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ABSTRACT

Calibration-free (CF) laser-induced breakdown spectroscopy (LIBS) is
normally only applicable for gated detectors due to its dependence on the
assumption of a steady-state plasma. However, most currently available
LIBS systems are equipped with non-gated detectors such as charge- _
. . . Pre-experiment to —»{ Set initial value 7}, Ne,, Nl,
coupled device (CCD), which degrades the accuracy of CF method. In this get trends of plasma

paper, the reason for the less satisfactory quantification performance of CF Chaﬂ’z;zm;tizsﬁme Sdf;abs"‘tfﬁf“: °°r.’t§°til°“
K . K K K . of spectra intensity a
for LIBS with non-gated detectors was clarified and a time-integration cali- each moment 7
bration-free (TICF) model was proposed for applications with non-gated Tntegrate spectra ntensity E:
detectors. It was based on an assumed temporal profile of plasma proper- along £ to get simulated =
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ties, including temperature and electron density, obtained from another 5
Q
pre-experiment. The line intensity at different time during the signal Z
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collection time window was estimated with self-absorption correction TGl e -
according to the temporal profile of the plasma properties. The proposed C"”e“edl";der simglateld spectra
. . . . .. IO and real spectra
model was validated on titanium alloys and compared with traditional CF. condition reaches minimum?

The accuracy of elemental concentration measurement was improved
significantly: the average relative error of aluminum and vanadium
decreased from 6.07% and 22.34% to 2.01% and 1.92%, respectively. The Calculate number density ratios of different
quantification results showed that TICF method was able to extend the elements to get calibration-fiee result
applicability of CF to LIBS with non-gated detectors.

Keywords laser-induced breakdown spectroscopy, calibration-free, non-
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1 Introduction and minerals [8]. Generally, quantitative LIBS analysis

is performed by calibration models [9-14] and calibration-
Laser-induced breakdown spectroscopy (LIBS) has been free (CF) models [15-18]. The CF model proposed by
regarded as one of the most versatile elemental analysis Ciucci et al. [17] avoids the use of a series of reference
techniques and has shown great potential in many appli- samples and thus improves the convenience of LIBS.
cations [1-4], such as metals [5], coal [6], pollutants [7], However, the CF model relies on strict assumptions,
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including stoichiometric ablation, optical thinness (free
of self-absorption), and spatial homogeneity and local
thermodynamic equilibrium (LTE) of the plasma [19].
There is also an implicit assumption of a steady state
plasma because the drastically changing plasma temper-
ature and electron density are not considered in the CF
model, since lumped constant temperature and electron
density are applied. In general, emission with tens to
thousands of nanoseconds of the earlier stage plasma is
collected using gated signal detectors such as intensified
charge-coupled device (ICCD) to meet the LTE condition
and the nearly steady state assumption [19-21]. However,
most currently available LIBS systems are equipped
with non-gated detectors such as charge-coupled device
(CCD) for their low cost and high stability, with an
exposure time about 1 millisecond and do not satisfy the
basic assumptions. Despite the possible violation of CF
assumptions, some researchers attempted CF model with
CCD detectors [22-26], but the quantification performance
were not satisfactory compared with those with ICCD
detectors. Grifoni et al. [27] proposed to obtain time-
resolved spectra by the subtraction between two LIBS
spectra at two different delays using a CCD detector.
Although this method does not require any pre-calibration
of the system and does not rely on theoretical assumptions
or iterative procedures, the subtraction between two
LIBS spectra actually increases the uncertainty of signal
since essentially these two spectra were obtained from
two different laser-induced plasmas, which is absolutely
harmful to the final results. In addition, the line intensity
estimated from subtraction may sometimes be very weak
or even be negative, limiting its potential for CF analy-
sis. The application of CF model for LIBS with CCD
detectors is still a big challenge for LIBS.

Another problem which affects the quantification
performance of CF is self-absorption [20, 28]. Self-
absorption is an undesirable phenomenon in which
plasma emission is re-absorbed by the plasma itself. It
generally reduces the intensity and increases the width
of an emission spectral line, resulting in inaccurate esti-
mation of plasma temperature and elemental concentra-
tions in CF-LIBS [29-33]. Various methods have been
proposed to correct the self-absorption effect [34]. Bulajic
et al. [35] used curve of growth (COG) for self-absorption
correction, in which the effect of self-absorption on line
profile was clarified and an iterative algorithm was
proposed to calculate plasma temperature, electron
number density, Gaussian broadening, Lorentzian broad-
ening, and optical path length. Based on this method,
Sherbini et al. [36] summarized the relationship between
line broadening and self-absorption extent, and proposed
a simplified iterative algorithm to correct self-absorption,
but required at least one optically thin line with negligible
self-absorption effect. Aragon et al. [37] applied a C-
sigma method to compensate for the self-absorption
effect and quantitatively analyzed elements in aluminum

alloys. Moon et al. [38] proposed a duplicating mirror
method to measure and correct self-absorption, but
required an additional mirror and an optical shutter,
and required to collect spectra with and without the
mirror each time. Sun et al. [22] proposed a method that
used one or several lines as internal reference, which
were regarded free from self-absorption, for self-absorption
correction (IRSAC), while the intensity of other lines
was calculated by the reference line intensity and the
plasma temperature was estimated based on theoretical
equation. Dong et al. [16] proposed the internal reference
—external standard with the iteration correction
(IRESIC) procedure based on IRSAC, in which one
matrix-matched standard sample along with the genetic
algorithm (GA) was utilized to estimate the accurate
plasma temperature. Demidov et al. [39] proposed an
improved Monte-Carlo (MC) method for standard-less
analysis, where the concentrations were found by fitting
model-generated synthetic spectra to experimental spec-
tra. Zhu et al. [40] proposed an approach to overcome
the self-absorption effect by utilizing molecular emission.
Li et al. [41] proposed a new self-absorption correction
method for CF-LIBS called blackbody radiation referenced
self-absorption correction (BRR-SAC). It used an iterative
algorithm to calculate the plasma temperature and the
normally hard-to-obtain collection efficiency of the optical
collection system by directly comparing the measured
spectrum with the corresponding theoretical blackbody
radiation for self-absorption correction.

However, none of these correction methods considered
the influence of plasma evolution on the degree of self-
absorption. Plasma properties such as temperature and
electron density changes drastically during the exposure
time of non-gated detectors [42-44]. The self-absorption
also changes drastically due to the change of temperature
and electron density [45], making the normal self-absorp-
tion correction methods not applicable for non-gated
detectors. In this paper, a new CF model with self-
absorption correction that can be used under non-gated
conditions is proposed, namely time-integration calibra-
tion-free (TICF), and is applied for titanium alloy
samples. The results show that TICF can effectively
improve the measurement accuracy compared to tradi-

tional CF.

2 Methods

According to the theory of plasmas in LTE, the emission
intensity & (W m?) of the line with the central wavelength
of A\¢ (m) can be expressed as [46)

hc riNI FE
F. 7470\09%1 T exp (_kT> V (N, (1)

and its wavelength-integrated emission intensity I(W) is

e(\) =
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where F (m?) is the coefficient of collection that takes
into account the optical efficiency of the collection
system as well as the region of the plasma in the viewing
field of optical collection system [47], h (J's) is the
Planck constant, ¢ (m-'s!) is the speed of light in
vacuum, and k (J-K 1) is the Boltzmann constant. A (s1)
is the transition probability, ¢ (dimensionless) and E (J)
are the degeneration and the energy of the upper level of
the transition, respectively, and U (dimensionless) is the
partition function of the emitting species. T' (K) is the
plasma temperature, N (m3) is the elemental number
density, ! (m) is the plasma length, r (dimensionless)is
the ionization factor of the emitting species, which
represents the percentage of emitting species to the
corresponding elemental species and can be obtained by
the Saha-Boltzmann ionization equation, and V()) is the
normalized spectral line profile. It should be noted that
since N and [ always appear at the same time, NI (m ?)
will be merged into one variable (columnar density) in
the following discussion.

The representation of In[I)\;/gA] as a function of E,
called a Boltzmann plot, leads to a straight line with a
negative slope —1/(kT) and an intercept that characterizes
the number of species, from which the temperature and
elemental concentration can be obtained.

For non-gated LIBS, we treat the plasma as an evolving
object with universal temporal profile for fixed experi-
mental setup but spatially homogeneous. The expressions
for plasma temperature, electron density, and number of
species at moment ¢ are

T(t) = fr(To, 1),

(3)
(4)

Ni(t) = fni(Nlo, t). (5)

where fr, fv. and fy; represent the profile function of the
change of plasma temperature, electron density, and
particle number density with time, respectively. Ty, N
and NIy represent the parameters of the plasma at a
certain delay time (the moment when we start to char-
acterize the plasma evolution), which depends on and
needs to be determined for each different sample. In this
paper, a time-resolved pre-experiment with ICCD is
used to determine the expression of fr, fyve and fa.
Considering the temporal evolution, the expression of
the intensity I in Equation 2 should be corrected to

B he r(t)NI(t) E
I=F- 47T)\OgA-/ U (T() exp (_k’T(t)> V(A t)dt,
(6)

The potential self-absorption effect of the plasma

Ne(t) = fNe(Nemt)a

leads to the failure of the optical thinness assumption,
which usually weakens the intensity of the spectral line
and should be corrected. For spectrum collected under
non-gated conditions, the plasma temperature T and
electron number density N, change along plasma evolution
process, which leads to changes of self-absorption effect
[48, 49]. A simple simulation of the self-absorption (SA)
coefficient defined by Ref. [32] of Al(I) 394.4 nm changing
with T'and N, is shown in Fig. 1, which helps to understand
the change of self-absorption effect under non-gated
conditions. Significant changes in self-absorption coeffi-
cient can be observed in the typical ranges of T and N,
during the exposure time of non-gated detectors, which
indicates the urgent need of self-absorption correction
and the inapplicability of existing correction methods.
Therefore, it is necessary to introduce and to improve
the self-absorption correction for the CF-LIBS under
non-gated conditions.

Self-absorption correction can be achieved by comparing
the intensity of the plasma emission with the intensity
of the blackbody radiation at the corresponding temper-
ature. Our previous work [41] has elaborated on the
principles of self-absorption correction and proposed a
method called blackbody radiation referenced self-
absorption correction (BRR-SAC) method. The basic
idea of BRR-SAC is to imagine an ideal blackbody
which has the same temperature as the plasma. By
comparing the emission of the ideal blackbody and the
plasma, the self-absorption effect can be evaluated and
corrected. The plasma emission intensity with and without
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Fig. 1 Self-absorption (SA) coefficient simulation of Al(T)
394.4 nm changing with T (a) and N, (b) (pure Al sample,
plasma size 2 mm).
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self-absorption effect can be described as a function of
blackbody radiation intensity Lp()\) and optical length

7(\):

Lp (M) .

ohc/(NKT) _ 17

2mhc?

e(\)=F-Lp(N7T(}),

e*(N)=F Lp(\)[l—e"WV],

where ¢()\) is the emission intensity without self-absorption
and has the same meaning as in Eq. (1) while £"()) is
the emission intensity which considers the self-absorption
effect. The intensity 1* after considering the self-absorption
effect can be obtained by integrating &'(\) along time
and wavelength:

I :F//LP (A1) {1 —eXp {—

rt)NI(t) exp( E > V()\,t)]}d/\dt, (10)

* U(T) KT (1)

In addition, the broadening of spectral line profile
should be considered since it was affected by self-absorp-
tion. In this study, Stark broadening is considered as the
main factor for the broadening of line profile, and the
expression for V (A, ¢) is

i

where v is the scale parameter which specifies the half-
width at half-maximum (HWHM) and can be expressed
as a function of electron density N, and Stark broadening
coefficient a:

1 hc A
Lp (/\,t) 47‘(’)\09

1
my(t)

v2(t)
A= 20)” +72(t)

V(AT = (11)

1) = goNe(). (12)

Since the Stark broadening coefficient a is not available
or not accurate in many cases, it is set as an unknown
variable in this study. Considering the strong positive
correlation between o and the HWHM of a certain spectral
line and the little effect of @ on the wavelength-integrated
intensity, o can be quickly adjusted to make the HWHM
of the calculated line the same as the experimental line.

Based on the above derivation, the new CF procedure
considering temporal evolution, namely TICF, is
proposed and described as follows. Iterate the value of
To, Neo, and Nlp, until the experimental spectral intensity
is as close as possible to that described in Equation 10.
Then, these parameters (Ty, Nl, and Ny) can be substi-
tuted into Equation 6 to obtain the spectral intensity
after self-absorption correction. The quantification
results can be obtained by the relative number densities
of different element by Nl. The main procedure of TICF
is shown in Fig. 2.

3 Experimental

A standard LIBS setup was used in this experiment. A
Q-switched Nd:YAG laser (Q-Smart 100, Quantel,
France) was applied. The laser wavelength was 1064 nm
and energy was set to 80 mJ/pulse, with a pulse duration
of 6 ns and a repetition rate of 1 Hz. The spot size at
the sample surface was about 0.2 mm in diameter. A
spectrometer with non-gated CCD detectors (Avantes,
Netherland) was used to acquire plasma spectra. The
wavelength range of spectra was from 180 to 430 nm
and the spectral resolution about 0.1 nm. Optical fiber
and spectrometer were corrected by a standard light

Pre-experiment obtain formula:

4-{ Set initial value T, Ne,, NI,

T(t) = Z’,,fu_l%

NAO = frelNeo, 1)
NI(t) = fulNly, 1)

Calculate spectra intensity
at each moment ¢

Set new T, Ne,, NI,

Integrate spectra intensity
along 7 to get simulated

spectra

Real spectra
collected under
non-gated condition

simulated spectra
and real spectra
reaches minimum?

Difference
between

No

elements to

Calculate NI, ratios of different

get calibration-free result

Fig. 2 Main procedure of TICF.
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source (DH-3plus, Ocean Tec, USA). The sample was
standard titanium alloys (Chinese National Standard
No.02503~02507) with known concentrations, as shown
in Table 1.

To determine the form of the function fr, fy. and fuy,
a time-resolved pre-experiment with ICCD (LTB butterfly
echelle spectrometer) was performed. Spectra of sample
14 were collected at delay times of 2, 3,..,14, 15, 17 and
20 ps with gate time of 0.1 ps. A short gate time was
chosen to avoid strong changes in plasma temperature
and electron number density during the measurement.
Ten spectra were collected at each delay time and each
spectrum is accumulated by 10 laser pulse signals to
improve the signal-to-noise ratio.

For all samples, 10 non-gated spectra were collected
at the delay time of 2 ps with the exposure time of 1 ms.
Each spectrum was generated by a single pulse.

4 Result and discussion

Analytical lines selection. Due to the presence of
titanium and vanadium element in the plasma is mainly
in the form of ions, a number of titanium ion lines and
vanadium ion lines can be found in the spectrum with
high intensity. At the same time, several low-intensity
titanium and aluminum atomic lines can also be
observed. The selected lines for these four species are
listed in Table 2. The transition probability A is an
important parameter of the spectral line, which can be
obtained by the NIST database.

of sample 1 with short gate, the temperature can be
determined by Boltzmann plots. In order to eliminate
the interference of self-absorption effects on these
parameters, blackbody radiation referenced self-absorption
correction method [41] was applied.

The electron density is obtained by the Saha—Bolzmann
ionization equation:

2(2mm kT)Y? I A igH!
h3 Iin Apngl,

( Eion +EiII_ E7In >
Ne= e I

kT
(13)

Here, m¢, k, T, and h are the mass of an electron, the
Boltzmann constant, the temperature of the plasma, and
the Planck’s constant, respectively. L., Amn, gm! and
E,! are the observed intensity of the line transition from
m-level to n-level, the Einstein coefficient of transition of
transition probability for spontaneous transition, the
degeneracy of the upper level, and the energy of the
upper energy level of an atomic line. Similarly, I;, Ay,
g and E;/" are parameters of an ionic line. Ej,, is the 1
ionization energy. Electron density was obtained by
substituting data of titanium atom lines and titanium
ion lines.

Figure 3 shows the profile of temperature 7T and the
electron density N, of sample 1# changing with delay
time. According to the curve trend of 7 and N, in
Figure 3, we select power function to fit the curve. The
results are as follows:

Determination of fr, fn. and fn;. For the spectrum T(t) =Ty -t (14)

Table 1 Elemental concentration (wt%) of the samples.

Serial Number Al Vv Fe Si C

1# (GBW02503) 3.90 5.65 0.390 0.277 0.158

2# (GBWO02504) 4.67 5.01 0.314 0.196 0.119

3# (GBWO02505) 5.38 3.41 0.239 0.115 0.095

4# (GBWO02506) 6.48 4.46 0.143 0.052 0.051

5# (GBWO02507) 6.78 3.85 0.131 0.085 0.023

Table 2 The selected line of Ti II, V II, Ti I and Al I.

Species Wavelength(nm)
252.560 252.975 253.125 253.462 253.587 257.103 283.218 284.193
285.110 288.410 301.718 302.973 304.668 307.522 309.718 310.380
310.508 310.623 311.980 315.225 316.852 319.087 320.253 321.705

Ti 11 321.827 322.284 322.424 323.228 324.198 324.860 325.425 328.233
330.880 331.532 331.802 332.170 332.293 332.676 332.945 333.211
333.519 334.674 339.457 340.242 340.981 345.246 345.638 347.718
349.105 350.489 351.084 352.025 353.541 357.373 358.713 359.605
365.976 366.223 374.164 390.054 391.346

VI 268.795 270.093 290.308 290.882 295.207 296.838 309.310 310.230
311.071 313.333 313.494 313.652 351.730 354.520

Til 395.633 395.820 398.176 398.976

All 394.400 396.152

Zongyu Hou, et al., Front. Phys. 17(6), 62503 (2022) 62503-5
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Fig. 3 The profile of temperature 7T and the electron
density N, change with the delay time.

N(t) = Ngg - 702, (15)

The curve of T and N, for other samples was selected
as the same form as formula 14 and 15 since the samples
in Table 1 have similar matrices, while Ty and N,y are to
be determined for each sample. The LTE condition of
plasma was verified before quantitative analysis. The
necessary condition of LTE can be expressed by

McWhirter’s criterion [50]:
ne > 1.4 x 10M4TY2(AE)3em™3, (16)

where AE (eV) is the highest energy difference between

the upper and lower energy levels. According to the
formula 16, the critical value of the electron density is 4x
10'% cm 3, which shows that the plasma in this experiment
meets the necessary condition of the local thermal equi-
librium. It should be noted that McWhirter criterion is
just a necessary condition for LTE, while two additional
conditions (relaxation time and diffusion length) are
needed to guarantee the LTE conditions [50]. Maybe the
additional sufficient conditions of LTE (relaxation time
and diffusion length) were difficult to be maintained at
20 microseconds. However, considering the fact that
spectral line intensity decreased sharply with time and
the main contribution of line intensity was the plasma
at early delay which was easier to be at LTE condition
[51], it should not be a big problem for CF, and the high
accuracy of final CF result showed that this problem can
be neglected in this work.

NI actually represents the number of observed species,
and is considered to be independent of time approxi-
mately:

NI (t) = Nly. (17)

Quantitative analysis. Here, the calibration-free
method is used for quantitative analysis, that is, the
elemental concentration is determined according to the
elemental number density Nl. Since there are multiple
lines, we need to adjust the value of Ty, Nly, and Ny to
minimize the residual error A of the experimental line
intensity I and the calculated line intensity I':

A= Zln2 (j};),

where ¢=1,2,--- is the serial number of the line. The
specific method of adjusting each parameter has been
described in our previous work [41]. Due to space limita-
tions, it will not be repeated here.

Table 3 shows the results of calibration-free quantitative
analysis. The result of traditional CF was selected as the

(18)

Table 3 The quantitative analysis results of traditional CF and TICF under non-gated condition.

CF TICF
Element Sample Reference value - -
p (wt%) Measurement Relative Measurement Relative
value (wt%) error (%) value (wt%) error (%)
1# 3.9 3.64 ~6.46 3.85 -1.31
2# 4.67 4.29 -7.83 4.51 -3.50
Al 3# 5.38 4.99 —6.98 5.29 -1.62
44 6.48 6.2 -4.12 6.63 2.25
54 6.78 6.43 -4.95 6.87 1.35
Average / 6.07 / 2.01
1# 5.65 6.54 18.17 5.65 0
24 5.01 5.4 10.09 4.95 -1.14
v 3# 341 4.29 28.64 3.63 6.38
4% 4.46 5.49 25.73 4.46 0
5% 3.85 4.86 29.09 4.02 4.34
Average / 22.34 / 1.92
62503-6 Zongyu Hou, et al., Front. Phys. 17(6), 62503 (2022)
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baseline for comparison, where the non-gated spectra
was directly used to build traditional CF model. It can
be seen that the newly proposed method TICF can
significantly improve the measurement accuracy. Since
the line intensity of Fe, Si and C were undetectable and
their concentrations were relatively low, the prediction
of these elements was neglected. In the future, more
samples and more different types of samples can be
tested to verify the applicability of the TICF method.
For a set of different samples with similar matrix, only
one preliminary time-resolved experiment is necessary to
get the evolution trend of plasma parameters.

5 Conclusion

A time-integration calibration-free (TICF) method that
can be used under non-gated conditions is proposed for
laser-induced breakdown spectroscopy (LIBS). In order
to eliminate the effects of temporal inhomogeneity of
plasma, the parameters of the plasma are considered as
functions of time but spatially homogeneous. The spectrum
under non-gated conditions is regarded as the integration
of the plasma emission along time. The line intensity at
each moment of the plasma is calculated according to
the profile of plasma evolution, and the self-absorption
correction is performed separately for the line intensity
at each moment. The application of TICF on titanium
alloys shows that the elemental concentration measure-
ment accuracy was significantly improved compared
with traditional calibration-free method. The proposed
TICF method considers the temporal inhomogeneity of
plasma parameters, which extends the applicability of
calibration-free for LIBS with non-gated detectors.
Spatial inhomogeneity effects should be considered in
the future to improve the performance further.
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