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Comparative Study of Underwater Single Pulse and Orthogonal Double Pulse
Laser-Induced Breakdown Spectroscopy of Barium Element in Solution
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Abstract Two Q-switched Nd: YAG lasers operating at 1064 nm are used and combined in orthogonal beam
geometry to perform underwater single and double pulse laser-induced breakdown spectroscopy (SP-LIBS and DP-
LIBS) experiments in barium chloride (BaCl; ) solution. The influences of key experimental parameters on the
spectral characteristics and signal enhancement of underwater SP-LLIBS and DP-LIBS are investigated systematically.
There is a time window from approximately 500 ns to 900 ns in underwater DP-LIBS, where signal-to-noise ratios
are very high. The time window favors the selection of delay time for spectral acquisition and analysis. By properly
setting the relative position of two laser foci and using optimized laser energy, a 20-time enhancement of the Ba Il
455. 4 nm line intensity of DP-LIBS over the maximal intensity of SP-LIBS is obtained. The spectral line of DP-LIBS
is narrower and last longer than that of SP-LIBS. In addition, dependence of spectral line intensity of DP-LIBS on
the second laser energy is observed, which demonstrates an exponential increase. This is quite different to the linear
growth observed in collinear DP-LIBS experiment on the liquid surface, and the difference in growth trend may be
related to the gaseous environment in which the second laser induced plasma is produced and confined. Finally, the
detection capability of underwater SP-LIBS and DP-LIBS is compared. The results show that the detection

sensitivity of DP-LIBS is improved by a factor of 37, and the limit of detection of Ba in bulk water is reduced from
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Fig. 3 Effect of acquisition delay time on SP-LIBS. (a) Spectra of SP-LIBS at different acquisition delay time;

(b) intensity and SNR of Ba II 455.4 nm as a function of acquisition delay time in SP-LLIBS
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Schematic of relative position of two laser foci

Fig. 5
(1 arrow represents first laser beam, 2™ arrow
represents second laser beam)
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different AX ; (b) intensity of Ba II 455.4 nm as a function of AX
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Fig. 9 Effect of the second laser energy on DP-LIBS. (a) Spectra of DP-LIBS corresponding to different second

laser energies; (b) intensity of Ba I 455.4 nm as a function of the second laser energy in DP-LIBS

4 JK'F SP-LIBS 5 DP-LIBS i H %5

4.1 HiEBEEELXE
K 10Ca)  (b) 43 5l 7R 1 78 B RBUBK #h i & T
PR A 455.4 nm 19 Ba TTE MRFIE L. Hf, 5
Jok o 8 & B B B OE BE A 65 m] L BUBK P i & B Y
W —EOE R RE By 50 m], 55 OG0 BE &
75 m], PO S A B 1 mm, 8 a0
5

@) Ba Il 455.4 nm

W

Intensity /(10° arb. units)
[\

1 R
F‘/
O Bt o g
440 445 450 455 460 465 470
Wavelength /nm

ZENT LA R B0 B Jok o i i 2 5 R AR 55 ORE X 5 B R
4291) ,JBELLF WA TE w, B K (0.6 nm), 4R M
Jik v st % 2R A S AR BT B R B SR RN SR O
84710) JH 2 w0y, Fb B Bk ol B /1N (0.298 nm) , [5] B 384
R TERGE FRER i E p A B k& (n O 11
464.9 nm, HERIT FREHH 25.6 eV) ., HARSkPE, K
F DP-LIBS 5 SP-LIBS #4582 LL 29 20,15
M Z LR 6.9 w,, Z EEZH 0.5,

10

~9 ®) Ba II 455.4 nm

28

2 \

=7

g6 |

s b

T 4t ¢

535 ’ EE

= e T

523 | i

E lro )\ o

=0 b e S PN ket
440 445 450 455 460 465 470

Wavelength /nm

Bl 10 fRAb 5T i LIBS Jei% &, (a) SP-LIBS; (b) DP-LIBS
Fig. 10 LIBS spectra obtained under optimized experimental conditions. (a) SP-LIBS; (b) DP-LIBS

WX SP-LIBS K DP-LIBS #4615 ik 17 b 4%
JE AT, SR F7K T DP-LIBS AR S H 7] L2 5 i 42
(15 5 5 B AT SNIR 38 ] LAY /N 3 28 8 5 X 6 3% 43
UL
4.2 RiLES WL E

S B - R e VR B ) DA S ) LIBS 1% AR
SR RFLLmE . 11 4 Ba JCEBY SP-LIBS & DP-
LIBS, H R T ¥ K 1.2 ps, 3t LT L& B,
FE K oG B0 R LT KA ) Ba JT 2 9 REAE
2 H SR TESURK B IE B0 KR BE 8 WL 45 3] 0 R 1Y 3
2R L 3SR F T KA N A5 B A 1 VAR K A R LSS L 9 LA
JKF DP-LIBS (G {5 5 R 2 i ] 3

n
/‘ 2000 =

\ 1000 &

J
L
r.w./w AR AN A ;mmm/ Ve adai . ,u~/

DP-LIBS
|‘~'V“M~www4w'www A AL AT WM,\A,,/
y SP-LIBS

440 445 450 455 460 465 470
Wavelength /nm

11 /KK SP-LIBS 5 DP-LIBS(z,=1.2 ps)
Fig. 11 Spectra of underwater SP-LIBS and
DP-LIBS (t4=1.2 ps)

0911003-7



th i

i ot

4.3 A7 Ba i SP-LIBS & DP-LIBS #

TEOAL ) S 30 Z BT L 43 0 R FH KR SP-
LIBS K DP-LIBS $ A X} 6 F A [7] v B ) BaCl, ¥
PEATGTER I, #E SP-LIBS 3256 H A Y 6 Fh ke &
VW Ba JTUR MY BT /B 11012 X 107,
3X10 ".4X10 ".5X10 *,6X10 ', 7 DP-LIBS £
B AR Y 6 AR S Ba JTER Y BT 430530
J90.5X 10, 1X10 1, 1.5X10 *,2X10 *,2.5X
10 4.3X10° ", SEH Hh X B AR BE T AR i ER EAT
75 WHE S IF A AR R 2% .

N
ot

(@) sp-LBS

no

o
T

-

y=3T8.857+3.171x
R*=0.979 ¥

,}//

=
(]
T

Intensity /(10° arb. units)
=

o
S0
T
ot

(=]

1 2 3 4 5
Concentration of Ba /10~*

T O RE AT R S AT 1 T B AN TR R
JET B R TR LS . BLA R 1Y SP-LIBS
S DP-LIBS & 5 1 243 0 an 1 12 Ca) | (b) iz,
rp R K e A i LR R PEA OC R B R = 0,979, W
Jik o s AR R 9 R? =0.995 , U8 B 76 AUk &6 444 T
TCE W S 4o B B AR LA O . AR
2R YRR S R A7 B G T 8 0% B — S B AR AR
TEAR S8, SP-LIBS 19 S=3.171,DP-LIBS S =
118.862, % B % Ik T DP-LIBS # AR 1] D) # K #b
7 X YR U g R

| () DP-LBS

'

o
y=4784.891+118.862x /
R2=0.995 P

[VV)
T

—
T
e

Intensity /(10* arb. units)
[\V]

(=

05 10 15 20 25 30
Concentration of Ba /10~*

12 Ba II 455.4nm %k E MR 2 . (a) SP-LIBS;(b) DP-LIBS
Fig. 12 Calibration curves for Ba II 455.4 nm spectral line. (a) SP-LIBS; (b) DP-LIBS

RAERE IR CrLop I AKX CLon=30/S(c N
SP-LIBS K DP-LIBS fi /M il i B2 7 Ol i 8 51y
bR fi 22) 7] DLt 5 45 A 525 DP-LIBS 19
Crop=1.78 X 10" °, SP-LIBS ) Cpop = 31.35 X
107°, BT Knopp 57 R Hl— 5 K4 500 nm,
Jik 58 4 28 ns Y #E 43 T i1z G oBHEOE 8% xR 58 W)
HiiY Ba B HEAT RGN, HARIIBR 6.8 X10 °. 15
Z AL, DP-LIBS BRI BEA TR R4 .

5 4 g7

% F SP-LIBS HIIE 3 DP-LIBS SCiG 3 &, 24

KO RE R SE S S HO K R LIBS /9 6 3% 45 % A
(ERER R iR AT

B Sext SP-LIBS K DP-LIBS i 1] 3 1k 45 P
AT TFSE . TR R IR T, KR SP-LIBS
HARE T S WS, H 3 RELER N 500 ns B,
IS 5 T R BARAR A A A FF 4R 1 AR AR S 4k
7E DP-LIBS 240, 2 R AL BT 7E 500~ 900 ns 4
Bl 354 SNR AR K, A K T AT 6 R 5
I3A L BT RLRR 2 7K K DP-LIBS 45 0 f4 Bisf 6] 25 11,
2 WE 5T T XUk vh 06 45 A XA B AX X LIBS
SRR, Y AX =1 mm B, 55 5O X RE S

VAL VR ) VB R R g [ I A ) A B A T LA )
Ji B2 k4 1O H 2 — AROBOR ™ AR B A Ak A, A
MK LIBS #0045 5 75 848 Kmak . sbsh, 7
WO RE B A P AL 250 Hp L B DLER 5] SP-LIBS i 26
5 R I A RO R B A B R SR S TS G218 R R
(AR AL R 3, MO RE A T 65 m] I, JE 20 i 1k
F e KMH. 78 DP-LIBS SZ5op, Bl 58 — OOt A =
S NI D Aoty S S WA SRy 8 O [ 1 S
TR RE B A 1 I R B0 KL X5 A AR AR T E
148 DP-LIBS 52 56 Hh Jir WL 22 31 19 26 Pk 18 KR
EReE b A SR O N e R - R N ]
SRS XA X

B FESA B S50 45 18, XK R SP-LIBS K
DP-LIBS G R Pk R I 68 1 647 1 R 45 R 3R
B .k H DP-LIBS 4% K BE % 0 35 48 = 6% 5 5 i E
AN LSy R S 1 A Wl N - R N SRS A I
6] ; 5 SP-LIBS A I, DP-LIBS f#: R U 48 5 1
37 A A PR T BE T — A B0 9%, o DP-LIBS $ AR i
FHF K M b 4 8 S0 3R AR I B 4L Tk

& % x Mt

[1] Wang Z, Yuan T B, Hou Z Y, et al. Laser-induced
breakdown spectroscopy in China [J]. Frontiers of
Physics, 2014, 9(4): 419-438.

0911003-8



h | b4 bl

[2] XuY, Yao M Y, Liu M H, et al. Laser induced 186(12): 8969-8980.

breakdown spectroscopy of chromium in water [11] de Giacomo A, Dell' Aglio M, de Pascale O. Single

solution [J]. Acta Optica Sinica, 2011, 31 (12): pulse-laser induced breakdown spectroscopy in

1230002. aqueous solution[J]. Applied Physics A, 2004, 79:

tRiE, WEWAED, XIARA, . KW T IR MO 1035-1038.

ESGFORENT R[], eEF¥IR, 2011, 31(12): [12] Lazic V. LIBS analysis of liquids and of materials

1230002. inside liquids [ M] // Springer series in optical
[3] Apitz I, Vogel A. Material ejection in nanosecond sciences. Berlin, Heidelberg: Springer, 2014: 195-

Er: YAG laser ablation of water, liver, and skin[]]. 226.

Applied Physics A, 2005, 81(2): 329-338. [13] Lazic V, Jovicevic S, Fantoni R, et al. Efficient
[4] Wang L, Xu L, Zhou Y, et al. Dual-pulse laser- plasma and bubble generation underwater by an

induced breakdown spectroscopy of Al element in optimized laser excitation and its application for liquid

AICl; aqueous and mixed compound solutions [J]. analyses by laser-induced breakdown spectroscopy

Chinese Journal of Lasers, 2014, 41(4): 0415003. [J]. Spectrochimica Acta Part B: Atomic

EH, A, B, 2. AICL KA W MRS E Wb Spectroscopy, 2007, 62(12): 1433-1442.

AL JTZE Bk o 75 5 & 2ok U] . B, [14] Hou HM, Tian Y, Li Y, et al. Study of pressure

2014, 41(4): 0415003. effects on laser induced plasma in bulk seawater[]J].
[5] Zhong S L, Lu Y, Cheng K, e al. Ultrasonic Journal of Analytical Atomic Spectrometry, 2014, 29

nebulizer assisted LIBS for detection of trace metal (1): 169-175.

elements dissolved in water [J]. Spectroscopy and [15] Yang L, Chen Y P, Xu J Q, et al. Laser-induced

Spectral Analysis, 2011, 31(6): 1458-1462. breakdown spectroscopy for analysis of liquids [J].

A, S, BREL, & MRS L B IR AR Laser & Optoelectronics Progress, 2014, 51 (10):

WHEFE B ARV R 1], b5k S 100001.

B, 2011, 31(6): 1458-1462. W, WRaesE, tREIEK, 4. WOLYE S i il 1E
[6] Sobral H, Sanginés R, Trujillo-Vazquez A. RS e o oy D], Ot 5% B 7 2t B,

Detection of trace elements in ice and water by laser- 2014, 51(10): 100001.

induced breakdown spectroscopy[J]. Spectrochimica [16] Vogel A, Noack J, Nahen K, et al. Energy balance

Acta Part B: Atomic Spectroscopy, 2012, 78: 62-66. of optical breakdown in water at nanosecond to
[7] Chen Z J, Godwal Y, Tsui Y Y, er al. Sensitive femtosecond time scales [J]. Applied Physics B,

detection of metals in water using laser-induced 1999, 68(2): 271-280.

breakdown spectroscopy on wood sample substrates [17] LiY, Wang Z N, Wu J L, et al. Effects of laser

[J]. Applied Optics, 2010, 49(13): C87-C94. wavelength on detection of metal elements in water
[8] XiuJ S, Hou HM, Zhong S L, et al. Quantitative solution by laser induced breakdown spectroscopy

determination of heavy metal element Pb in aqueous [J]. Spectroscopy and Spectral Analysis, 2012, 32

solutions by laser-induced breakdown spectroscopy (3): 582-585.

using paper slice substrates [J]. Chinese Journal of A, FER, Rk, & ot kx kb4 )E T

Lasers, 2011, 38(8): 0815003. RWOCTE S d GO R (1] ik 5o

B, eV, #oa &, & LU ARy A T A S3HT, 2012, 32(3): 582-585.

LIBSEm A Mrk W groc & [J]. P E ok, [18] Song J J, Tian Y, Lu Y, et al. Comparative

2011, 38(8): 0815003. investigation of underwater-LIBS wusing 532 and
[9] JiaY, Zhao N J, Liu W Q, ez al. Continuous online 1064 nm lasers [ J]. Spectroscopy and Spectral

detection method of heavy metals in water based on Analysis, 2014, 34(11): 3104-3108.

LIBS technology [J]. Chinese Journal of Lasers, KM, WEBEF, S, 4. 532 Al 1064 nm #OEAY K

2018, 45(6): 0611001. & LIBS #00 X bk 5 (I O3 =% 5 % 3% 2

BISE, MR, RS0, %, T LIBS # R KA 2014, 34(11): 3104-3108.

EERESELRW Ik [J]. P EBEE, 2018, 45 [19] WulJ L, LuY, Li Y, et al. Time resolved laser-

(6): 0611001. induced breakdown spectroscopy for calcium
[10] Yu X D, Li Y, Gu X F, et al. Laser-induced concentration detection in water[J]. Optoelectronics

breakdown spectroscopy application in environmental Letters, 2011, 7(1): 65-68.

monitoring of water quality: a review [ ] ]. [20] Piepmeier E H, Malmstadt H V. Q-Switched laser

Environmental Monitoring and Assessment, 2014,

0911003-9

energy absorption in the plume of an aluminum alloy



th i

#

G

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[J]. Analytical Chemistry, 1969, 41(6): 700-707.
Babushok V I, DeLucia F C, Jr, Gottfried J L, et
al. Double pulse laser ablation and plasma: laser

induced breakdown spectroscopy signal enhancement

[JJ]. Spectrochimica Acta Part B: Atomic
Spectroscopy, 2006, 61(9): 999-1014.
Cremers D A, Radziemski L J, Loree T R.

Spectrochemical analysis of liquids using the laser
spark[J]. Applied Spectroscopy, 1984, 38(5): 721-
729.

de Giacomo A, Dell’ Aglio M, Colao F, et al. Double
pulse laser produced plasma on metallic target in
seawater: basic aspects and analytical approach[]].
Spectrochimica Acta Part B: Atomic Spectroscopy,
2004, 59(9): 1431-1438.

de Giacomo A, Dell' Aglio M, de Pascale O, et al.
From single pulse to double pulse ns-Laser Induced
Breakdown Spectroscopy under water: elemental
analysis of aqueous solutions and submerged solid
samples [ J]. Spectrochimica Acta Part B: Atomic
Spectroscopy, 2007, 62(8): 721-738.

Xue BY, Li N, LuY, et al. Emission enhancement
collinear laser-induced

of underwater dual-pulse

breakdown spectroscopy with the second pulse
defocused [J]. Applied Physics Letters, 2017, 110
(10): 101102.

Michel A P M, Chave A D. Single pulse laser-
induced breakdown spectroscopy of bulk aqueous
solutions at oceanic pressures: interrelationship of
gate delay and pulse energy [J]. Applied Optics,
2008, 47(31): G122-G130.

Docchio F, Regondi P, Capon M R C, et al. Study

(28]

[29]

[30]

[31]

[32]

[33]

0911003-10

of the temporal and spatial dynamics of plasmas
induced in liquids by nanosecond Nd : YAG laser
pulses 1: analysis of the plasma starting times[]].
Applied Optics, 1988, 27(17): 3661-3668.
Lawrence-Snyder M, Scaffidi ] P, Pearman W F, et
al . Issues in deep ocean collinear double-pulse laser
induced breakdown spectroscopy: dependence of
emission intensity and inter-pulse delay on solution
pressure[ J]. Spectrochimica Acta Part B: Atomic
Spectroscopy, 2014, 99: 172-178.

YuY L, Zhou W D, Su X J. Detection of Cu in
solution with double pulse laser-induced breakdown
spectroscopy [ J]. Optics Communications, 2014,
333: 62-66.

Su X J, Zhou W D, Qian H G.

cavity size for

Optimization of
spatial confined laser-induced
breakdown spectroscopy [J]. Optics Express, 2014,
22(23): 28437-28442.

Popov A M, Colao F, Fantoni R. Enhancement of
LIBS signal by spatially confining the laser-induced
LJJ.
Spectrometry, 2009, 24(5): 602-604.

Rai V N, Yueh F Y, Singh J P. Study of laser-
induced breakdown
double-pulse excitation[J]. Applied Optics, 2003, 42
(12): 2094-2101.

Knopp R, Scherbaum F J, Kim ] I. Laser induced

breakdown spectroscopy (LIBS) as an analytical tool

plasma Journal of Analytical Atomic

emission from liquid under

for the detection of metal ions in aqueous solutions

[J7.
1996, 355(1): 16-20.

Fresenius Journal of Analytical Chemistry,



