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Laser induced breakdown spectroscopy (LIBS) is a potential technique for rapid analysis of samples present
in solids, gases and liquids. In the last two decades it was an object of extensive studies. Controlled
calibration method used to analysis the LIBS spectra is investigated. Compared with the inner calibration
and calibration-free (CF) methods, this new method overcomes “matrix effect”, and demonstrates a better
ability to cope with the spectra. It is used to analyze natural soil, and errors of the concentration are
decreased about 5%. The result shows that the new method is feasible and accurate.

OCIS codes: 140.3440, 020.0020, 350.5400, 300.0300.

Laser induced breakdown spectroscopy (LIBS) was pro-

posed by Brech and Cross!!! in 1962. This technique
is based on the spectroscopic analysis of the atomic or
ionic emission lines from the intense plasma or weak
plume generated when a pulsed laser beam is focused
on a sample. It has been a potential technique for rapid
analysis of materials in a wide rangel?='2l.  The merits
of non-invasive analysis, suitability to remote measure-
ment, and minimal sample preparation have made this
technique increasingly attractive. At present, there are
two methods applied to analyzing spectra of LIBS. One
is the inner calibration LIBS method which has been al-
lowed to perform quantitative analysis using calibration
curves obtained from reference samples of known compo-
sition. However the concentration of major components
is difficult to measure by this method because of the so-
called “matrix effect”, and it cannot be applied in the
case of unknown samples. Another is the calibration-free
LIBS (CF-LIBS) method which has been developed to
determine, without calibration curves, the concentration
of atomic components!'3~19] on the promise of detecting
all the elements. But CF-LIBS method has several disad-
vantages, for example, all the elements’ spectra must be
detected in the soil sample, and the accuracy of detecting
concentration of samples is not satisfying compared with
other methods — inner calibration LIBS method, induc-
tively coupled plasma mass spectrometry (ICP-MS) and
atomic absorption spectrometry (AAS).

We put forward a new method on the basis of the two
methods above, which is called “controlled calibration
LIBS” temporarily. The concentration of element can be
calculated from reference element directly by this new
method. This avoids the “matrix effect” and improves
the accuracy of concentration of atomic components.

The CF-LIBS method used for the analysis of the LIBS
spectra has been described in detail elsewherel'3], there-
fore here we will only describe this approach briefly. At
first, self-absorption is not considered in the method. By
assuming the plasma to be in local thermodynamic equi-
librium (LTE) in the temporal window of signal acquisi-
tion, the LIBS line integral intensity corresponding to the
transition between two levels Ey and E; can be expressed
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where 1 i” represents the measured integral line intensity;
A is the wavelength of the transition; Cj is the concentra-
tion of the emitting atomic species; Ay; is the transition
probability for the given line; gy, is the degeneracy of the k
level; F' is a constant to be determined after the species
concentrations have been normalized; T is the electron
temperature; Kp is the Boltzmann constant; and Us(T')
is the partition function for the emitting species, which
is defined as

Us(T) =) _ grexp(—Ey/KgT). (2)
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Taking the logarithm of Eq. (1) and substituting the
above definitions, we obtain the following linear relation-
ship between the z and y parameters:

Y =mx +gs. (7)

According to Egs. (3)—(6), the slope of the curve m is
related to the temperature of the species, while the in-
tercept ¢s parameter is proportional to the logarithm of
the species concentration via the constant factor F. The
F' factor can be determined by normalizing to unit the
sum of the species concentrations as

>0 = 5 S UL explas) = 1. (8)
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Finally, the concentration of all the atomic species of
the sample can be obtained as

U(T
F

Cy = ) exp(gs).- 9)

According to Egs. (8) and (9), we can obtain

Us(T)exp(qy) _ UZ(T)exp(qs) _ _ U(T)exp(qs)
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Assuming that the concentration of one element called
reference element (marked as C?) is known, the corre-
sponding partition function is U%(T") and intercept is ¢°.
Then the other elements’ concentration can be obtained
as
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where all the factors are known. The concentration value
determined by Eq. (11) refers to one species: in order to
obtain the elemental composition, it is sufficient to add
the values corresponding to the neutral and single ion-
ized species of the same element, for example, the total
concentration for a given element M is given by

Ctotel — C](\? + CI(\}[I)' (12)

The characteristics of this method are as follows.
Firstly, compared with the inner calibration LIBS
method, this method avoids “matrix effect”. Secondly
and also obviously, we do not need to detect all the ele-
ments in the soil sample in this method, which is difficult
to achieve in experiment. Thirdly, the concentration of
the determined element can be calculated only from the
spectral lines of the determined element and the reference
element in the sample. Finally, the method avoids the
step of calculating the factor F' which is the systematic
error in the CF-LIBS method, so the result is simpler,
more rapid and more accurate than CF-LIBS.

532 nm

photomultiplier
tube

Fig. 1. Experimental setup used for the LIBS measurements
on the soil samples.

controller

The experimental setup used for the LIBS measure-
ments in the soil samples is sketched in Fig. 1.

The Nd:YAG laser was operated at 532 nm with energy
of 170 mJ per pulse at a maximum repetition rate of 10
Hz, which was focused with a 68 mm focal length lens
on the soil sample surface. The soil sample was fixed
to a rotary holder (1 r/min) so that every laser shot
could hit on a flash site. The plasma light was collected
perpendicular to the direction of laser beam, focused it
by a lens of 67 mm focal length and 532 nm filter into
the entrance slit of single grating monochromator (AC-
TON, SP-2750) whose width of entrance slit is 80 pm.
The detector was a photomultiplier tube (PMT, R376)
whose signal is time resolved and averaged with a boxcar.
Spectra were recorded and processed by a computer, at
the same time, the time-resolved LIB signal transported
by the PMT can be observed by the digital memory os-
cilloscope (TEK460A). In this experiment, we made the
soil sample from local natural soil, and the shape of soil
sample was cylindrical (the inner diameter is 6 mm and
thickness is 3 — 5 mm).

In the soil sample, Pb was used as reference element
whose concentration is 210 ppm. In the experiments,
the time delay of intensity measurements was 600 ns,
the laser was focused on the soil sample interior, the
distance is 1 mm from the surface, which could avoid
breaking down the air, and the laser energy was 22 mJ.
The spectra were shown in Fig. 2.

Figures of ln(Ifi/gkA;”») versus FEj, could be con-
structed by the intensity of LIBS experimental spectral
lines. Curves of Fe(I), Al(I), Mn(I) and Ca(II) were de-
picted in Fig. 3, from which 7" and ¢! could be calculated.
T was 4200 — 4500 K. The power density of laser was
2.2 x 109 W-em ™2,

Table 1. Composition of the Soil Sample Calculated by Two Methods

Controlled Calibration Calibration-Free cp?
0] 46.65 48.85 46.99
Si 33.49 35.07 34.118
Al 6.35 6.65 6.13
Major Elements (%) Fe 2.56 2.68 2.87
Ca 0.543 0.569 0.536
Mg 0.562 0.589 0.534
Ti 0.504 0.528 0.516
Mn 460 482 465
Trace Elements (ppm) Pb 210 220 210
Cr 85 89 80.5

(*ICP: Checking results of sample by Nanjing Soil Institute of Chinese Academy of Science).
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Fig. 2. LIBS spectra of soil samples in 300 — 450 nm: (a) 300 — 330 nm; (b) 330 — 360 nm; (c) 360 — 390 nm; (d) 390 — 420 nm;

(e) 420 — 450 nm.

(b)

Results of the CF-LIBS method and the controlled cal-
ibration method are listed in Table 1 for comparison. We
can see that errors of the concentration of seven elements
are all decreased about 5% by applying the controlled cal-
ibration LIBS approach. Most of the concentrations of
elements are more accurate compared with the CF-LIBS
method. Actually, because we do not need to calculate
all the elements which are difficult to achieve in experi-
ment, in addition, the error of calculating the factor F' is

In conclusion, we present a new approach for the analy-
sis of LIBS, and this approach is verified to be feasible in
theory and experiment. Firstly, the controlled calibration
LIBS method overcomes “matrix effect”. Secondly, it is
allowed to perform quantitative analysis using reference
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Fig. 3. Curves of ln(If\”/gkAki) versus Ej of four elements.
(a) Fe(I); (b) Al(I); (c) Ca(Il); (d) Mn(T).

element. The result shows that this method is simple and
rapid, and the accuracy is better than CF-LIBS. More
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importantly, all further improvements of CF-LIBS anal-
ysis are fit for the controlled calibration LIBS method.
The further work will be focused on improving the accu-
racy and practicability.
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