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Table 1.  Certified weight contents and  uncer-
tainty of minor element Mn in the middle-low alloy

steels.

No. 1 2 3 4 5 6
Mn weight
content/% 2.07 1.62 1.26 0.85 043 0.14

Uncertainty /% 0.03 0.03 0.02 0.004 0.004 0.003

ARSI TR T IR A B LIBS 2% ik
ITEErGEN R, KMz mm TR e AT
AR 2. R A 1064 nm KM Nd: YAG ki
Jt#s (Dawa-300, Beamtech, CHN) 1 b 45 & 114k
B CUR, FLPK e 58 B R 7 ns, FEMH R 10 Hz,
FLPK P REE A 30 mJ. BOLHE T 60 mm EEAY
A B R TR M RE T 7 0.5 mm Ab LIk 5
SRR, S RRR B M e D 2SSO0 RS OGIE  T
P, FRAFAR X R i 45 B IR, A R T SR OB
HAEZR 600 pm. 7EIEH THROCAS I m, H—
AR 50 mm (1447 9075 5 R 5 4 B IR 4R O
{H5 I8 200 pm SR BFELFAL 26 2 j 7Sl B
Ha# Y (AvaSpec Multi-channel, Avantes, NLD),H:
i 7 5 0 Ol 220—880 nm, 43 FER Ky 0.08—
0.11 nm, USRI 2 ms. OGHS FOEIE A %L
FIER KA #E (DG645, SRS Inc., USA) fili k. A
T U B TR S AR S S 0 TR, RO R A
s [E] AR T TGk b A LR LK R 500 ns.

3 RMEHARKRE B RN RE

A B AR50, IF HAE G R A H]
A F RS 22 - (LTE) 2504 T, W 3 Ik &
B SA AT DL o S Bl 1 B ) A i 2 1Y) Ve (B R
I(No) SHUHATC A MGG AR EE I(\) (Kt
SR T R COG A R AN 2] 5 52 Rl
T (1) R SRR AR [) 8308 BE B T ARAS T 20 T ) 1Y)
thfEZRoR, B2
I(Xo) _ (1—e K/2N)

SO0 - Kjar W

Hoh KRR I ZHG AN 655
BT R AHE LA A Y. (1) 3T, SA B
& KSR, Bl K BOR, A G4
A

SA

054205-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 5 (2024) 054205

i 3 454 Boltzmann 4347 A1 S PR -5 E
5B MER X R W) Ladenburg AR, K S8 LU
F Ry 119]

NI Apige)y i

a2 Z(1) © 2)
Hor N2 JF 50 TSR ST R B B 1Rk
LRGBS AR B Ay, R ERITHE RS g, 72 [ fE
SR I RE; Z(T) T4 PR AL Ei%TﬁEé&ﬁ'éi‘;

NI

ki SEBURZE S WRG TR TR IR, b
WITREATAL, H RS ISR AR LR RS
P30 AN SN 4 S S S RN U T S T
PR EA G, SiGL T REZAE B AR K.
EATE 2, FWOBORII RE 22 8] B4 50 R B TG 2R R
i gL,

AL I (2) 2P REL S R Z(T) =) | gix
exp(—E;/keT) , AIAFEILIF 5

exp(—kf—;)

K= 47t2cAkigk>\61 Ey Es E;
NI 4 1
= ‘47126'.41@1'91@)\0 . (Ei - El) 1+ aoe (El - E2) bt (Ez _ Ej) N (3)
g1exp kenT g2€Xp kenT gjexp kg T

i (3) ZNRIHN, YFTE ) E; — E; #OKT 0 B, B
EARKE;, THOK, AWRSGE ™5, X B, — E; ¥/
T o, BY E AR/, THOR, AWRIGESS. #5
Z, ML R 0T B AR ARE b T EASET, A
W ST ot 25 2 AR BE T T i T Rz, SR
BRI YT BEZAL T AH X e (R 2, U] W Wi i
SR TR EE R T TS K

i DA BB AT AT R, SR R IR T
R SRR PO FE e LIS B AR BE S8 NLAT L)
g A W AR EE . 25 3] Boltzmann ~F- [ &l 4
T LR R B A R TR IR B A OCR
SR T B B IR T RIS N AT
LMl Boltzmann V-1 B BA AR b, I Ha
¥4 Boltzmann Y- [ [ X} 55 5 TRl TR E 1) %
E. FH AT DAAS: R — o R B 2R A TE F R
Jride, FFFRANR : X5 LIBS SE80 AR 15 i 1k 2K,
A LIRE Boltzmann V-1 K145 2% b 43 BT T R 1Y
VIR S8 TR FIREE Ty, W — LG 50 kr
TR BRI R BE S8 NI 5, W i 45 2
FRIREE T, AT LATHSA 5 2 i 3 WU R 4 SA,
FEXF L s B T — IR AL IE. RJE, ARIEALIE S 1Y
T2k 5 B A5 213 1Y Boltzmann - [ B 946 A £k
PERE, AR NI SEUE A Bk B, 2
JE R EE IS B A TR SRR IR e 2, AR
A7 2 5 R FH e el A 98 8 R R J5 1 N PR AR
FEL R A SRR, X LA T R GE. Tt

\
AR, BRI 2 0 Tl B, 2] F

AT DLRAHER 10 0 Bl e i | 25 88 1A
Pl BE | A SR O T S AR K, O L
ARG A WACFIE L TSR R, R AFE— 2515 21k
TR s T A R T

S LIBSHIATE LRI Io, @i
Boltzmann F-fi &l 15 B BT,
v
BBV Nio {8, W35 To Al Nio {5
HEARILRE SA,
v
FRAI AR LRARE 1o 1 E WAL
FH S Ao, BRI IE GG ASREE 1,

@
z v
i HH RS G s 1,
= B FHABoltzmann F i & .
&
H
T Boltzmann-Fai & £
A PR E?

HERIESEH) Ny, i#idBoltzmann
P BRI E R Ty

[ (e AT S ]

1 TR Rk AU IE BRI R R AR
Fig. 1. Flowchart of the self-absorption correction method

based on temperature iteration.
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N TR, A T AR Ak 2o i 2 AR
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AT LIRS SA R BOHITE [ R AR S 7))
HATBUETT AT B2

I(\)/Io(N) = (SA)”, (4)
Hrr g = 0.46.

4 X5

Kl 2 & Mn RS ERN 2.07% 1 1 554
FRFETE 380—670 nm i [ A Y LADY %, FHod Mn
I 383.44, 403.31, 404.14, 475.40, 476.23, 478.34 F
482.35 nm b RIS HoR AR E R, I TigE
Boltzmann i & L A5 %5 B FIRH FEE T B
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Fig. 2. Typical average spectrum of the alloy steel samples.
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LR,

22 PEANFNH T Ok A NIST %12 /Y Mn T 4%
REASEIESEL. Fe 1 400.52 nm Fl Fe 1 489.15 nm
RELE Ay T Mn 1 383.44, 403.31, 404.14 nm =
ZARELE AN Mn T 475.40, 476.23, 478.34, 482.35 nm
PUSKIELR AR T —1k. b T 3R B TR R At
T P A, AMERE R ORI S AR SEG R
£ T TEMRI 0 S2 56 45 F T FR S 2 T 100 AR TR
B 300 WROGIHE, JEXTHEAT T HIBRE S SORmEL
P-4 b .

4.1 BEERKRIEBRY LIBS EESHT

& 34 500 ns ZER T A H Mn I 476.23 nm
FELT LR ARAE i Mn & 837 0B 0 2 bR il 2
Horrl&] 3(a) S FH IR IR TS L BE B bR S
&l 3(b) Jfdi 15 Mn T 476.23 nm 28 A0 45 #Y P A
Fe I 489.15 nm 24T NARIAH— 05 1Y 58 B2 08 b
FIZER, BRI DR 22 B R T i 20
JEE PN AN o . R R e iR R A AN
FELL B A B SRAE R S — 41, FF 300 1RG5 41
R 20 21, S BT ARAR A [R]F X 5 15 2 5 FE (R A XA
i 22 R KA.

MK 3(a) ATLAE W, A TR A6
APV L OGRE RN A B TP A U 3 A A
SR SR LR B SR K, HOE AN
11.66%, 1X 652 M A 28 5 B0 I 4R 15 428 4 1
EPRMZ MR 2. MER 3(b) b, MHN
B A — TR 5 B 1) 78 B 1l 2R A 2R 1 B R K $ v 3

# 2 Mn LBZEDLIESE
Table 2. Spectroscopic parameters of the selected lines of Mn I.

Element Wavelength /nm Transition probability /(107 s!) Statistical weight Upper level energy/eV Lower level energy/eV

383.44 4.29 8 5.40 2.16

403.31 1.65 6 3.07 0.00

404.14 7.87 10 5.18 2.11

Mn I 475.40 3.03 8 4.89 2.28
476.23 7.83 10 5.49 2.89

478.34 4.01 8 4.89 2.30

482.35 4.99 8 4.89 2.32

Fol 400.52 2.04 5 4.65 1.56
489.15 3.08 7 5.39 2.85

H, 656.27 5.39 4 12.09 10.20
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0.971, H 3% 28 58 JE 19 7 3 K 0 B2 BRI =
6.31%, =B NARTE AT LAAT SRR AR 4 B ) 0 31,
EH T Mn LHNFR Fe 2645 A B H WOBCE I, 28
PR TR R S T PPAL TC B IRSORE IE A
H WO IE R LIBS B s e, 72 SC 50 rh ki
Mn i & & & 0.14%, 0.43%, 0.85%, 1.26% £l
2.07% WA BAE R ERR A, FE8E Mn Jim 55N
1.62% W& AE AR & (PRid 2SO m). 45
FH, HAS R AR — AR T A RO I
B, TR & Mn (94387 5 & o 1.55%,
Hi AR RZE (RE) K 4.32%.

3000 | (a) —— 476.23 nm with raw intensity

2500
2000

1500

Intensity of Mn(I)
476.23 nm/counts
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500 1 1 1 1
0 0.5 1.0 1.5 2.0
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1.2
(b) ® 476.23 nm without SA correction
. 1of
h]
g5
=~ 08f
= 4
G
SRS
zE
12
g ;M
£a
SE
<~ RE = 4.32%
0 . . . .
0 0.5 1.0 1.5 2.0

Manganese weight content/%
Bl 3 Mnl476.23 nm i W EbRMI 2 (a) JEAR 50
(b) PR Fe ZI3— 1k 3 BE
Fig. 3. Calibration curves of Mn I 476.23 nm: (a) The raw

intensity; (b) normalized intensity with internal standard

Fe line.

R B2t ) 3 TR B AR AR F R T s,
XFHERE R 7 455301 Mn ZERIAHN BN BR Fe ZeikAT
T HWARIE. 4 451 T Mn Bis & 588 2.07%
B A RS AE FWOIORS IE HTJS 1Y Boltzmann -1
K, ATLAE 76 B WOSORE TE R 25 sl AR 3L, 26
PEFOC R B R? 2 0.867. T F IR IE S, 348
SRR LA A LR A H 4T, 2R C R B R?
FEm B T 0.974. 45 RERY], TERIE H WOV,
o] DLUA B B Boltzmann -1 [ £k 4, HAS

B S5 B AR H IR 1.13 eV A 1E N 3 HERH
1 0.91 eV.

—23.5

& Without SA correction

—24.0 e With SA correction

—24.5

S —25.0f R2=0.974
~
=
3 —25.5}
2 —26.0F} R2=0.867
—26.5}
*
—27.0 .

3.0 3.5 4.0 4.5 5.0 5.5
Ek/eV

Pl 4 Mn BTaE & 5o 2.07% 096 4 H il B BOBORE IE BT
Boltzmann H % ¥

Fig. 4. Comparison of Boltzmann plots that without and
with self-absorption (SA) correction for the 2.07% Mn alloy

sample.

Bl 5 5on T % Mn I 476.23 nm 5% 48 & N b
Fe 4T B W OR 1E J5 - BT AR A — 146 )5 19
FEARM S, DA ST S ) i i A R (Bl
a5 ). KA AT Mn £k 0 — b £k 5R AU A
AH I B e MEAS 1E T R, 159 2] 7 WO 1E S5 T A
il Y Mn RSN 1.6%, FO AR R R 22 N
1.23%. 3 49h, Zead B WO aE 5 B AR I — 1k
T £ 5 B B R 8 B AT LA — B RRIR R 4.41%,
X B PR Sy A v N PO R e A i B R A
TR AL P AR S S BE B R
W MAC A5, Bt s o) s ) T 42 4= AR Ak, PRIk B
W IKCRR 0 22 S P B T I AR (R U 3, BT A&
b A WSOREE S R DL — 20 B AR 2 0 O
T L.

1.2

® 476.23 nm with SA correction

. 10f

B
==
=7 08}
ok
G
O 06}
zE i
7 s R?=0.997
58 04r
Eg

¥ o02t RE = 1.23%

. R S
0 0.5 1.0 1.5 2.0

Manganese weight content/%

Bl 5 MnT476.23 nm Bk 2850 H WO IE 5 B9 P9 AR I —
e bt £

Fig. 5. Calibration curves of Mn I 476.23 nm using the in-
ternal standard normalized intensity with self-absorption

correction.
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R 3 PRS BEMERE RO ITER Mo BT S A DA 02

Table 3. Measurement relative error of minor element Mn in the middle-low alloy steels.

FEfMMnoo R fis /% 2.07 1.62 0.85 0.43 0.14 i
R IE T A X R 22/ % 5.80 4.32 7.06 18.60 28.57 10.99
FEIEJE I AR 22 /% 1.45 1.23 2.35 2.32 21.43 4.93

TR 2 B 2k AR T IR T ik X
LIBS & s A4 R 52, 28 3 5 T X r Ak
i B[R] Min 76 2 5 2 75 b 140 900 R X 15 22 B

M 2% 3 WA, Zad A WOOR I JE AR A R Mn
JUE T i PO AR ZE A g v, P
DU AR R 22 1 RSORS IEFT Y 10.99% $2 7 2 A%
B 4.93%. iR w o irai 3k, LIBS 76
R I — AR X 2T i 2 R P i 2 2R A 7 3 T IR
WA I RSORE I, AT AT S A 5 e A i 4 R e i
R A3 BT ) TR 2.

4.2 EEENRKIEBRI LIBS RYIHE

T EIE A WSRERRCR , A FH 2 f
W R B XS SA HEAT TR, JF S AR SR A ik
TR BEEABOE Ty 245 3B R SA 47 1 AL,

Xf T Stark fETE R AT MBUIE L, ARILR
B SA TLIFR R Ry 22

1/a
SA = (M 1) , (5)

2ws N
Hrr o = -0.54; AN B TELAE 5, w, & Stark
JSEREL n, R B TR Th R H R R R
T &R G4 r s, 8 AT LURYE 7 6 RN
H, 2~ S5 2 L 2 i

A>\H 3/2
ne = Ne(Hy) = 8.02 x 1012 () cm™2,  (6)
a1/2

o AN 2 H, R AR R 20 oy 2 H, 2
{1k Stark Ze 2P @ 45 (7 A), — 5K
F51 T HL -8 5 AR 1 R 8K, Balmer 26 3R (KG ff
vy o AT TESCHK [24] rhERE).

Bl 6 H L it o T (5) 358 Mn 1
476.23 nm FEL MY A RIS REL, WA R TR
JEEARAL I Dy WA E W R A IAIET 6 T LA
A, 2 AT R BRI SA SASCR Y
RIE 7 AR SA FEA—B, IR Rk
DA OIS T e 1 1 W Ae. TR A 1
W R B ) B KA 224 7.1%, FATTIA Rk i

Z R TAETA SA BHEHEY Stark FETEREL w, 1)
ANUEIE LR, AR SCHER Y w, J27E T = 10000 K,
ne = 10" cm 3 504 T (M AE ). 5540,
30T Mn T £RJRUR58 B B AR 45 SR ml A1, T
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Quantitative analysis method of laser-induced breakdown
spectroscopy based on temperature iterative correction of
self-absorption effect”
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Abstract

Laser-induced breakdown spectroscopy (LIBS) is an ideal real-time on-line method of detecting minor
elements in alloys. However, in the case of laser-produced high-density plasma, the self-absorption is usually an
undesired effect because it not only reduces the true line intensity, leading the line intensity to become
nonlinear with the increase of emitting species content, but also affects the characterization parameters of the
plasma, and finally affects the accuracy of quantitative analysis. Since the plasma electron temperature (7)),
radiation particle number density and absorption path length (NI ) determine the degree of self-absorption and
affect the corrected spectral line intensity, a new self-absorption correction method is proposed based on
temperature iteration. The initial T is obtained by using this method through spectral line intensity, and the
self-absorption coefficient SA is calculated based on the initial NI parameter to correct the spectral line
intensity. Then a new T is obtained from the new spectral line intensity and the new SA is calculated to further
correct the spectral line intensity. Through continuous calculation and correction of these two parameters, self-
absorption correction is finally achieved. The experimental results of alloy steel samples show that the linearity
of Boltzmann plot is increased from 0.867 without self-absorption correction to 0.974 with self-absorption
correction, and the linear correlation coefficient R? of the single variable calibration curve for Mn element
increases from 0.971 to 0.997. The relative error of elemental content measurement is improved from 4.32%
without self-absorption correction to 1.23% with self-absorption correction. Compared with the commonly
applied self-absorption correction methods, this method has obvious advantages of simpler programming, higher
computation efficiency, and its independence of the availability or accuracy of Stark broadening coefficients.
Moreover, this method can directly obtain the radiation particle number density and absorption path length,
which is beneficial to the diagnosis and quantitative analysis of plasma.

Keywords: laser-induced breakdown spectroscopy (LIBS), self-absorption, temperature iterative correction,

quantitative analysis
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