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Abstract Due to the complex matrix effects in bulk water, the application of laser induced breakdown spectroscopy
(LIBS) in online continuous detection and analysis of liquid sample is limited. Thus, we propose a new method of
LIBS assisted by micro hole spraying technology. The essence of this method is to transform the flowing liquid
sample into dense droplets and spurt out continuously through a micron hole matrix and piezoelectric ceramic in
order to assist the analysis of LIBS. A detection experimental system is established, composing of a micro hole
ultrasonic system, a 1064 nm Nd: YAG laser and a fiber optic spectrometer. A series of experiments and analysis
are carried out to detect the calcium element dissolved in pure water with the detection experimental system. The
optimum experimental parameters, the physical properties of plasma and the analysis ability of this method are
studied. The results show that the limit of detection for calcium element is as low as 0.96 mg/L. And there is a
good linearity between spectral peak intensity and concentration within the range of 0-1124 mg/L.
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Fig. 1 Experimental setup of micro hole sprayer assisted LIBS
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Fig. 2 Picture and schematic of micro hole sprayer
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Fig. 3 LIBS spectrum of calcium element
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Table 1  Spectral line and parameters for Boltzmann drawing method
Element Wavelength /nm giA,; /(0% s E; /eV E. /eV In(I;/g;A;)
Ca Il 315.887 12 3.123 7.047 —15.89
Ca II 317.933 22 3.151 7.050 —15.66
Ca Il 393.366 5.88 0 3.151 —11.56
Ca ll 396.847 2.80 0 3.123 —11.45
PR 1 Ca RS E FLM Lk lER -11.2.
A A LTSI B InC T, /g A D AR 9 AR g |\
1 119145 67 R 1B U AT R RE LA 79 5 5 nsl
7, £ e,
HAR 1L 45 45 L A5 900 L2 0 5 ARG 7 T
GRC VRS £l
In(I,/g.A;) =—1.09E, —8.08, (1) B
B IYE RECRD H 99.759 . HUEDL/R 3% T s e

SORERE UG ELRWRRET -1/ GRT), H
e RIERESHE.T HEE IR B FIRE,
ZoR AR AT A ML IR EE O 1.06 X10" K,

FIHE TR IR RL R « 4(656.277 nm)
THEE I B8 5 vk T AR B R Y FL 4% B2 LIBS A
R I —FR Oy k. B8 J& H, 656 nm i £k &

E 7 Ca JGE M BEIR %% 2 K
Fig. 7 Boltzmann plot of calcium element
Lorentz fl & U453,
e 8 P 7n . Ho 3% 26 s T DL &L 4 o ()
Lorentz AL & . A M R HA R T 99.25%.

0711002-4



i ot

1F

Intensity /10* arb. units

558 R

0l : :
640 648 656 664 672
Wavelength /nm

K8 H, 656 nm ik & Lorentz fl &

Fig. 8 H, 656 nm spectral line and Lorentz fitting curve

MR 40 4 &5 S ] 0 HE Stark JEFEME M 2.208 nm, R
P SCHRL 21 I mT 0, S B TR B 2 % N, nl i
iR N =C (NG T) (M) B, Hf,
C(N TR 5 F i B T 9% B 55 M1 G 19 R4
A HRAER SR B FEREAMEHE LR B, N
10600 K; A pwov MG G 15 2 B9 Stark JE Y. &1t
BT N, 3.70X 107 em Y,

KR SR B 8 2 S 15 (LTE) £ 1 . o 7 % 2 40
WE N.=>1.6 X107 X T2 X AE#

FEFTRAG I FIRE T S8 TR L LTE %&
PR H % T RR R 1.15X 10" em *, 3R 15 A 45 5
TR THE N 3.70 X107 cm P, KT 1.15 X
10" em i &2 LTE &4 ER
33 CamERNRHITE

T A B S B P S 0 S T R MR
] 5C R X Ca JTER TR IEAE 1~15 mg/L [
PG 8 4R S HEATSE 00 . 1 9 J& Ca J0 2 33 W 8 )i
FIBR M 2 1) A ¢ 3R e e pE G <k, Kb —
A AR TR — W B R AR AR Y 24 %3l k5RO
HIfH.

= M
o o
. )

Intensity /(10-3 arb. units)
—
o

o
®
o
-

1 8 12 16
Mass concentration /(mg- L)
B9 CaJtHRAMAA ML
Fig. 9 Fitting curve of calcium element
Ko rh e R C R BN 94.7%0 . REEWY
*ﬁ{w f (LLOD) A] i %‘:ziljjit Vi = 3(7/5(2:ﬂ Eﬁ ﬁg ’ /H\:

oo RE EFER DGR R s AOGIE LA i &
IRLR, 235, A RGN Ca g0 F WK I R N
0.96 mg/L,

HLHE SCHR X Ca T LIBS A6 B 4 412 38 , F7 42
IF M LOD A & UN-LIBS 19 0.02 mg/LM" {HAL
FTARZEH B LIBS #9 1.2 mg/L®, X 5K
120 BB K UKL 8 R /I % BE R e R A5 G
5RG&ESHA K. SRMEERTETZEMN 0.3 mg/L*
ISR 0.6 mg/L2 A He, T 48 J7 5 (19 LOD B
Z HER —BCR % b BBk b A 41,7 mg/L™
P T 2 AR R ., FIER] FIR SR T R TR
A 1458 ) BE A E] 43 B AR 19 ICCD, 1 Jr 8 5 %
i FH P 2 3 5 B0 b S R ARG T 1 B O 1 O S
ORI AF S B D WA 25 T Ty
20 LOD A it — L m izl ,
34 CamETEENM

T WESE BT B O Wk B 8 43 BE T, X Ca T
TR E AE 140~ 2808 mg/L 5 N Y 20 4L A%
i BEATWRSE . T 10 2 3 04 iR B RNk BE 22 [R] 1 6 &R
KW G h S . B AR — A SRR R — e B R 4R
1H0 24 F58 25 B - MA

018 )
L EAEY

) 32

o— .éA

5 012} P

= P

8 i

= 4

‘G 0.06 4

§ L]

g
0 1 1 1 )
0 750 1500 2250 3000

Mass concentration /(mg- L)

Bl 10 20 A BEAE i 1o 2R PR 40L& i 2%
Fig. 10 Linear fitting curve of samples with 20 concentrations
NP 10 T LA 1 2 254 R ik JEE 5 T B 38 0% 9
JE 5 R O R 2T ) SR G R AT BE A T
WP TR R R AR 22, TR OIS g o)
B efr 35 2k I B B2 T T R BT VR ¢ 2 TA) — i
JEFEAH « B B 45 (Scheibe-Lomakin) 24 3
I =Ac", (2)
AT R HARICR B A8 1Y 1% 158 B2 5 0 S HARTT
R EWEE ;A NHEEGO HHBRIRRE. B 5T
RWRE CR R RS LB G, — M T
T 1o TR 10 v, 25 5T 5 v B2 B0/ NI i 0 0 J3E RV
JE 2 B LMo RIAF .o EEEART LIEMRIY 1, FE
A Ca LR P R R AR REE .0 HD

0711002-5



th i

i ot

Wil 2 35 A8 /N X — 5 AR LF WXk R T AR BS
S DR T 2 i e 11 1 R AL o O 2R A R G o T 34
HETR
HH & 10 A] 1, Ca JC R i M L PR 1B R 0~
1124 mg/L, # /K ¥ Ca 7 E W & & — W1
440 mg/LAEAT, SE R AE RN B Z . B Ik, AT LA
TG N Y 8 A B ke it e e pn it 2. 1A
11 45 H TR LA i 22 .
0.105 1

f '
£ L]
g 0.070} j
o)
% b
B: .
Z 0035
Q .
g
"
0 1 1 1 i
0 300 600 900 1200

Mass concentration /(mg- L)
11 8 YRR M B e 0l 5 i 2
Fig. 11 Linear fitting curve of sample with

eight mass concentrations

AR 11 45301 75 F2 (R? =99.02 %) ] LAk &
L E TS W SR X R R AT AR 4 S5 AT AR U £ U7 ik T
FIOUR R E N AR
¢ =10057.33 X I, (3
B EE T AR AR (3) AT 4345 B 5 19 S 39 Ak T ik
JE o DA R R B SR R 2 A i 25, R R T AR
[i7) — s ) 0 52 A4 110, 220,440,880 mg/L 4 Fpifk BF
T it X Ve B E 8 SHEAT R S A, TR 12 S &
st -S4 Ak e B R L STV B A N BEAT AR, A
Al e B RS2 A — MR T A B 6 A% i F 44k
TR

o)
0]
[=]

[ Il concentration
concentration estimated

2
50
£ 660}
=1
S
® 440+
2
g
g 220}
5]
[}
g
= 0
1 2 3 4
Samples No.

P12 b JoT vk B2k B AR 1
Fig. 12 Bar chart of sample mass concentration comparison
I 12 ] DLW b B SE 5 LIBS R4
Xf Ca TR ERTHIRES . FEMFHAMTHERES
BB EE AR — B R E AR 1500 AR, B KR 22

g 14.24 % s /MR ZEAUN 1.56 %,

Bl 13 S % & Gk il /) 7 & 30 1 1 K 250 ~
750 nm JEREE, M E R LR 2K b 24 R
JLE Na,Mg Ml Ca U35 LE .

4 H

N

p2

= 3

oS

8 Na

z 2| M8

< \

& Ga ) |

g1r i I

g W \«\)\/ \[ It

,S | S "‘*’“‘\'w&#bj \\d\ki J&
250 375 500 625 750

Wavelength /nm

B 13 7 I 3 I K A

Fig. 13 Spectrum of offshore seawater in Qingdao
3.5 CamEEZELEELZKENIH

K% LIBS R G005 & 3 1 1 7K 647 78 Sk
W28, Horp Ca oo 25 G & Wk B W) T B E R
371.6 mg/L. & 14 & Ca JCZ BY Lk I 45 5L, H
FFAERE 30 s I — R ZEIE K . A T A UL A8 R
1t R B AR A OGBS ER O 20 He,

~ 600 X — concentration
[ concentration 510 . concentration
«—concentration estimated .. .estimated
340 7
?
450 + . g = 170 i
¢« M ey 0 .
¢ 200 240 280

99

[=3

S
T

Mass concentration /(mg- L")

150+

e e -y
e ————

Mass concentration /(mg- L

:

0 100 200 300 400
Time /s

Bl 14 Ca JLERELK I 45
Fig. 14 Continuous detection result of calcium element

MIEL 14 AT LU MY, 24 28 108 K R K 32 B )L {5
SV& A TS bR R B ] 2 — AN A5 (5 s) ik I AT
MEKIERE R 7.5 s, fF55EhRE EACFE .,
SR G B 2%, LRI B AR e BT CR B B[]
410 s, TEMERA B Iy I, e KR 258 11.80 %0, e/l
RN 6.40% .,

R T 20 IR R G Y% 2 R R GE ), i
FHZ& 18 K DL K& it & ¥k B i 440, 55, 220, 880,
110 mg/LIY 6 FhkE i FE 4T 22 Wk B2 AR ol 19 3% 28 8 &
Rl S gy, P 15 SR 2 Wk BE AR B B SR Ca T E A
TR S SRR LR, b TR ERE R LI
R OBk 10 Hz,

K15 Ca JUR BUAG TR B 5 L S0 i S AR —

0711002-6



h | W bl
990" __ concentration BB, 77 4 BT (L AR TR 2 2 B 38
7 | —=eancentration SATLI]. BEFHAR, 2017¢4): 18-21.
= [3] XinY, SunL X, Yang Z]J, et al. In-situ analysis of
5660_ solid steel samples with remote double-pulse laser-
g ‘ induced breakdown spectroscopy system [ J .
§ 330+ / \‘ Spectroscopy and Spectral Analysis, 2016, 36 (7):
S S | 2255-2259.
g, L L“\__ EULINEE, AR, . T R R K i
0 220 T?ri%/s 660 880 ﬁ‘ﬁiﬁ%%‘iﬁﬁ‘ﬁ%%éﬁﬁfﬁﬁﬁ%#ﬁ%m RS
55614001, 2016, 36(7): 2255-2259.
B 15 Ca R ES B30k E [4] LiuXY, Wang ZY, Hao L Q, et al. Application of
Fig. 15 Estimated and actual concentrations of calcium element laser induced breakdown spectroscopy technology in
LR NR 2N 0.37Y% AR i 22 T T R T v biomedicine field [J]. Laser Technology, 2008, 32
i X o . (2): 134-136.
FER 55 m;i{L B, A 22.71 %, 3X 7] fig & R R A7 %) T TART. M. . SO S 5k e
440 mg/L e JO R A S AR R B RE T A EE 2% b R ()], %% A, 2008, 32(2):
4 é:é[: 'i/b 134-136.
[5] Wan X, Wang J Y, Ye J H, e al. Analysis of
P T — P KR AR S T 4 R T R I Y distribution and contents of heavy metal pollution in
LS S B LIBS K97 15 . 3 1k T i fish body with laser-induced breaddown spectroscopy
e N o e _ . [J]. Spectroscopy and Spectral Analysis, 2013, 33
LGB 59500 TR B A 0165 e
LA, U Ca iR A HIR TR, TR W THE. EEHT . WA S SOR S 5 1
LY . FIHBEIR 2% 2 23 KL R Stark Jé 58 1545 Yo tr N T4 B T AN 5 o BT [T ke
PISER TR E MR TR, T TN IR T 5T, 2013, 33(1): 206-209.
R g . R B O A OIS ETIE T, [6] PanSH, LuJ D, Chen K, et al. Study on extraction
Ca JC 2 (19 % I BE fE 4% 34 5] 0. 96 mg/L. 16140~ effective signal in liquid steel by laser-induced
2808 /L vl JE 30 P 1Y L 4007 7 0 e B 15 breakdown spectroscopy [J]. Applied Laser, 2010,
AIMPEZ ORI GG, 1 0~ 1124 me/LiG B R, B, . B
0 =4 BB S PR AT BAF ORI R AR . T H P BT S AT B R IRBFGE (1], BT HOE, 2010, 30
BRI/ MR 0.37 %0, 38 1 1% S A8 LA T 52 (4): 329-332.
I T T % SR I A A o O vk R B A TE] 1Y AR Ak, [7] de Giacomo A, Dell’ Aglio M, de Pascale O, et al.
I ) T 3 7 v o S K T TS TR e B A VAR RE B From single pulse to double pulse ns-laser induced
WSIE T % 7 e 1 1 B e 4 e R T B . ok breakdown spectroscopy under water: elemental
O ORI R ] e e
LA DN Ty T B #E— 20 R TT IS (8y: 721-738.
5 = % # [8] Rai VN, Rai A K, Yueh F Y, et al. Optical
emission from laser-induced breakdown plasma of
[1] Chen X L, Dong F Z, Tao G Q, et al. Fast lithology solid and liquid samples in the presence of a magnetic
identification by laser-induced breakdown field[J]. Applied Optics, 2003, 42(12): 2085-2093.
spectroscopy[J]. Chinese Journal of Lasers, 2013, [9] Rai VN, Yueh F Y, Singh J P. Study of laser-
40(12): 1215001. induced breakdown emission from liquid under
B2y, dERUE, FESR, 4. BotiESEaotitsE double-pulse excitation[J]. Applied Optics, 2003, 42
b BT SR I e e U R B [T P RO, (12): 2094-2101.
2013, 40(12): 1215001. [10] Kurihara M, Ikeda K, Izawa Y, et al. Optimal
[2] Zhao Z H, Fang Q G. Present situation and boiler control through real-time monitoring of
development trend analysis of coal quality on-line unburned carbon in fly ash by laser-induced

detection technology [J]. Goal Quality Technology,
2017(4): 18-21.

0711002-7

breakdown spectroscopy [J]. Applied Optics, 2003,
42(30): 6159-6165.



th i

#

G

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Yao S, Xu J, Zhao J, et al. Characterization of fly
ash laser-induced plasma for improving the on-line
measurement of unburned carbon in gas-solid flow
[J]. Energy & Fuels, 2017, 31(5): 4681-4686.

Liu L M, Lin Z X, Zhang W Y, et al. Detection of
heavy metal elements in atmosphere by laser-induced
breakdown spectroscopy [ J]. Chinese Journal of
Spectroscopy Laboratory, 2012, 29(4): 2384-2387.
XIS, MOIRFE, BRICH, 5. R HBOL T FO6E K
MR ESERT]. Bk =, 2012, 29
(4): 2384-2387.

Sakka T,

Spectroscopic measurements of solids immersed in

Thornton B, Takahashi T, et al.

water at high pressure wusing a long-duration
nanosecond laser pulse[J]. Applied Physics Express,
2013, 6(8): 133-142.

Lazic V, Colao F, Fantoni R, et al/. Laser-induced
breakdown spectroscopy in water: improvement of
the detection threshold by signal processing [J].
Spectrochimica Acta Part B, 2005, 60 (7): 1002-
1013.
Thornton B, Takahashi T,

Development of a deep-sea laser-induced breakdown

Sato T, et al.

spectrometer for in situ multi-element chemical
analysis[J]. Deep Sea Research Part I, 2015, 95:20-
36.

Xue BY, Tian Y, Song ] J, et al. Study on the
spatial distribution of laser induced plasma emission
underwater with different laser energies [ ] ].
Spectroscopy and Spectral Analysis, 2016, 36 (4):
1186-1190.

BT, WE, REE, . ORREREHK T HOLE S
S5 BS T R Bl 1) R S AR AR AR DR AT L)) OB 50k
TE4rHT, 2016, 36(4): 1186-1190.

Tian Y, Xue B'Y, Song J J, et al. Stabilization of
laser-induced plasma in bulk water using large
focusing angle [J]. Applied Physics Letters, 2016,
109(6): 515-517.

Zhong S L, Zheng R E, Lu Y, et al. Ultrasonic
nebulizer assisted LIBS: a promising metal elements
detection method for aqueous sample analysis [J].
Plasma Science and Technology, 2015, 17(11): 979-
984.

Zhang Y W, Gao X, Zhang Y, et al. Investigation of
Cu concentration in the CuSO, solution by laser
induced breakdown spectroscopy [J]. Spectroscopy
and Spectral Analysis, 2015, 35(8): 2308-2311.

TR 4E, =i, kIR, . CuSO W Cu L HE K
JEREOLE S & OIS M= AR L] g 5 6%

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

0711002-8

A¥Hr, 2015, 35(8): 2308-2311.

Miziolek A W, Palleschi V, Schechter I.
( LIBS ):
fundamentals and applications[J]. Critical Reviews in
Analytical Chemistry, 2006, 27(4):257-290.

Griem H R, Barr W L. Spectral line broadening by

Laser-

induced breakdown spectroscopy

plasmas[]]. IEEE Transactions on Plasma Science,
2007, 3(4):227-227.

LuT X, Lu Y Q. The principle and application of
laser spectroscopy[M]. Hefei: University of Science
and Technology of China Press.

BT IR 2%, BEARRY . WOLGIEH AR M [(M]. &
HE = Hp R 22 AR T2 A, 2006

Feng D M. Definition of detection limit in atomic
absorption spectrometry [ J]. Chinese Journal of
Analytical Chemistry, 1975, 3(5): 389-390

FIRWT . T R T WG % A 0T b R i BR Y E X
[J1. 4 #rdk2, 1975, 3(5): 389-390.

Zhu G Z, Guo L B, Hao Z Q, et al. Detection of
metal element in water using laser-induced breakdown
spectroscopy assisted by nebulizer [J]. Acta Physica
Sinica, 2015, 64(2): 024212.

FOCIE, #iEd, Mg, 5. AEFAMIBEOLHER
HEOCIERM KPR E S FEITR T WHEER,
2015, 64(2): 024212.

Fichet P, Mauchien P, J F, et al.

Quantitative elemental determination in water and oil

Wagner

spectroscopy [ J J.
Analytica Chimica Acta, 2001, 429(2): 269-278.
Samek O, Beddows D C S, Kaiser ],

Application of laser-induced breakdown spectroscopy

by laser induced breakdown

et al.

to in situ analysis of liquid samples [J]. Optical
Engineering, 2000, 39(8): 2248-2262.

Pearman W, Scaffidi J, Angel S M. Dual-pulse laser-
induced breakdown spectroscopy in bulk aqueous
solution with an orthogonal beam geometry [J].
Applied Optics, 2003, 42(30): 6085-6093.

Qian Z P. The basic formula of quantitative analysis
of spectra [J]. Spectroscopy and Spectral Analysis,
1982, 2(1/2): 72-73.

BRIRE . KT E i AT REAR A [T] . ik
54T, 1982, 2(1/2): 72-73.

Hao Z Z, Huang Y J, Dong C Q, et al.
Characteristics of carbonate system in the coastal sea
off Qingdao in late winter [J]. Transactions of
Oceanology and Limnology, 2016(4): 29-37.
ML, WEE, EEHE, 5. FHILHELKENE
KRR R R AR AE (1] . 1B VEWIVE B R, 2016 (4)
29-37.



