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Fig. 1 Experimental setup
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Table 1 Physical parameters of metal samples
Sample p/(gem ) H, /HM a /(10° em™ V) I,/eV 6 /(10° S tem b T,/C
Ni 8.92 4.0 7.45 7.640 147.06 1455
Co 8.91 5.0 8.90 7. 880 161. 20 1495
Cr 7.19 8.5 10. 40 6.770 77.50 1890
Cu 8. 96 3.5 6.33 7.727 588. 23 1083
\ 5.96 7.5 6.70 6.746 39. 37 1895
In 7.31 1.2 11. 00 5.786 119. 05 157
Sn 7.31 1.5 10. 90 7.344 90.91 232
Gd 7.90 5.3 6.49 6.150 7.14 1312
Er 9.05 3.0 8. 00 6.108 9.09 1497
Nb 8. 57 6.0 6. 86 6. 759 80. 00 2470
Zn 7.13 2.5 9.77 9.394 169. 49 419
Bi 9.75 2.3 3. 80 7.288 9.09 271
Sample T,/C AH./(kJ+mol™") AH ., /(kJsmol ") A/Jeem tesTteCT ) C,/(Jeg e C™H

Ni 2732 17.47 370.4 0.910 0.439
Co 2900 16. 19 377.0 1. 050 0.414
Cr 2482 16. 90 339.5 0.970 0. 460
Cu 2595 13. 26 300. 0 4,060 0. 385

3030 17. 60 458. 6 0. 300 0.498
In 2005 3.29 231.8 0. 850 0.238
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(830
Sample T,/C AH ./ (kJ+mol™) AH ., /(kJsmol ") A/(Jeem tesTteCTH C,/(Jeg e C™H
Sn 2270 7.15 295.8 0.670 0.226
Gd 3010 10. 05 359.4 0.088 0.297
Er 2900 19. 90 261.0 0.096 0.167
Nb 4927 26. 40 689.9 0.520 0.271
Zn 907 7.32 115.0 1.170 0.383
Bi 1560 11.13 108.1 0.090 0.123

Note: thermal conductivity (1), specific heat capacity (C,), melting point (T,,), boiling point (T), latent heat of melting

(AH ), latent heat of vaporization (AH ), electrical conductivity (), mass density (p), hardness (H, ), optical absorption

coefficient (a), ionization energy (I )
2 FEBTE A YR K
Table 2 Classification of metal samples according to different

physical parameters

Classify Sample
Difference in @ and H Ni, Co, Cr
Difference in C, s AH, s and AH ,,, Gd, Ni, Co, Er
Difference in ¢ and A Cu, Ni, V, Cr
Difference in p, T, and T, V, Nb, Co, Zn, Bi, Er
Difference in I, In, Sn
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Fig. 2 Measured LIBS spectra of 12 samples
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Fig. 3 Influence of defocus distance of different matrixs on spectral line intensity
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Table 3 Optimal defocus distance of different matrixs
) Optimal defocus
Classify Sample )
distance /mm
Ni —7.5
Difference in a« and H y; , Co —7.0
Cr —6.5
Gd —7.0
Difference in C, s+ AH s Ni —7.5
and AH ,,, Co —7.0
Er —3.0
Cu —6.0
Difference in ¢ and A Ni oo
\ —8.5
Cr —6.5

(8:3)
. . Optimal defocus
Classify Sample )
distance /mm
A% —8.5
Nb —7.5
C —7.0
Difference in p, T, and T, ©
Zn —8.0
Bi —4.0
Er —3.0
. . In —7.5
Difference in I,
Sn —8.5

H 3 b n] LIF L fR W\T#nni%ﬁzébﬁj‘ i
SR JRE A58 o W A AR AN WA T A R T L £ 5 O
Mo, X 32 B O i 7 RE b SR LSRN OE X s
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FEME 25 5 B BRI AE B AT 00 W R B B R R TR
i Ni,Co 94 BRRF M S H0M e Pk SC I R s v] 15

0.01Fy

—Fy—1.45F gy —0.24Fp — 14, 2F p¢c —40F yp — 168F pp + 1. 3F ypy — 6. 6F vy —

0. 14F ye +0.025F ¢, =0. 5., (1)
KD AES M Ni F Co X1 Py BRI 2 80000 22 (5 5 QIR R BT AR Z A, A5 I hy e A 5 A i (A X (B 2 2%
Ja e N5 2. B NiLCr (899 BRI 2 5ORN 28 P SC B i T 15
1.73F, —4.5F 4y — 3F on + 0. 87F 1p 4+ 69. 5F yo — 445F yp + 250F yp + 0. 57F yuy + 30. 9F vy —
0.06F ;¢ —0.021F ¢, =1, (2)
Cu.Ni fl V. Cr SR BARE ) 22 55 F B AR AT E SR SR AR, B CuNi 199 B RS 50R

2 SRR B AT A%

0.04Fp, — Fy —1.12F g5 +0.087F p + 441, 17F e — 372F yp — 137F gp — 4. 21F gy — 70. 37F vy +
3.16Fyc —0.054F ¢y, =—1.5, (3

o1 V., Cr 8990 BRRE 2 OM 2 M SC R B s Al 4%

—1.23F, —1.5F; —3.7F g5 — 0. 021F p — 38.15F y¢ + 5F yp + 548F s 4 0. 7TF vy + 119, 1F vy —
0.67F 4 +0.0378F gy =2, D
In, Sn 5 (9 9 BUARF 8 22 53 ERRBUE 0TI — B REA R . M3k 1Ak 3 sl
—0.3F; —0.1F g, — 1.558F ;p + 28. 1F s — 75F yip — 265F o — 3. 86 F iy — 64F vy +
0.18F ¢ +0.012F gy = — 1, (5)
Er.Gd 1 Ni.Er Ll Co Er 35t ) BIURE 0 22 53 32 2008 BUAE © T A9 AL T 8 P R LIRS AR . ol

Er.Gd ¥ ] 15
1.15F, —

2.3Fy+1.51F gy —0.042F p + 1. 95F ¢ + 185F yp — 110F 3 + 9. 85F iy — 98. 4F vy +

0.008F ¢ —0.13F gy =—5, (6)

1 Ni,Er %odls nl 1%

—0.13Fy + Fy —0.55F o5 + 1. 532F p + 137. 97F pe — 42F yip — 168F 1p — 2. 43F yyy + 109, 4F yyy +
0.814F ye + 0. 272F 4 =4. 5.4 7

i Co.Er #4 il 15

—0.14Fy 4+ 2F 4 + 0. 9F o5 + 1. 773F p + 152. 2F g — 2F yp — 3. T1F sy + 116F vy +
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Nb.V #l Co.Zn DL} Bi Er 504 9 BUEE M 22 5 B 2RI e AT 00 8 B 5 Sk s AN R . B Nb.V 5

QE:!

2.61F, —Fy+0.16F g5 +0.013F ;p +40. 63F y +575F yp + 1897F yp + 5. 5F yp + 231. 3F oy +
0.22F e —0.227F gy = —1, (9

i Co.Zn B 45 v 15
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Table 4 Correlation coefficient between physical parameters of

each matrix and optimal defocus distance

Physical parameter Correlation coefficient

Fy —0.769
Fy —1.037
Foa 0. 597
Fyp —0.737
F e —0.095
Fc 12. 62
Fou 27.72
Fup —0.014
Fyp 0. 004
Fyn 0.179
Fun 0.026
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Abstract

Objective Laser-induced breakdown spectroscopy (LIBS) is widely used in various fields, such as agriculture, industry,
national defense, energy, aerospace, natural science, and interstellar physics, because of its unique advantages.
However, low detection sensitivity and accuracy have hindered the expansion of LIBS, and many researchers have worked
to improve the detection sensitivity and reduce measurement errors. Optimizing the experimental parameters is important
in LIBS. The maximum intensity or signal-to-noise ratio of a LIBS signal under the optimal experimental parameters is an
important means of improving the LIBS detection sensitivity. However, studies on the effect of sample matrix properties
on the optimal detection system, which we call the matrix effect of the optimal experimental parameters, are scarce.
Therefore, the matrix effect of the optimal experimental parameters must be studied for selecting the standard samples in
the calibration method and improving the LIBS characteristics. The distance between the focal position of the laser beam
and sample surface (defocus distance) is an important experimental parameter of a LIBS system during LIBS analysis.
Optimizing this parameter ensures that the LIBS signal has the strongest intensity. Therefore, the intrinsic connection
between the physical properties of the matrix and optimal defocus distance must be studied to select a suitable matrix for
enhancing the LIBS signal and selecting a reference sample for the calibration method. We could not find other studies
focusing on the correlation between the metal matrix and optimal experimental parameters.

Methods Considering that the interaction of nanosecond pulsed laser and metallic materials to form a plasma involves the
evaporation of metallic materials, interaction of vapors with laser, and plasma radiation, this work studies the influence of
the matrix physical properties (density, hardness, optical absorption coefficient, ionization energy, electric conductivity,
thermal conductivity, specific heat capacity, melting point, boiling point, latent heat of melting, and latent heat of
vaporization) on the optimal defocus distance. Twelve metal matrix samples with considerable differences in the physical
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properties, i.e., Co, Ni, V, Nb, Cr, In, Sn, Cu, Er, Gd, Bi, and Zn, were selected, and the LIBS signals of these
samples were measured. The appropriate metal element spectral lines were selected as the analytical spectral lines for
optimizing the experimental parameters. The optimal defocus distances of the metal samples were obtained from the
experimental results ( Table 3). Based on the linear correlation hypothesis between the change in matrix physical
parameters and optimal defocus distances, 11 equations were created and solved using the Mathematica program. For the
first time, the correlation coefficients between the optimal defocus distance and matrix physical parameters were
obtained.

According to the correlation coefficients obtained and the nature of the matrix physical parameters, a rational
correlation analysis was conducted to investigate the matrix effect mechanism of the optimal defocus distance. This study
will be useful for developing a laser beam focusing on an optimization method in LIBS quantitative analysis.

Results and Discussions The correlation properties between the physical property parameters of the matrix and
optimal defocus distance were obtained (Table 4). The density and hardness in mechanical property parameters are
negatively correlated with the optimal defocus distance, and the hardness has a higher correlation coefficient than density.
The optical absorption in optical properties parameters exhibits a positive correlation with the optimal defocus distance,
whereas the ionization energy is negatively correlated with the optimal defocus distance. The conductivity of the matrix
has a negative correlation with the optimal defocus distance. The influence of the thermodynamic properties of the
substrate on the optimum defocus distance is prominent. The thermal conductivity, specific heat capacity, latent heat of
melting, latent heat of vaporization, and boiling point of the matrix are positively correlated with the optimal defocus
distance. Conversely, the melting point of the matrix is negatively correlated, with the high correlations for thermal
conductivity and specific heat capacity. In the absence of previous studies on the matrix effect on optimal defocus distance
for comparison, the results of existing LIBS breakdown threshold matrix effect studies and our speculation of the
correlation between LIBS breakdown threshold and optimal defocus distance were used to explore the physical mechanism
of the optimal defocus distance matrix effect.

Conclusions The matrix effect of the optimal defocus distance of metal samples was investigated. The correlation rules
between the optimal defocus distances and physical properties of metal matrix elements were initially revealed, which was
corroborated with the results of the previous study on the LIBS breakdown threshold. Results show that the mechanical,
optical, electrical, and thermal properties of the metal matrix influence the optimal defocus distance. However, the
influence of thermal properties is more obvious, especially the thermal conductivity and specific heat capacity having the
greatest influence on the optimal defocus distance, both of which show a positive correlation. A preliminary analysis of the
mechanism of the optimal defocus distance matrix effect was also conducted based on the physical parameters of the matrix
elements. The study results provide basic support for further understanding and correcting matrix effects, improving the
quality of LIBS analysis.

Key words spectroscopy; laser-induced breakdown spectroscopy; metal; matrix effect; physical characteristic; optimal
defocus distance
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