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Spectroscopy and Spectral Analysis
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Fig. 1 Schematic diagram of the experimental setup
1: Nd : YAG laser; 2. Beam turning system; 3. Spectroscope;
4: Zoom lens group; 5: Intermediate frequency furnace;
6: Sample; 7: Collecting lens; 8: Optical fiber;

9. Fiber optic spectrometer; 10: Computer
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Table 1 Concentration range (Wt%) of each element in the sample set

Ti Cr Mn \% Fe Co Mo
0.28~2.18 9.77~15.11 0.22~1.08 0.23~1.43 0.21~1.09 0.30~1.45 3.00~5.55
Nb w Al Si C Zr Cu
1.21~3.58 0.16~1. 30 4.61~8. 64 0.20~0. 94 0.06~0. 25 0.04~0. 34 0.19~0.93
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Table 2  Analysis lines combination and internal standard lines combination of each element’s calibration model

TLER ST R/ nm MARZ A /nm

Ti I 334. 853 1336. 6814 [1231. 604

Cr 11297. 708+ 11 276. 547 11 243. 789+ 11 229. 749

Mn [1257.61 1 231. 234+ [1243. 789+ | 274. 675

\Y% 11291. 002+ [ 297. 565+ | 292. 362 11231. 2344 11 266. 525+ 1 298. 413+ [ 336. 681
Fe 11273.955 1274. 657+ 1 356. 637

Co 11252. 862+ ] 243. 698+ ] 313. 221+ ] 258. 033 11243.789+ 1 298.413-+ | 356. 637

Mo [1268. 4144 [ 294. 566+ | 265. 335 1 232.003+ [ 352. 344+ | 336. 681

Nb 11 245. 809+ 1l 245. 668 1 231.234+ ][ 266. 525+ [ 336. 681

A 11 259. 874+ 1 275. 305+ | 361. 752 11230. 2994 1 274. 675+ 1 352. 344

Al [1458. 582+ 1 394. 401 1 352. 344

Si 1 257. 715+ 1 288. 158+ 11 237. 426+ [ 233. 461 1232.0034 ]] 266. 525+ | 352. 344

C 11274. 649+ 1 501. 709+ [ 312. 415 1274.675+ 1 232. 003

Zr 1427.352 1274.675+ 1 356. 637+ [ 336.681+352. 454
Cu 1327.396+ 1 348.376 11230. 2994 1 298. 4134 | 352. 344+ | 352. 454
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Table 3 R? and RMSECYV of the calibration model for each element

R? RMSECV R RMSECV
/(Wt%) J(Wt%)
Ti 0.9899 0.1225 Nb 0.990 8 0.178 0
Cr 0.993 4 0.329 8 4 0.867 9 0.2305
Mn 0.995 8 0.050 2 Al 0.977 8 0.279 6
\% 0.9925 0.0585 Si 0.954 6 0.082 1
Fe 0.9250 0.1016 C 0.877 8 0.036 8
Co 0.981 3 0.099 3 Zr 0.945 7 0.038 3
Mo 0.958 2 0.29214 Cu 0.854 5 0.141 6
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Fig. 2 Linear least square curve between RMSECV

and concentration range of each element
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Fig.3 RMSECYV and SRMSECY of each element
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Table 4 RMSECV and SRMSECYV of each element under the
spectral area screening interval(0. 977 5S, 1. 022 5S)

PEHY RMSECV . FHy  RMSECV
. M .
sebi wi  ORMSECY e (Wi

Ti 0.1217 0.064 2 Nb 0.177 5 0.074 9
Cr 0.328 1 0.061 4 ' 0.229 8 0.201 6

SRMSECV

Mn 0. 050 4 0. 058 6 Al 0.279 4 0. 069 3
\% 0.061 6 0.051 3 Si 0.073 6 0.099 4
Fe 0.101 1 0.114 7 C 0.035 9 0.189 1
Co 0.095 0 0.082 4 Zr 0.037 1 0.123 9
Mo 0. 341 6 0.133 9 Cu 0.141 3 0.190 7
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Fig. 4 The variation of the average R* and the average SRM-
SECV with the span of the screening interval
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The R* and SRMSECYV of each element under the spectral

area screening interval (0.974 7 S, 1.025 3 S)

Table 5§

WEHHstE RE SRMSECV M dgts R? SRMSECV
Ti 0.990 0 0.064 3 Nb 0.992 4 0.071 3
Cr 0.993 1 0.0606 w 0.870 7 0. 200 5
Mn 0.995 6 0.058 4 Al 0.977 5  0.069 8
\% 0.9927 0.049 6 Si 0.963 3 0.104 4
Fe 0.9293 0.1127 C 0.8828 0.1918
Co 0.9825 0.079 0 Zr 0.947 7  0.126 0
Mo 0.9582 0.1117 Cu 0. 858 5 0.188 9

S ik R e, 14 B HTCE R, B 10 Mot R e
PREEAELE R AR 21k, R* ¥fH i 0.950 4 FH% 0.952 5; &
11 Ao E & pr 1 ) SRMSECV 1% 3 £ 4k . SRMSECV #j
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W

5 45 i

i % RMSECV 317 b e 4k, AT A5 84008 /) o0 % 18] 1
RMSECV 2257, 5 RMSECV ¥ tt . SRMSECV {4 fig
i O 4 T FRAE 22 J0 E BT HERG BE L WS 1R PR A 8 AR gk
TTBE R . REGE 7R B 2 800 2 43 BT HE 0 13 1 A8 ks %
FE 0.5 Pa BL45F . X 10 He Ni JEARFEHEAT T AL . 1 A 3%
T ARG e 0F AT TUAL B . A 2230 48 N B R % L i 14 A
TGRS PAT T B AT . AE DA T B R B R, &
TCREARBEIIN R #{H 5 SRMSECV #J{H #8153 — & F2 B2
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Standardized Cross-Validation and Its Optimization for Multi-Element
LIBS Analysis
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Abstract Cross-validation is a statistical analysis method used to verify the performance of the model, which avoids the over-fit-
ting caused by the coincidence of the training set and the test set. The average of the Root Mean Square Error of Cross-Valida-
tion (RMSECV) is often used for cross-validation to characterize the analytical accuracy of multiple elements. However, for the
case of Laser-Induced Breakdown Spectroscopy (LLIBS) applied to multi-element analysis, it is found that the RMSECV of each
element can be approximately expressed in a linear relationship with its concentration rang in the sample set. Since the concentra-
tion ranges of different elements in the sample set vary greatly, the difference in RMSECV between different elements is large.
In the experiment, the difference between the concentration range of C and Cr in the sample set is 28. 11 times, and the RM-
SECYV difference is 8. 96 times. It is found that during the optimization process, the average RMSECV may not reflect the trend
of analysis accuracy of most elements, when it is too sensitive for individual elements. In order to reduce the sensitivity differ-
ence of the average RMSECV to different elements and to more fully characterize the analysis accuracy of multi-element, this pa-
per proposes a multi-element RMSECV standardized method that divides the RMSECV of each element by the concentration
range of the element in the sample set. The concept of Standardized Root Mean Square Error of Cross-Validation (SRMSECV) is
therefore introduced. LIBS detection is affected by uncertain factors such as fluctuations in measurement conditions (such as la-
ser pulse energy, vibration, etc. ), which will generate abnormal spectra and have a negative impact on analysis accuracy. The
median area of all spectra of the same sample is selected as the center and a spectral area interval is selected. The spectra whose
area is outside the interval are discarded and the remaining spectra are used for quantitative analysis. In order to improve the
multi-element analysis accuracy by filtering out the abnormal spectra, the spectral data is pre-processed by spectral area screen-
ing. On this basis, the quantitative analysis of the multi-line internal standard method for 14 elemental components in 10 Ni-
based alloys in a 0. 5 Pa vacuum environment was carried out. After standardization, the relative standard deviation (RSD) of
RMSECYV of each element decreased from 68.7% to 48.9%, and the maximum difference of RMSECV between elements de-

creased from 8. 96 times to 3. 93 times. It showed that the average SRMSECV can comprehensively characterize the analysis ac-
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curacy of multi-element, which is beneficial to the automatic optimization of calibration curve. Under the optimized area screen-
ing span, the average value of the coefficient of determination (R*) and the average SRMSECYV of the 14 elements were improved
to some extent, which proved the value of spectral area screening for improving the accuracy of multi-element analysis.

Keywords Laser-induced breakdown spectroscopy; Standardized cross-validation; Spectral area screening; Multivariate analysis
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