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Abstract

Abstract

Laser induced breakdown spectroscopy (LIBS) is a detection and analysis method
based on emission spectrum. The local high temperature of the laser focused region
will atomize and ionize the sample to form plasma. A light with characteristic
wavelength is emitted when an atom or molecule undergoes a transition from an
excited level to a lower level. The qualitative information of samples can be obtained
using the relationship between wavelength and specific elements, and the quantitative
information can be obtained using the relationship between spectral intensity and
element concentration. In principle, LIBS can analyze any matter regardless of its
physical state, be it solid, liquid or gas and can detect all elements. Therefore, LIBS is
widely used in many fields such as material processing, environmental monitoring,
industrial production, biomedicine, biology and archeology. In this paper, the
application research of gas detection based on LIBS technology is studied in UV-VIS
range using a Nd:YAG pulse laser. The main work as follows:

(I) The LIBS signal processing methods are studied. Firstly, an improved
background removal method based on iterative discrete wavelet transform is
developed to eliminate the interference from continuous background radiation in the
LIBS spectrum. Secondly, the application of mathematical morphology in LIBS signal
processing is explored, then a background removal algorithm combined with discrete
wavelet transform and mathematical morphology is proposed. Thirdly, by analyzing
the noise source of the LIBS signal, except Gauss white noise, a noise related to the
intensity of the signal in the LIBS spectral is found. Then the noise is effectively
suppressed by a method combined with stationary wavelet transform and sliding
window. Finally, to improve the efficiency of LIBS spectral signal processing, an
algorithm for LIBS signal automatic fitting based on continuous wavelet transform is
proposed, which can adaptively extract peak information from LIBS spectra with
different intensity and signal-to-noise ratio.

(2) The characteristics of laser induced gas plasma are studied. Firstly, based on the
theory of laser interaction with gas, the physical process involving in gas breakdown
is determined by comparing the experimental threshold and the theoretical breakdown
threshold which is calculated by considering different physical mechanisms. Secondly,

the time resolved spectroscopy is used to study the temporal evolution of laser
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induced N> plasma temperature and electron density, as well as corresponding
mechanisms. Results show that plasma temperature decays exponentially due to the
radiation loss is less than the collision cooling, and three-body collision
recombination is the main mechanism of electron decay. Thirdly, the temporal
evolution of laser induced SFs plasma temperature is studied by using the time
resolved spectroscopy. And then the components of laser induced SF¢ plasma are
calculated by combining the ionization equatibn, the dissociation equation, the Dalton
partial pressure law, the electric neutrality principle and the stoichiometry
conservation law. The theoretical and experimental electron number density are
compared. Finally, the influences of N2/SFs ratio on plasma temperature, temperature
change rate and electron number density were studied by measuring the plasma
spectra with different N2/SFg ratio.

(3) The quantitative analysis method of gas component based on LIBS is also
studied. Firstly, the calibration curve of O content in SF¢ is established using the
internal standard method. The detection limit of 38ppm is obtained. The partial least
squares regression model of O content in SFs is also established. Seconedly, using the
ratio of OlI: 777.3nm line strength to continuum emission, the experimental calibration
curves are obtained. Detection limits of oxygen concentration are determined to be
31ppm in Ar and 41ppm in N». The reasons for the difference of O content detection
limit in Ar and N; are explained by the physical processes of plasma formation and
decay. Finally, the quantitative analysis model of the element component of SFe/Air
based on CF-LIBS is established, and the factors that affect the uncertainty of the

calculation result are analyzed.

Key Words: Laser-Induced Breakdown Spectroscopy, Plasma Diagnosis, Gas

Detection, Spectral Data Processing, Quantitative Analysis
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Figure 1.1 A schematic diagram of electromagnetic wave distribution and corresponding
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Figure 1.2 A schematic of a simple apparatus for laser-induced breakdown spectroscopy
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Figure 1.3 Spectra at different excitation wavelength
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Figure 1.5 (a) Silicon emission line at 288.158 nm acquired in He, Ar, and air. (b) Signal

emission enhancement factors for selected LIBS spectral lines acquired in He(500 hPa) and

Ar (500 hPa)
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Figure 1.6 Approximate time scales of nanosecond and femtosecond energy absorption and

laser ablation along with various processes happening during and after the laser pulse
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Figure 1.7 Schematic diagram of femtosecond laser filamentation and dynamic equilibrium

between focusing and defocusing on the transmission path
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Figure 1.8 Schematic diagrams of double pulse LIBS. (a) collinear configuration; (b)

reheating scheme; (c) pre-ablation scheme
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Figure 1.9 (a) Plasma temperature and (b) Si line intensity of double pulse LIBS
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Figure 2.1 A schematic diagram of multiphoton ionization
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Figure 2.2 Radiative processes in plasma
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Figure 3.1 Illustration of laser-induced gas plasma experimental setup.
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Figure 3.2 Picture of laser-induced plasma experimental setup
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Figure 3.3 (a) Linear fitting results of theoretical and measured peaks; (b) Pseudo-Voigt

fitting result of spectral overlapped region

N HE—HR (BL-X25 Av=0) SEIERIEFRTEE 3.3 fim (&
& 7 RSRIDEE, CEBEAAGE, BRBSANETFE, SEIBEA
RIEFRIIEIE), JoME3I TS MG TETE 0.0704nm BIREs, (/870 6IE L
MR e A 33 R L3 7 R R AR B0 6E B0 1B 3.4 B, B 62 9 Sl et
KENERIEE, LEMERXRNGERSKE, B IENR T HHE i
DRAR, FHBRIZIGESESGESBRENES.

41



B S F L BRE A R RIS AT A

02—+ 62
oy i 01\W\J\ WMW
reshadioam . ; Yo\
370 370:, 371 3715 372 372:; 373 3735 374 374:1 s 370 3705 371 3715 372 3726 373 3735 374 345 915
03

C2F
02}h

0 L 14
01} P Q\/Kd/\ww\v/\.w\f

Ty @ =

intensity(a.u.)

;0 275 3755 375 3733 377 3775 373 3735 379 3795 380 0 75 375.5 376 3765 377 3715 318 3785 379 379.5 380
ﬁ
5“@%&%@@@@% MMAM "
= ]
- h D
%80 3805 381 3816 387 3625 383 3835 384 3845 385 %80 3805 381 3815 382 382.5 363 3335 384 3845 385
05F

0.5 B
A s’ ||

385 386 387 388 389 390 39 392
Wavelangth{nm)

BRI RN ins”
385 386 387 388 389 330 391 392
Wavelength{nm}

B34 () BERR (b RERH N F—RHRLRCHE

Figure 3.4 (a) before and (b) after corrected measured spectra of the N,* first negative band

3.2.2.2 REGIMRNILIE

SEME
- iﬂiua{.a

80 AN

100

60

40

Relative Intensity(a.u.)

20

300 400 500 600 700 800
Wavelength(nm)

& 3.5 LIBS HI R Gm R R B 5 5L E

Figure 3.5 The theoretical and measured response curves of the detection system
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Figure 4.1 A schematic diagram of a gas breakdown threshold measurement system
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Figure 5.2 Measured spectra of laser-induced O2/SFs plasma
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Figure 5.15 Oy/Ar plasma temperature calculated by Saha-Boltzmann method
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Figure 5.16 O2/N; plasma temperature calculated by Boltzmann method
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Figure 5.17 Laser-induced SF¢/air plasma spectrum
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Table 5.1 NI spectral lines for temperature calculation

A (nm) Aul (107 S'l) Eu (cm'l) Ei (cm'l)

Zu
818.487 0.821 95532.15 83317.83 6
818.802 1.25 95493.69 83284.07 4
820.036 0.468 95475.31 83284.07 2
821.072 0.523 95493.69 83317.83 4
742.364 0.564 96750.84 83284.07 4
491.49 0.0808 106477.8 86137.35 2
493.51 0.176 106477.8 86220.51 2
439.24 0.176 120566 97805.84 2
824.239 1.31 95493.69 83364.62 4
744.229 1.24 96750.84 83317.83 4

GYRIER(S. DI E N.OF TEETFHM— R EBEFHLLR =n? /n!;

(4) #KIER (5200 HHE NI OI. FI. SI. SUMRH FC:HF, S51HE

HITE L K S HU0FR 5.2 FimR;
% 5.2 CF-LIBS 251 & 1i4%

Table 5.2 Spectral lines for CF-LIBS

TR A (nm) Auw (107 s Eu (cm™) Ei (cm™) u
NI 7442298 1.19 96750.84 83317.830 4
Ol 777.194 3.69 86631.45 73768.2 7
FI 703.747 3.80 118936.8 104731.05 4
SI ‘ 469.13 0.0837 73916 52623.64 7
SII 545.3828 7.75 128599.16 110268.6 8

(5) #KHER (521) HE N. O, F TEMNFCHET, S TEMFCHFRH
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Table 5.3 Content of N, O, F and S elements and corresponding CF-LIBS calculation results

JTER N 0 F S

HIE (%) 68.09+0.69 17.02+0.17 12.77+0.13 2.13+£0.02
HEE (%) 67.98+1.50 13.62+1. 08 16.38+2. 15 2.03+0. 44
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Figure 5.18 The influence of (a) spectral line intensity, (b) partition function, (¢) transition

probability and (d) temperature uncertainty on the results of CF-LIBS calculation
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Ar 99.999% 2.0ppm
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CF4 0.001%

HF ‘ 0.1ppm

Air 0.003%
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