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Abstract: The composition of contamination deposited on transmission line insulators can affect their
surface flashover voltage. Currently, there is no rapid on-line method to detect this contamination
composition in power grids. In this paper, we applied laser-induced breakdown spectroscopy (LIBS)
to analyze contamination on insulator surfaces. Usually, Na and Ca salts are found in contamination
along with various sulfate, carbonate, and chloride compounds. As an element’s detection method,
LIBS can only measure a certain element content, for example, Ca. The mixture of various compounds
with the same cations can influence the LIBS signal. The influence of mixing ratios on the calibration
curves and relative spectral intensity was studied via LIBS. Na;CO3, NaHCO3, CaSOy4, and CaCOj3
samples containing different proportions of Na and Ca were prepared. The linear correlation
coefficients (R2) for the Na and Ca calibration curves generated using various mixing ratios were
analyzed. The results showed that the mixture ratio did not dramatically affect the linear calibration
curves for mixtures containing the same cations. This finding may significantly reduce the difficulty
of applying LIBS analysis for complex contamination on insulators. The laser energy density had
effects on the spectral characteristics of the measured elements. The partial least-square regression
(PLSR) model can improve the accuracy of Na and Ca prediction.

Keywords: laser-induced breakdown spectroscopy; contamination; insulators; salt; calibration curves

1. Introduction

Insulators are key components on transmission lines because they provide sufficient insulation
space between the conductor line and the ground. Usually, insulators are made of glass, ceramics, and
polymers [1]. During prolonged outdoor service, contamination or pollution is inevitably deposited on
insulator surfaces and consists of dust, particles, and other airborne substances. This contamination
cannot be avoided because transmission lines are the main energy transport channel for every grid.
Under dry conditions, this contamination is relatively safe. Still, in heavy fog or rainy weather, the
soluble components in the contamination can dissolve in the water and form conductive paths on the
insulator surfaces, thus reducing the flashover voltage and causing discharge and even accidental
flashover. In China, there were several power outage incidents in the 1990s due to transmission
flashover caused by contamination deposited on insulators in heavy fog weather [2]. This phenomenon
was deemed surface flashover in high-voltage engineering and has become a topic of interest in this
field. Thus, the detection of contamination composition has become an important task in the regular
operation of the State Grid.
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The main factors affecting the surface discharge activity and flashover process of pollution
insulators are the equivalent salt deposit density (ESDD) level and relativity air humidity (RH). Higher
ESDD or higher RH will lead to more intense discharges and lower flashover voltage [3,4]. Contaminant
composition, especially soluble salts (including common salts such as NaCl, NaNOs, Na;SO,4, MgCl,,
Mg(NO3)2, MgSOy, CaCly, Ca(NOs3),, and CaSOy.), and material properties can affect the flashover
process, which may result in an excess or lack of insulation during insulation design. A previous study
showed that the tendency for an insulator to flashover is dependent on the type of contaminant, as
well as on the equivalent salt density [5]. At present, the only way to analyze these salt compositions
is by collecting the contamination during a power outage and taking the sample back to the lab for
analysis with chemistry equipment. It needs a new method that can be used for on-site and on-line
detection of contamination in insulators.

In recent years, laser-induced breakdown spectroscopy (LIBS) has developed rapidly in power
engineering because of its advantages, such as no sample preparation, harmless sampling, and fast
detection speed. LIBS has been widely applied as a tool for mineral analysis, archaeology, biomedical
analysis, aerospace exploration, etc. [6-8]. The basic experimental process involves exciting plasma
with a high-energy laser and collecting its characteristic spectral information to obtain the elemental
composition and surface condition of the target material.

In recent years, LIBS has also played an important role in the online detection of power equipment
status in high-voltage engineering. Huan et al. [9] applied LIBS technology to detect the vacuum degree
of vacuum breakers. Based on the fact that the intensity of characteristic spectral lines of different
elements, including Cu, O, N, and H, will change with the vacuum degree of the vacuum breaker, the
vacuum degree can be predicted. In their study, principal component analysis (PCA) and the artificial
neural network (ANN) model were used to optimize the spectral line selection, and the accuracy of the
final model reached 96.67% [10,11]. Our previous work proved that the number of laser pulses has a
linear relationship with the depth of ablation. Thus, the distribution of elements along with depth on
one test point of silicon rubber was obtained, and the thickness of the aging layer could be calculated
accordingly [12-14].

A remote laser-induced breakdown spectroscopy technique combined with a photometric device
was proposed and demonstrated at the laboratory scale. It was used for the remote sensing and
quantification of surface pollutants such as salt deposits on wind turbine blades from different
standoff distances [15]. Nearly every element was studied with LIBS to obtain calibration curves
for quantitative analysis of soils, rocks, compounds, and other materials [16-18]. However, on the
surface of transmission line insulators, the contamination consists of various compounds that may
have the same cations. It is necessary to determine the influence of various compound ratios and
system parameters on the calibration results to improve the detection accuracy of LIBS for the online
monitoring of insulator surface pollution. Calibration curves are crucial in determining the sample
contents with LIBS. There have been many studies on the composition analysis of contamination, and
we used artificial pollution and compressed it into pellets. In this work, compounds containing various
ratios of Na and Ca were designed and analyzed to determine the effects of these mixture ratios on the
LIBS calibration results.

2. Experiments

The experimental setup is depicted in Figure 1. The LIBS system consisted of a Q-switched laser
(Beamtech Nimma-900), where the laser pulse duration was 10ns, shot-to-shot energy variation (RMS)
<1%. We used an Avantes optical fiber spectrometer (190 nm to 650 nm) with 6 channels, the spectral
resolution was 0.05nm, and a Stanford Research System Delay Generator SRS DG645. The laser was
focused on the surface of the sample by a lens with a focal length of 100 mm. It was ablated operating
at a wavelength of 1024 nm. The laser energy of the Nimma-900 could be adjusted from 1 J to 900 J.
Laser fluence was determined at 1.9 J/cm? for 38 m], 3.8 J/cm? for 76 m], and 6.4 J/cm? for 128 m].
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Figure 1. Laser-induced breakdown spectroscopy (LIBS) experimental setup.

All chemicals used in the experiments were acquired from Aladdin and were of analytical reagent
grade. Mixed samples of Na,CO3; and NaHCOj3; were prepared with a series of Na concentration
gradients. The total mass of each sample remained constant, and the mass of Na,CO3; and NaHCOj to
be mixed was calculated separately according to the total concentration of Na set by the concentration
gradient and the various mixing ratios of Na in Na,CO3 and NaHCO3. The total concentration of
Na for each sample varied from 27.4% to 43.4% because the mass percentage of Na in Na,CO3; was
43.4%, and that in NaHCOj3; was 27.4%. Similarly, the quantity of CaSO,4 and CaCOj to be mixed in
each sample was obtained using the above method, and the Ca mass fraction of the mixtures ranged
from 29.4% to 40%, corresponding to the mass percentages of Ca in CaSO,4 and CaCOj3, respectively.
Varying ratios of Na,CO3, NaHCOj; and CaSO,, CaCO3 were prepared and mixed, as shown in Table 1.
The ratios of the Na and Ca mass fractions of Na,CO3:NaHCO3; and CaSOy4:CaCQOj are also shown in
Tables 1 and 2. Pellets were formed from each sample by using a circle pellet forming press with a
diameter of 8 mm under 5 tons of force, which improved the LIBS ablation of the sample.

Table 1. Different ratios of Na,CO3 and NaHCO3, CaSOy, and CaCOj3.

o . Ratio of Na
Sample Number Na/% Na,COs3/g NaHCO3/g Weight/g (Na,CO3:NaHCO3)
#1-1 274 0 1.500 1.5 0:1
#1-2 29.9 0.250 1.250 1.5 0.317:1
#1-3 32.7 0.500 1.000 1.5 0.792:1
#1-4 35.4 0.750 0.750 1.5 1.584:1
#1-5 38.0 1.000 0.500 15 3.168:1
#1-6 43.4 15 0 1.5 1:0
o . Ratio of Ca
Sample Number Ca/% CaSOy4/g CaCOs/g Weight/g (CaS04:CaCO3)
#2-1 29.4 1.5 0 1.5 1:0
#2-2 31.2 1.250 0.250 1.5 3.675:1
#2-3 329 1.000 0.500 15 1.470:1
#2-4 34.7 0.750 0.750 1.5 0.735:1
#2-5 36.5 0.500 1.000 15 0.368:1
#2-6 40.0 0 1.500 1.5 0:1
Table 2. Wavelength of typical spectral lines for sample by LIBS.
Element Nal Nal Nal Nal Nal
Wavelength/nm 568.263 568.859 589.592 588.995 616.075
Element Call Call Call Call Cal
Wavelength/nm 315.886 317.933 393.366 396.846 422.672

For the LIBS analysis, the pellets were placed on an optical platform. The vertical distance between
the optical platform and convex lens was adjusted, so the laser spot was focused on the sample surface.
The delay time of the LIBS system was 3 ps, and the diameter of the laser spot was 0.8 mm. The dark
spectrum captured by the spectrometer was acquired 50 times without laser ablation. Then, 5 points
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were selected randomly for each sample, and the spectral data for each point were obtained after 10
rounds of 10 Hz continuous ablation. The averaged background spectrum was subtracted from the
processed spectral data, and the resulting spectra were averaged. The NIST database was used to
determine spectral intensities for Ca, C, Na, etc. [19]. The above analyses were repeated for the two
groups of samples, #1-1 through #1-6 and #2-1 through #2-6, at a laser fluence of 3.8 J/cm? and 6.4 J/cm?,
respectively. Due to the influence of Na matrix effects, LIBS analysis at 1.9 J/cm? was added for the
analysis of samples #1-1 through #1-6. The elements were measured, as shown in Table 2.

3. Results and Discussion

3.1. Spectral Characteristics for NayCO3 and NaHCOj3

Figure 2 shows the whole spectra for samples #1-1 to #1-6 at an energy intensity of 3.8 J/cm?. The
intensity of the spectra increased with increasing concentrations of Na. The Na content in Na,COs3
was higher than that in NaHCO3; when the sample had the same amount of substance. Therefore, the
spectral intensity of Na,CO3 was higher than that of NaHCOs3, which was demonstrated in the range
of 588 nm to 589 nm. As Nap,CO3; and NaHCOj3 were similar in element composition, except for H,
the characteristic spectral wavelengths were very similar in these samples, i.e., either they were pure
compounds (#1-1 and #1-6) or a mixture of two compounds (#1-2 through #1-5).

588.995nm
589.592nm

568.297nm

61?[0'?'5“'“ ............. Z.#1_6
12000 - ' e
= . #1_3
@ 6000 [
= ] #1_2
= 40004
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wavelength/nm

Figure 2. Spectra intensity of samples #1-1 to #1-6 at an energy intensity of 3.8 J/em? shown in black,
red, navy blue, green, light blue, and purple, respectively.

In Figure 3, the spectral resonance lines (588.995 nm, 589.592 nm) and nonresonant lines (568.297
nm, 568.859 nm) for Na were selected from Figure 2. Self-absorption was found in the resonance lines
(588.995 nm, 589.592 nm) at a laser fluence of 3.8 J/cm?, as shown by a significant decrease in signal
intensity. The variation in the Na concentration in different samples contributed to the self-absorption
phenomenon, i.e., the higher the concentration, the more notable the self-absorption. This susceptibility
existed because the laser ablated the target surface, and plasma was generated by the trailing edge
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of the laser pulse and disappeared during condensation. Moreover, the temperature of the entire
illuminant was not uniform. After Na atoms are excited by the emission wavelength, the generated
photons were absorbed by other Na atoms when passing through the low-temperature region of the
plasma, resulting in changes in the intensity and profile of the Na spectrum. The influence of Na
concentration on the self-absorption effect could be determined by comparing the contours of the Na
resonance lines.
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Figure 3. Emission intensity of Na in samples #1-1 through #1-6 measured at different wavelengths
at an energy intensity of 3.8 J/cm?. Spectra show the resonance lines (588.995 nm, 589.592 nm) and
nonresonant lines (568.263 nm, 568.859 nm).

The relationship between the Na content, according to the atomic lines (Na I 588.995 nm, Na I
568.859 nm), and the average relative spectral intensity as a function of laser energy intensity is shown
in Figure 4. As the laser energy density increased, the spectral intensity corresponding to each spectral
line was enhanced significantly. At a laser fluence of 6.4 J/cm?, as the concentration increased, the
intensity first increased and then decreased, which was due to the strong self-absorption effect. This
result demonstrated that the range of Na content was limited when using calibration curves to analyze
the linear relationship between Na concentration and laser fluence.

However, reducing the laser energy density per pulse and selecting the ion line reduced the atomic
emission intensity because of the weak self-absorption effect. It prolonged the dynamic range of the
concentration measurements, which allowed the Na atomic lines (Na I 588.995 nm, Na I 568.859 nm) to
maintain a good linear relationship at a laser energy of 1.9 J/cm?. Therefore, when the concentration
was held constant, reducing the laser energy, and selecting the proper Na ion line would extend the
linear analysis range and improve the accuracy of Na determination using linear calibration curves.
For the elements tested, a good linear relationship was the basis of the artificial data methods used
to process the LIBS spectral data. This method could also be used as a preprocessing method when
employing the artificial intelligence algorithm to determine the relationship between the concentration
of other elements and spectral intensity.

The intensity and variation trends of spectral lines were considered to analyze the influence of the
Na salt mixture on the calibration results. The linear calibration coefficient (R?) for Na was obtained
with a laser fluence of 3.8 J/em?. The R? value was greater than 0.7, as shown in Figure 5. Although
the middle data point was higher in the spectrum corresponding to 588.995 nm and 589.592 nm, the
spectral intensity and concentration corresponding to these data points also had linear relationships.
The spectral data presented here represented the original data after subtracting the dark spectrum.
The ratio of Na in samples #1-1 through #1-6 varied, but the calibration curves were similar to that
of the pure compound. The mixing of various proportions of Na had minimal effects on the linear
calibration model, which also indicated that the results of other complex artificial intelligence methods
would not be affected. These results provided a convenient LIBS method for the on-line detection of
elemental composition from multi-compound mixing.
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Figure 4. Emission intensity under varying concentrations of Na as a function of laser energy. Signals
obtained from the Na I 588.995 nm, Na I 568.859 nm are shown.
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PLSR (partial least squares regression) was applied in the LIBS spectroscopy analysis to obtain
the calibration model through MATLAB. There were five standard samples in the experiment, four of
which were used as the calibration sample set, and their spectral data were used to train the prediction
model. Meanwhile, the remaining one is used to predict and verify the model.

To compare the prediction results of the model, we used the Pearson correlation coefficient(R) to
measure the calibration effect of the model. The root mean square error (RMSE) was used to describe
the prediction accuracy of the model. The closer the R was to 1, the better fitting effect of the calibration
curve: the smaller the RMSE, the more accurate the quantitative effect of the model.

As shown in Figure 6, The red diamond data point indicates the predicted value. The degree of fit
of the regression line to the observed values was higher than that of the univariate regression model.
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Figure 6. Results of Na data for Partial least squares regression (PLSR) (2 components).
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3.2. Characteristic Spectra of CaCO3 and CaSOy

Under local thermal equilibrium conditions, the common method to calculate the plasma electron
temperature is the Boltzmann method. The layout number on the atomic bound energy level satisfies
the Boltzmann distribution, as shown in the following equation:

= - +In
hegmAmn kgT, u(T)

11‘1( Amnlmn Em )

where m and # are the upper and lower energy levels of the spectral line transition, A is transition
wavelengths, A is spontaneous transition probability, I is the relative strength of the measured spectral
line, Em and gm are the excitation energy and statistical weight of the m level, respectively. h, ¢, and
kB are the Planck constant, the speed of light, and the constant number of Boltzmann, respectively.
The electron temperature of the plasma can be derived from the slope of linear fitting [20,21].

In this experiment, three calcium atomic lines were selected. The relevant parameters of these lines
are listed in Table 3. Figure 7 shows that as the laser energy fluence increases, the electron temperature
increases. The electron temperature of the plasma was 1.38 x 10* K at a laser fluence of 3.8 J/cm? and
1.52 x 10* K at a laser fluence of 6.4 J/cm?2.

Table 3. Parameters of calcium atomic emission line.

Species Wavelength/nm Em/cm~1 Amn/107s1 gm
392.065 148515 33 9
Call 504.133 135910 1.6 5
534.516 156767 1.1 13
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Figure 7. Boltzmann diagram of plasma electron temperature (obtained by 3 calcium atomic lines).

The characteristic spectral wavelengths of Ca in samples #2-1 through #2-6 were searched in the
NIST database. According to the average relative spectral intensity of Ca at different wavelengths,
linear calibration curves for spectral intensity and concentration were generated, and R? values
were determined.

The results showed that in the Ca linear calibration curves, at a laser energy fluence of 3.8 J/cm?,
four spectral lines had R? values greater than 0.8, and 24 lines had R? values greater than 0.9. The
maximum R? value was 0.972. Furthermore, there were ten calibration curves at the laser fluence of
6.4 J/cm? that led to an R? value greater than 0.9. The maximum R? value was 0.951. In general, the
linearity of the laser energy intensity of 3.8 J/cm? had better linearity and a better different degree
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of increase in R? at 6.4 J/cm?. The lines with R? values greater than 0.9 at 3.8 J/em? and 6.4 J/cm?
correspond to the linear calibration curves shown in Figure 8. The distribution of R? values greater
than 0.9 as they relate to the wavelength at a laser fluence of 3.8 J/em? and 6.4 J/em?, respectively, are
also shown in Figure 8. The result of the PLSR model is shown in Figure 9. The R? values were 0.9813
and 0.9688, which were close to the maximum R? value in the Ca linear calibration curves.
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Figure 8. R? values greater than 0.9 at various Ca spectral lines as a function of laser energy intensity.
The two laser fluences are drawn in black (3.8 J/em?) and red (6.4 J/cm?).
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Figure 9. Results of 5-fold cross-validation of Ca data for PLSR (2 components).

By comparing the linear relationship between the laser energy of 3.8 J/cm? and 6.4 J/cm?, increasing
the output energy was not determined to result in a higher number of spectral lines with good linearity.
The appropriate laser energy should be selected according to the experimental results.

As shown in Table 1, the mixing ratio of the two Ca ion compounds in samples #2-1 through #2-6
was different, but the linear relationship between the concentration and the intensity was not affected.
Increasing the number of compounds containing the same cation did not influence the concentration
relationship in the LIBS analysis of Ca.

In the laser-induced plasma generation process, the target material and the ions and atoms excited
by the gas molecules in the air together constituted a component in the laser-plasma. The pulsed laser
ablated the surface of the sample, and the energy was sufficient to cause the surface temperature to
rise, melt, and evaporate to cause ion bond rupture and the further formation of laser-plasma. Both the
Ca ions in CaCO3 and CaSO, were ionized after reaching laser energy sufficient to form an ionic state
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of Ca. When the ionized Ca acquired enough energy, it transitioned from the ground state to various
excited states and then rapidly transitioned back to form atomic emission lines and ion lines. If the
concentration of the ionic state was the same, then the atomic emission spectrum was not affected.
This disregarded the compound type or mixture of the original state, which was similar to results from
Na analysis.

4. Conclusions

In this paper, artificial contamination was used to study the effect of the salt mixture in LIBS
signals, especially the calibration curves and relative spectral intensity of different Na and Ca samples.
The results showed that the R? of the calibration curve between the element content and characteristic
wavelength line intensity was affected minimally by the mixing ratio of different compounds with
the same cations. Thus, it is beneficial in the LIBS test on-site, that we can get the content of cations
regardless of their compounds while the cations would contribute most in the soluble contamination.
The laser energy per pulse in the LIBS test would affect the spectral significantly both in line intensity
and shape. By reducing the laser energy intensity and selecting the proper emission wavelength of
the analytes, the effect of the self-absorption can be weakened, and the detection accuracy can be
improved. The PLSR model was used in the data process, which could improve the accuracy of Na
and Ca linear analysis.
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