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Fig.1 Flowchart of zoom-LIBS correction and quantitative analysis
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Bb AR AN )R I BE 8 1 ) s o0 T B 1 o 13 A
an PR EOC R B TR L] (we.%) DL 1o AR R T
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10 ns, 5 & M3 2 Hz, JEIEWCAR AR 1000 ns, FL 53 BF
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LhR TAEARBERIM2E S . 65 mI WS fkip. A
T 100 K b OGS, O B R R G R 1
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x1 HEREIERTRSEFER
Tab.1 Main elements content information in samples

Training Si/wt.% Mn/wt.% Mg/wt.% Al/wt.%
No. 1 5.49 0.72 0.72 91.16
No. 2 6.60 0.52 0.54 90.71
No. 3 7.61 0.32 0.33 90.55
No. 4 8.29 0.55 0.56 88.88
No. 5 8.93 0.40 0.39 89.12
No. 6 10.20 0.26 0.25 88.57
No. 7 6.71 0.08 0.51 92.07
No. 8 8.40 0.38 0.39 90.07
No. 9 9.99 0.22 0.12 88.61

Prediction Si/wt.% Mn/wt.% Mg/wt.% Al/wt.%
No. 10 9.30 0.62 0.26 88.70
No. 11 6.64 0.25 0.35 91.65
No. 12 7.41 0.71 0.71 88.83
No. 13 5.39 0.57 0.56 91.06

Z % ki Wik AT 2R AT : 78 2 m Ab ek
H 65 mJ SO RE I AT A5 B TR BUR 15 B B
TG, 10RO 1, XF N0 A5 B AR B A T, R
JGRER A 25 m) EA FARABTR, 10 ROtk 2, XN 194
B RIR AT, R 2% Ik 2 Wik it 58T, TIF
Bz W8 28T, . T,5 Saha-Boltzmann ¥E2 312 ) 25 5
Y4 L . Saha-Boltzmann 1512 Wi 45 55— AR JRLEE (199 i
WA 1 eV, BRI F M E N GERE T
SRS 5220/ T HAEM 1% B, 45 1240
R0 ALK 308.22 nm JEEL R S8R T8, X054
HL Rl D - w 5 8 B TR AR DGR, B

¢ 2, G o AR R AR A R A TR R A we B
B2 5118 V,. VLl K Saha-Boltzmann 1k BLAAE 25
B3,

F2 AI1308.22 nm iZ& B FHltERF w
Tab.2 Electron impact factor w of Al I 308.22 nm

Plasma temperature/K w/nm
5000 0.002 64
10000 0.00261
20000 0.00250
40000 0.00234
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£R3 25 v,. V, I X Saha-Boltzmann ;Xit &R Al &%k
Tab.3 Al lines involved in estimating V;, V; and Saha-Boltzmann method
Wavelength/nm Ionization degree Accuracy A,-j/Sfl g Ej/eV Saha-Boltzmann Estimation of V; Estimation of 7,
308.22 1 B+ 5.87x107 4 4.02 Yes Yes -
309.27 I B+ 7.29%107 6 4.02 Yes Yes -
265.25 I B 1.42x107 2 4.67 Yes Yes -
256.80 I B 1.92x10" 4 4.83 Yes Yes -
257.51 I C+ 3.60x107 6 483 Yes Yes -
237.31 1 B 9.07x107 6 5.23 Yes Yes -
305.71 I - - 6 7.67 - Yes -
232.16 1 - - 6 8.95 - Yes Yes
281.62 I A 3.57x10° 1 11.82 Yes - Yes
466.31 1T A+ 5.81x107 3 13.26 Yes - -
358.66 I A 2.35x10* 9 15.30 Yes - -
263.15 il B+ 2.48<10° 7 1531 Yes - -

3 Sth5ig

R B E T B Y Y 8 £ LIBS i &40 H i, H Ak
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B¢ (National Institute of Standards and Technology, NIST)
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Fig.3 Estimated electron density using Stark broadening of 308.22 nm
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Fig.4 Results of Saha-Boltzmann method
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IO Y 2 PR R ) T e 5 T R, AR TR A S M 7 A
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X R A TAL IS, SRAF S ks Wi i &5 Ji 1
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Fig.5 Spectral lines involved in the estimation of V;
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Wavelength/nm Ratio Ej/eV
308.22 2.41 4.02
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Fig.6 Spectral lines involved in the estimation of V| fitted by LSR
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Fig.7 Spectral lines involved in the estimation of ¥,
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Tab.5 Comparison of two plasma temperature

diagnosis methods

25 mJ 65 mJ

Samples
RP/eV  S-B/eV  RE RP/eV  S-B/eV  RE

No. 10 1.27 1.18 7.6% 1.49 1.49 0

No. 11 1.24 1.16 6.9% 1.55 1.51 2.6%
No. 12 1.19 1.14 4.4% 1.52 1.53 1%
No. 13 1.23 1.17 5.1% 1.48 1.51 2%

quantitative analysis

25 mJ/arb. units

Lines 40 mJ/arb. units
Original Corrected
A1308.22 nm 0.74 1.03 1
A1309.27 nm 0.77 1.06 1
A1281.62 nm 0.49 0.87 1
A1466.31 nm 0.46 0.98 1
Si288.16 nm 0.71 1.06 1
Mg 279.55 nm 0.62 1.04 1
Mn 259.37 nm 0.65 0.95 1

XF S 7% Ik R PPAR A AT SR UE S, X5 A [ G B
25 mI HOLRE R FOR B EIEIE AT IE . IE TR
A LIRS AR 1 Ak 45 0515, SCrPoR ) — Bl Bz
Ty, ARk SCHk [16] BLHE ST IR T RS 2 ik B 5 1R
LR EEM LR MAR (17) FiR:

;U@ Ni+Ny

A gie Bk N,

L IR s IR R G ELRE; NoHITER s 1Y
FEFEI ) (0 I HLA9; UY(T)/ Ay g™ BT g i 1ok i
5 1E BE R 1) 43 A R0 2 8 LBl N, + Ny /N R i A e
THERIESE T JRF A, B FisgnmiE ikm
L, FESERCE T H AT JLIR IE 5, ARTE T A ) 5
BRI B R T B, 455 A5 (9) 5 NIST #2411
AN ) 55 8 TR R T A BC 43 R B 25 md X 1Y) 45
BT RO A 5 ST AR 40 m) XN 1 4R
BFARERE . ARRIRE S No. 10 A4, A 40 mJ X hif
TR R O 0 — Ak o BE, S0 AT B2 S d R
ZER L 6. Al RNZ o2 S, Si, Mg,

=N, 17

M2 7 AL, ST 1% BOnE, AHXHE2E KRR
N 16.11%(FF i No. 11 HxF Si e M i), HAaK
AT ASHE L 8%, FFIAE i 15 7 R H AR [ it
BRI, R AT S IR, 10T 2.7 m AR
3 m Ak B 52 o o A 2 SRR 25 — 2 R i TR
BT, R bk v ) Ty 25 % B AR AR, S B R R 4R
(6T A5 5 A e LU AR AR, SR TV, VR . T
H NV VAR B T RIR R, Sk — 2ok —
Vi, Vo H B THER 22, S T AR PO S AR AL,
IR T R ERE . SRS RICEMILL,
FRNT 1% BT B R IS 505 — 20 AN 15 2% Bt
KN 68% (No.11 Hi5t T Mn JC K Y i i), Higx K EB
IIE 10%~30% Z[0] o X J& H TR u R A G ok il
B BERSIEAT A T A TS A B, 70k i 4 A
WASHEEFRRESKRIE ., &4 K IE RSN Y
SRR I AR P RS LR, 1XE 4k 7 B 5 5
T B A R B R R AN . ELAREY, BT S k
IS WA B 10 TR R A (0 s S 3R A3 A Y
AUNT)/A;ge ™ x (N; + Nyp) JNI, 5B A A TR
Tk B2 AEAZ IV LU AR, B AR R i 26 i A IE VAN R AR
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Tab.7 Quantitative inversion results of 4 samples
Loc Al/wt.% RE Si/wt.% RE Mn/wt.% RE Mg/wt.% RE
Ref 88.70 - 9.30 - 0.62 - 0.26 -
1.5m 90.13 1.61% 9.21 0.97% 0.55 11.29% 0.24 7.69%
2m 86.24 2.77% 8.51 8.49% 0.59 4.84% 0.23 11.54%
No.10 24 m 85.27 3.87% 8.77 5.70% 0.66 6.45% 0.29 11.54%
2.7m 84.01 5.29% 8.65 6.99% 0.50 19.35% 0.32 23.08%
3m 85.42 3.70% 8.03 13.66% 0.49 20.97% 0.31 19.23%
Ref 91.65 - 6.64 - 0.25 - 0.35 -
1.5m 92.33 0.74% 5.77 13.10% 0.42 68.00% 0.44 25.71%
2m 90.24 1.54% 5.57 16.11% 0.31 24.00% 0.45 28.57%
No.11 24 m 91.18 0.51% 6.11 7.98% 0.35 40.00% 0.32 8.57%
2.7m 89.01 2.88% 6.28 5.42% 0.27 8.00% 0.42 20.00%
3m 88.15 3.82% 6.13 7.68% 0.24 4.00% 0.39 11.43%
Ref 88.83 - 7.41 - 0.72 - 0.71 -
1.5m 92.27 3.87% 7.57 2.16% 0.78 8.33% 0.76 7.04%
2m 89.29 0.52% 7.71 4.05% 0.68 5.56% 0.57 19.72%
No.12 24 m 90.71 2.12% 6.98 5.80% 0.82 13.89% 0.73 2.82%
2.7m 86.65 2.45% 7.02 5.26% 0.63 12.50% 0.82 15.49%
3m 84.14 5.28% 7.98 7.69% 0.71 1.39% 0.63 11.27%
Ref 91.06 - 5.39 - 0.57 - 0.56 -
1.5m 94.21 3.46% 5.01 6.49% 0.72 26.32% 0.69 23.21%
2m 93.07 2.21% 5.18 3.90% 0.53 7.02% 0.51 8.93%
No.13 24 m 93.26 2.42% 5.25 2.60% 0.51 10.53% 0.73 30.36%
2.7m 87.14 4.30% 5.17 4.08% 0.49 14.04% 0.74 32.14%
3m 88.23 3.11% 4.90 9.09% 0.44 22.81% 0.76 35.71%

TRIES R A BN AR VRN R AL, 7T LA
it 22 PR IS TG L. 2 27 koo 58 LA B
TR IZWG, RIS L AR E P 2R 87E M Hi A
DU BB 25 iy 2 3o 150 1 B (— ey, IRE AT 3Ry
2), BT A Rz K B B 2 i T 225 Bk p ik i aE
FHYEIR o 38 35 2 A TE VP 22 85, X i B 3 i 2k
HEAT —— Ui, e 2] LAAS 31 AR 55 8 IR TR
T IR AT I N RV T, R A S A A
I LIBS fY7E f S

4 &

A5 & LIBS & LIBS HoR e RIG  HIE =, BT

A7 £ LIBS ) ChemCam, SuperCam#Fll MarSCoDet £¢
KR JEAARIATE S5 th UG T — RIVEZERIR . A
M, HETAS £ LIBS (10 H&se b A FR, 38 5t
T B AR L S L T 1Y) 3 ) —, XA S
MBS B . SO P25 ik ol i 2 T 45 B IR
FR STy BT, R NS TE TO T A {03 e 1 3R 45 A1
X A S AR B AT R R M 2 W, 2F 1 o
FEESICIE . AR B IR B AL IE 5 A A X 1R 22 A5 4R
, HiE A AT 220 iR LS 5V, VAl
T, ARGV, VIR E BT OISR IE, A ] REE—
HARTHAE B LIBS & it A Hr I TERG EE o ILAh, MR AR
TEA TSR BT, T R S FR I R Gl
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Quantitative analysis of coaxial zoom laser-induced breakdown spectroscopy
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Abstract:

Objective In in-situ analysis applications, where the promise of laser-induced breakdown spectroscopy (LIBS)
is significant, the use of fixed analysis distances often proves impractical. Zoom-LIBS, with its greater flexibility,
emerges as a more viable solution. The typical structure of a zoom-LIBS system employs a coaxial light path for
both excitation and collection. This design enables precise laser focusing on the object's surface at various
distances by adjusting the focal length of the telescope. However, the adjustment in focal length induces changes
in the plasma state and system efficiency. Consequently, the LIBS equipment collects plasma spectra with varying
intensities and characteristics. Integrating these spectra directly into a quantitave model for accurate inversion
results becomes challenging. Moreover, standardizing plasma spectra after accurately calibrating equipment
parameters at all analysis distances is a complex task, especially considering the diverse application scenarios of
zoom-LIBS equiptment. To address these challenges, this paper proposes a reference pulse diagnostic method.
This innovative approach allows the diagnosis of plasma temperature without the need for calibration equipment.
Subsequently, the plasma spectra collected at different analysis distances can be corrected, facilitating accurate

zoom-LIBS quantitative analysis.

Methods The reference pulse diagnostic method consists of three key steps. Firstly, two lasers with power
densities P; and P, are used for plasma excitations, where one serves as an analysis pulse and the other as a
reference pulse. Following the principles of plasma radiation theory, the ratio of the intensity of atomic lines at the
same wavelength in the two acquired spectra is computed. This ratio, denoted as V7, is a function of the plasma
temperature. In the seconde step, the ratio of the intensity ratio of the ion line to the atomic line in the spectra
generated by both the excitation pulse and the reference pulse is calculated. This ratio, denoted as V>, is also a
function of the plasma temperature. In the third step, the plasma temperature is determined by solving for it using
the values of V; and V,. Once the diagnostic method is completed, and through spectral standardization or
alternative techniques, the plasma spectra collected at different analysis distances are restored to their respective
distances. This facilitates the establishment of a quantitative model, enabling the realization of zoom-LIBS

quantitative analysis.

Results and Discussions A set of aluminum-based standard samples was used to verify the zoom-LIBS
quantitative analysis based on the proposed reference pulse diagnostic method. Initially, the results obtained from
this method were compared with the Saha-Boltzmann method, revealing a maximum relative error of not more
than 8%. To highlight the correction effect of this method, a basic multivariate linear model (principal element)

and univariate linear models (for other elements) were used to establish a quantitative model at 2 m for nine
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standard samples. Additionally, four standard samples were analyzed at distances of 1.5 m, 2 m and 3 m,
respectively. For elements with content exceeds 1%, only the relative error of the abundance of Si in sample No.
11 was around 16%, while the rest were all less than 8%. Most elements with a content of less than 1% exhibited
a relative error ranging between 10% and 30%. This demonstrates that the proposed method can achieve
quantitative analysis of zoom laser-induced breakdown spectroscopy in an in-situ detection environment,
broadening the application space of laser-induced breakdown spectroscopy technology. Four standard samples
were analyzed at distances of 1.5 m, 2 m, 2.4 m, 2.7 m and 3 m. In the inversion results, except for the relative
error of Si element in sample 11, which is 16% for elements with a content of more than 1%, most of the rest are
less than 8%. Additionally, most of the elements with a content of less than 1% exhibited a relative error between
10% and 30%. Theses results confirm that the proposed method can achieve quantitative analysis of zoom-LIBS

in an in-situ analysis environment.

Conclusions While some error amplification may occur due to the division form used in the final step of the
reference pulse diagnostic method, it facilitates a relatively accurate diagnosis of plasma temperature. Further
precision in diagnosis results could be achieved by carefully selecting more appropriate spectral lines. An
alternative and potentially superior approach involves directly performing plasma spectral correction based on the
values of V| and V. This quantitative analysis method for zoom-LIBS, rooted in the physical model of plasma
radiation, holds the potential to broaden the application scenarios of zoom-LIBS. Additionally, it serves as a
valuable reference for the design of zoom-LIBS equipment.

Key words: laser-induced breakdown spectroscopy; ~ zoom-LIBS analysis;  quantitative analysis;

reference pulse diagnostic method
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