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This study investigated the mechanism of elemental fractionation during laser ablation (LA) through elemental
analysis of individual particles generated via femtosecond laser ablation (fsLA) using a minimised laser spot size

of approximately 2 um. Data acquisition was conducted within a short dwell time of 20 ps using a multiple

collector-ICP-mass spectrometer equipped with a high-time-resolution ion counting system (HTR-MC-

ICP-MS), which avoids the overlap of signal events from multiple particles. Results obtained from monazite
references showed that individual fsLA-generated particles fall into two distinct groups in terms of
208pp/232Th: Pb-bearing (volatile-element-rich) vs. Pb-depleted (volatile-element-poor). The existence of

these two populations is probably the major cause of elemental fractionation in LA. This decoupling is

attributed to the different behaviours of volatile and refractory elements during particle generation. Particles

that condense from laser-induced vapor plume tend to retain volatile elements (e.g., Pb), whereas particles
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originating from the molten rim of the ablation pit (material that was molten but not vaporized) are

depleted in volatile elements. The data obtained here clearly demonstrated that elemental fractionation is
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1 Introduction

Laser ablation is commonly used for sampling of solid mate-
rials with a high spatial resolution defined by the laser spot size,
and the combined system of LA and mass spectrometry (MS)
coupled with an Ar-based ICP ion source, LA-ICP-MS, is utilised
as an in situ high-sensitivity analytical technique applied to
elemental and isotopic measurements."

The main analytical issue associated with LA-ICP-MS is the
difference in sensitivity for each element caused by the variation
in useful yields, which are defined by the counts of detected
ions through LA-ICP-MS per number of atoms originally con-
tained in ablated volumes, depending on physicochemical
properties, including melting points, boiling points, and ion-
isation potentials.>® These parameters are controlling factors of
sampling efficiency during LA and the vaporisation and ion-
isation efficiencies during ICP. The latter deteriorates, espe-
cially when particles with sizes larger than the critical size for
complete vaporisation and ionisation are introduced into ICP,
resulting in the dependency of useful yields on particle size

“Division for Chronological Research, Institute for Space-Earth Environmental
Research, Nagoya University, Furo-cho, Chikusa-ku, Nagoya 464-8601, Japan.
E-mail: niki.sota.t1@f- mail. nagoya-u.ac.jp

*Geochemical Research Center, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku,
Tokyo 113-0033, Japan

2716 | J Anal. At. Spectrom., 2025, 40, 2716-2724

involved in the particle generation process, and hence, using matrix-matched reference materials is
essential for obtaining reliable elemental data in LA-ICP-MS.

distribution.* Thus, the calibration of measured elemental
ratios is required for improving the analytical accuracy of
multiple-elemental analysis using LA-ICP-MS. Moreover, the
useful yields for elements vary depending on sample matrices
with different physicochemical properties, and high-quality
matrix-matched references are practically necessary for accu-
rate elemental-ratio analysis. This is especially important for U-
Th-Pb geochronology, which requires the accurate and precise
measurements of Pb/U and Pb/Th for geological samples with
analytical uncertainties of a few percent.® The useful yields for
Pb and U or Th can vary depending on different sampling effi-
ciencies, transport efficiency to ICP (which depend on particle
size), and the ionisation efficiency of ICP. Since Pb shows more
volatile nature than U and Th, it is easily vaporised compared to
U and Th during heating via LA, the resulting Pb/U and Pb/Th
for ablated materials can be higher than the original composi-
tion of the solid sample (i.e., non-stoichiometric sampling), and
the measured Pb/U or Pb/Th can increase as the ablation pit
becomes deeper.® In previous studies, moreover, the coarser LA-
generated particles are enriched in refractory elements (e.g., U
and Th), and their lower transport efficiency than finer particles
results in the further elemental fractionation on Pb/U and Pb/
Th during the transport process to ICP.*’

For further investigation on the mechanism of the elemental
fractionation involved in fsLA, in this study, the Pb/Th values of
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LA-generated particles were measured. In previous studies, the
chemical compositions of LA-generated particles have been
determined by the bulk chemical analysis of the LA-generated
materials fractionated by particle size,® or chemical analysis of
the limited number of deposited particles around the LA pits by
electron microscopy.’ As a result, the difference and variation in
the chemical compositions of individual LA-generated particles
introduced into ICP are still unclear.

For online analysis of LA-generated particles by ICP-MS,
a high-time-resolution (HTR) data acquisition system (<100 ps)
is required for tracing transient isotope signal profiles within
a few hundred microseconds derived from the introduction of
nanoparticles into ICP. Moreover, high time resolution is
important to minimise the integration of multiple signals
emanating from two or more particles. In a pioneering study,
online analysis of LA-generated particles by ICP-MS was per-
formed using an HTR single-collector ICP-MS coupled with
a femtosecond LA system (wavelength: 1030 nm, 515 nm, and 257
nm).* This study determined the size distribution of nano-
particles produced by laser ablation of copper, based on mathe-
matical analysis of the isotope signal profiles. In spite of the
importance, there are two main challenges: one is the over-
lapping of signals derived from multiple particle-introduction
events, and the other is the single-element analysis.

To derive accurate elemental ratios for individual LA-
generated particles, a new system for high-time-resolution
multiple-isotope analysis without the signal overlapping is
necessary. Then, in this study, we developed a new protocol for
online elemental/isotopic-ratio analysis of individual LA-
generated particles based on the combination of an in-house
high-spatial-resolution fsLA system and a high-time-resolution
multiple-collector ICP-MS system (HTR-MC-ICP-MS). By mini-
mising the laser spot size (i.e., 2 pm), the number of generated
particles by a single laser shot is decreased, and the introduc-
tion rate of the particles into ICP is reduced. The second point
of the multiple collection system is essential for multiple-
isotope (multiple-element) analysis to determine the
elemental ratios of individual fsLA-generated particles.

In this study, to elucidate the nature of the elemental frac-
tionation related to fsLA, the 2°®Pb/**>Th values of individual
particles produced via fsSLA on monazite were analysed by the
present technique. Monazite is a lanthanide phosphate mineral
with a high Th concentration up to several percentages (wt/wt%)
and is commonly used as a >**Th->°®Pb geochronometer. In our
geochronological community,
monazite references with known radioisotope ages, which
have the known *°*Pb/***Th values defined by the radioisotope
ages if the contribution of non-radiogenic Pb is negligible, are
available. By analysing them, the degree of the elemental frac-
tionation involved in the particle-generation process through
fsLA was evaluated.

several well-characterised

2 Experimental
2.1 Overview of the fSLA-HTR-MC-ICP-MS system

For multiple-isotope analyses of individual fsLA-generated
particles, in this study, an in-house high-spatial-resolution
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fSLA system was combined with an HTR-MC-ICP-MS system
(Fig. 1). The in-house high-spatial-resolution fsLA system is
composed of an Yb:KGW femtosecond laser system (pulse
width: 250 fs) with a laser wavelength (1) of 260 nm and a beam
diameter (D) of 4.2 mm before focusing, galvanometric optics,
and a short-focal-length objective lens. The focal length of the
objective lens (f) is 10 mm, which is ten times shorter than that
of a conventional one. The theoretical focused beam size (d) is
ca. 1 pm according to the equation of d = 4Af/(7D). From the
photograph of the laser ablation pits (Fig. 2), the actual single-
shot laser spot size on monazite is ca. 2 pm in diameter.

The HTR-MC-ICP-MS system used in this study is a modified
Nu Plasma II ICP-MS manufactured by Nu Instruments (Wrex-
ham, U.K.)."** The HTR-MC-ICP-MS system has three HTR
Daly ion counters and three HTR secondary-electron-multiplier
(SEM) detectors. This detector configuration (summarised in
Fig. 1(c)) allows simultaneous collection of ***Th, 2°®pb, °°Pb,
and ***Pb + ?°*Hg signals. The Daly ion counters have a wider
dynamic range and a longer-term gain stability compared to the

(a) Double-focusing mass spectrometer

ICP ion source
S,

= Carrier gas

Stabiliser l@v
~ Make-up gas

(b)

Short-focal-length lens
(f=10 mm)

Femtosecond laser
A =260 nm
D=4.2 mm

(c)

204Hg+204Pb
Electron multiplier

Daly detector (photomultiplier)

Fig. 1 Schematic of the fsLA-HTR-MC-ICP-MS system. (a) Overview
of the fsLA-HTR-MC-ICP-MS system. (b) Schematic of the high-
spatial-resolution fsLA system. (c) Cup configuration of the HTR-MC-
ICP-MS system for simultaneous detection of Th—Pb isotopes.
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Fig. 2 Photographic image of the ablation pits for the 16-F-6
monazite with a diameter of about 2 um. The ten spots in the upper
and lower halves correspond to the pits made by fsLA under He and Ar
atmospheric gases, respectively.

SEM ion counters, and hence, two Daly detectors, D5 and D2,
are utilised for monitoring two important isotopes of >*>Th and
208ph, respectively. In addition to this, two SEM detectors, IC3
and IC4, are used for measuring *°°Pb and ***Pb + ***Hg,
respectively. The cup configuration is summarised in Fig. 1(c).

2.2 Operational settings of the fSLA-HTR-MC-ICP-MS system

The operational conditions for the fsSLA-HTR-MC-ICP-MS
system are summarised in Table 1. For the in-house high-
spatial-resolution fSLA system, the fluence is ca. 4 ] cm 2, and
the number of laser shot is one (single-shot fsLA) for each spot.
The carrier gas used for atmospheric gas in the sample chamber
was He or Ar with a flow rate of 1 L min~". The make-up gas with
a flow rate of 1 L min~" was added to the atmospheric gas
outside the sample chamber. Argon was used as a make-up gas
in the case of He carrier gas or vice versa, for keeping the plasma

Table 1 Operational setting for LA-ICP-MS
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gas condition through all experiments. Between the sample
chamber and ICP, a particle slowing-down device (i.e., signal
stabiliser)'* was inserted to broaden the particle transit time,
and thus, further reduce overlapping of particle-introduction
events.

For the HTR-MC-ICP-MS system, the dwell time on each
detector was set to 20 ps. After each single-shot ablation, signals
were recorded for 30 seconds to capture all particle events. The
non-extended-type refresh-time correction was applied to all ion
counters,"*>** using refresh times of 20.0 ns (D5), 10.8 ns (D2),
14.7 ns (IC3), and 15.4 ns (IC4).

2.3 Monazite references

The monazites analysed in this study were 16-F-6 monazite refer-
ence,'* Namaqualand monazite reference,” and 44069 monazite
reference.’® The 16-F-6 monazite is a well-characterised reference
used for geochronological studies, and has the precise U-Pb age of
2842.9 £ 0.3 Ma determined by isotope-dilution thermal ionisa-
tion mass spectrometry (ID-TIMS), and the reported Th concen-
tration is ca. 24 000 pg g~ ".*° The Namaqualand monazite has the
highest Th concentration among three monazite references, and
the U-Pb age of ca. 1033 Ma was determined by secondary ion-
isation mass spectrometry.”” The Namaqualand monazite is
commonly used for a secondary reference of the chemical Th-U-
total Pb isochron method using electron probe microanalysis,
and one reported age in a previous study is 1020 £+ 41 Ma." The
44069 monazite has a Th concentration ranging from 10 000 to 50
000 pg g ', and the ID-TIMS U-Pb age is 424.9 + 0.4 Ma.'® The
calculated 2°®Pb/***Th values for the 16-F-6, Namaqualand, and
44069 monazites are 0.15102, 0.05244, and 0.02124, respectively,
based on the radioisotope ages and the decay constant of >*Th

(a) ICP-MS

HTR-MC-ICP-MS instrument
Sample introduction

RF power

Coolant gas flow

Auxiliary gas

Detection system

Monitored mass-to-charge ratio
Detectors

Dwell time

Nu Plasma II (Nu Instruments, U.K.)

Laser ablation

1300 W

15.0 L min~*

0.8 L min~"

Multiple ion counting array

204, 206, 208, and 232 Da

Two Daly detectors (D), and two full size multipliers (IC) D2 for *°*Pb, IC3
for 2°°Pb IC4 for >** (Hg + Pb), and D5 for >**Th

20 ps

(b) Laser ablation

Laser ablation system
Laser medium

Laser wavelength
Pulse width

Fluence

Repetition rate
Carrier gas

Make-up gas flow
Spot diameter
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An in-house laser system (FAB Instrument, Tokyo, Japan)
Yb:KGW

260 nm (4th harmonic generation)

250 fs

ca. 4Jecm”
1000 Hz
1.0 L min~" (He or Ar)
1.0 L min~" (Ar or He)
ca. 2 pm

2
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(4.9475 x 10~ per year)* under the assumption of the concor-
dance in the U-Pb and Th-Pb isotope systematics for the monazite
references. Ten-times repeated analyses with a spot size of ca. 2 pum
were performed on three monazite references (Fig. 2).

2.4 Data reduction

Elemental/isotopic-ratio analyses were performed on signal
events that emanated from single small particles produced
through fsLA. The data reduction begins with finding peaks
with a higher signal intensity than that of the signal intensities
at the preceding and following time slices through the time-
resolved isotope profiles. In this study, this primary peak
detection was conducted for the summed signal intensities of
298ph and ***Th, and when the combined signal intensities of
298ph and **Th exceeded a certain threshold, the signal peaks
were treated as signals derived from particle-introduction
events. Thresholds were set by examining 30 second gas-blank
signal profiles and choosing a cutoff that yields <1 false event
in the blank period. Based on this, the *°*Pb + >*Th count
threshold was set to 6 counts for He atmospheric gas and 8
counts for Ar atmospheric gas. Subsequently, we filtered out any
small ‘sub-peaks’ that occurred within the duration of a much
larger peak. Such sub-peaks can otherwise cause erroneous
event counts or skewed Pb/Th values. Specifically, if a minor
signal occurred within the width of a major peak (defined as the
full width at 0.5% of the peak’'s maximum intensity), it was not
counted as a separate event. Finally, the signal counts of ***Th,
208ph, 205ph, and 2°*Pb + 2°*Hg for remaining particle-derived
signals were calculated by the summation of the signal counts
and the subtraction of the gas-blank signal intensity within the
range of the time slices, just including the signal width of the
peak.

We estimated the size (volume and equivalent diameter) of
individual particles (for the 16-F-6 monazite) using the
measured **Th counts and the known composition of the
monazite. This calculation assumes that there is negligible
fractionation among the major matrix components of monazite
during fsLA, so each particle's composition (apart from volatile
Pb loss) is essentially that of bulk monazite. Eqn (1) and (2) were
used as follows:

Ity Mty
V=—x—— 1
f NACrhp ( )
33V
d= i * 2 (2)

where V is the reduced volume of a single particle, Iy is the
signal count of >*>Th for a single particle, f is the ion trans-
mission through the ICP-MS system, myy, is the molar mass of
Th (232.0385 g mol ™), N, is the Avogadro constant (6.02 x 10>
mol "), Cry, is the thorium concentration (16-F-6 monazite; 24
000 ug g~ 1), p is the density of monazite (ca. 5 g cm ™), and d is
the reduced diameter.

The ion transmission through the ICP-MS system was
approximated by applying the useful yield of the fsSLA-HTR-MC-
ICP-MS system determined from the analysis of NIST SRM 610
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by the present technique under the conditions of He atmo-
spheric gas and Ar make-up gas. The actual value of the useful
yield for >**Th was 0.065% calculated by dividing the signal
counts of >*Th by the estimated number of >**Th atoms con-
tained in the ablated volumes of NIST SRM 610. One notable
thing is that this value includes the loss of LA-generated parti-
cles during the transportation and should be a lower limit of the
ion transmission through the ICP-MS system, resulting in the
overestimation of the particle size. The transport efficiency of
the fsLA-generated particles should be several tens of percent or
more, and the reduced particle size may deviate from the actual
size by a factor of up to two.

3 Results and discussion

3.1 Fractionation on Pb/Th via an fsLA particle-generation
process

Fig. 3(a) illustrates the signal intensity profiles for ***Th, *°*Pb,
205ph, and ***Pb obtained through single-shot fSLA on the 16-F-
6 monazite reference under the He atmosphere, suggesting the
presence of numerous transient peaks emanating from the
particle-introduction events. Fig. 3(b) is the enlarged-scale
version of the time-resolved signal profile, demonstrating that
the acquisition of signal intensity data for individual particles
could be made. The contribution of signal overlap is not greater
than 2% based on the assumption that (I) the time duration of
signal events is 100 ps, and (II) the number of signal events per
single second is 200.

The resulting time-resolved multiple-isotope signal profile
suggests the presence of at least two types of particles; (I) Pb-
bearing particles with both the *>**Th and 2°®Pb signals and
(I1) Pb-depleted particles with ***Th signals and without *°*Pb
signals demonstrated in Fig. 3(c). In Fig. 4, the signal counts of
?>Th for each particle event detected through ten-times
repeated analyses of the 16-F-6 monazite reference are plotted
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Fig. 3 Multiple-signal intensity profiles of single-shot LA on the 16-F-
6 monazite acquired through HTR-MC-ICP-MS. (@) Whole time-
resolved isotope signal profile after single-shot LA. (b) Enlarged version
of the signal intensity profiles for the signal events. (c) Examples for
signal profiles derived from a Pb-depleted particle and a Pb-bearing
particle. (d) Saturated signal profile due to detector paralysis.
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(a) fsLA under He (16-F-6 monazite)

Recuced diameter / nm
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Pb-bearing particles
(N =4235)
Pb-enrichment factor (1.72)

Pb-depleted
L4 partjicles,,,,,,v,
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Signal counts of 232Th

Signal counts of 2°8pp

(b)  fsLA under Ar (16-F-6 monazite)

Recuced diameter / nm
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Pb-bearing particles
(N =1306)
Pb-enrichment factor (1.05)

Pb-depleted
particles. ...
TN S 3051
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Signal counts of 232Th

Signal counts of 2°pb

Fig. 4 Signal counts of 232Th and 2°®Pb for each fsLA-generated
particle under (a) He and (b) Ar atmospheres in the ten-spot analyses of
the 16-F-6 monazite reference. Black and grey circles demonstrate
Pb-bearing particles and Pb-depleted particles, respectively. The
dashed line shows the threshold line set at 2°6Pb/2*2Th being 0.015102
as the one-tenth of the reference 2°®Pb/?*2Th value. The slope of the
black lines indicates the Pb-enrichment factor for Pb-bearing
particles.

against those of >°®Pb. Fig. 4(a) and (b) correspond to the results
obtained via fsLA under the He and Ar atmospheres, respec-
tively. The data points plotted in Fig. 4(a) and (b) clearly show
the decoupling of the Pb/Th values for the fsLA-generated
particles. The two decoupled components can be explained by
the different behaviour of Th and Pb through fsLA reflecting the
different physicochemical behaviour of Th and Pb through
fsLA. In terms of the volatility, Th is a highly refractory element,
while Pb is a volatile element. The melting point of ThO, is ca.
3700 K,** and the melting and boiling points of PbO are ca. 1200
K and ca. 1800 K, respectively.”” As for the monazite, as well as
ThO,, the major components of monazite (rare-earth-element
phosphate) have a higher melting point (2200-2400 K)** than
the boiling point of PbO. Owing to the difference in the vola-
tility, Pb and Th behave differently during the melting, vapor-
isation and subsequent condensation through fsLA.

Two possible particle-generation mechanisms could account
for the observed Pb/Th decoupling. (1) Fractional condensation
from the vapor phase: after material is vaporized by fsLA, the
refractory components condense first, followed by the volatile
components. Early condensed particles would thus be depleted
in volatiles like Pb, while later-condensed particles become
enriched in Pb. This scenario, however, would require that the
early-formed refractory-rich particles are somehow removed or
separated from the plume before the volatile-rich particles
condense, otherwise both types might equilibrate. (2) Dual-
phase particle generation: Pb-bearing particles originate from
vaporized material at the ablation site, while Pb-depleted

2720 | J Anal. At. Spectrom., 2025, 40, 2716-2724
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particles derive from the residual molten material. As the fs
laser has a Gaussian beam profile, the central irradiated zone
experiences higher fluence (and temperature) than the
periphery. The centre of the ablation spot reaches a temperature
of several thousands of kelvins, causing complete evaporation
(or sublimation) of that material. Meanwhile, the rim of the
ablation spot is exposed to a lower energy density; it becomes
molten but not fully vaporized (surrounding material affected
by heat may also melt).>*** The molten portion of monazite can
thus produce droplets that are depleted in Pb. When the liquid
phase of monazite is produced, Pb can be preferentially evap-
orated from the molten layer because the boiling point of PbO is
lower than the melting points of both the monazite and ThO,.
This is followed by the production of Pb-depleted particles from
the molten layer, and the particles condensed from the fsLA-
induced vapor phase should be enriched in Pb.

The following evidence from our experiments supports this
second mechanism: the size distribution of the detected parti-
cles also provides several key information concerning the
particle generation process via fsLA. In Fig. 5, the reduced size
distribution of the detected Pb-depleted particle (a) and Pb-
bearing particle (b) are given. Hence, the reduced diameters
of the individual particles are plotted on the x-axis, and the
number of detected particles through ten-spot analyses on the
16-F-6 monazite is plotted on the y-axis. In this study, the
threshold for Pb-depleted and Pb-bearing particles is set as
being less or greater than one-tenth of the original >°*Pb/***Th
value calculated from the reported radioisotope age of the

(a) size distribution of Pb-depleted particles
1000

=
(=3
=]

Number of particles
I
o

) 50 100 150 200 250 300
Reduced diameter / nm

(b)  size distribution of Pb-bearing particles
1000

=
o
o

=
=]

Number of particles

0 50 100 150 200 250 300
Reduced diameter / nm

Fig. 5 Size distribution of (a) Pb-depleted particles and (b) Pb-bearing
particles. The reduced diameter for detected particles calculated from
the signal counts of 2*2Th is plotted on the x-axis, and the number of
particles in the ten-spot analyses of the 16-F-6 monazite is plotted on
the y-axis. The closed and open circles refer to the data obtained by
fsLA under He and Ar atmospheres, respectively. The data plotted on
the grey-coloured areas correspond to particle signals whose intensity
is close to the baseline, and the number of particles in those ranges
can be underestimated compared to the actual number.
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monazite reference. For the Pb-depleted particles, the size
distributions for both the He and Ar atmospheres are similar to
each other, as shown in Fig. 5(a). The similarity regardless of the
atmospheric gases indicates that the Pb-depleted particles were
formed without the involvement of the gas phase. This strongly
supports the second possibility of the Pb-depleted particles
formed via the molten rim portion.

The presence of the particles being enriched in the volatile
element suggests that the LA-induced gas phase should be
enriched in volatile elements, and thus, the Pb-bearing particles
should be partly derived from the LA-induced gas phase. For the
Pb-bearing particles demonstrated in Fig. 5(b), the number of
larger particles than 150 nm generated under Ar atmospheric
gas is greater than that of the particles generated under He
atmospheric gas. This clear difference in the size distributions
can be explained by particle generation via the condensation
process. Argon has higher viscosity and lower thermal
conductivity than He, and hence, the volume of the LA-induced
plume under Ar is smaller than He due to the slow diffusion and
heat accumulation. This implies that, in the LA-induced plume,
the number of atoms per unit volume under the Ar atmosphere
is greater than that under the He atmosphere, and the resulting
particles generated through condensation after cooling of the
LA-induced plume can become larger.

Fig. 6 illustrates the proposed mechanism in this study for
the elemental fractionation through the particle-generation
process during fsLA. After femtosecond laser irradiation on
the sample surface, the central area of the LA pit vaporises, and
the rim portion remains molten. The volatile elements
including Pb with the lower boiling points than the melting
point of the sample matrix also vaporise from the molten
portion. Then, from the LA-induced vapor phase, volatile-
element-bearing particles are generated via condensation,
while the volatile-element-depleted particles are released from
the molten rim area.

Previous studies on electron-microscopic analyses of LA-
generated particles favour the proposed mechanism of the
elemental fractionation in this study. In previous research, the
elemental fractionation of Zn and Cu through LA has been well
investigated by electron-microscopic observations on LA-
generated particles. Zn has a lower boiling point (ca.1200 K)
than the melting point of Cu (ca. 1400 K), and these physico-
chemical properties are similar to those of Pb and Th. In terms

Femtosecond Laser

Pb-bearing particles
... ¢ fromthe vapor phase

o Pb-depleted particles
from the moltenrim

Solid material

Fig. 6 Schematic of the ablation process using femtosecond laser
with a Gaussian beam profile.
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of the chemical compositions of LA-generated particles, finer
particles tend to be depleted in Zn (volatile-element-depleted)
and vice versa in the cases of both the nanosecond LA and
femtosecond LA.**® This dependency on particle size is
explained by our data of the reduced particle size distributions
of the Pb-depleted and Pb-bearing particles. Another important
electron-microscopic study showed two types of particles
generated via fSLA on brass: (I) agglomeration of fine particles
and (II) spherical coarse particles with a diameter of a few
hundred nanometres.”” The presence of the spherical coarse
particles strongly indicates the melting process through the
particle generation during fsLA. This observational study also
favours the ejection of the molten particles depleted in volatile
elements suggested by our data.

If the transport efficiencies of the volatile-element-bearing
and volatile-element depleted particles are different, the bulk
chemical composition of the laser induced particles can deviate
from the original composition of the ablated material.
Considering from Fig. 5(a) and (b), the reduced size of the
volatile-element-depleted particles tends to be larger than that
of the volatile-element-bearing particles, and this can result in
the lower transport efficiency of the volatile-element-depleted
particles. Moreover, depending on the melting and boiling
points of sample matrices, the mass ratios of the LA-induced
vapor phase to the molten phase vary, and the difference
among sample matrices (e.g., monazite, zircon, or glass) can
require the determination of the calibration factors for
elemental ratios based on reference materials for each matrix to
acquire accurate analytical results even when utilising ultravi-
olet fsLA*® with reduced thermal loading on the sample surface
during LA, resulting in the high sampling efficiency with less
dependence on the physicochemical properties of sample
matrices and elements of interest.*® Compared to fsLA, nano-
second LA causes more severe thermal loading, and the
contribution of the LA-induced molten phase should be larger.
Further investigation on the elemental fractionation using
different types of LA will be necessary.

3.2 **>Th-?°%pb age determination of monazite

For each ablation spot (single laser shot), we summed the ***Th
and *°®Pb counts from all particle events to obtain a total
208ph/232Th, We calibrated this ratio using our measurements of
the 16-F-6 monazite, which has a known age and thus known
208ph/>*>Th, and converted the ratio to an equivalent
232Th-298pp age for the sample. The resulting weighted-average
232Th-2%8ph ages of ten-spot repeated analyses are 1161 & 120
Ma and 265 + 23 Ma (95% conf., N = 10) with the mean squared
weighted deviation (MSWD) values of 7.2 and 2.4 for the
Namaqualand monazite and the 44069 monazite, respectively.
These obtained ages of the Namaqualand monazite and the
44069 monazite are significantly older and younger than the
reference values, respectively. The systematic deviation of
208ph/232Th is partly attributed to the counting loss of high-
intensity signals of ***Th (>10” cps) emanating from coarse
particles introduced into ICP-MS. Fig. 3(d) shows the signal
profile of >**Th exceeding 10” cps, and this bimodal profile is
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due to the counting loss of ions, originating from the detector
paralysis. The contribution of the counting loss becomes more
significant as the Th concentration increases, resulting in
systematically higher >**Pb/***Th values (i.e., older age values)
in higher-Th-concentration samples and younger age values in
lower-Th-concentration samples. This trend for systematic
deviation in ***Th->°*Pb ages is consistent with the obtained
data for the Namaqualand monazite (high-Th monazite) and
the 44069 monazite (low-Th monazite).

For accurate isotopic-ratio measurements, careful correction
of counting loss due to detector refresh time is desired. In this
study, the counting loss was primarily corrected based on the
non-extended-type detector refresh time for each pulse-
counting detector. The counting loss derived from the non-
extended-type refresh time of pulse-counting ion counters is
corrected for each isotope signal intensity at each time slice.
This is necessary for the accurate determination of Pb/U or Pb/
Th for U- and Th-enriched minerals (e.g., zircon and monazite),
since the abundances of Pb, and U or Th differ by several orders
of magnitude."**> Then, for monitoring LA signals, Hirata et al.
(2021) demonstrated the importance of high-time resolution
analysis to accurately correct the counting loss for transient
high-intensity signals (>10° cps) through the U-Pb age deter-
mination of zircon references (U concentration: 80-1000 pg g~ ')
even if the averaged signal intensity is low enough (<10° cps)
with a negligible counting loss in the conventional way."
Despite the success of the counting-loss correction using the
HTR analysis in the previous study, for monitoring the high-
intensity signals of >**Th with more than 10’ cps derived from
the major component of the fsLA-generated monazite particles
in this study, systematic deviation due to the counting loss
derived from the detector paralysis is significant. This is
attributed to the extended-type detector refresh time, and
further correction should be required. However, identifying the
nonlinear formula for the correction of the counting loss and
determining the actual extendable refresh time are practically
difficult, and this study does not propose a correction formula
for the counting loss.

The contribution of the counting loss is particularly serious
for the coarse particles, and by excluding the isotope data for
Pb-depleted particles, the systematic error due to the counting
loss can be reduced. Then, the isotope data of the Pb-bearing
particles without the Pb-depleted particles were used for the
determination of *°*Pb/***Th. First, the signal counts of *°*Pb
and ***Th for the Pb-bearing particles are summed. Then, the
correction factor of ***Pb/***Th was calculated from the ratio of
the reference 2°*Pb/>*>Th value and the signal-count *°*Pb/***Th
ratio of the Pb-bearing particles for the 16-F-6 monazite refer-
ence. This correction factor means the Pb enrichment factor for
the Pb-bearing particles, and the Pb enrichment factor is
identical to unknown monazite samples if the matrix of the
reference and unknown samples are similar (ie., matrix-
matched calibration) in terms of the chemical compositions
and physicochemical properties. The actual correction factor
for >°®Pb/***Th calculated from the ten-spot analyses of the 16-
F-6 monazite reference is 1.72 £+ 0.12 (1 SD), as shown in
Fig. 4(a). This value is consistent with the Pb-enrichment factors
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Fig. 7 Obtained 2*2Th—2%8pp ages from the ten-spot analyses of (a)
Namaqualand monazite and (b) 44069 monazite. The open circles
indicate the age values calculated from all detected particles. The
closed circles demonstrate those calculated from the Pb-bearing
particles. The uncertainty range for each data point is 2 s. The black
horizontal lines indicate the weighted average value of the
232T—298pp ages. The relative deviation from the previously reported
ages is shown in the right-side y-axis.

for the Namaqualand monazite and the 44069 monazite, as
shown in Fig. 8. Finally, the obtained weighted-average
232Th-2%8ph ages were 1015 + 45 Ma and 439 + 33 Ma (95%
conf., N = 10) with the MSWD values of 0.81 and 1.3 for the
Namagqualand monazite and the 44069 monazite (Fig. 7), and
these age values are in good agreement with the previously re-
ported age values of 1033 Ma and 424.9 Ma, respectively. In this
isotope-ratio calculation scheme, the cutoff threshold of the Pb-
bearing and Pb-depleted particles is set at one-tenth of the
reference *°°Pb/>**Th values for monazites. As shown in Fig. 9,
when the cutoff threshold is changed, the resulting isotope
ratios remain in agreement with the reference values within
£10% in the range of the cutoff threshold from 0.05 to 0.5. The
resulting isotope ratios are not likely to be dependent on the
cutoff threshold because of the strong bimodality of
ZOSPb/232Th.

In summary, the isotope signal profiles of LA-ICP-MS are not
derived from stable ion currents, but are composed of transient
signals originating from numerous LA-generated particles.
Thus, for accurate isotope-ratio analysis or elemental-ratio
analysis, the correction of counting-loss for transient high-
intensity signals was resolved by HTR-ICP-MS even when the
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Fig. 8 Signal counts of 2*2Th and 2°®Pb for each fsLA-generated
particle under an He atmosphere in the ten-spot analyses of (a) the
Namagqualand monazite and (b) the 44069 monazite. Black and grey
circles indicate Pb-bearing particles and Pb-depleted particles,
respectively. The dashed line shows the threshold line set at
208p/232Th peing (a) 0.005244 and (b) 0.002124 as the one-tenth of
the reference 2°8Pb/?%2Th values. The slope of the black lines means
the Pb-enrichment factors for Pb-bearing particles.
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Fig. 9 Relative deviation of the resulting 2%°Th—2%8pp ages from the
reference values for two reference monazites depending on the cutoff
threshold of the Pb-bearing and Pb-depleted particles. The x-axis
represents the cutoff threshold expressed as a proportion of the
reference values. Closed circles and open circles represent the data of
Namagqualand monazite and 44069 monazite, respectively. The
uncertainty range corresponds to a 95% confidence level.

averaged signal intensity is lower than 10° cps with apparently
negligible contribution of the counting loss. Especially for the
measurement of major components (i.e., >10 000 pg g '), the
introduction of coarse particles must produce higher signal
intensities than 10” cps, resulting in a significant systematic
error due to the extended-type detector refresh time. In this
study, by distinguishing the Pb-bearing particles from the time-
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resolved signal profiles based on the HTR-MC-ICP-MS system
and summing the *°°Pb and **’Th signal counts of the Pb-
bearing particles, the accurate matrix-matched correction of
208ph/232Th for monazite samples was achieved. In addition to
the Th-Pb dating of monazite, the analytical protocol using LA-
HTR-MC-ICP-MS must be important for the accurate elemental-
ratio measurements, such as Pb/U and Zn/Cu, which require the
analysis of both the volatile and refractory elements. Further
systematic studies on the elemental fractionation using this
protocol will be necessary for various matrices and combina-
tions of elements.

4 Conclusion

In this study, the mechanism of elemental fractionation
between Pb and Th was investigated through online multiple-
isotope analysis using a high-spatial-resolution fsLA system
and an HTR-MC-ICP-MS system with a dwell time of 20 ps. This
system allowed us to analyze individual particles produced by
a single fs laser shot on monazite (spot size 2 um). The main
conclusions are summarized as three key points:

(1) The particles generated via fsLA on monazite are classi-
fied into two groups: Pb-bearing and Pb-depleted particles. The
decoupling of Pb/Th is due to the different behaviour of the
elements during the fsLA process. The Pb-bearing (volatile-
element-bearing) particles are generated from the fsLA-
induced vapor phase, and the Pb-depleted (volatile-element-
depleted) particles come from the molten rim portion of the
ablation pit.

(2) Even if the averaged signal intensity for the whole isotope
signal profile does not exceed 10 cps, the counting loss for the
transient high-intensity isotope signals of coarse particles is
significant. This is the source of systematic error for isotope
analysis. Especially for the ***Th-*°®Pb age determination of
monazite, the counting loss of **’Th for coarse Pb-depleted
particles is the main source of the analytical error in
208pp/>>Th depending on the Th concentration of monazite
samples.

(3) With the calibration of *°*Pb/***Th based on the signal
summation of the Pb-bearing particles, the accurate
232Th-298ph age determination with a spot size of ca. 2 um can
be made for the Namaqualand monazite (1033 Ma) and the
44069 monazite (424.9 Ma). For the accurate age determination,
characterising each particle signal event based on the HTR-MC-
ICP-MS system is essential.
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