration at a repetition rate of 20 Hz.
The experimental apparatus is schematized in Fig. 1. The laser pulse
energy was reduced to 10 mJ by turning the beam polarization with
the aid of a half-wave plate and crossing through a polarization
analyzer. The laser beam was focused onto the sample surface in the
vertical direction using a plano-convex lens of 150-mm focal length.
According to a spot diameter of about 120 µm, a laser ﬂuence of
about 50 J cm− 2 was obtained on the sample surface. The samples
were prepared from fresh potatoes by cutting square cuboids of 102mm2 surface and 5-mm height. They were placed on a motorized
target holder allowing for computer-controlled translation in the
three orthogonal directions. In case of analysis of the potato skin, the
surface was not completely ﬂat and only a limited area of about 4 mm2
was scanned during the measurements. To capture the plasma
emission, the plume was imaged onto the entrance of an optical
ﬁber of 600-µm diameter using two lenses of 150- and 35-mm focal
lengths. The ﬁber was coupled to the entrance of an Echelle
spectrometer (LTB, model Aryelle Butterﬂy) of 0.4-m focal length
and a spectral resolution λ/Δλ ≅ 1 × 104. Photon detection was
ensured using an intensiﬁed charge-coupled device (ICCD) matrix
detector (Andor, model model IStar). An intensity calibration of the
spectroscopic apparatus has been performed in the visible and UV
spectral ranges using a calibrated tungsten lamp (Oriel, model 63358)
and a deuterium lamp (Heraeus, model DO544J), respectively. The
spectral width of the apparatus was measured as a function of
wavelength using a low pressure mercury lamp.
The spectroscopic measurements of the laser-produced plasma
were performed with an observation gate of 5 µs duration that
was delayed by 1 µs with respect to the laser pulse. To enhance the
signal-to-noise ratio, data acquisition was performed by averaging
over 50 ablation events on different irradiation sites. The sites were
separated by a distance of 250 µm. The experimental procedure was
controlled via a controller unit (Newport, model XPS) and appropriate
software.

3.1. Spectroscopic database

Table 1
Radiative decay Aul, energy E and statistical weight g of upper (index u) and lower
(index l) excitation levels, and Stark width w and shift d for ne = 1 × 1017 cm− 3 of the
selected transitions.
Transition
H I 656.28
C I 247.86
O I 777.42
Mg I 383.83
Mg I 516.73
Mg I 517.27
Mg I 518.36
Al I 394.40
Al I 396.15
Ca I 431.86
Fe I 300.05
Fe I 404.58
Na I 588.99
Na I 589.59
Mn I 403.08
Ti I 498.17
Li I 670.77
Si I 251.43
Si I 251.61
Si I 251.92
Si I 252.41
K I 769.90
Cu I 324.75
a

Ref. [21].
Ref. [22].
c
Ref. [23].
d
Ref. [24].
e
Ref. [25].
f
Ref. [26].
g
Ref. [27].
h
Ref. [28].
i
Ref. [29].
j
Ref. [30].
k
Ref. [31].
l
Ref. [32].
m
Ref. [33].
n
Ref. [34].
o
Ref. [35].
p
Ref. [36].
r
Ref. [37].
b

Fig. 1. Schematic presentation of the experimental set-up.

Aul (s− 1)
8 a

1.323 10
1.8 1017 b
3.293 107 c
1.594 108 d
1.130 107 e
3.370 107 e
5.464 107 e
5.105 107 f
1.010 108 f
7.38 107 g
6.027 106 h
8.622 107 i
6.289 107 g
6.277 107 g
1.738 107 j
6.594 107 j
3.721 107 c
6.108 107 k
1.212 108 k
4.510 107 k
1.818 108 k
3.802 107 g
1.370 108 l

El (cm− 1)

gl

Eu (cm− 1)

gu

w (pm)

d (pm)

82259
21648
73768
21911
21850
21870
21911
0
122
15316
11976
11976
0
0
0
6843
0
0
223
77
77
0
0

4
1
5
5
1
3
5
2
4
5
9
9
2
2
6
11
2
1
5
3
3
2
2

97492
61982
86628
47957
41197
41197
41197
25348
25348
38465
45295
36686
16973
16956
24802
26911
14904
39760
39955
39760
39683
12985
30784

6
3
5
7
3
3
3
2
2
3
11
9
4
2
8
13
4
3
5
3
1
2
4

850
6.9 m
–
110 m
33 m
35 m
35 m
34 n
34 n
16 o
–
–
75 p
65 p
57 m
–
–
30 o
30 o
28 o
28 o
(5)
14 r

0.5
4.4 m
–
−2 m
9m
8.4 m
7.4 m
17 n
17 n
–
–
–
11 p
12 p
–
–
–
7o
6o
6o
7o
(4)
–
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3.2. Calculation of the spectral radiance
The calculation of the spectral radiance is divided into three
successive steps as illustrated in Fig. 2. (i) The ﬁrst step deals with the
calculation of the plasma composition. (ii) In the second step, the
absorption coefﬁcient is computed as a function of wavelength, taking
into account the dominating effects of spectral line broadening.
(iii) The spectral radiance of the plasma is calculated in the third step
using a simpliﬁed solution of the radiation transport equation. The
computed spectrum is than compared to the experimental one.
Plasma temperature, electron density and the relative concentrations
of the different elements are adjusted to obtain the best agreement
between measured and calculated spectra. The comparison concerns
the intensity and the spectral width of the spectral lines that were
chosen for the analysis (see Table 1).
(i) The composition of a plasma in LTE is determined by the
temperature T and the atomic number densities of elements. In
the temperature range of interest (T ≅ 104 K), the presence of
molecules in the plasma can be neglected. Details on the
calculation algorithm that was applied to compute the plasma
composition can be found in a previous paper [38]. As an
example, the number densities of species in a LTE plasma of an
elemental composition typical of a potato are displayed in Fig. 3
versus temperature. It is shown that the electrons are
essentially due to the ionization of metal atoms for T b 8000 K
whereas the contribution of organic atoms ionization dominates at larger temperatures.
(ii) The absorption coefﬁcient as a function of wavelength is
calculated for each spectral line using [39]



hc
2
αðλÞ = πr0 λ flu nl P ðλÞ 1−exp −
λkT

ð1Þ

where r0 is the classical electron radius, c the vacuum light
velocity, flu and nl are the absorption oscillator strength and
the lower level population density of the transition, respectively. The normalized line proﬁle P(λ) is calculated considering Doppler and Stark broadening that are the dominant
mechanisms of spectral line broadening in strongly ionized
laser-produced plasmas [40]. Depending on the relative values
of Doppler and Stark width, the line shape is described by a

Fig. 2. Schematic presentation of the calculation loop. Temperature, electron density
and elemental concentrations are deduced by comparing the computed spectral
radiance to the measured spectrum.

Fig. 3. Number densities of species versus temperature computed for a plasma in local
thermal equilibrium of an elemental composition typical for a potato. The pressure was
set to a constant value of 5 × 105 Pa. Only species of the two most abundant metals K
and Mg are presented. It is shown that the electrons are essentially generated by the
ionization of metal atoms for T b 8000 K.

Gaussian, a Lorentzian or a Voigt proﬁle. The Doppler width is
calculated according to plasma temperature and atomic mass
of the emitting species, the Stark width is estimated for each
spectral line of interest assuming a linear increase with
electron density.
(iii) The spectral radiance is calculated using an analytical solution
of the radiation transport equation for a uniform plasma in local
thermal equilibrium.


−αðλ;T ÞL
Bλ = Uλ ðT Þ 1−e

ð2Þ

Here, Uλ is the blackbody spectral radiance and L is the plasma
dimension in the observation direction.
3.3. Temperature and electron density measurements
The plasma temperature was measured using spectral lines of
magnesium that is present in all vegetables with relative large
concentrations (see Table 2). Thus, several spectral lines emitted from
two multiplets of signiﬁcant different excitation energies can be
observed as shown in Fig 4. We deduce for the plasma produced by
the irradiation of both the potato ﬂesh and skin a temperature
T = 6500 K.
A ﬁrst estimation of the electron density is performed using the
Stark broadening effect of the Hydrogen Balmer line at 656.28 nm
(see Fig. 5). The Hα transition is easily observed in plasmas produced
by laser ablation of fresh vegetables due to the large water content.
Comparing the measured and computed spectral line proﬁles, we
deduce electron density values of about 2.7 × 1016 and 2.2 × 1016 cm− 3
for potato ﬂesh and skin, respectively.
It is however noted, that the electron density deduced from the
Stark broadening of the Hα transition is expected to be larger than the
ne-value deduced from the spectral lines of minor elements. In fact,
the plasma emission is acquired over a duration of 5 µs during which
the plasma temperature decreases. As the Hydrogen Balmer line has a
large excitation energy (see Table 1), its signiﬁcant emission is limited
to a short duration during the early stage of plume expansion when
the temperature was high. The measured spectral line width
corresponds therefore to the early expansion stage where the electron
density was relatively large. Contrarily, the observed transitions of the
minor elements have much smaller excitation energies. Thus, the
spectral lines of the metal species radiate for a much longer duration
and the electron density derived from these lines is expected to be
smaller than the value deduced from Hα. The mean electron density
values corresponding to the spectral line emission of the metal atoms
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Table 2
Atomic mass ma and ionization potential Φion of elements, relative abundance of minor elements (mass fractions) wminor deduced from LIBS analysis of the potato skin and ﬂesh.
Assuming a typical composition of potatoes, the mass fractions w of the ﬂesh were estimated in order to compare them to data reported in literature.
Element

Hydrogen
Carbon
Oxygen
Nitrogen
Magnesium
Aluminum
Calcium
Iron
Sodium
Manganese
Titan
Lithium
Silicon
Potassium
Copper

ma (a.m.u.)

1.01
12.01
16
14.01
24.3
26.98
40.08
55.85
22.99
54.94
47.88
6.94
28.09
39.1
63.55

Φion (eV)

13.6
11.26
13.62
14.55
7.65
5.99
6.11
7.9
5.14
7.43
6.82
5.39
8.15
4.34
7.73

w (ppm)

w (ppm) according to literature

Skin

wminor (%)
Flesh

Flesh

Ref. [41]

Ref. [42]

Ref. [43]

Ref. [44]

–
–
–
–
2.0
0.56
2.2
0.86
7.7
0.05
0.09
0.02
39
48
0.17

–
–
–
–
8.2
–
1
0.13
0.2
–
–
–
–
90.27
0.2

10%
9.1%
79%
0.3%
1300
–
170
20
34
–
–
–
–
15000
30

–
–
–
–
300
–
150
10
50
1
–
–
–
5000
1.5

–
–
–
–
210
–
70
7
70
–
–
–
–
5300
–

–
–
–
–
2400
–
51
7.8
49
1.7
–
–
–
6000
0.88

–
–
–
–
1200
–
–
20
–
5.6
–
–
–
–
9.2

(see Figs. 4, 6 and 7) was estimated to about 1.8 × 1016 and
1.5 × 1016 cm− 3 for ablation of the potato ﬂesh and skin, respectively.
These values have been used for the spectra calculations as they
characterize the plasma zone where the emission of metal atoms
originates from.
It is noted, that the measured electron density values are small and a
decay from local thermal equilibrium may occur in the case of a plasma
produced by laser ablation of organic materials. Organic elements have
large energy gaps between the excitation levels and the establishment
of LTE requires larger ne-values according to the criterion of Griem [39].
Contrarily, metal atoms have many energy levels lying close to each
other and a Boltzmann equilibrium distribution of their population
number densities can be easily established. We expect therefore a

Fig. 4. Experimental spectra recorded during laser ablation of the potato skin and
spectral radiance computed for a plasma in local thermal equilibrium. The spectral
ranges (a) and (b) show two multiplets of magnesium having signiﬁcantly different
upper level energies. The relative intensities allowed for the measurement of the
plasma temperature.

–
–
–
–
1100
–
–
23
–
6.8
–
–
–
–
8.7

plasma in partial LTE, where the population number densities of metal
species are determined by the equilibrium laws whereas a decay from
the equilibrium distributions may occur for the organic species.
However, the decay from equilibrium is expected to play a minor role
in the present analysis as most of the plasma electrons originate from
the ionization of metal atoms.
3.4. Evaluation of the relative concentrations of minor elements
Assuming a uniform plasma in local thermal equilibrium, the
determination of the elemental composition is a problem of k + 1
variables, the atomic number densities of k elements and the
temperature. Here, the atomic number density nX of an element X is
the number of atoms per unit volume independently of the fact that
the atoms are ionized or recombined to form a molecule. The k atomic
number densities are equivalent to the total atomic number density
ntot = ∑nX and the k − 1 relative elemental concentrations or mass
fractions. Furthermore, the total number density can be substituted by
the electron density that is measured via Stark broadening of spectral
lines as illustrated in the previous section.
As the organic elements have much larger ionization potentials
than the minor elements, the plasma electrons are mainly produced
by the ionization of metal atoms in the temperature range b8000 K.
The determination of the concentrations of the most abundant
metallic elements is thus crucial for the analysis. As the population
number densities of the organic species may not reach the equilibrium
distributions, the determination of the elemental concentrations of C,
H, O and N was omitted.

Fig. 5. Spectral shape of the Hα transition at 656.28 nm recorded during laser ablation of
the potato skin. The electron density was estimated from the Stark broadening effect.
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Fig. 6. Experimental spectra recorded during laser ablation of the potato skin and
spectral radiance computed for a plasma in local thermal equilibrium. The sodium
concentration was deduced from the self-absorption of the Na I 588.99 and 589.59 nm
resonance lines (a). The potassium and calcium concentrations were deduced from the
relative intensities of the selected lines presented in (b) and (c), respectively.

The calculation loop (see Fig. 2) was started with the previously
estimated values of temperature and electron density and arbitrary
mass fractions of elements. The elemental concentrations were then
deduced by adjusting the relative intensities of the appropriate
spectral lines. A fast convergence of the calculation loop is obtained by
determining ﬁrst the concentration of elements that signiﬁcantly
contribute to the production of electrons in the plasma. Thus, we
adjusted ﬁrst the concentrations of potassium, magnesium and
calcium that have relatively large mass fractions in fresh vegetables.
The corresponding spectral lines are displayed in Figs. 4, 6 (b) and (c).
The concentrations of other minor elements were deduced afterwards
using the same procedure. The spectral lines used for the determination of the concentrations of aluminum, lithium and silicon were
shown in Fig. 7.
The resonance lines Na I 588.99 and 589.59 nm were signiﬁcantly
self-absorbed so that the intensity ratio I588.99/I589.59 was reduced
with respect to the ratio expected for the optically thin case. As the
calculation of spectral radiance takes into account the self-absorption,
the good agreement between computed and measured spectra shown
in Fig. 6(a) allowed us to verify that the applied procedure for the

731

Fig. 7. Experimental spectra recorded during laser ablation of the potato skin and
spectral radiance computed for a plasma in local thermal equilibrium. The aluminum,
lithium and silicon concentrations were deduced from the relative intensities of the
selected lines presented in (a), (b) and (c), respectively.

determination of elemental concentrations is valid. We note that the
calculation was performed assuming a plasma diameter L = 300 µm
along the observation direction.
3.5. Elemental composition of potato skin and ﬂesh
The elemental composition determined by the present analysis is
displayed in Table 2 for the potato ﬂesh and skin. All values are given
in mass fractions. As mentioned above, the organic elements were not
obtained by the LIBS measurements. We therefore present the relative
mass fractions of the inorganic minor elements wm = MX/Minor, where
MX is the mass per unit volume of element X and Minor = ∑ MX is the
inor

mass per unit volume of all inorganic elements. Assuming a typical
composition of organic elements in potatoes that contain about 77%
water, 19% carbohydrates, 2% proteins, 0.1% lipids [41], we were able
to estimate the absolute mass fractions of the minor elements w = MX/
Mtot in the ﬂesh. Here, Mtot = ∑MX is the total mass per unit volume
all
of the potato.
The estimated mass fractions were compared to published data
that were obtained using standard techniques for analysis of aliments
(see Introduction). It is shown that the mass fractions of minor
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inorganic elements measured for the potato ﬂesh are close to the
average mass fractions found in literature [41–44]. In particular, the
order of abundance of the minor inorganic elements is in agreement
with published data.
Comparing the composition measured for the ﬂesh and skin, we
note that magnesium and potassium have larger abundance in the
ﬂesh whereas the other minor elements have larger concentrations in
the skin. The large mass fraction of potassium having the smallest
ionization potential (see Table 2) may explain the larger electron
density in the plasma produced by laser ablation of the ﬂesh. In fact,
due to the large abundance of potassium in the ﬂesh, the overall
number density of metal atoms in the plasma is larger than the value
obtained for ablation of the skin. As the electrons are essentially
generated by the ionization of metal atoms, the electron density is
larger in the plasma produced by laser ablation of the ﬂesh.
The elements Al, Mn, Ti, Li and Si were only detected for laser
ablation of the potato skin. The mass fractions of elements in the ﬂesh
were found to be below the detection limits in our experiment that
were estimated to about 0.5, 2, 3, 0.05 and 80, for Al, Mn, Ti, Li, and Si,
respectively.
The evaluation of the measurement error is a difﬁcult task. It
depends on a large number of parameters. First of all, the applied LIBS
analysis procedure does not include the mass fractions of the organic
elements and therefore only determines the relative concentrations of
the minor elements. The estimation of the absolute concentrations,
that was done in order to compare the results with those reported in
literature, was done by setting the total mass fraction of minor
inorganic elements to a value typical for fresh potatoes. Thus, the
systematic error of the mass fraction measurements on an absolute
scale is large and may reach a factor of two. The uncertainties of the
minor element relative concentrations depend critically on the energy
gap between the upper energy levels of the spectral lines that have
been chosen for the analysis. For example, a temperature variation of
about 5% will cause a change of the intensity ratio of the Mg I
518.36 nm and K I 518.36 nm transitions of about 50%, whereas only
5% are expected for the Mg I 518.36 nm and Fe I 404.58 nm transitions
as these lines have upper levels of similar energies. These uncertainties have to be added to the uncertainties of radiative decay ranging
typically from 10 to 20% and the intensity measurement error. The
latter critically depends on the signal-to-noise ratio and is large for
concentrations close to the detection limit. In addition, the selfabsorption of sodium tends to increase the measurement uncertainty
of this element. Indeed, the optical thickness depends on the plasma
density that is determined in procedure the via the electron density
measurement. Consequently, the sodium measurement uncertainty
depends on the uncertainty of ne whereas the elemental concentrations measured with optically thin spectral lines only weakly depend
on the electron density. In summary, the uncertainties of the minor
element relative concentrations vary from a few % for optically thin
lines of precisely known radiative decay with upper energy levels
lying close to each others to values up to 100% in the worst case. An
improvement of the measurement precision is possible by taking into
account the spatial variation of temperature and plasma density.
3.6. Summary and conclusion
We have performed spectroscopic analysis of the plasma produced by
laser ablation of potato ﬂesh and skin using infrared radiation of 4 ns
pulse duration. The emission spectra recorded with an Echelle spectrometer were compared to the spectral radiance computed for a plasma
in local thermal equilibrium to deduce the mass fractions of the minor
elements. The concentrations of organic elements were not measured as
their population number densities are expected to decay from the
Boltzmann equilibrium distributions. According to the moderate electron
density ≅1016 cm− 3, only the metallic species were expected to have
population number densities in agreement with the Boltzmann law.

In the temperature range of interest (T = 6500 K), the plasma
electrons are essentially generated by the ionization of the metal
atoms, and the possible decay from equilibrium of the organic species
population densities has no signiﬁcant inﬂuence on the deduced
relative concentrations of the inorganic minor elements. Furthermore,
as the calculation of the spectral radiance takes into account selfabsorption of the spectral lines, the analysis procedure could be
veriﬁed by measuring the optical thickness of the sodium resonance
lines. In fact, the number density of sodium ground state atoms was
found to have values that are large enough to change the relative
intensities between the Na I 588.99 and 589.59 nm lines with respect
to the intensity ratio in the optically thin case.
Comparing the mass fractions deduced from the present LIBS
analysis of the potato ﬂesh to values measured by ICP-AES, ICP-MS
and AAS techniques, a good agreement was obtained for the detected
minerals. In addition, signiﬁcant differences were observed in the
compositions of the potatoes ﬂesh and skin. In particular, several
elements such as Al, Mn, Ti, Li and Si were detected in the skin with
relative concentrations from 0.02% for Li up to 39% for Si whereas the
same elements had concentrations below the detection limit in the ﬂesh.
Complementary investigations are planned in order to evaluate
the possibility to include the organic elements in the LIBS measurement procedure and to validate the procedure on fresh vegetables of
known composition.
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