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Abstract

The source and degree of elemental fractionation is one of the remaining challenges in
LA-ICP-MS. In this study, the ICP-induced fractionation behavior of 63 elements was
studied using a local aerosol extraction strategy while using a 193 nm excimer laser
ablation system for sampling. We found that the sampling distance between the
ablation site and the gas outlet nozzle tip positively correlated with the size of the
laser ablation produced aerosol particles or agglomerates in the local aerosol
extraction strategy. Therefore, the local aerosol extraction strategy allowed detailed
studies of the ICP-induced fractionation behaviors for different elements. At the low
makeup gas flow rate of 0.6 L min™ (hot plasma conditions), the increase in size of
aerosol agglomerates or particles because of the increased sampling distance from 1
mm to 10 mm does not affect the ionization efficiency of the sample aerosol in ICP. In
contrast, at the high makeup gas flow rate of 0.9 L min™, the normalized signal
intensities of the elements significantly differ when the sampling distance increases
from 1 mm to 10 mm. These experimental results suggest that the changes in size of
aerosol particles or agglomerates under our given conditions do not affect the
transport efficiency of aerosol particles but affect the vaporization of aerosol particles
in ICP. The mass load effect is more significant in the presence of large amounts of
large aerosol particles and agglomerates, which deteriorates the vaporization of
aerosol particles. Our experimental results also show that the sample position in the
normal ablation cell affects the size of laser ablation produced aerosol particles or

agglomerates. The high velocity of the carrier gas flow rate on the ablation site
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1 facilitates the production of small aerosol agglomerates or particles. To reduce the

2 ICP-induced fractionation behaviors in LA-ICP-MS, hot plasma conditions and high

©CoO~NOUTA,WNPE

10 3 velocity of the carrier gas flow rate on the ablation site are required.
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1. Introduction

Since the first application of laser ablation sample introduction with ICP-MS
by Gray' in 1985, laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) has become a powerful technique to directly determine trace elements

. . . . . . 1212
and isotope ratios in various solid materials

. The advantages of this technique are
rapid throughout, high spatial resolution, little sample size requirements, few sample
preparation procedures, reduced water-related spectral interferences and avoidance of
the risk of introducing contaminants by conventional chemical digestion.'” However,
quantification using non-matrix matched calibration standards is limited by the
occurrence of elemental fractionation, which represents the sum of all
non-stoichiometric effects that occur during the ablation process, transport and
ionization in the ICP source.">'¢

Elemental fractionation has been one research focus represented in a large
number of fundamental studies in LA-ICP-MS."> ' It is well known that elemental

17-19,33,34
th 599,

fractionation is related to the laser waveleng , energy density,”’?' beam

24,25

. 16,22, 23
diameter e

, pulse duration and sample matrix”. Changing the wavelength
from IR to UV and deep UV has successively reduced elemental
fractionation.'"***** Studies of silicate samples show that smaller mean particle sizes
were obtained with decreasing laser wavelengths'. Russo et al.'® reported that
wavelength is not the only critical parameter that affects fractionation. Fractionation

can be observed for all wavelengths, depending in each case on the laser-beam

irradiance and the number of laser pulses at each sample-surface location.'® Jeong et
4
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al.® showed that the size distribution of laser-generated particles changed with the
laser power density using a Nd:YAG laser with a wavelength of 266 nm. In the laser
power density range of approximately 0.4-0.5 GW/cm?, the particle size distribution
shifts toward fewer large particles.”* The significantly different laser-induced
fractionations between widely used external reference materials NIST SRM 610-614
and natural silicate reference materials at high spatial resolution analysis has been
reported by Hu et al.”> Mank and Mason® showed a significant effect of the crater
depth-to-diameter ratio (particularly above 6:1) on elemental fractionation. Large
diameter craters that are generated under a sufficient power density reduce elemental
fractionation effects and produce a higher signal intensities for a longer period of time,
which leads to a more accurate and precise analysis.® In recent years, studies show
that the ablation process using a fs laser is significantly less thermal and leads to a
shrinking of the heat-affected zone.”® The use of femtosecond laser radiation is
considered one of the most promising approaches to minimize the elemental
fractionation and matrix effects even further.'® 33"

Elemental fractionation has been mainly ascribed to processes that occur at the
ablation site in previous works. Recent studies have led to a better understanding of
the involved processes, and the focus on laser-sample interaction shifts toward aerosol
transport phenomena and the ICP.*****" Analysis around the ablation crater using
SIMS and HR-TEM techniques have further demonstrated that different sized

particles produced by laser ablation have different phases and chemical

.. 50 . .. . . .
compositions.” Because the chemical composition and mineralogy of particles varies
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with the particle size, the efficiency of particle transport also plays a role in elemental
fractionation.” Koch et al.*® investigated the element ratios in acrosol particles of
brass and steel that were produced using a 266 nm Nd:YAG laser. The results implied
that the element compositions of the aerosol particles deposited in different parts of
the tube deviated from the bulk and varied along the tube. Guillong and Giinther”
indicated that the incomplete aerosol or particle excitation in the ICP was the
dominant process that affected elemental fractionation during LA-ICP-MS. Studies of
particle size distributions of laser-induced aerosols at 266 nm indicated that the
particle size significantly affected the vaporization, atomization and ionization
efficiency in the ICP.** The elemental fractionation in LA-ICP-MS, which is
observed at the beginning of a 266 nm single-hole ablation, is predominantly caused
by the incomplete vaporization of large particles in the ICP and not dominated by the
non-stoichiometric ablation of the glass.”> When a 193-nm excimer laser generated
aerosol was introduced into two different ICP-MS systems, additional observations
indicate that the aerosol generated from a single laser source behaves differently in
different ICP sources. The measured U/Th ratio differs by a factor of 2 from one
instrument to another.’’ Elemental fractionation is reduced by filtering the larger

particles from the aerosol that enters the ICP. 29,42, 43

However, the filtering process
produces a 3-fold reduction in the intensity, which indicates that 70% of the
transported material was filtered.”” And stoichiometry of the material is changed by

filtering.

These summarized works showed that many parameters affect elemental
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fractionation in the ablation process and the ICP, which makes the contributions of the
laser and ICP on fractionation relatively difficult to separate. In this study, the
fractionation behaviors of 63 elements caused by the plasma related process were
investigated using a proposed local aerosol extraction strategy in combination with
using different makeup gas flow rates. The mass load-induced matrix effects in the
ICP were also studied with the local aerosol extraction strategy. Furthermore, the
effects of the sample position in the normal ablation cell on the ICP-induced

elemental fractionation in LA-ICP-MS were presented.

Experimental
Instrumentation
Experiments were performed on an Agilent 7500a ICP-MS instrument (Japan) and an
excimer 193 nm laser ablation system (Geolas 2005, MicroLas Gdttingen, Germany).
Details of the instrumental operating conditions and measurement parameters are
reported in Table 1. Helium was used as carrier gas in the ablation cell and merged
with argon (makeup gas) behind the ablation cell. NIST SRM 610 glass was used for
the all of investigations.
Local aerosol extraction strategy

As our previous study described, > the standard ablation cell in the GeoLas 2005
system was used, the gas outlet position was changed into the center of the cell using
a needle with a nozzle tip (i.d. 0.6 mm) that enabled sampling at the ablation site. The

gas inlet nozzle tip (i.d. 2 mm) was directed perpendicular to the bottom of the
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ablation cell (Fig. 1). This change in the gas inlet and outlet produced the highest gas
velocity at the sampling tip (approximately 10 m s™'), and the gas flow rate decreased
with increasing distance from the sampling tip, whereas the gas flow rate distribution
in the rest of the cell is notably lower (0.01 m s1).>?

In this work, to investigate the ICP-induced elemental fractionation, we kept
the carrier gas He constant at flow rate of 0.65 L min™, then changed the makeup gas
flow rates from 0.90 L min™ gradually decrease to 0.60 L min™ by the local acrosol
extraction ablation chamber. (Fig. 1) This setup would be perfect for studying ICP
related effects because of the carrier gas flow rates have remained through the cell all
the time constant and only few or more Ar would have been added right in front of the
torch. That means the laser parameter during ablation remain completely constant all
the time. We changed the relative position between the ablation site and the outlet
extraction nozzle tip between 1 and 10 mm and compared the signal intensities
acquired at different distance (from 1 mm to 10 mm).’* All signals were normalized to

the signal intensities acquired at 1 mm distance.

Results and Discussion
ICP-induced element fractionation

Fig. 2 shows the sensitivity enhancement factors in the local aerosol extraction
relative to the normal ablation cell. Compared to the normal aerosol extraction, the
signal intensities of elements were improved by a factor of 1.1-1.36 using the local

aerosol extraction at a short distance of I mm between the ablation site and the gas
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outlet nozzle tip. The signal enhancement is more significant for volatile elements (B,
Cu, Zn, Cd, Ag, Pb and Bi). These volatile elements are enriched in the small particle
size fraction of laser-aerosols.** The significant enhancement of the signal intensities
for volatile elements may be related to the more efficient transportation of small
particles using the local aerosol extraction strategy compared to the normal aerosol
extraction.

Fig. 3 shows the effects of the distance between the ablation site and the outlet
extraction nozzle tip (relative to distance = 1 mm) on the integrated signal intensities
for single-hole ablation (spot size: 44 um) at different makeup gas flow rates of (a)
0.90 L min™, (b) 0.80 L min™, (c) 0.70 L min™ and (d) 0.60 L min". At the high
makeup gas flow rate of 0.9 L min™, the magnitude of the signal reduction with
increasing distance between the ablation site and the outlet nozzle tip varies for
different elements. For lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, Hf, Ta and Th), a variation in distance from 1 mm to 10 mm results in
a signal reduction of up to ~ 30%. However, the corresponding signal changes of
siderophile (P, Cr, Mn, Fe, Co, Ni, Ga, Ge, Mo, W, Au), chalcophile (Cu, Zn, As, Se,
Rh, Ag, Cd, In, Sn, Sb, Te, Pt, Tl, Pb, Bi) and some lithophile elements (Li, B, Na, Mg,
Si, K, V, Rb, Cs, Ba, U, Ce ) were less than 5%. This phenomenon is consistent with a
previous study,’* where the signal changes are attributed to the plume expansion and
changes in transport efficiency of different sized particles or aggregates.’> Larger
aerosol particles or aggregates deposit more rapidly because of gravitational effects

and are more difficult to push than the smaller aerosol particles when the distance
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between the ablation site and the outlet nozzle tip increases. Therefore, it is concluded
that lithophile elements [Be, Al, Sc Y, Zr, Nb, REE (excluding Ce), Hf, Ta and Th] are
enriched in relatively larger aerosol particles or larger agglomerates, which are
significantly lost during the transportation between the ablation site and the outlet
nozzle tip. >* However, as observed in Fig. 3, with decreasing the makeup gas flow
rate, the reduction of the normalized signal intensities of refractory lithophile
elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta and Th)
with increasing sampling distances become smaller. At the makeup gas flow rates of
0.8 L min™, the normalized signal intensities of refractory lithophile elements show a
signal reduction of approximate 20% with the increase in distance from 1 mm to 10
mm. However, at the makeup gas flow rates of 0.6-0.7 L min™', the normalized signal
intensities of all analyzed elements are almost unaffected by the change in sampling
distance between the ablation site and the outlet nozzle tip. It is worth noting that the
carrier gas flow rate of He is constant at 0.65 L min" when we change the makeup gas
flow rates. Therefore, we are able to demonstrate that the change in sampling distance
does not affect the transport efficiency of the different sized particles or aggregates
under our given instrument conditions.

As we know, the incomplete conversion of laser-induced aerosols into ions in
plasma occurs in the ICP.* The effect of the ICP as a possible source of elemental
fractionation has recently been studied by many authors.* %447 Thjs
ICP-induced elemental fractionation can be reduced when the operating parameters

are optimized to generate a sufficient gas temperature in the central channel of the

10
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ICP*"3. Generally, a low nebulizer gas flow rate and/or high RF power are facilitated

43,53 .
~°_ Because the laser ablation

to reduce the ICP-induced elemental fractionation
condition and the carrier gas flow rate were identical, the observed significant
depletion of refractory lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, Lu, Hf, Ta and Th) with the increase in sampling distance at higher
makeup gas flow rates in Fig. 3 should be attributed to the incomplete vaporization of
large particles or aggregates in the ICP.>* High makeup gas flow rates have a cooling
effect on the plasma, which subsequently suppresses the vaporization of the large
aerosol particles or aggregates. When the makeup gas flow rate decreases, the central
channel of the plasma becomes hotter, and the large aerosol particles or aggregates,
which have a longer residence time in the central channel in ICP should evaporate
better, which is consistent with the observed phenomenon in Fig. 3 that the depletion
of these refractory lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Hf, Ta and Th) with increasing sampling distance becomes smaller at low
makeup gas flow rates.

As illustrated by the modeled gas flow pattern in the ablation cell with the local
aerosol extraction strategy using computational fluid dynamics techniques®, the He
carrier gas velocity on the ablation site significantly decreases when the sampling
distance between the ablation site and the outlet extraction nozzle tip increases. For
example, the He carrier gas velocity is decreased by approximately two orders of
magnitude when the sampling distance increases from 1 mm to 5 mm. ** The observed

significant depletion of refractory lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd,

11
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Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta and Th) with the increase in sampling distance at
higher makeup gas flow rates (Fig. 3) suggests that the size of the laser ablation
produced aerosol particles or aggregates increases when the gas velocity on the
ablation site decreases. This finding is important for the design of the laser ablation

cell.

Time-dependent elemental fractionation in ICP
As shown in previous publications, for single-hole ablation using a Nd:YAG
solid-state laser operating at 266 nm, larger particles occur dominantly during the first

100 laser pulses.”*

To investigate the time-dependent change in size of particles or
aggregates and its effect on the ICP-induced elemental fractionation for 193 nm
excimer laser ablation, we compared the integrated signal intensities at the 0-20 s and
30-50 s time intervals of laser ablation during single-hole ablation (spot size: 44 pm)
under a makeup gas flow rate of 0.80 L min™ (Fig. 4). All signals were normalized to
the obtained signal intensities at a sampling distance of 1 mm. For lithophile elements
(Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta and Th), a variation
in distance from 1 mm to 10 mm results in a normalized signal suppression of
approximately 30% in the first 20 s of ablation (Fig. 4), which is mainly caused by the
incomplete vaporization of larger aerosol particles in the ICP. In contrast, the
corresponding normalized signal is almost unaffected in the period of 30-50 s when
the distance between the ablation site and the outlet nozzle tip changes from 1 mm to

10 mm (Fig. 4). These differences indicate a time-dependent particle size distribution

12
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during single-hole ablation. Similar to the 266 nm laser ablation, larger particles or
aggregates also appear when 193 nm is used for ablation and are dominantly
generated at the beginning of the ablation.

Fig. 5 shows the calculated elemental fractionation indices (FIs) for 63 isotopes
from ablation of NIST 610 using a normal ablation cell at a crater diameter of 16 um,
which represents laser ablation-dominated fractionation, and the local aerosol
extraction strategy at a sampling distance of 10 mm at a crater diameter of 160 pm
under makeup gas flow rate of 0.90 L min”, which represents the ICP-induced
fractionation. The FIs for 63 isotopes were calculated based on Ca as the internal
standard, and the 50 s transient signals were divided into equal time intervals instead
of 240 s as reported by Fryer’>. As shown in Fig. 5, good complement exists between
the calculated FIs dominated by the plasma and laser- ablation related processes. This
good complement suggests that both laser ablation and plasma-related fractionation
effects are controlled by the same elemental properties. Several studies were
performed to correlate the physical properties of elements with the degree of laser
ablation-induced elemental fractionation (e.g., boiling points, melting points,
ionization potential, condensation temperature, ionic radius, field strength, the sum of
the first and second ionization enthalpies)g’ 660 Fio 6 shows that the 50%
condensation temperatures®' and normalized signal intensity using the local aerosol
extraction strategy (as shown in Fig. 3) are complementary. Elements with higher
condensation temperatures tend to have a larger depletion with increasing sampling
distances from the ablation site. Elements with lower condensation temperatures show

13
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no depletion. In combination with the results in Fig. 5, this correlation can certainly
show that both laser- and ICP-induced elemental fractionations are closely related to

50% condensation temperatures.

Large aerosol particles or aggregates induce mass load effects in the ICP

To describe the processes in the plasma in detail, U and Th were often used as
indicators because of their notably similar ionization potentials (U: 597.6, Th: 587 kJ
mol™), mass number and their almost identical concentrations in the NIST 610
(U=462.9 png g'l, Th=463.1 ng g'1)29’51’62. Fig. 7 shows the U/Th ratios during
single-hole ablation with different crater diameters under various makeup gas flow
rates using the local aerosol extraction. To produce large particles or agglomerates,
the relative position between the ablation site and the outlet extraction nozzle tip was
fixed at 10 mm. As shown in Fig. 7, at the relatively higher makeup gas flow rates of
1.0 and 0.9 L min™, the U/Th ratio sharply increases to a notably high value at the
beginning of the ablation for large spot sizes of 90-160 um; then, it gradually
decreases to a steady value after 20 s of ablation. This type of U/Th ratio change is not
significant for small spot sizes of 16-32 um. Our previous results indicate that the
larger particles or aggregates are dominantly generated at the beginning of the
ablation for a 193 nm laser. Therefore, the significantly increased U/Th ratio at the
beginning of the ablation should be attributed to the incomplete vaporization of large
aerosol particles. The elemental ratio of U/Th decreases from 3.8 to approximately 2.3
when the crater diameter decreases from 160 pm to 16 um at the beginning of the

14
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ablation with a makeup gas flow rate of 1.0 L min™'. The particle size distribution
measurements for different crater sizes show that the particle size distribution does
not depend on the crater diameter for the ablation at 193 nm.***’ Thus, the reduced
U/Th ratio with decreasing crater diameter at the beginning of the ablation cannot be
attributed to the change in particle size distribution. This result clearly indicates that
the mass load significantly affects the vaporization of aerosol particles. A lower mass
load corresponds to better aerosol particle vaporization in the ICP. When the makeup
gas flow rate decreases from 1 L min” to 0.7 L min™, the integrated U/Th ratios are
significantly reduced, and the variation of U/Th ratios during single-hole ablation at
large spot sizes disappears. It is clear that a hot plasma condition is essential for the

alleviation of the mass load effect in the ICP.

Effect of sample position in the ablation cell on the ICP-induced elemental
fractionation

The sampling position effect in the ablation cell is a well-known phenomenon in
LA-ICP-MS analysis.”® Our study illustrates that the He gas velocity on the laser
ablation site significantly affects the size of the laser ablation produced aerosol
particles or aggregates. Because the velocity of the carrier gas in the ablation chamber

L - NT L 52,63,65,66
significantly varies with different positions,” "> >

we believe that this change may
be an important source of element fractionation at different sampling positions. Fig. 8
shows the normalized signal intensities for 63 investigated elements at various

makeup gas flow rates using the normal ablation cell. The obtained signals at position

15
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B were normalized to the obtained signal intensities at position A. At a higher makeup
gas flow rate of 1.0 L min™, the normalized signal intensities for the refractory
lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta
and Th) are only approximately 0.55-0.70. In contrast, the normalized signal
intensities for all investigated elements are approximately 1 at a lower makeup gas
flow rate of 0.7 L min™. This result suggests that the transport efficiency of the
produced aerosol particles or aggregates is similar for both positions A and B. These
relative signal intensity variations between positions A and B at different makeup gas
flow rates are similar to those observed for the local aerosol extraction strategy at
various makeup gas flow rates. The He flow rate varies from point to point in the

1at

ablation chamber in this study. The carrier gas velocity is approximately 9.0 m s
position A, which decreases to a notably low value of 0.2 m s™' at position B.”> As we
previously discussed, the carrier gas velocity on the ablation site has a negative
correlation with the size of the produced aerosol particles or aggregates. Thus, the
significantly reduced normalized signal intensity (position B normalized to position A)
for the refractory lithophile elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Hf, Ta and Th) at a higher makeup gas flow rate of 1.0 L min™ in F ig. 8
should be attributed to the incomplete vaporization of large aerosol particles or
aggregates in the ICP. Loewen et al.’ investigated elemental fractionation in silicate
glasses using single-volume and two-volume ablation chambers. Their results show
that this fractionation is unrelated to the interaction between the laser pulse and the

solid material during progressive ablation but does correlate with the local He velocity

16
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at the position of analysis.”” Our results suggest that the differential responses of
volatile and refractory elements relative to **Ca for different analysis locations in a
single-volume ablation chamber observed by Loewen® are related to the ICP-induced
elemental fractionation because the laser ablation produced particle or aggregate size
changes at different analysis locations. This result reinforces the importance of a hot

plasma condition for LA-ICP-MS analysis.

Conclusions

Our work indicates that the ablation location-related gas flow rate in the
ablation chamber significantly affects the size of laser ablation produced aerosol
particles or agglomerates. Larger aerosol particles or aggregates are produced in the
low-He velocity zones of the ablation cell. These large particles or aggregates cannot
be completely vaporized in the ICP. This type of ICP-induced elemental fractionation
results in significant depletion of refractory elements (Be, Al, Ca, Sc, Y, Zr, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta and Th). It is also shown that the mass load
induced matrix effect is more significant in the presence of large amounts of larger
aerosol particles and that this type of matrix effect severely degrades the vaporization
of large aerosol particles or aggregates in the ICP. To minimize the particle or
aggregate size-related elemental fractionation in the ICP, a high velocity of the carrier

gas on the ablation site and hot plasma conditions are required.

17
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Table 1 Summary of the operating conditions for LA-ICP-MS measurements.

GeoLas Laser ablation system

Wavelength 193 nm, Excimer laser
Repetition rate 8 Hz
Pulse length 15 ns
Energy density 10 J cm™
Spot sizes 16, 32,44, 60, 90 and 160 pm
Sample NIST SRM 610
Ablation cell gas Helium (0.65 L min™")
Argon (1.0, 0.90, 0.85, 0.80, 0.70 and 0.60
Makeup gas .
L min™)
Agilent 7500a ICP-MS
RF power 1350 W
Plasma gas flow rate 14.0 1 min™

Auxiliary gas flow rate 1.0 I min™

Sampling depth 5.0 mm
Ion optic settings Typical

"Li, “Be, ''B, 2Na, ®Mg, YAl ¥, 3'P,
PR “Ca, $Sc, “Ti, 3V, 2Cr, SMn, Fe,
*Co, “Ni, ®Cu, *“Zn, "'Ga, “Ge, "As,
2Ge. BRb, Sr, ®Y. “Zr. Nb, *Mo,
105Rp, WAg, 'Cd, 'S, '8Sp, 12,
126Te 18Cs 1Ba, PLa, e, “Ipr,
NG, ¥sm, S'Ru, '5Gd, 'Tb, @Dy,
16500, 'y, '9Tm, Pyb, Ly, HF,
181 182y 195pg 1975, 205T| 208pp, 209p;
2o 238

Isotopes measured

Dwell time per isotope 10 ms

Detector mode Dual
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Figure captions
Fig. 1 Schematic drawing of the experiment: (a) the normal ablation chamber; (b) the
local aerosol extraction ablation chamber; (c) the schematic set-up of the laser

ablation ICP-MS system used in this study.

Fig. 2 Sensitivity enhancement factors in the local aerosol extraction (at distance=1

mm) relative to the normal ablation cell.

Fig. 3 Effects of the distance between the ablation site and the outlet extraction nozzle
tip on the integrated signal intensities (50 s) (relative to distance=1 mm) for
single-hole ablation (spot size: 44 um) at various makeup flow rates (a: 0.9 L min™'; b:

0.8L min'l; c:0.7L min'l; d:06L min'l).

Fig. 4 Effects of the distance between the ablation site and the outlet extraction nozzle
tip on the integrated signal intensities of different integrated time intervals (a: 0-20 s;
b: 30-50 s) for single-hole ablation (spot size: 44 um) at the makeup flow rate of 0.8 L

min’",

Fig. 5 Calculated elemental fractionation indices (FIs) for 63 isotopes from ablation
of NIST 610 using a normal ablation cell at a crater diameter of 16 pm and the local

aerosol extraction strategy at a distance of 10 mm at a crater diameter of 160 um with
22
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a makeup gas flow rate of 0.90 L min™".

Fig. 6 Relationship between the 50% condensation temperatures™ and the normalized

signal intensity using local aerosol extraction strategy.

Fig. 7 U/Th ratios for single-hole ablation of NIST 610 with different crater diameters
at various makeup gas flow rates (a: 1.0 L min'l; b: 09 L min'l; c:0.8L min'l; d: 0.7

L min™") using the local acrosol extraction strategy at distance=10 mm.

Fig. 8 Relative signal intensities at different analysis locations (position A and
position B) at various makeup gas flow rates using the normal ablation cell. The
signals acquired at position B were normalized to the signal intensities acquired at

position A.
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