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( The material shown here is NIST610)
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Assessment process of a laser crater generated during ablation procedure based on Laser Scanning Confocal Microscope
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Fig.2 3D topographic images of laser generated craters of NIST610, BCR —2G, apatite, pyrite, quartz, MACS -3, GBW01730

and PB40 - 1. Laser ablation conditions are that energy density is 5.0 J/cm” and spot size is 75 pm
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Fig.3  The relationship of ablation depth and laser pulses at

different laser spot size. Laser ablation conditions are

that energy density is 3.0 J/cm’ and frequency is 10 Hz
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Fig.4 The variations of ablation rate with respect to energy density and laser frequency. For the energy density experiment, the laser

parameters are given as laser frequency (5 Hz), spot size (75 pm), and ablation time (20 s). For the laser frequency

experiment, the laser parameters are given as energy density (4.2 J/cm®) , spot size (75 pm) , and laser pulses (150)

F i 2k 91500 ,CJ — 1 FlI Plesovice BE{E ., M
K5 ] DL A [R] 38 A 114 3] okt 3o 30 AR K 1 22
A, N KA (~0.055 um/fik i), B Rk
PB40 - 1(3.650 um/ ki) , M 22H1d 6 £i%,

T E AN A HTRE S B R A DL
MARER ZREHITIHE . XEFER B AE, |
T LI RO A R EE R G AR, LB 5
A2 B3 RN D 45 4 55 7 T AN T] 3 HE Jr i3 19
S ok AR AR ST ST BORE i o
2.3.1 N A A/ b TR b 8 1) s ok R

M5 Fa] LUE AR (i fb2z ml o) 19
B HA R R R iR . NIST RAV38 (AN T4
J) BRI ok 3 SR L AR A (], L B S T M SRR A B
B, [R5 SBR[ R A ATl NIST R
GBS @ RO BT 38~ O N o NI i g v
(NIST610 ~ NIST614 375 B B 32 ¥ 38 i ) 1 A% 1k 1 el
A5 G 193 nm P I ISR AN 37 JE 4437 B JE 1) 5%
], 3% 5 Horn 251 40 25—, GSD - 16
S N LA Bl 8 (H LR s 2R B S R [A] = NIST &
BB, F A ko R AN 32 N T sk K AR T il 5
S22 ) ) ok R 6 ) i R AT R S B o AR
A3 S AN, BEIE I B B, AR SR BE VR K
B TE] L %% B 45, o mT RE J& 2 i SR R T &K
Hu 26" 4R58 T NIST610 fig 4 fh 3 2% & GSE - 1G
(1.5 5204 o iSRS Sl B0 %) ) ol ok R 5 H e
FRAE S0 — 8 AH O, R 3% 5 (40 ATHO - G)
) ol 3 S L PR B 3 (4 BIR - 1G) Ko 52w
B FR R e R ) P R T — 5T . £ ] 1,193
nm FGTFE Rl NIST 23 51 35 3555 01 b S5 4 5 37 S 15

AFAE—RE W FER BN, 3X 7] BE 5 HL IO RE I %
EP
2.3.2  F UL R i R

ARV 4 22 ) f 361 b 238 22 AR K, /N
AL EBRONA S, R BRER SR P A a AL P 1)
SR AR B WK . SN ) s R
BN Z A WOCRE W CR 0 R ) A
BRERRK(INAREFA) BEERRCINE ) oY)
S RN A S 0 ) b A, T A
bk ARAE O BE R RN A e, H T M R A SCHR R
R AT 193 nm BOGRE R ILA  Jerffies 25 4]
T AT 266 nm FOGRE RECREAR, BAR A —
RS X 266 nm F1 193 nm 806 I BE W kR A
6] ABATY AT AE— s FEEE b HE T S 30 A 4 34 ok
ALK A, 5H 193 nm FEOCHIBGCRINE & H
TR [V ) EAS A 9 34 ol o 5 R o A A7 B i) iy
B Pl T RE S AN — A, BCTE SR FH A S A A E DT i
B, AZBTEE X ) Tl o R A T A , iR I FR G 2 51
2 NSRS
2.3.3  ByRHE AR s

AR EEF N A B/ B RE S B 58 A1 WA,
R 1B e 2R A5 K, [ I 48 493 5K R 22 Rt A
BMARMZERN, XS EFSEA X, BRERE
FLRSERURLRIB & 1 3 A A — R, R B i
BT (RATUBRR Pk o 381 B v s i) H g g AR AR A oA
BB R, T A Rk s R R R (K’ 2) . M T
MACS -3 ( Fpha R4 22) , GBW0O7130 (160 Iifi &= J&
JEH]) AT GIRF — 85a( 4HK M A JURE ) B 21 {38 R AH
XFHE7IN o SR TSSO 22 1] BB & 5 B R A ) i %%

— 455 —



=W

meaK
http; // www. ykes. ac. cn

2017 4

PB40-1
WA E A
——A——\MACS-3
—A— MASS-1
—A— GIRF-85a

-A- GBW07130

@ NIST610
@ NIST612
-@- NIST614
@ ATHO-G
® CGSG-5
CGSG-4
CGSG-2
GSD-1G

CGSG-1
StHs6/80-G

(YYS

N LA/ 3 it

000000000
jos)}
z
)
8

1 1 1 1 1 1 1

0 005 010 015 020 025 030 035 040
Fhidt A (um/Jik i)

Bl 5 43 FIEfRRoe Rl hde R . BOBRERRH 2.0 J/em?
(YRR, Ky 5.0 Jem®) A MESE =R |,
Pl 58 28 g T I G — A b e Rt

The ablation rates of 43 sample matrix. The data are

Fig.5
collected in the laser conditions: the energy density of
2.0 J/em® (expected quariz, 5. 0 J/cm’). Every
analysis has 3 repeats and error bars are derived from

3 analyses as 1 time standard deviation

(HZM BRI AE T PB40 — 1, PB40 - 1 240K 8
A A R R R, Hisp] il AR K, X ] BE S
HIEA SR BR (B 0502 8% ) A%, i3 1A
HABRIRERCSRAR . B A A R
B2 B LY BREE R 9 52 00, R (b i 4R X T B
T Y AL , B0 2R FH B IR AR HE ) S X £
A BEAT AR HE IR | WU 25 77 A ik Y B AN

R

ARSI T A i/ R i B 3 DL A
KR SR RTS8, 4898 T 193nm ArF 0
(BT, I RGEHFSE T oRBE B2 | BE i 55 i L)
o 2 A O S RO ) I R SR O . kB
— 456 —

UGB B, A SRR O E2 X AT RE 5 9%
A RO A P 72 R i sz A3 ST f
S5 WA P AR P AT AN R R o e 4R g e A
e 3 R AR A TR B8 A e ) Pl AR, 5 25 ) o
TREERT 1.5 A% A BE B AR I, 5% ol 3o 4 i o) ol %
TSR I TS 3 i ) 5 1) ek 3 i 0 FE 25 JE ) 304
TSI AT RE -5 31 et i 67 55 5 1 B S AT )
TR PR (2 ~ 20 Haz §5 [ P ) Xof 3 ke 3R SR A 38
SN s NIST 2851 B3 0 b B ot R A AE — 5 1Y
SOV (=D RAEH S ) o ASGEMRIE T
43 FlASTR] = AR FR 1) e AR 200, BV TN 5, A R T
PR ok 3R LB R ) K BRI R A ) A
Yoy R ok AR B R S B R, Ik SE S RR]
AL S R IE B %

Bigt: JE 7 [E AF AR K 2 Andreas Kronz {1
Burkhard Schmidt 1# - Istvan Dunkl {8 - #1 Smruti
Sourav Rout {§-HF5¢ A=, 7 DU R 27 i 11
[ 2 o S g M O B B EMEIE O, T E R RER
KA AR i b R 2 (isl) BT
T DA SOSGRE ToR 2 0 A e i i e A A 4
HERRER

4 BHHK

[1] LiuYS,HuZC,Li M,et al. Applications of LA-ICP-MS
in the elemental analyses of geological samples [ ] ].
Chinese Science Bulletin,2013,58(32) :3863 —3878.

[2] Russo R E,Mao X, Gonzalez J J, et al. Laser ablation in
analytical chemistry [ J]. Analytical Chemistry,2013,85
(13):6162 -6177.

[3] LiZ,Hu Z,Giinther D, et al. Ablation characteristics of
ilmenite using UV nanosecond and femtosecond lasers;
Implications for non-matrix-matched quantification[ J].
Geostandards and Geoanalytical Research,2016,40(4) .
477 -491.

[4] Flem B,Larsen R B, Grimstvedt A, et al. In situ analysis
of trace elements in quartz by using laser ablation
inductively coupled plasma mass spectrometry [ J ].
Chemical Geology,2002,182(2 —4) .237 -247.

[5] Stead C V,Tomlinson E L,Kamber B S, et al. Rare earth
element determination in olivine by laser ablation-
quadrupole-ICP-MS: An

Geostandards

analytical  strategy  and

applications [ J . and Geoanalytical
Research,2017 :DOI:10. 1111/ ggr. 12157.

[6] Chew D M, Donelick R A, Donelick M B, et al. Apatite
chlorine concentration measurements by LA-ICP-MS[ J].

Geostandards and Geoanalytical Research,2014,38(1) ;



SBSW 0 Rk, 5 193nm AF ESSTROE RGN LA — 1CP — MS 34t AN [ S A i 77 DAy 40810 ol 3 45

% 36 &

(7]

(8]

(9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

(17]

23 -35.

Yuan H L,Gao S,Liu X M, et al. Accurate U-Pb age and
trace element determinations of zircon by laser ablation-
inductively coupled plasma-mass spectrometry [ J ].

Geostandards and Geoanalytical Research,2004,28(3) ;
353 -370.

Li C Y,Zhang R Q,Ding X, et al. Dating cassiterite using
laser ablation ICP-MS[ J]. Ore Geology Reviews,2016,
72.313 -322.

Yang Y H,Wu F Y,Li Y,et al. In situ U-Pb dating of
bastnaesite by LA-ICP-MS [ J ]. Journal of Analytical
Atomic Spectrometry,2014,29(6) ;1017 - 1023.

Zack T, Stockli D F, Luvizotto G L, et al. In situ U-Pb
rutile dating by LA-ICP-MS:*® Pb correction and pros-
pects for geological applications [ J ]. Contributions to
Mineralogy and Petrology,2011,162(3) :515 -530.

Cruz-Uribe A M, Mertz-Kraus R, Zack T, et al. A new
LA-ICP-MS method for Ti in quartz: Implications and
application to high pressure rutile-quartz veins from the
Czech Erzgebirge [ J ]. Geostandards and Geoanalytical
Research ,2016,41(1) :29 —40.

Audétat A, Garbe-Schionberg D, Kronz A, et al. Charac-
terisation of a natural quartz crystal as a reference
material for microanalytical determination of Ti, Al, Li,
Fe,Mn,Ga and Ge[J]. Geostandards and Geoanalytical
Research,2015,39(2) :171 — 184.

He Z,Huang F, Yu H, et al. A flux-free fusion tech-
nique for rapid determination of major and trace elements
in silicate rocks by LA-ICP-MS[]J]. Geostandards and
Geoanalytical Research,2016,40(1) ;5 -21.

Peters D, Pettke T. Evaluation of major to ultra trace
element bulk rock chemical analysis of nanoparticulate
pressed powder pellets by LA-ICP-MS[ J ]. Geostandards
and Geoanalytical Research,2017,41(1) ;5 -28.

Tang M, Arevalo Jr R, Goreva Y, et al. Elemental frac-
tionation during condensation of plasma plumes generated
by laser ablation: A ToF-SIMS study of condensate
blankets[ J]. Journal of Analytical Atomic Spectrometry,
2015,30(11) ;2316 -2322.

RAik, B, B, 4. CGSC RANbREY T
RO K TR TR FOT A MRS ]
AL ,2016,35(6) 1612 —620.

Wu S T, Wang Y P, Zhan X C, et al. Study on the
elemental fractionation effect of CGSG reference materials
and the related within-unit homogeneity of major and
trace elements[ J |. Rock and Mineral Analysis,2016,35
(6) :612 - 620.

Hu Z C,Liu Y S,Chen L, et al. Contrasting matrix ind-

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

uced elemental fractionation in NIST SRM and rock
glasses during laser ablation ICP-MS analysis at high
spatial resolution [ J ]. Journal of Analytical Atomic
Spectrometry ,2011,26(2) :425 -430.

Jochum K P, Stoll B, Weis U, et al. Non-matrix-matched
calibration for the multi-element analysis of geological
and environmental samples using 200nm femtosecond
LA-ICP-MS: A comparison with nanosecond lasers[ J ].
Geostandards and Geoanalytical Research,2014,38(3) ;
265 -292.

Sylvester P J. Matrix effects in laser ablation ICP-MS.
Laser ablation ICP-MS in the earth sciences: Current
practices and outstanding issues ( Sylvester P,ed. ) [J].
Mineralogical Association of Canada,2008,40.67 —78.
Liu Y S,Hu Z C,Gao S,et al. In situ analysis of major
and trace elements of anhydrous minerals by LA-ICP-MS
without applying an internal standard [ J ]. Chemical
Geology ,2008 ,257(1 -2) ;34 —43.

Jackson S E. Calibration strategies for elemental analysis
by LA-ICP-MS. Laser ablation ICP-MS in the earth
sciences: Current practices and outstanding issues
(Sylvester P, ed.) [J]. Mineralogical Association of
Canada,2008,40:169 — 188.

Paton C, Woodhead J D, Hellstrom J C, et al. Improved
laser ablation U-Pb zircon geochronology through robust
downhole fractionation correction [ J ]. Geochemistry,
Geophysics, Geosystems,2010,11(3) :1 - 36.

FAk, B, TS W06 il i B 5 55 8 T
PRBE TR X bR ey Bt s ke [ ]. 5
iX,2015,34(5) .503 - 511.

Wu S T, Wang Y P, Xu C X. Research progress on
reference mterials for in situ elemental analysis by laser
ablation-inductive coupled plasma-mass spectrometry[ J].
Rock and Mineral Analysis,2015,34(5) :503 —511.
Yang Q C,Jochum K P,Stoll B, et al. BAM — S005 type
A and B:New silicate reference glasses for microanalysis
[J]. Geostandards and Geoanalytical Research,2012,36
(3):301 -313.

Jochum K P,Wilson S A,Becker H, et al. FeMnO, -1
A new microanalytical reference material for the
investigation of Mn-Fe rich geological samples [ J ].
Chemical Geology,2016,432 .34 -40.

Tabersky D, Luechinger N A, Rossier M, et al. Develop-
ment and characterization of custom-engineered and
compacted nanoparticles as calibration materials for
quantification using LA-ICP-MS [ J ].
Analytical Atomic Spectrometry, 2014, 29 (6):955 -
962.

Journal  of

— 457 —



i S S

w5 hup;E//wE\}NLw. ;ﬁcs.i. cn 2017 4

[27] Klemme S, Prowatke S, Miinker C, et al. Synthesis and (1):21 -27.
preliminary characterisation of new silicate, phosphate [37]  Garbe-Schonberg D, Miiller S. Nano-particulate pressed
and titanite reference glasses [ J ]. Geostandards and powder tablets for LA-ICP-MS[ J]. Journal of Analytical
Geoanalytical Research,2008,32(1) ;39 —-54. Atomic Spectrometry,2014,29(6) :990 — 1000.

[28] Horn I, Guillong M, Giinther D. Wavelength dependant [38] Zhang C,Hu Z,Zhang W,et al. A green and fast laser
ablation rates for metals and silicate glasses using fusion technique for bulk silicate rock analysis by laser
homogenized laser beam profiles—Implications for ablation ICP-MS [ J]. Analytical Chemistry, 2016, 88
LA-ICP-MS [ J]. Applied Surface Science, 2001, 182 (20) :10088 - 10094.

(1-2):91-102. [39] Ubide T,McKenna C A,Chew D M, et al. High-resolution

[29] Borisov O V,Mao X,Russo R E. Effects of crater develop- LA-ICP-MS trace element mapping of igneous minerals;

[30]

[31]

(32]

(33]

[34]

[35]

[36]

ment on fractionation and signal intensity during laser
ablation inductively coupled plasma mass spectrometry
[J]. Spectrochimica Acta Part B: Atomic Spectroscopy,
2000,55(11) ;1693 - 1704.

Mank A J G,Mason P R D. A critical assessment of laser
ablation ICP-MS as an analytical tool for depth analysis
in silica-based glass samples[ J]. Journal of Analytical
Atomic Spectrometry,1999,14(8) .1143 - 1153.

Li X,Liu X,Liu Y,et al. Accuracy of LA-ICPMS zircon U-
Pb age determination; An inter-laboratory comparison|[J ].
Science China Earth Sciences,2015,58(10) :1722 —1730.
Horstwood M S, Kosler J, Gehrels G, et al. Community-
derived standards for LA-ICP-MS U-( Th-) Pb geochro-
nology-uncertainty propagation, age interpretation and
data reporting [ J ]. Geostandards and Geoanalytical
Research,2016,40(3) ;311 —332.
Sk, B, RS, 55 1930m ArF i 5r FH0h
FI RG2S B S B T OCR MBS )], b il
2,2016,44(7) 1035 - 1041.

Wu S T, Wang Y P, Xu C X, et al. Elemental
fractionation studies of 193nm ArF excimer laser ablation
system at high spatial resolution mode [ J]. Chinese
Journal of Analytical Chemistry, 2016,44 (7).1035 -
1041.

Giinther D, Heinrich C A. Comparison of the ablation
behaviour of 266nm Nd: YAG and 193nm ArF excimer
lasers for LA-ICP-MS analysis[ J]. Journal of Analytical
Atomic Spectrometry,1999,14(9) ;1369 - 1374.

Jeffries T E,Jackson S E, Longerich H P. Application of a
frequency quintupled Nd: YAG source (A = 213nm) for
ablation inductively coupled plasma

laser mass

spectrometric analysis of minerals [ J |. Journal of
Analytical Atomic Spectrometry,1998,13(9) :935 —940.

Kuhn B K, Birbaum K, Luo Y, et al. Fundamental studies
on the ablation behaviour of Pb/U in NIST 610 and
zircon 91500 using laser ablation inductively coupled

plasma mass spectrometry with respect to geochronology

[J]. Journal of Analytical Atomic Spectrometry,2010,25

— 458 —

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

In search of magma histories [ J ]. Chemical Geology,
2015,409:157 - 168.

Raimondo T, Payne J, Wade B, et al. Trace element
mapping by LA-ICP-MS: Assessing geochemical mobility
in garnet[ ] ]. Contributions to Mineralogy and Petrology,
2017,172(4) . 17.

Bi M,Ruiz A M, Gornushkin I,et al. Profiling of patterned
metal layers by laser ablation inductively coupled plasma
mass spectrometry ( LA-ICP-MS) [ J]. Applied Surface
Science,2000,158(3 -4) :197 —204.

Miiller W, Shelley M, Miller P, et al. Initial performance
metrics of a new custom-designed ArF excimer LA-
ICPMS system coupled to a two-volume laser-ablation
cell [ J]. Journal of Analytical Atomic Spectrometry,
2009,24(2) ;209 -214.

Steely A N, Hourigan J K, Juel E. Discrete multi-pulse
laser ablation depth profiling with a single-collector ICP-
MS: Sub-micron U-Pb geochronology of zircon and the
damage on  depth-dependent

fractionation[ J]. Chemical Geology,2014,372:92 —108.

effect of radiation

Jackson S E, Giinther D. The nature and sources of laser

induced isotopic fractionation in laser ablation-
multicollector-inductively coupled plasma-mass
spectrometry [ J ]. Journal of Analytical Atomic

Spectrometry,2003,18(3) :205 -212.

Gaboardi M, Humayun M. Elemental fractionation during
LA-ICP-MS analysis of silicate glasses: Implications for
matrix-independent  standardization [ J ]. Journal of
Analytical Atomic Spectrometry, 2009, 24 (9). 1188 -
1197.

Mao X L, Russo R E. Invited paper observation of plasma
shielding by measuring transmitted and reflected laser
pulse temporal profiles[ J]. Applied Physics A Materials
Science & Processing,1996,64(1) ;1 —6.

Russo R E,Mao X L,Liu C,et al. Laser assisted plasma
spectrochemistry; Laser ablation [ J ].
Analytical Atomic Spectrometry, 2004, 19 (9) . 1084 —

1089.

Journal of



BSW Rk, 193nm ArF ESD THOLRGUN LA — ICP - MS 2347 PR [RRE A R AT S AR ph R8T 5 36 &

Study on Ablation Behaviors and Ablation Rates of a 193nm ArF Excimer
Laser System for Selected Substrates in LA-ICP-MS Analysis

WU Shi-tou' , XU Chun-xue’* , Klaus Simon', XIAO Yi-lin® , WANG Ya-ping’
(1. Geowissenschaftliches Zentrum, Géttingen Universitiit, Gottingen 37077, Germany ;
2. National Research Center for Geoanalysis, Beijing 100037, China;
3. School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China)

Highlights

Ablation behaviors of 193nm ArF excimer laser for silicate glasses, common minerals, and powder pellets were
systematically investigated.

Except for quartz, glasses and most of minerals have the controllable ablation behaviors.

Powder pellets have worse ablation behaviors, while their ablation behaviors could be improved either by

increasing the tableting pressure or by decreasing the particle grain size.

Ablation rate data of 43 different sample substrates were presented in this paper. In general, the ablation rates
of powder pellets are larger than those of glasses and minerals, the ablation rates of carbonates and sulfides are

larger than those of silicate minerals.
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Abstract; Understanding laser ablation behaviors of different target materials is essential for optimum laser
parameters, external reference materials selection, as well as for data quality assurance. In this study, ablation
behaviors of a 193nm ArF excimer laser for silicate glasses, common minerals, and powder pellets were
investigated. Ablation rates influenced by laser parameters ( including spot size, energy density, and laser
frequency) were evaluated. Topographic images of craters generated during ablation illustrate that glasses and most
minerals have controllable ablation behaviors, except for quartz. The worse ablation behavior of quartz may be
ascribed to the micro-fluid inclusions, which could result in the overheating effect in laser pits. In general, powder
pellets have worse ablation behaviors, but the increase of tableting pressure or reducing the particle grain size could
improve the ablation behaviors. Ablation rates gradually decrease if the ablation depth is larger than 1.5 times of
the spot size. The maximum ablation depth can reach twice the spot size when the energy density is 3.0 J/cm” for
the RESOlution M - 50 laser system ). Ablation rates increase with the increase of laser energy density, but
ablation rates are not affected by the laser frequency (2 —20 Hz). Ablation rates are specific to the individual
substrates. In conclusion, the ablation rate data of 43 substrates, in which ablation rates of powder pellets are
larger than glasses and minerals, whereas those of carbonates and sulfides are larger than silicate minerals, and
those of NIST glasses are larger than geological glasses.

Key words: LA —ICP — MS; 193nm ArF excimer laser; ablation behavior; ablation rate; energy density
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