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(B PRHI HR A TR e, Sl el £ BRI S5 B B R T PCER R S090 %, TEC 400065)
(2019 4E 1 A 25 HUZ; 2019 4£ 4 A 9 HikEIEUR)

e o ik o 06 S 5 52O IE (single pulse laser-induced breakdown spectroscopy, SP-LIBS) S5 5 %% |
T RIS v A S ok (re-heating double pulse laser-induced breakdown spectroscopy, RDP-
LIBS) &%, LM T % hEAEICE Cu 1 Pb BRI, B2 HOGIKmRR K 4 Hz, PRGN B EEEN 50 mJ,
SEU AL T T E AR 2 R A I o ] B A SGEOG K v BE R AH A SO Cu T (324.46 nm) A1 Pb I
(405.78 nm) S 3 BE A9 WA, FRRFETE 2K Cu T (324.46 nm) MR AEHOCRER AL (B = 15 mJ, B, = 35 mJ),
ik e 18] B 013800 FEE BF 43591 4 1.4 ps A0 1.5 ps; Pb 1 (405.78 nm) AYEOGRER At (B, = 15 mJ, B, = 35 mJ),
Jik b 160 s R0 A2E 3590 Ky 1.6 s AT 1.7 ps. Sy SEEL RDP-LIBS $ A Xt o 24 64 5 4 & e 2 46 Ik g 10 1A
AR SECT, 4331 Cu 1 Pb i##47 SP-LIBS £ R 1 RDP-LIBS A E f43-#r, Kl (R 4500 1.91 mg/kg
F13.03 mg/kg, & SP-LIBS B A, kil B354 Fr A, 2 25 Mt i O g fmilbinie ) 2k, H RDP-

LIBS Ryt ih 4l & B #0081 SP-LIBS, Ui B RDP-LIBS 4 A 7E H 24 4 K6 0 e 2L A7 5 A4 10 A 0 1
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R2 J7 0.976, KPR A 0.19%. AR 5 g 25 14 =%
FH 1064 nm B F bk s OB AE R R IR, LA
W R ARSI 42, X Cu TR TE
AT, ARAE B | KR RS R TR M )
AERGE X NARS RT3 0T, TR E iU G B oy
51 0.986, 0.931, 0.975. Wang Z¢ 15 3 15 Xif 71 76 AR
LIBS Stk kA7 5340 i, 857 10 158k (back
propagation, BP ) A T i 25 % £ 452 784 X6 il 3% AR 1)
FEHLHEA TN, IT 5 SN A R S R AL
BRI S RAT VRS SRR e SR i 7 5
BIESAIE W3 Hr4h 4 BP T 28 I 45 455 50 1y
ARk, BET LIBS X254 v 4 8 Jo 2 i oK
Z K F Bk b LIBS, 2R 1M 5 ik o LIBS $72 AR ER 0
AU HUEARR, Ml LA J2 SEBR R

PRI OG5 R 7 28 6T (re-heating
double pulse laser-induced breakdown spectro-
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PR 8 o B (16-18] St-Onge 45 19 i 14k
MUK s 40 A A FE 5, ULEE S FE A0 [R)  ARot
AERHEAH S 19 4576 R, Si T (288.16 nm) FI Al 1T
(281.62 nm) Y6 3% 5 5 5 B 43 3G R T 30 A% A
100 175, 5Bk AR EE, XUBK ohaT D)3 S 3 (5 5
. Ahmed 55 PO AL AU 53 Cu #0,
SR B 7E B 38 BP0 E I Ak nh RE 2 LR, BBk
AR E 30 FERDGIEF SR, A e P iR
FHPEIAASURK b 75 3 LA B 4 A X142, 15951 Fe,
Al, Ca, CN HOGIE 8 B B H ik o3 3 9 T 4.0,
5.5, 10.0 F1 3.5 1%, 3 & RDP-LIBS N A%+

A H 380 3R B R e 4508 E 2 L SP-LIBS T Y
AT, JEOG 4 v 4 R T 3R ARSI BE AR
XA

AR FHIF 2 RDP-LIBS %5 & % i $h it 7
KRB E P ESEICER Cu, Pb #1774, T
Sy FTGEIAE T | O R AN e A PR AR S5 X E
Tkl LIBS AR i LIBS 25 T 1A
DURR, SEBLT v 24 b4 5 4 JE T R AN

2 LI KIS

2.1 SLIGEE

ARSCR I LR R B AR 1 s, Bkop ot
#% 1 (Quantel, Ultra 100) E A4 & U8 i H 36 ELFE
AR I O, a5 R f= 100 mm
(A 355 B SR AR AE AR i L A SR S AR, O
7% 2 (Quantel, Q-smart 450) % H A7 FHE MR
O, 2t M f= 75 mm (P BB
FUHEAT RN, PO SR 22 (8] A K S B i DU
EHCT kb AE R g8 (32 SRS, DG535) T4,
WSO GRS I K2R 1064 nm, TAEHRIE N 20 Hz,
B IR T E A USSR RS
Rk CEr I L B h B R UG X (Andor Model
SR-750) #4743 56, I 38 o 1 5 H £y f5 5 2 1
(ICCD) A7 e LS e, A, Rl 5158 ik
R, B TR ST & (SC300-2A) [F
i, I JE TR AL L.

Quantel,

Reflectance mirror
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Fig. 1. Schematic diagram of the experimental setup for orthogonal re-heating DP-LIBS.
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2.2 HEmEE

S I B A SE T B IR 2 M T A, SRS
PLFF OBk op LIBS £ ARX 2 ph # 4 J@ u R
I RE A PEAS X883 HEAT T AR AR i A 45
T SGIE A A LA AN R 0] ) 2 3 A oty BB R
i (100 H), SR B E AL & Cu MR EE 43018 20,
40, 80, 160, 300, 500, 800 mg/kg, 75 Pb #kE M HIH
200, 400, 800, 1600, 3200, 6400 FI 10000 mg/kg
FIRES, B, HBENL (10 MPa, 2 min) ¥ H
JEAE AR 13 mm, J& 2 mm P25 EE S, Q& 2
Fi7R.

K2 BEREG
Fig. 2. Coptidis Chinensis samples.
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TR IS LS SR TEBOCE S F 5T
14 A= i S B L B AN () )RR A, T DT Ao 9 T
ICCD Y #RIM LE i ] LSS FRAF 3 2 70 45 i 12k
i S8V PN B PRI AR R A . AR S Se ok i
2R TCCD HEI ] T Ak e (8] B 43 531 [ 72 >4 4 Hz,
0.2 ps A1 1.5 ps, FWkrHOCRERE R F = 25 mJ
A Ot RE I B, = 25 mJ; ICCD £
SERT ARG A 0—4 ps, [BIBEA 0.5 ps, FlEikk
BeOGIETR BE A5 L Bl ICCD 45 I 4E i 14 25 4k 4
K3 s . FRAF G 4R Cu T (324.46 nm) fil Pb T
(405.78 nm) AT 58 B B AE R A 8 I I REEALK, T
A7 M e it 000 A2 B ) 14 i S8 fin 2 5 BRI 3k
TS B AR AR v 2t EUE S R
o I A T ] AP I K O 5 A AR T RE R AR,
TS S AR R 22 R A 2 Y A S R
R LUARRAIE T2 P s ol i P, Wl Bt o S B ) 14
i, A5ME LB TS N, f S5 T A B AR R
FRIE T 5 Bk 55, BT DA M L A s 55, 25

B TEEMRELCRE S0 EEX P IR, E4E 1.5 ps
1.7 ps VENFRIFIELE Cu T (324.46 nm) 5 Pb I
(405.78 nm) IR AEHR I LEHT .
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Fig. 3. Evolutions of spectral intensity and signal-to-noise
ratio (SNR) at different delay times.

3.2 XFkid LIBS EteEEHHT

LIBS FHE L5 5 om B H 2 2 2O LR R )
oM, IS U, BEE HOGRE & A AR S A b
Tl St 233G, ITRRIE 4R R AR S A e it 2
B AR, AR SCRRE AR R AR R
%, AR EOGRE R A S S E YR A i
FERCR, AR PR TR LS R, BUEAE
AR A E, [R]EE hno SERE  R R TR, 7R
ISR B A AR s S AR AL BT, XA O
ik R S B A A, BRI (S s

R T RIS R O RE T LU R A B AR R
SR BE AR50, S0 1 PR OO Y S e
50 mJ, 53K el (B, = 40 mJ, E, = 10 mJ), 2
(B, = 15mJ, By = 35 mJ), e3 (E, = 30 mJ, E, =
20 mJ), ed (B, = 25 mJ, By = 25 mJ), 5 (B, =
20 mJ, E, = 30 mJ) 3t 5 4 H i, HF 5% Cu I
(324.46 nm) Fl Pb I (405.78 nm) FHFi%LOGiE%H
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JEREA R fE AL A48 fk. Cu T (324.46 nm) F1 Pb T
(405.78 nm) 1 HEM 4E B 53531 A 1.5 ps M 1.7 ps,
TOGAT R AN PK B B 433 A 4 Hz A1 1.5 ps; 4558
WE 4R, X FRIEEZ Cu 1 (324.46 nm)
Pb I (405.78 nm) 7£ €2 (E, = 15 mJ, E, = 35 mJ)
AT SR BE R R, AT RE R T 458 — OC/E T T
FE S BRIAE A5 1 1A, 25 B FRBE S m1 S0 8L
AL, B EI U, FEIE IR B S B
UEE 5 RO Ik rh & R BB SR A E )

GBS, 45 B A i R R T R, N3
S B TR BB SRR, (B BEA Ik v 8] B 114 2k
2K, Cu I (324.46 nm) JEZAHIE(S S5-I 4R 185,
15 M FEZR TG P8 /b THi%EF Pb T (405.78 nm)
BB KT 1.2 ps ZJa. A5 ISR A
{EME L PRI 2R, 8 1.4 ps A1 1.6 ps 2 wIE R
Cu T (324.46 nm) 5 Pb I (405.78 nm) & & 43 Hr
P14 Jk e ] R S 30 2 -

12000 T T T
RO RE HEBES PR U IS A Jal 1 4 B8 1 11000 4 &) = Qu 132446 i - 100
TR S5 2 AR P R L [ il 4 29, i Re FE DG 2 10000 1 8o
N N NN £ 9000 —
SR, PR RS R AL . e,
-
< 7000 T 0 4
14000 F 6000
—a— Cu I 324.46 nm 2 5000 | 20
120004 —e— Pb [ 405.78 nm &
n 4000 +
2 — 0
= 100004 3000 A
= T T T
el 1 2 3
E 8000 - Pulse interval time/ps
z
Z 60004 30000 T T
E (b) . 50
= ~.
- \I
4000 4 4? 25000 \ 40
g AN
2000 . . . . : 5 20000 A | 30 .
el e2 e3 ed e5 5 —a— Pb I 405.78 nm Z
Two laser energy/mJ = 15000 4 —sa— SNR 20 %
Z
k7
g
4 iR O RE B A 22 1L £ 10000 1 10
Fig. 4. Variation of spectral intensity in different energy . R — . 0
groups. 50007
0 1 é 3 4

3.3 XUBki LIBS Bkt iE] FE 44

Jhk v ) o 2 5 e SUIBK i LIBS D't 73 o B 1)
BESH DL R R kb Al B 25 e 5 — OO 55
— OGS S AR W A B AR B T R 52
e PE T 800 mg/kg B IEAE MAE AT, i@
o 9 ) 5 Pk o S s A A 2 AR T RO K i 2
] Esf ) A4k, Rk oBOGRER A By = 15 mJ, Ff
Ik EOEEE RN By = 35 mJ, Cu T (324.46 nm)
5 Pb I (405.78 nm) FRAEFEZE Y ICCD 0 4E i
A5 R 1.5 ps 1T ps, BOETK AR RN 4 Ha,
ICCD M %k 0.2 ps AT, 345 Cu
Pb TG 2 i 5 B {7 e L Bt bk o [ B 4 A8 4k,
K5 Fis. 40AF I 5 iT Cu T (324.46 nm) j%4k
FE 0—0.8 s ZHDEHEE 5 BEAR &, 151 HUARAIE,
BOE W T — OGS 2™ AR 145 B IR Bl A Ik
PRIEIRR A AE K, PRFRIG R, #E— DM T 58 — i

Pulse interval time/ps

P05 ST o B A R L I ik e ] s 40 22 £ b
Fig. 5. Variations of signal intensity and SNR as a function

of pulse interval time.

3.4 SP-LIBS 5 RDP-LIBS 3% 3&ExtLL

X4 @ ICE Cu 5 Pb M7 Tt /i, 52
S ROk RISl 4 Hz, FRIEIEZE Cu 1
(324.46 nm) 7€ SP-LIBS 414 T M OLRE = H M
50 mJ, ICCD ¥R ZERT A 1.5 ps; RDP-LIBS HY#4
Sehe RN (B, = 15 mJ, E, = 35 mJ), fikufla]
P AN SE B 4350 R 1.4 s A1 1.5 ps; [R)BRERAE S
£k Pb 1 (405.78 nm) 7E SP-LIBS A 54 T Ot fE
HAE N 50 mJ, FRMLERS A 1.7 us, RDP-LIBS
BWOGRERLME N (B, = 15 mJ, B, = 35 mJ), ki
[F1] B AT S I 235908 1.6 ps A1 1.7 ps. FRASGHE
WLIE 6, ATLAFE H Cu T (324.46 nm) FHFISL R
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7]
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=] o
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g g R
5 = ) =)
5000 - P ¥
= o)
0_
T
400 405 410
Wavelength/nm

SP-LIBS #1 RDP-LIBS St i & %) [t

Fig. 6. Comparison of spectral intensity between SP-LIBS and RDP-LIBS.

PR 25 5779 counts HEANF] 12749 counts, 1
T2 2.2 %5 Pb T (405.78 nm) AFAEIELL 6
SR EE 24 M 4703 counts BANF] 15838 counts, 1R
Ty 3.3 5. XS K FE A 3 A s R] T BR Y, 58—
HOOCRT SR — SROCTE B 55 B F R PR, S5
DGR S IgeR, RN, 5 SP-LIBS AL, RDP-
LIBS ] LI s gl o & i ik o

EESH
9T X} SP-LIBS il RDP-LIBS 4 A A 46
PERE, AU ISR ST | BOEARES A
i Cu T (324.46 nm) Al Pb T (405.78 nm) %Ebx
AL R 514 X5 55 Cu T (324.36 nm)
H1 Pb T (405.78 nim) FFAF LR ARG B -

30

LOD = =, (1)

K, o MTERIF AL TS Stk B bR e R 22,
ERERR IR EPR. K 704 T R A SP-
LIBS 5 RDP-LIBS £ AKX} # % " Cu 1 Pb JL &

3.5

R E bR 4k, BARMPERES BN 1 gl

AT A3, SP-LIBS $ K 5 RDP-LIBS A
X H 4 8 Cu oo BRI FR 25 51 4 Sl 2
5.13 mg/kg Fl 1.91 mg/kg, Pb L AR /351
J& 10.87 mg/kg A1 3.03 mg/kg. 5 SP-LIBS X} b,
K H RDP-LIBS X # % 8 4 J& Cu J0 & M4
FREEAE T 25 10/27, E4JE Pb JGE AR BRFEAIT
T %5 5/18. $iW] RDP-LIBS J5 1 76 %) i i h # 4
JEICR A TR ARSI, A BEOL T SP-LIBS
Tk, B (2Rt O el briE ) 1

Ak, Ry iE—E5E RDP-LIBS A4 K4 A,
1 LR ERR I P X 4 Bt E Cu Ml Pb ot H
PEATREI 4B, K25 S an sk 2 B8], EB RDP-
LIBS X 4 J& T & Cu 1 Pb Ju Z K EREHE T
SP-LIBS, iX& M T RDP-LIBS 55 i BOG Ik
S — RO K s il ™ AR Y 4 B AR R
K, AT R S EER E ERR Jf H R RDP-
LIBS HABhF e I ot

F 1 EHMEELAEINER (LOD) FIZMERIARE (R2) 4
Table 1.  Comparison of detection limits and relative standard deviations of characteristic lines.
FHIETSL
Cul 324.46 nm Pb I 405.78 nm
SP-LIBS 5.13 10.87
LOD/mgkg"! RDP-LIBS 1.91 3.03
GB/T 5009 20 5
. SP-LIBS 0.9738 0.9287
RDP-LIBS 0.9931 0.9926
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@) gp.LiBs (b) RDP-LIBS
. 6000 R-square = 0.9737 . ” R-square = 0.9931
3 Intercept = 1078.6556 % 6000+ Intercept = 1197.14
= Slope = 6.16034 = Slope = 7.8715
5 40001 ¢
< £
2z z
§ E 3000
E 2000 E
o s Cul 324.46 nm a s Cul 324.46nm
—— Linear fit Cu I 324.46 nm —— Linear fit Cu I 324.46 nm
0 0 T T T
0 300 600 900 0 300 600 900
Mass fraction/mg-kg ! Mass fraction/mg-kg !
120004
2 (©) sp.LiBS 2 @) Rpp.LBS
= R-square = 0.9287 ‘2 20000+ R-square = 0.9926
= Intercept = 1743.8575 = Intercept = 866.083
% soop ]  Slope=0.92872 5 Slope = 1.90191
~ S~
iey iy
z % 10000-
Q Q
= g
~ 4000 A =
o s PbI405.78 nm 0+ = Pb I 405.78 nm
L] —— Linear fit of Pb I 405.78 nm —— Linear fit of Pb I 405.78 nm
O T T T T T T
0 5000 10000 0 5000 10000
Mass fraction/mg-kg ! Mass fraction/mg-kg !
B 7  SP-LIBS il RDP-LIBS F Cu, Pb Jt % & 5t i L 81 4
Fig. 7. Linear fitting curves of Cu and Pb in SP-LIBS and RDP-LIBS.
22 Cu 1 Pb KMEE S5 H
Table 2.  Comparison of detection ability between Cu and Pb.
JLR
- Cu Pb
-UQ%%M R TSN =1 ek 3 R ST fik N=1 ek a3
SPRE /mgkg ' W EA/megkg ! MIXHRZE /% WEE /% KPR /mgkeg! MWEEH/ mgke ! MHXIRE/% KEE /%
80 67.7 15.4 9.8 800 638.3 20.2 5.4
SP-LIBS
300 244.4 18.5 7.6 6400 7163.5 11.9 4.2
80 69.5 13.1 7.8 800 693.9 13.2 3.6
RDP-LIBS
300 323.5 7.7 3.1 6400 5936.4 7.2 3.8
1.91 mg/kg, Pb o R KR A1 10.87 mg/kg A8 K
4 # P 3.03 mg/kg, F M RDP-LIBS i R B A ¥ 47 iy #:

AR SCUATEAE SRR, @ ik ICCD 45
DN SE B | S840 BE £ RN DK o 18] B 55 52 i RDP-LIBS
FRIES LG5 i B E 2 &, JFE T SP-LIBS
5 RDP-LIBS & 4 J& JTE Cu F1 Pb % 58
JE R RN LA ST . ST R se e 44, Xt L SP-
LIBS 1 RDP-LIBS [#ti%5# &, & RDP-LIBS
I Cu T (324.46 nm) FYIGIE SR 20885 T 2.2 £,
SRS Pb T (405.78 nm) M550 B 2948 = T
3.3f%; H Cu i KK MR 5.13 mg/ke FEAL A

M ERE.
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Quantitative analysis of Cu and Pb in Coptidis by reheated
double pulse laser induced breakdown spectroscopy
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Abstract

Coptidis plays an important role in the field of traditional Chinese medicine. However, it is easily polluted
by heavy metals in environment (water and soil), and thus can affect human health. In order to detect the
heavy metal elements Cu and Pb in Coptidis, which was purchased from the Chinese herbal medicine market in
Chongging, the reheated double-pulse laser-induced breakdown spectroscopy (RDP-LIBS) is investigated. In
order to reduce the experimental error caused by the irregular shape, it is necessary to pretreat the Coptidis
samples prior to the determination step. The Coptidis samples are dried, milled, and sieved to form thin
cylindrical tablets each with a diameter of 13 mm and thickness of 2 mm, which are formed under a mechanical
press of 10 MPa for 2 min. The influences of the main experimental parameters, such as double-pulse LIBS
detection delay, double-pulse LIBS laser energy, and double-pulse LIBS pulse interval are optimized. According
to the LIBS signal intensity and signal-to-background ratio, the optimal laser energy set of the characteristic
line Cu I (324.46 nm) covers E; = 15 mJ and E, = 35 mJ, and the pulse interval and detection delay time are
1.4 ps and 1.5 ps respectively; the laser energy set of Pb I (405.78 nm) also covers F; = 15 mJ and F, = 35 mJ,
and the pulse interval and detection delay time are 1.6 ps and 1.7 ps, respectively. Comparing with the
scenarios of single-pulse laser-induced breakdown spectroscopy, it can be seen that the spectral intensity of Cu I
(324.46 nm) increases from 5779 counts to 12749 counts, i.e. it increases about 2.2 times; the spectral intensity
of Pb I (405.78 nm) characteristic line increases from 4703 counts to 15838 counts, i.e. it increases about 3.3
times. It is shown that the second laser pulse re-excites the plasma which is generated by the first laser pulse,
thus making the plasma emission spectrum stronger. The detection performances of heavy metal elements in
Chinese medicinal materials are evaluated by RDP-LIBS and SP-LIBS. The results show that the detection
limit of Cu decreases from 5.13 mg/kg to 1.91 mg/kg, and the detection limit of Pb decreases from 10.87 mg/kg
to 3.03 mg/kg. There was observed a noticeable difference in the limit of detection between Cu and Pb, which
meets the requirements of the Green Industry Standard for Import and Export of Medicinal Plants. Moreover,
the linear curve fitting degree of RDP-LIBS is higher than that of SP-LIBS, which indicates that the RDP-LIBS

technology has better detection performance in Chinese herbal medicine.

Keywords: reheat double pulse, Coptidis, spectral enhancement, limit of detection
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