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Fig. 2 Images of plasma plumes under different delay time and air pressures™”
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AT R AW i N O I B DR
Colao Z&-M 3 H 28 DP-LIBS #47T T #F 5T, 45
T, ERE R Pk ob LR RE B Bk o = AR T B 2 AR E
(45 B TR J5 7 B0 i 4k 98 th 4% . Scaffidi

S4TSR A B0 AN TR Bk of O 4T 1F 28 DP-LIBS
(a) Laser 2 BN ®)
< = Laser 1
Laser 1
P-1
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(© (d)
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Laeer 1
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I E
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Kl 11 DP-LIBS 945 Fifid B (P-1 F1 P-2 4351 &

AR L R o2 7 A A O

SCHG L SE SRR AR K rp b b i R A R AR AR
ENORIN T2 QR N 2 N (i 1 VO S S
Caneve 25" X H T Bk ob LIBS(SP-LIBS) #l DP-
LIBS & P & 3 A5 & P on R R RO s R &
VI VQ ! QUIRE AN QLIRS oty @ = AN R N ES SRR o
(2 PE kB IR ma N LR TF SRR S . de
Giacomo %1 Jp BIF ] SP-LIBS Al DP-LIBS %} 7K
VIR E FKCR [EMAKE 5 647 460 L GiE B T DP-LIBS
FAR B TR T e E R AT A7k, MR s 4
1 48 9 1F 52 DP-LIBS 42 R #F — 204 %5 T DP-LIBS
3G RO L I 5 B DP-LIBS 3438 6 f5 D) L,

Laser 2

g

P-1
P-2

sample

Laser 1 =0

Laser 2
P- \
=2 <.
sample )

() L2k 5 (b) XUk 32 B 5

() IEZE T () IEZE FR A
Fig. 11 Various configurations of DP-LIBS(P-1 and P-2 indicating plasmas produced by pulse 1 and pulse 2,
respectively) "

. (a) Collinear; (b) dual pulse crossed beam; (c) orthogonal preheating; (d) orthogonal reheating
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PRI K& (LIBS-LIF) B AR & — Fh 45 Ik 79 X fik
PR L TR P O B ik R DA i 2 e 7 R A
B AR TR A — SRR K O R IR AR B A
27 ELA 1R 5% R e R T R L T S B e
A3 BT T ik 2k KGR, AT ORI ok o b R R
Hilbk-Kortenbruck 2512 1| H LIBS-LIF $: A & +
Herp iy & 48 Cd, K I A% BR 5 ) 0. 3 mg/keg, Li
ZELRAR Y 249, 77 nm BOEK SR TR AL T IS Y
BJETF i & &8 & A N BRI [ LS B 1
208. 96 nm AT AT R EA £ B K
WAL FE F 0. 6 mg/kg, Li 2% F|H LIBS-LIF % A&
HA5E T Si1288. 16 nm 3ELR SR, vl T Fe &6 T4
[0, 3 8 T StUGE WA URS B, OF 7 — o AR ik
7 A WO ) A, Zhou 25N SR LIBS-LIF 4
AR B DR AN AN IR X - T
FHE MRS R A A R 3535 3] me/ kg YL,
3.5 fiKigsE
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AN O e B R 14 98 LIBS 15 %, Tkeda 2557 F)
MA-LIBS X 3 Ak 15 46 0, 45 & Bk 0% 4l B L 4 45
LIBS 1 OH.N.,O Fl CN 23 7 K J5 7 (1% 415
P E RO Liu %00 MRS 45 w0 1 05 A
S PRI 55 B R BEA T AR B T S A
f 40 B IRL B, IG5 T Cu Il Ag TC R OEIE (5
S IARAE T 30 mg/kg B 23. 3 mg/kg HYAG I HL
P . Khumaeni %" Fl BB K 26 5 8 MA-LIBS
SRS E L, fE 1. 33 kPa RAESR M &4 TF.
Gd, Oy FE i Gd 1L A 34 5% P 735 21 32, Ca MK
MK R (LoD) M 48 mg/kg FEML#] 2 mg/kg. Tang
ZEEL 0L TR P XU T A I S R R AR Y W e kR
LIBS 5 MA-LIBS @& 12 7% ,Na. K. Al.Si fil Ca
f 1 W A5 2 B AR, Wakil YRR T MA-
LIBS FI ] CaCl 43— & 5 #5 il @ 1 5& 71, CL 9 LoD
M 170 mg/kg FEAKE] 47 mg/kg, KM GE J1 4% T 3
5. Viljanen " 5 K A3 5 T Fl | MA-LIBS
SEHL T OB IE R R 5 S Y R AT EGE 100, AL O, FE &
fr Cu B9 LoD 157 8.1 mg/kg.

L

®) 3 74 T T T
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—— With Microwave

K1769.9 nm

K1766.5 nm

--
T
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12 B ARG LIBS 5 MA-LIBS™. (a)Na; (b)K; (o) Si 1 Al; (d)Ca
Fig. 12 LIBS and MA-LIBS in potassium feldspar pellets™*” . (a) Na; (b) K; (¢) Si and Al; (d) Ca

3.6 NfEmEiGE

KAETH G 5R LIBS(SD-LIBS) J& — AP i 50 LIBS
o R e A0 SR AR P IS T s R TR T
H ) 25 B8 AR AN RE . Zhou MUY TR IR

ik e 3 EL L 6 SR Al O 4 B LIS, H: e K R S s
WP 13 [ 7RI RE R A0 - SRR L 34 110 3 5
GRS T 10, Horpr, RIEAE b Pb.Mg 1 Sn %5 i &
TR YR AR B 435 3k &) 1. 5,34,0. 16 mg/keg, F
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FEHE LT (10 W) LA B HL FEL e B A LIBS 45
A TR EE F o LIBS {55153 2 1 4% K i 1 58, 38
S F ik 13, 8, Ge %M BOG PR I 5 B RO
I FL 2 A 5 S R A T [ R RE L i BB AT
BAAR FE /N, SEEE T X A % R R A AR A o
Zn.Pb,Cd JC & M = & R W 22 , LoD 43 %l 35 |
0.68,2.71,0.31 mg/kg,

Pulse generator

I

Computer

F“ Spectrometer

I Sample e
X-Y Stage

P 13 T PR bk o e e S A B B G LIBS S G 2
Fig. 13 Experimental setup of SD-LIBSH** 1%

4 VR RS T I
4.1 HmaE

AR 28 ) 1 9 ff 4 I AT 0P R A B — B
Bt ANFFE S LIBS 8086 77 78 25 5 8 23 40 B
PRI S 2 S 4R IRCHS >R St AT DA S R A i 4 2R
M, Kim 25 58 5 35 247, 9 nm &9 C £ Al
656.3 nm LAY H 2k 1 L 23 & B0, AN [F] 9 38 RFRE
()58 S A AN 6], 43 308 0. 96 CR N M, PP) L 1. 03
(WIENE-T Z /- R CmIE R Y, ABS) (1. 19 CR R
N PO 1. 42 CRXR W g & — g, PET),
Siddiqui 5l i C A H G SR S T
SR S ] L % R O (HDPE) IR% B 3R & 0
(LDPE) \PET.PP.PS fIREH LM (PVOH C 5 H
B EE H2x o 1. 68,1, 51,1, 01, 1. 16, 1. 42 F
0.91, 7R T LIBS 7E 8Bk 73 28 488 9 B K 1 7%
J1. Anzano Z"Y3E i+ C, 516 nm,CN 388 nm.
C 247.9 nm.H 656.3 nm.O 777. 2 nm F N 746. 8 nm
(R 5 B LU XA AN ) B SOBLRE i Forp, C, 5 CL Y
JEH A H 5 CL A 38 3 L 2 B 5 8 00 20 25 48 A
Barbier %:HZ]EE&,CZ 5 He ny58 B AT CN 5 He
FR 5 BE LA BT DX 4 A R 28000 Y B8 R

3 AL R 43 BT 1 B AT S B R ER 43 R Y 43
B, 0, Anzano 28T SE T 2R M/ 2 A 22 T
PSR T 5 A EURLE SR o RS 90 %6 ~

YAG Laser

99% , MeAh, Anzano SRR ECEE B IR PR B OF
7 B2 IR b AR O 2R 5L B T ok B T R X
435 PPN [R) B 28R o IR TG IR B R e AT A A 2
J5 . Lasheras 255 i ] 2% 1 /% A 56 FH i — 1k
AR (MNCO) ¥ X 43 11 PP 8 b e it L 26/ Bk A OGO
T o S R T Ay, a8 ) 87, 3% Y L I o A R
Guo 25" 5@ 5 K ¥18 B 28 (K-means) B S T
20 Bl SRR B B R T, S A IR 99. 6%
Costa 2 i i £/ — F 171 9 (PLSR) J5 i X 4
TR R B HE 9 PC/ABS R &%, R 1R 2 /N T
10% . Costa Z MR FH K 48 (KNND ¥ 1 #%
g 7 A IR (SIMCA) K 43 T 477 ¥R E 5729
KNN - BA F & dg B, 153 98% ., Ferrero
ZEHSE i MNC 7k X2 T 5 R RbRE & IER T
HAE X 2018 A W5 1w A9 M 4% A0 3, Brunnbauer ™
it PCA Ml K-means HEEX 4T 5 #EEY,IF
Xt He 23 () A A AT T 4. Yu &0 LIBS #R
5 R LSV 0 R BE AR 25 4, i ok 34 fin 4y
FERRIE T LR A 08 BE R T AT 11 SR A B TR ) v
R FE T 100%, IMEBEH LIBS A S
SVM M4k 4, 2k FAAE 42 8 o0 Z B AE % 2 Xt 20 Fh T
b B REHE AT 4325 P BE 1 E1 99. 6%,

N7 P NI = o = S N T R
ASTA) R Bk R AT 38 4 T DA R I PR — Bk 1) PR ] I
FAR SRRy 2 MR . Bilge S8 LIBS H4R
5 PCA 1 PLS 45 & % B 2% @it 3L 8 L e 2L 15 8
AW A 4T 53 # . Rk 80, 5 %0, it LG K AR
FLIE By 0 A DU A% B 43 00 A 1. 55% M 0. 55%.
Kanawade 2500 SR 827 4 Fhal 41 24 DMFEA D
LIBS.j# it PCA J7 1% 3 R s i 17 5 4k 43 17 - 7
GEA AL ) 2 B (LDA) 7%, SE 8L T 44 LIBS
(3 2R, A B R AE 90 %0 DA I, SEE 25 2R
SR T LIBS AF R S i 45 5 52 AN RE T R S i 1 )
AT T4k . Chen %57 SR AT 1 b P00 A 25 4 i 10
BT HR A i i) LIBS A, 4= ok H 16 A itk BV
SRR 17 AR X R SR T LDA R KNN AR 37
SIS, HE B R T 95% . SCRME & 454 &
Ay Sy M-k T B G Ak-32 FE i HL (PCA-PSO-
SVM) B XT 12 258 A HE A7 40 28U, 3 R BE AL Y
SR AR T35 99. 90% .

4.2 JTHERIRH

T SR N SR AR 2R T —
S 8 B ) ) D B 2 A 2 P R L HX BB TR
R &5 &0 — A IR, ok AR B R Al A
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ARBTG5 BRI B O R AT
D, B8 £ w5 A4 ) 14 22 4 PR N L o o

Sun &I LIBS B R @ T T AR K
Jk A B2 R i R TR SRR 25 SR R WL LIBS K
DF Y Zn 70 R WK BEE £ 502 00 B8 B2 5 5 46 %k
TR, Stepputat 27 FI| H 75 48 LIBS 2% & 4
Br TR E B FRAES T ESE Br.Cd.Hg.Pb,
Cr FIl Sb, HAG HH R B T 100 mg/kg, Lazic %%
FIA LIBS £ ARG T 8RR S i Sb JT 2, K
M4 100 mg/kg &4 . Rehan 25704 LIBS J T
N 2 EVASR 25 25 2 FER AR I TR () Cr N1 AT Zn, 25 5 3%
B, Ni,Cr Fl Zn & & (BT & 5080 43 51 8 5. 0~
12 mg/kg.9.0~16 mg/kg 1 6. 2~ 14 mg/kg, &
Fix H o0 F 1 & A VR KR, Bk 5D B
LIBS X % pa JBF B 46 VT 2R A7 T PRk 2 £ 25 531, 3 03] U
E T fi R RN B e e I R R T RS E S OT R Cal K.
Zn Mg, Liu 2590l B LIBS £ AR 1 1koik
i HR Y P F Cd, Fa AR BR 43 531 24 0. 028 mg/kg #
0.016 mg/kg, 5 ICP-MS By &5 A . Pb #1 Cd Y
AT R 2243504 3. 5% Fl 4. 8% . Godoi 25 F] i
i B /s — 7 15 43 Hr (PLS-DA) |, SIMCA Fil KNN
JiikWEoE 51 Bt B A TR & bR . Cd gt
F R AR S 95 %, Cr A1 Pb oo & A9 1] 1
FE - 100%,

4.3 TENW

T H A 22507 1 LIBS $ R Ay e & H bR &
SEIRAF R S PN 0 R ORS BA I L B E Ay AT,
FH T R A% R W AT A% 1) R e R LIBS
ARIEAT R N T R 1 E 14 B R, 4 280K
BAK,

LIBS 3 5 5 FH 0 8 b 07 76 A ik ih 26, &
Je— PG R A B RE 5 . Sun %59 LIBS
SRR AR R L 28 T Mn St G R 19 E A
2, P ERBR® I3 0.99, FER&NH A bR
ST AN R M 1 Cr I8 2 A0 A% 1 1 £ o 4G 00 A B
545918 50 mg/kg M1 406 mg/kg., THRM R
FH 22 S5 1 40 W (1 58 1 22 R4 2k P i Mo Je & B AT
GYAT S BT (B S5 AR (E A A X R 2208 7.58% . 7K 53
L1007 T LIBS A 6 15 B b AR 2 4 B B 2 1y
SIRNEE SR B TC R S A HEAT T B4R 8
THE M2 S D' i 5 B — 48 03 A B AL R 5 i 400 A
Gy AT S 8] 4 BEAE 2 2R 100 pm,

A 1 #5 (CE-LIBS) J5 % JC W bk #E FE i, 38 3
Xt LIBS WS 71 55 B 0] 3545 75 40 M e R Ik B .

@

Corsi " i A @ sk T B AL P EEITE
Ca.Mg.K.Na #l Al ¥k FE 4 H 545 R 5 ICP-MS
HEAT XS H L BGE T CF-LIBS 76 A & & & 43 b i al
Fibk . WROB D B A bR v RE A CAu B 5 B AR5
4 85. 0% ~99. 6%) # 47 T LIBS Wl ik, 5k H CF-
LIBS 5 7 Au.Cu fl Ag =Fh K M9 & &, 45 1
TR X =R TR By B S5 805 AR (A 1Y 1R 25 H
F 3% . BRE%TE N FH Rk e i O AE 25 b bk
POl RESL L IE T CaMg AL Il Si 0 £ B & &,
il CF-LIBS #4756 5315, 45 31 7R, I 3 A0 X
WETE 15% 2 . Roldan 257 ffi i ns-LIBS #I
ps-LIBS R AF 4853 b1 kL, 45 R LW B KSHMEH T,
30 ps BOE T EIEM R CF-LIBS 5& &/ Hr &b 1 1
16 ns BOEF ER# . Miskovicova 265 % ] CF-
LIBS 4381 Mo &4, S T8 & & 410 i o BT 58
W R R BRAGI . Hua 2557 F A IR 38 B A AR e B
F& 45 4A CF-LIBS ¥R F MMM & &R E
AT RE S AT ATT A G T A RIS, IR
T CF-LIBS WMk B

2 040 T 7 1 R R € AR A5 04 B A ST oy B
TN R HURE T RO i AR B AT 3R A5 43 B 45 5 A
Xof T o 2 I A O 1 BRIk
J# . Death &7 SR /] LIBS 45 & F 8 2 8l )9
(PCROIEX A" A Y Fe, ALLSi #il K #5147 T 4
Mro o Mr g 5 XRE BRI 245 -, BaR T
LIBS 5 PCR HHZ G 1E8R0™ A1 J5 A 78 £k 43 Hr J7 T
TER9 N AT 5%, Yaroshchyk 28070 PLS ¥ T
BRSO AR, OF 5 PCR Bk 45 R k4T T 1
B H SR WD T VL R A3 BRS BE A 2B PLS %
i 1 i 3 8 2> B 2, Yaroshehyk 2577 iR 4
LIBS #l PLS ¥ 45 G 1T X Bk A ke 2% & i 47
SE Ay M. BE S T R B0 B O AR AR 25 1T Gk |
1.0% ., VAL X B9 Mn FSi ot R o AT
A3 AR A RN T 28 9 4% CANIND #5778 Tt 20 BT
R 5 RIS AR E s ANN BRAIS T 3% 440007 B 3% 2k 11
FHE T X A2 AR 3R 52 7% 19 22 BE R 30 1) 43 i7 280 2R
W4, Moncayo 257 I Fl LIBS %t 48 2% = B Uk
(R 47 A0 2R AT S0 AR R AK B 98 96 5 W] i 2R T ANN
X CN 43 F il &R A7 % 1t 40 B, AnfE I & 1 R® i
0. 9820 #2735 0. 9996,

5 NG

5.1 R=HM
NZEHEAT TR 25 BRI i 24 H b2 F- 4008 T4 Ay
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A AE IR B R B A B 0 5 B B HE AT I 5 AR Y i
4 BIF 5 T A,

ANKC M TE ARG K EA R IRELSFS .
B FERTF 9 KR b 5 T AR A D7 s R4 NSRS R KR
MURTREME . 2011 4F % il kR Y AP AT S KR F D
Z L FE LIBS 28— ChemCam ([ 14) , J§ T8
R R LA S A BT EEE R
MUK JR (NASA) T 2020 4F R “B 57 KR %

ST R

"at ‘.‘

5.2 HiFRENER

BT ER T SR M 2 DA AR TR I E B o
AR ER TRFRMA K. FalnXE
ZRGEFEEEILTMITR AR TFERRZET
SCYGE T B AR MR YRR L R 22, LIBS
3BTV AT R B R 2RI 2 BT R L R JT R H.
Li.Be 1 B 445 51 B fig 8 SC BT 0 ) s A 3R
AT ) I 22 0K 25 (8] 43 B 238 53 Br » FE A A T3 X #F 5 32
Friab B, R e ] DR T 45 1 A AR A A
T I T 2 e 0 PR, SIE I S 37 S I B U AR ) A
A H R

H i, LIBS 78 Hb 5t 4580 75 181 1 1 FH 22 o ot R I8
BIAEPEH . Kiros %% H LIBS $ AR 40 Hr A [H]
KA BT 5 A 1ot £ 15 B . Quarles %

Prfsal 77 E— AR @R LIBS X Z 5k, ik B
AT £L4E Raman SEi%AUTE A B9 Z2 R0 T B . 45
Fyfeg B LIBS 38 5 T 5 HAMb B B . it — 2
FE T IR AE S 2021 458 B KR 1Y

rh [ LR KR I SR A B H R R A kR R
T A R ML (MarSCoDe) , 2 5 T LIBS J5t B iy
KW 43 A A - FH DL 43 BT B 3 T RN AS ) O
H e Y A e R LA

Pl 14 “hf 2757 R I 28 Xk AR R T A TS R

Fig. 14 Detection schematic of rocks on surface of Mars by Curiosity rover™*”

LIBS Zi &b it m¥ Hik R G AT R R &
. Rifai Z ] LIBS £ AN E 4 45 T Au
R BE & RERE b LR AR A b A 1A DU RR 43 51
iK% 0.8 mg/kg 1.5 mg/kg, #aimag s IF
J& T —ZRFNHTF LIBS Xf M5 55 A P17 R 500 /Y
HISEWFE  Tian 2579 Fil FH 5286 % LIBS B4 0047
TEE KO R AR o AR U O R ST
Li %R LIBS-LIF $ AR 4 70 #4 U ot
RS U OG5 5 B 0[5 Bl B 7ok Tk,
LoD i5 % 35 mg/kg. W7 ¥ % 5 F HOLE S
G R A R A R A P Fe T E
AT T S A BT 38 Ao A OC M AR 1 7 3 I R /)N — 3fe
[l 51 43 B SR Bk 3 AT A A, R B =2 A 1)
R B T A R 22 4y AR & 0.975% . 0. 418% FiI
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0.123% ,F- M X152 22 3 5 BE 2 1. 4626 .6. 722 Fl
1.09%.,

LIBS 9 55— il R 22 Ah J2 AT A 155 25 (8] 43 B
TR X b BT S R AT PR 2 0 R A LI ¥l . Fabre
SELS SR LIBS A3 M G A B L T T AL
5 cm’ MBS 6 0H TR T FE 9 43 Ai Bl Kuhn
SELH A LIBS A O X SR 2%k (EDXRE)
X B Fe 0 LU A0 AT T T S BT A AR
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S RS
700~
7104}
7204
7304} |
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o
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BEEE
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B: Lithology
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R TR B 1 5 s 3R T B T 2, A 81 15 B, SE B T XF
PR A . Gaft 5 8% LIBS MOt i% S
2 (LIF) 45 4, Al FH B — 5256 25 1 4% W I A o
ENLELEOLSE R EE IR IS H T Y R
T KB ICE MK . Sweetapple 2 26 T Li
5 AT W B 20 A6 . El Haddad %87 X BE 45 4
W IR B e AT T4 W AR RN & 3 B IR R T
LIBS 7EIR G0 W 1R 5 R &40 5 7 1 I g ) .

070 0 o O
CRTLUORP A" B C

layers

C: Mineralisation
green/yellow: Pb-Zn-Cu-rich
red: Co-Ni-rich

green/yellow: elevated carbonate content

B 15 SR LIBS 01 00 B 4 0 70 2 25 [ 446 e

Fig. 15 Element maps of drilled core measured with LIBS core scanner

5.3 IREETH

B A Tl B2 AR 1 v 3 % R BB V5 Yl [ R Al
SR P, FRBE T Y A SR I PR A TS R G
ANRfEREEAEEE L,

MR TS Y RRE] o R, S
1 IE] 422 Hb Xk AR AR ) s R fE . Yan 0V 0
LIBS £ AR X 28 S i 5 Y Wy dh A7 7 s A i, F
S B LIBS Ptk fR 2= S HL(K-ELMD 40 & DA 5
26 MIERESR S M BEAMTRE BEL Li &Y R
LIBS AR 58 7 A (O, /N, ,0,/CO,) T
BRBEF NO, A= s HLEE 25 LB, 4 L NO, T5%
B2 0 AL AU HR RN 2 NO B £ 1938 i
B4 a0 AR A e B P AR R L L T S ERs il
foFE e K. Stipe 257 IF K T — B (E #5 2 W
LIBS 24 & Tl o frkdr . KAPHREAH
PR ACHE A ) BN . Rong 457" % LIBS
T IRA ST He M0, 25 5 £ 15 Y BRI

[199]

TR TE 1 AT DAGRAS &5 B O 15 5. R e
K H] CF-LIBS J5 X KA Y o0 3= #EAT R, 52 5
SR GHPREE R — B U T LIBS # AR AR T
255 YR

- MR A P A A 6 R T e A
PO = N85 3 | 2 ) o = N S T R = N
Capitelli ZE5 ffi Jj LIBS £ ARK M T+ b i1y Cr,
Cu #l Pb JC & . K M 4% BR 43591 24 30,30,50 mg/kg.
Santos %KM T LR Cd T E L 4 BIR
Cd MR 3% 28 214. 4,226, 5, 228. 8 nm & bp. 7E
214, 44 nm TR T FefE 1.3 mg/kg BRI IR .
Srungaram 21 dF T LIBS B AR A I 4 49 op Ay
Hg T MM B BE H 483 mg/kg. V7622 H]
F LIBS # AR X+ 3 b () Pb oo R 472 &40 0 s i
FERS A% BR 35 36. 7 mg/kg, T4 MAsT
LIBS 78 + 3875 Y6 I 45 35 Hh i 1 o 5 s 6 0
WeBR 5 LIBS K 0# B 4T 7 % b, ) Ak 3 2
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FIH LIBS # AR ¥4 17 i D X+ 58 b i oo %
Zn.Cu fl Hg, @GRMEESX LR E Cr m Rt
Fr7sE BRI, K D A BR i 16. 5 me/kg. W E R
SR AR AT R Cd T R
11758 843 M, K DU A B G5 3] 59 me/kg. BRIE &=
SEL M T e T E Ba A Sr, 43 B34S T A
K Z BN 0.9900 1 0. 9906 By E bR, W 16
JIE 7 YA R - 1 2 AR S Ak B O
2ok 7 R 2l A B R SR T R A R G
J& I DU B B A L s b 2 T e
AR TCE Cd A Ph, 46 0H B 43 31135 0. 067 mg/kg
F10.940 mg/kg, Gao ZE" %} + 3 iy For E 4
(Sb)AFEAT T KT, A5 4% BR 35 %) 0. 221 me/ke.
LOD of Cd: 0.067 ppm

by o=
Cd I 214.44 nm
&

¥ 1

m))

Pl 16 LIBS %54 [E-3 - Bl 45 J5 v A ) - 38 v i) A 200
cd™?
Fig. 16 Available Cd in soil detected by LIBS combined
with solid-liquid-solid conversion method™'”

KEPHESBITR S E@RSEEFEY
(R LR AR BE S K AT G 11 ey R80T 7K A4 75 iy
HHEA BERE S, Rai &85 0 0 B T b o 7K I
G P9 YA 1028 A0 HE 1) Tl B K AT, %o R B T Tl
Bk Cr Jo & AR I A% PR AT 35 5 0. 03 mg/L, 55
WE T LIBS H T Tk & /K & 0 i 7T 47 #. Koch
L) FH U o B AR X K AR S Min oG R i 4T 4
BT A6 4% B AT 3% 0. 080 mg/L., Matsumoto %%
P T KT AL E ORI AT SR KA Zn
JCE AT R VTR B R 5K R LIBS BERZE&
AT T REWE N 5 mg/L 1Y Zn JTCE MM &,
Cheung %57 T 1244 45 £L 25 2% 180 B0 il o0 A 30 4 L R
JE A LIBS £ AR XS % W H 1 Na K Fl Ba oo R i
F5 04, HoAS PR 43 B AT 3k 0. 23,1, 5,130 mg/L,
Feng 4552 Fil FH R 5 0 25 & 4k b 4 )& Pb it
FTRI L B 2 60 mg/L. Huang %% i Al
W% 25 L B BT R 7 AR X A W W TEET R T 5 4y
2mm S RO EEMEAEN, RAEH T Na.K
AL TEE KM . Zhang 25 Fi| FH 6 4078 4 B )7
Px K Na F Cr SR #4770 87 - € A 1t 26 1 e

ZHT ik 0. 998 DL b, Yang 21 R AL E
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Fig. 17 Methods for handling olive oil samples in LIBS experimen‘[sLw’J . (a) Spray method; (b) laminar flow method;
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(¢) method of resting oil samples
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Fig. 18 On-line analysis of liquid slag by LIBS™" . (a) Slag transporter with ladle during analysis underneath measuring

cabin; (b) view inside measuring cabin with optical module and measuring probe mounted at motorized x- and

z-axes; (c) schematic of installing LIBS analyzer
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Fig. 19 Scanning and analysis of biological tissues using LIBS®"
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Abstract

Significance

The physical and chemical properties of materials are determined by their element compositions and

contents. How to obtain the compositions and content information of materials quickly, accurately, and at low cost

has always been the research direction of scholars. The existing methods for the analysis of elements in the materials

can be divided into the chemical methods and the instrumental methods. Based on the law of chemical reactions, the

chemical methods carry out the qualitative and quantitative systematic analysis on the chemical compositions of
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samples, including the gravimetric method, the volumetric method, and the colorimetric method. In contrast, the
instrumental methods directly obtain the physical and chemical information of the unknown samples through the
analytical instruments, such as the inductively coupled plasma mass spectrometry, the Raman spectrum, the near-
infrared spectrum, the X-ray spectrometry, and the atomic absorption spectrometry. The above-mentioned methods
can obtain the categories and composition information of the samples with high sensitivity and accuracy, but they
present complex operation, high cost, and low efficiency. However, with the continuous expansion of application
fields, there is a high demand for the analysis technologies. Looking for a newer, faster, and more adaptive
detection technology has become a research hotspot.

Laser induced breakdown spectroscopy (LIBS) is an element analysis technology, which uses a laser as the
excitation source to ablate the sample and produce plasma. The emission spectrum of the plasma is then detected by
a spectrometer to obtain the element category and the content information of the sample to be measured. Compared
with other analytical technologies, the LIBS technology has the unique advantages of simultaneous detection of
multiple elements, simple structure, fast detection speed, and being not affected by sample morphology. It shows
great application prospects in many fields. Based on this, the mechanism, device types, basic research progress, and
applications of LIBS are summarized.

Progress The plasma characteristics and self-absorption effect of the LIBS instruments raise the most concerns. By
studying the relevant characteristics of plasma, it is helpful to understand the generation mechanism of laser-induced
plasma and solve the relevant problems encountered in the LIBS analysis. The self-absorption infulences the linear
relationship between the original plasma emission spectral intensity and the concentration of related elements, and
thus it reduces the accuracy of a quantitative analysis. To satisfy different analytical requirements, variable types of
LIBS instruments are developed, including an LIBS in the laboratory (Fig. 3), a stand-off LIBS (Fig. 4), an on-line
LIBS (Fig. 5), and a portable LIBS (Fig. 6). The LIBS in the laboratory has higher sensitivity and reproducibility,
which is often used in the study of mechanism and exploratory applications. The stand-off LIBS can realize an in-
situ detection of dangerous samples under harsh conditions on the premise of ensuring personnel safety. With the
unique advantages of in-situ detection, real-time, fast, and no complex sample pretreatment, the on-line LIBS can
quickly process numerous samples on the production line. The portable LIBS has the advantages of small volume,
light weight, and convenient use, which has better applicability in industrial fields with harsh conditions.

To improve the analytical performance of the LIBS technology, the signal enhancement methods and the
methods for the qualitative and quantitative analysis have become the focus study. The signal enhancement methods
mainly contain surface enhancement methods (Fig. 7), inert-gas protection enhancement methods (Fig. 9),
confinement enhancement methods (Fig. 10), and double-pulse enhancement methods (Fig. 11). The surface
enhancement method ablate the substrate and the sample to be measured at the same time. The high-temperature
plasma generated by the substrate heats the sample which can improve the temperature and electron number density
of the sample plasma. Using inert gas as ambient gas can prolong the life of luminous atoms in plasma and avoid the
light signal from being absorbed by air. Confinement enhancement uses the confinement cavity or magnetic field to
affect the external and internal conditions of the plasma and confine the plasma to achieve signal enhancement with
the advantages of simplicity, economy, and high feasibility. The double-pulse technology uses the second laser pulse
to excite and heat the plasma again, which can greatly increase the temperature of the plasma and enhance the
spectral intensity. Various methods are carried out for the qualitative and quantitative analysis, including material
identification, element detection, and quantitative analysis.

Conclusions and Prospects With the specific advantages of the LIBS technology and the development of above-
mentioned methods, the LIBS technology has been successfully used in various fields, including space exploration
(Fig. 14), geological prospection (Fig. 15), pollution monitoring (Fig. 16), food safety (Fig. 17), industrial
metallurgy (Fig. 18), and biomedicine (Fig. 19). The rapid identification of sample category is the focus of current
research, and good analytical results have been obtained. However, due to the change of experimental
environments, surface dirt of samples, and the diversity of manufacturing processes and additives, the prediction
accuracy of the LIBS technology for real samples is still low. Outlier screening, variable selection, scale
transformation, and other spectral preprocessing methods, as well as the improvement and integration of algorithms,
are effective ways to solve this problem. Due to the matrix effect, laser energy fluctuation, spectrometer resolution
difference, detection environment limitation, and other reasons, the LIBS technology has a large deviation in the
prediction of element contents in materials. Optimizing the LIBS instrument platform, studying the signal
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enhancement methods, and improving the analysis methods are the effective methods to improve the prediction
accuracy of the quantitative analysis.

The matrix effect is the most critical problem that limits the wide application of the LIBS technology. With the
continuous development of the LIBS instruments and the corresponding components, this problem can be effectively
solved, but it will take a long time. The improvement of the analytical chemistry method will be an effective way to
improve the application performance of the LIBS technology. In order to realize the rapid and sensitive detection of
massive materials, the development of an on-line LIBS device will be the development trend in the future.

Key words spectroscopy; laser-induced breakdown spectroscopy; mechanism; signal enhancement; qualitative and

quantitative analysis; application
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