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Abstract

The objective of this work is to present a novel procedur: buied on the time resolved Boltzmann
plot, and the Calibration-free Laser Induced Breakdowr Cnectroscopy techniques, to determine the
composition of the samples by exploiting the temporai ~vo dtion of the spectral lines generated in
the laser-produced plasma. As an example of the arplicction of this procedure, Laser Induced
Breakdown Spectroscopy spectra were acquired c1 irary lead — tin alloys of different composition
at several delay times, from 1 to 4 us with a s.cp of 0.5 ps after the onset of the plasma.
The matrix change of the alloys was staie! urough the determination of the constants that
characterize the temporal evolution of plasi,». The effects of self-absorption were also taken into
account and compensated. The application ot e proposed method allowed us to determine the
concentrations of lead (Pb) and tin \Sn) in the alloys with an error lower than 5%.
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1. Introduction

The Calibration-Free, (CF), [1] approach to the LIBS quantitative analysis of materials is based on
the assumption of local thermodynamics equilibrium, (LTE), [2]. This technique allows quantitative
analysis of the samples without the use of reference samples and is not affected by the matrix effect
[3]. Since its original formulation, the calibration- free laser induced breakdown spectroscopy (CF-
LIBS method has been refined for taking into account self-absorption effects [4] and non-
homogeneity of the plasma [5,6].

In order to obtain good results with this procedure, the correct determination of the plasma
temperature is very important and, consequently, the selection of the spectral lines to be used in the
construction of the Boltzmann plot is a critical factor influencing the analytical accuracy of the
method.

In previous works, [7-9] some of the authors showed that it is po.~ible to determine, among other
things, the electron temperature of the plasma through the chare ter."ation of the dependence of the
spectral line intensities in a space of coordinates "In (I/gkAik)", ‘=" and "time™ (Boltzmann Surface)
which Ex is the upper level energy of the single emission linc Where | is the integrated intensity of
a spectral line, gk is the degeneracy of upper level of the transition, with energy Ex and Axi is the
transition probability from level k to level i.

In a conventional Boltzmann plot, the experimental value: of the intensities of the spectral lines in

the LIBS spectrum are represented as discrete peists in the plane defined by the coordinates “In
(I/gkAik)" and "Ex". If the measurement is repeat2. at different times after the onset of the plasma,
each spectrum is associated to an independ~.. coltzmann plot. One of the advantages of the 3D
Boltzmann plot technique, [7-9], on the corgrary, is the definition of a smooth surface which
represents the dependence of the signal on bou. the line energy and delay time. Each point of the
Boltzmann surface is the result of the sw.,ultaneous elaboration of all the lines involved in the
analysis.

From the analysis of the Boltzmanr surioce an expression for the plasma temperature as a function
of time can be obtained. The new CF-LIBS procedure presented in this work is based on the use of
the function T = T(t) derived Som the 3D Boltzmann plot for the CF determination of the
composition of the sample uri~r cwdy.

In the traditional CF-LIRS metaod, the spectral line intensities used in the analysis are determined
at a fixed delay time. Ther. the Boltzmann plot is constructed, the logarithms of the line intensity,
divided by the corresponding transition probability and upper level degeneracy are fitted with a
linear model as a function of the upper energy of the transition, and the intercepts of the best fit
lines (one for each of the species present in the sample) with the y-axis are used for calculating the
concentrations of the species.

In the proposed method, on the contrary, the information on the species concentration is obtained
for each spectral line and for each instant of time in which the spectrum was recorded. Therefore, a
better precision with respect to a classical CF-LIBS approach is expected.



2. Experimental setup and materials

The LIBS system used for the measurements here reported consists of a LIBSpector experimental
chamber coupled to an ARYELLE-Butterfly (LaserTechnick Berlin-LTB) spectrometer equipped

with an ICCD (iStar Model DH334T-18F-03-27A by Andor), relative resolution AA_A: 9600 in the

range between 350 and 820 nm, and a Brilliant b Nd:YAG laser from Quantel (France), 5 ns pulse
width, with maximum repetition rate of 10 Hz and wavelength of 1064 nm. The spectrometer was
calibrated both in wavelength and radiometrically, and during the experiment the temperature and
humidity were monitored in order to guarantee the same environmental conditions throughout the
whole experiment. Lead-tin (Pb-Sn) alloy samples with the following stochiometric composition
were used: 85% Pb-15% Sn, 70% Pb-30% Sn, 30% Pb-70% Sn and 15% Pb-85% Sn. The plasmas
were generated at the laser energy of 130 mJ, in air at atmosph.ric pressure. The laser beam was
focused on the target using a 250 mm focal length lens, producirg 2 wser spot of about 0.6 mm in
diameter at the sample surface. The plasma radiation was direc:»d © the spectrometer by mirrors
and optical fiber. The LIBS spectra where acquired at several dela ’ times, from 1 to 4 s with a step
of 500 ns after the breakdown, with an integration time of 2 ns. Each spectrum corresponded to the
accumulation of 30 laser pulses. After each accumulaiion, the sample was moved to avoid the
formation of deep craters.

3. Time-resolved CF-LIBS

The conventional CF-LIBS algorithm assurr-s *.e validity of the Boltzmann equation:

Ek_
e kBT
IO = Fn( L(’ftqki Ua(T) (1)

Where 1o is the intensity of a line of the species a, T is the plasma electron temperature, gk is the
degeneracy of upper level of the *ransition, with energy Ex , Axi is the transition probability from
level k to level i, ks is the Bcltzmenn constant and Ua(T) is the partition function of the species a at

the temperature T. na is the numoer of atoms of the species a and F is a factor taking into account
the efficiency of the col'.ctio,s ~ystem.

If a consistent part of the wynt emitted is reabsorbed by the plasma before reaching the detector, the
proportionality relation between number density of the species and LIBS intensity expressed by eq.
(1) would not hold anymore. Assuming a Lorentzian lineshape, it can be demonstrated [10] that the
measured integral intensity of the (self-absorbed) LIBS line | and its full width at half maximum
(FWHM) AA would change with respect to the optically thin limits lo and 44, according to the
relations:

1=SAP I,

(2)
AL = SA™® A2,

where a=0.54, $=0.46 and
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Lo is central wavelength of the line, | is the size of the plasma and k(o) is the absorption coefficient
defined as:

k(/l ) — LgA ML 4
0/ = g kb u(r) Al (4)

where c is the speed of light, gi is the degeneracy and E;i is lower energy level of the considered
transition.

The relationship between the integrated intensity of a self-absorbed line | with its optically thin
limit lo can be written as [4]:

Iy = (ﬂ)ﬁ/a I (5)

The intensities of all the spectra lines used in this work (s2e Table I) were corrected according to
Eq. (5) for compensating the effect of self-absorption.

Table I: Spectral lines used in this work.

Specie A (nm) os (1017 nm/cm®) Akjx 07 (s1) gi E(cml) Ok Ex (cmt)
Pb I 363.95 0.0153 [11] 32 77 3 7819.3 3 35287.2
Pb I 368.34 0.0131 11 13,7 12 3 7819.3 1 34959.9
Pb I 373.99 0.0112 03 7.3 12 5 21457.8 5 48188.6
Pb 11 424.49 0.19 14 - 6 68964.3 8 92515.2
Pb 11 438.65 0.13 [13] 14.71 [16] 4 68739.6 6 92530.7
Pb I 500.54 0.0075 1] 2.7 12] 1 29446.8 3 49439.6
Pb Il 537.23 0.227 1% - - - -

Pb 11 560.89 0.14 T4 12.45 [17] 2 59448.6 4 77272.6
Pb 1l 666.02 0.1. (4] 7.38 [17] 2 59448.6 2 74459.0
Snl 380.10 0.0-7 L1 3.689 [19] 5 8613.0 3 34914.3
Snl 452.47 L.0%6 [11] 1.366 [19] 1 17162.5 3 39257.1
Snll 645.35 (29 [l 7.0 12 2 56886.4 4 723774

3.1 Conventional calibration free approach

Briefly, the principle of the CF-LIBS technique is based on the determination of the intercept qa
between the linear fit of the points in the Boltizmann plot and the y axis defined as:

1(T)
y n(gk J (6)

According to the expression for the Boltzmann plot:

ln(ﬂ)=—£+ln(m‘l) (7)

I Akj kT Uqg(T)



- qq(T) = In (=) (8)

Ua(T)

ga(T) is a function of the number of atoms Na of the individual species a in the plasma, Ua(T) is the
value of the partition function of the species a at the temperature T and F is an unknown parameter
which accounts for the instrumental response of the system.

The number density of each species can be thus derived from Eqg. (8)

e9aMy_ (1) ng
ng=———>06,=—
a F a Zini

)

To calculate the total number density of the element of interest is necessary to apply this procedure
over the neutral and the ionization states of the species wi ~h are present with significant
abundance in the plasma.

3.2 3D Calibration Free LIBS

The Boltzmann equation (eq. 1) links the intensity of v= )ne measured at time a time t with the
plasma temperature at that time and the numerical conentradon of the species n, (t). Contrarily to
the elemental number concentration N,, which doe. 10" vary during the evolution of the plasma, the
species concentrations change in time. This is duc to the changes in the equilibrium between neutral
atoms and ions in the plasma, which is giver by the Saha-Eggert equation:

HONEE: UTT®) g kpT(0)
o = \t’/.(t) ey e (10)

with n}, (t) + nf (t) = N,.
A'is the thermal wavelength of ti.> ewctron:

2mh?
AO = o -

where me is the electron mass and # is the reduced Planck constant. The time evolution of the line
intensity in eg. (1) thus depends in a very complex way on the plasma temperature (and the electron
number density). The full expression is derived in Appendix A.

However, if the numerical concentration of one of the species is predominant with respect to the
other, we can assume that the intensity of the lines corresponding to this species would depend on
n,(t) = N, (with n,(¢t) representing either nZ (t)or nl(t), according to which species is
dominant for that element).

Therefore, if the approximation is justified, in eq. (8) the variation in time of the product Fna could
be neglected.

In this work we will take To as the temperature corresponding to the shorter time delay used in our
experiment (that is, 1 microsecond after the laser pulse).



We will thus set this time as the origin of the time scale, at to = 0. Substituting the expression of
ga(T) from eq. (8), we obtain:

_ Ua(T)
4a(To) = 4a(1) = In (34 2) 12
_ 1(T) E Uy(D
9a(To) = In (gkAkj) Tt n (Ua(To)) 13

To the determination of ga(To) concur NxM experimental values, where N is the number of lines
used and M is the number of acquired spectra.
According to the 3D Boltzmann plot method [20], the temporal evolution of the intensity of a line n
can be expressed as
In(t) [
n (—) =7, bt (14)

In(to)

Considering eq. (1), we also have that

In(t) i
In (@) =X (BiER +6) ¢! (15)
with
U\ _ vs i
m(aﬁ)_zh;@v (16)

The b]'coefficients depend linearly on the uppe. level energy of the transition E}}; therefore, a new
set of parameters Bi can be calculated as the slope of the plot of the bi vs. the energy of the upper
level of the transition:

For all the spectral lines studira ™ .his work it was sufficient to use a single term in eq. (14), then

In(8)
In (m) = bi't (18)
and
U(Ty)
In (U(;)) = 8.t (19)

4, Experimental results

The evaluation of the electron number density of the LIBS plasma, at the different delays is crucial
for assessing the validity of the approximation of having the numerical concentration of one species
predominant with respect to the other. In our case, we have a binary lead-tin, (Pb-Sn) alloy; the
approximation should thus be valid for both the elements (although it’s not necessary that the same
species, neutral or ionic, would be predominant for the two elements).



The electron number density was obtained through the measurement of the Stark broadening of the

hydrogen Balmer o line at 656.28 nm. The results do not rely on the fulfilment of the LTE
conditions [21]. They are shown in Figure 1.
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Figure 1 — Time evolution of the electron number density for the four sc mples considered. The error bars correspond to
the uncertainty caused by the precision in the measurement of the wia.. of the line H alpha.

The electron number density is comprised betwern abrut 2.5 x 1017 e/cm® and 0.5 x 1017 e/cmd.
Considering that the typical plasma temperat..>s .» the time interval under study would be around
leV, we can estimate a ratio between ions ~n. neutral atoms larger than 9 for Pb and 7 for Sn at
delay times shorter than 2.5 ps. Therefcre, except for the late stage of plasma evolution, the ionic
species can be considered as predominar: wi respect to the neutrals.

We have four reliable ionic lines for Pb, bit only one for Sn. This would not prevent the calculation
of the 65" , since it can be determiwed Jirectly from eq. (17) once the parameter By is known from
the temporal analysis of the Pb lin.-

In figure 2 the bivs. Exk plots are stiwn, for Pb in the four samples.
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Figure 2 — The bj coefficients, plotted as a function of the upper energy of the level of the transition. The points at 9 eV

corresponds to the Sn Il line. (Square) 15%Pb-85%Sn, (circle) 30%Pb-70%Sn, (triangle) 70%Pb-30%Sn, (star) 85%Pb-
15%Sn.



The values of By, 81P°, and §:5" are reported in Table Il, along with the value of the electron
temperature for the four samples at t=0 (1 us in our case), obtained by conventional Saha-
Boltzmann plot [22].

Table II- Parameters of the 3D-Boltzmann plot for the samples considered. The error correspond to the standard
deviation in the calculation of these coefficients

To (eV) B: (us/eV) 8PP (us?) 85" (us?) qpbll dsnll
Pb85-Sn15 1.18+0.04 -0.15+0.03 -0.8+0.3 -1.2+0.3 21.77+0.07 19.25+0.04
Pb70-Sn30 1.08£0.04 -0.07+0.02 -0.5+0.2 -0.4+0.2 22.10+0.03 20.78+0.02
Pb30-Sn70 1.17+20.04 -0.18+0.03 -0.3£0.3 -0.3£0.3 21.28+0.08 21.57+£0.04
Pb15-Sn85 1.18+0.04 -0.06+0.04 0.04+0.05 0.02+0.05 21.04+0.04 22.24+0.02

In the 3D-Boltzmann plot formalism the temporal evolutior f the plasma temperature can be
obtained using the general expression [8]:

KT(t) = PR

(20)

where T,, the plasma temperature at t=0, should "2 ocwermined using conventional Boltzmann or Saha-
Boltzmann plot. In our case, only the B, constant s 1 1po tant. Therefore, eq. (20) can be written as:

kT () = — o

1 kTyB;t (21)

To check the reliability of the abov: re-ults, we have compared the predicted electron temperature
calculated using these values, wit" the results obtained by conventional Saha-Boltzmann plot. The
self-absorption effects are negligi.~ 1wr the ionic lines of Pb and Sn, but they should be taken into
account when the neutral lim~s >:e considered, as in the Saha-Boltzmann calculations. For these
lines, the effects of self-7hscotic n were compensated using eq. (5).

Figure 3 shows the predic'ed temporal evolution of the plasma temperature and the results of
conventional Saha-Boltzmaiin analysis.
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Figure 3- Comparison between the temperatures predicted by 3D-Bult.™=".n technique (circles) and calculated by
conventional Saha-Boltzmann plot (squares). -a) 15%Pb-85%Sn, b) 20%Pb-70%Sn, c) 70%Pb-30%Sn, d) 85%Ph-
15%Sn. The error bars correspond to the uncertainty in the temperature calculated using the Saha Boltzmann equation.
They are due to the indeterminacy of the electronic density and the in. “sity of the spectral lines used in the calculation.

The predictions of eq. (21) reproduce satisfactori. ¢ thr. results of the conventional Saha-Boltzmann
analysis (also considering the indetermination ~f v>= conventional analysis).

We should note that eq. (21) is just anothe. w.y of representing the traditional Boltzmann plot when
the intensities of the spectral lines used in the lot is expressed as a function of time (eq. (14)). It
should also be taken into account that the ~e of a single constant b: to fit the intensities of the lines
in time is justified by the short time intur/al analyzed (form 1 to 2.5 ps). In other circumstances and
with a longer time interval, it is po<sibw that the constants b2 would also be needed to fit the lines
and therefore there would also be *wo = constants (B: and B2).

From the knowledge of the R+ C-Fb, §:5" and T(to) we are now able to determine the values of qsn
and grep from eq. (13) and the 1.orresponding concentration expressed in mass percentages of Pb and
Sn from the term at right ~f the eq. (9). The results are shown in Table Ill. The concentrations

reported are the average values at the four delays considered. The indetermination corresponds to
the standard deviation of the results.

Table Ill- 3D CF-LIBS results. The indetermination corresponds to the standard deviation of the results .

85%Pb — 15%Sn  70%Pb — 30%Sn _ 30%Pb — 70%Sn _ 15%Pb — 85%Sn
Crb (%) 87 +2 75 +2 34.8 +0.4 19.0 +0.1

Csn (%) 13 +2 24 +2 65.2 +0.4 81.0 +0.1

In table IV we show the comparison with the results of conventional Calibration-Free LIBS analysis
(averaged at the different delays considered). The standard deviation of the data represents the
variation of the results at different times.



Table IV- Comparison of 3D-CF-LIBS and conventional CF-LIBS. The standard deviation of the data represents the
variation of the results at different times.

Pb % Sn %
3D-CF-LIBS CF-LIBS 3D-CF-LIBS CF-LIBS
85%Pb-15%Sn 87+ 2 87 +3 12+ 2 13 +3
70%Pb-30%Sn 75+ 2 80+ 5 24 +2 20 +4
30%Pb-70%Sn 348 +0.4 38+ 7 652 +0.4 62 +7
15%Pb-85%Sn 19.0 £ 0.5 23+ 5 810 +05 77t 5

The data in Table 1V are shown graphically in Figures 4 and 5.
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of the nominal stoichiometric cu.nosition of the four samples studied with the one determined

by 3D-CF-LIBS and conventional CF-LIBS. a) Si.. b) Pb. The error bars correspond to the standard deviation in the
calculation of the concentrations.
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It should be noted that both the CF-LIBS and 3D-CF-LIBS approaches overestimate the Pb
concentration (probably because of the indetermination on the Axi and Stark coefficients of the
lines).

Table V — Comparison of the analytical results of 3D-CF-LIBS and conventional CF-LIBS

CF-LIBS 3D-CF-LIBS
Pb Sn Pb Sn
Slope 0.92 0.92 1.003 1.003
R? 0.98 0.98 0.998 0.998
Intercept 10.9 % -2.9 % 4.4 % -4.6 %

However, as shown in Table V, the 3D-CF-LIBS method propoucea in this paper is much more
precise than conventional CF-LIBS. The slope of the regressi~n 't (figure 5) for 3D-CF-LIBS is
practically one, and the deviation from the nominal concertitior. are due to a constant bias of +
4.5%. Also the R? of the regression plot is higher for 3N-CE-LIBS with respect to traditional CF-
LIBS. Consider that the constant bias in a 3D-CF-1'BS could be zeroed using a One-Point-
Calibration (OPC) approach [23], the improvement ob’ained using 3D-CF-LIBS with respect to a
classical CF-LIBS approach is impressive.

The 3D-CF-LIBS method thus performs better, froin an analytical point of view, with respect to
conventional CF-LIBS, whose results are n.gat vely affected by the indetermination on the electron
temperature which derives by the separate an.sis of the spectra acquired at different time delays.
In 3D-CF-LIBS the indetermination is nwintained on the value of the temperature at t=0, but the
time evolution of the temperature is mor: rrecise that the one in conventional CF-LIBS, which is
affected by a random indeterminat’s.> Lassing from one spectrum to the other in the temporal
sequence.

5. Conclusions

In this work we have pre.~nted a novel procedure based on the 3D Boltzmann plot method for
Calibration free analysis ¢: binary alloys. The composition of the sample is determined exploiting
the temporal evolution of its spectral lines. For testing the procedure, four binary Pb - Sn alloy
samples with different concentrations were used. The proposed method is much more precise than
conventional CF-LIBS. The trueness of the method is within + 5% for Pb and Sn, respectively.
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Table I: Spectral lines used in this work.

Specie A (nm) os (1017 nm/cm®) Ak x107 (s1) gi E(cm?) gk Ex (cmt)
Pb I 363.95 0.0153 1] 3.2 02 3 7819.3 3 35287.2
Pbl 368.34 0.0131 1] 137 [12] 3 7819.3 1 34959.9
Pb I 373.99 0.0112 [13] 7.3 12 5 21457.8 5 48188.6
Pb Il 424.49 0.19 14 - 6 68964.3 8 92515.2
Pb Il 438.65 0.13 [19] 14.71 [16] 4 68739.6 6 92530.7
Pb 1 500.54 0.0075 1] 2.7 2] 1 29446.8 3 49439.6
Pb Il 537.23 0.227 [15] - - - -

Pb Il 560.89 0.14 04 12.45 1171 2 59448.6 4 77272.6
Pb Il 666.02 0.12 14 7.38 171 2 59448.6 2 74459.0
Snl 380.10 0.045 18] 3.689 [19] 5 8613.0 3 34914.3
Snl 452.47 0.086 111 1.366 [19] 1 17162.5 3 39257.1
Snll 645.35 0.29 1 7.0 12] 2 56886.4 4 723774
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Table II- Parameters of the 3D-Boltzmann plot for the samples considered. The error correspond to the standard

To (eV) B: (usteV)  &PP(us?) 85" (us?) ol dsnil
Pb85-Sn15 1.18+0.04  -0.15+0.03 -0.8+0.3 -1.2+0.3 21.77+0.07 19.25+0.04
Pb70-Sn30 1.08+0.04  -0.07+0.02 -0.5+0.2 -0.440.2 22.10+0.03 20.78+0.02
Pb30-Sn70 1.17£0.04  -0.18+0.03 -0.3+0.3 -0.3+0.3 21.28+0.08 21.57+0.04
Pb15-Sn85 1.18+0.04 -0.06+0.04 0.04+0.05 0.02+0.05 21.04+0.04 22.24+0.02
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Table IlI- 3D CF-LIBS results. The indetermination corresponds to the standard deviation of the results .

85%Pb — 15%Sn 70%Pb — 30%Sn 30%Pb — 70%Sn  15%Pb — 85%Sn

Cpb (%) 87 +2 75 +2 34.8 +0.4 19.0 +0.1
Csn (%) 13 +2 24 +2 65.2 + 0.4 81.0 +0.1
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Table IV- Comparison of 3D-CF-LIBS and conventional CF-LIBS. The standard deviation of the data represents the

variation of
Pb % Sn % the results at
3D-CF-LIBS CF-LIBS 3D-CF-LIBS CF-LIBS different
times.
85%Pb-15%Sn 87+ 2 87 +3 12+ 2 13 +3
70%Pb-30%Sn 75+ 2 80+ 5 24 +2 20 +4
30%Ph-70%Sn 348 +0.4 38+ 7 65.2 +0.4 62 +7
15%Phb-85%Sn 19.0 +05 23+ 5 810 +05 77+ 5
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Table V — Comparison of the analytical results of 3D-CF-LIBS

and conventional CF-LIBS

CF-LIBS 3D-CF-LIBS
Pb Sn Pb Sn
Slope 0.92 0.92 1.003 1.003
R? 0.98 0.98 0.998 0.998
Intercept 109 % 29 % 44 % 4.6 %

20



Highlight

*This method allows obtaining greater accuracy than the traditional Calibration Free.
*This method determines the spectral lines useful for the analysis of the plasma.
*The constants B1 depend on the sample concentration.

*The 3D Boltzmann Plot method was applied in order to determine the temperature.
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