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Abstract

Laser ablation-ICP-mass spectrometer (LA-ICPMS) now becomes one of the most principal analytical technique for map-
ping analysis for major to trace elements in rocks, minerals, functional materials, or biological tissue samples. In this study,
imaging analysis was conducted with coupling of small volume cell and off-set laser ablation protocol to improve the spatial
resolution. Combination of newly designed small volume cell and in-torch gas mixing protocols provides faster washout
time of the signals (about 0.8 s for reducing **U being one part in a hundred, 1% level). This is very important to improve
the spatial resolution in a direction of laser scanning. Moreover, combination of small distances between the laser-line scan
(laser pitch distance) and preferential and total ablation of only biological tissue samples placed on glass substrate results
in laser ablation of smaller areas than the size of laser ablation pit (shaving ablation). With the shaving ablation, laser-line
scanning with narrower-band width (e.g., 2 um) can be achieved even by the laser beam of 8 um diameter. To demonstrate
the practical usage of the present technique, imaging analysis of Gd-ethylenediamine tetra-methylene phosphonic acid-doped
mouse bone was conducted. Preferential distribution of Gd at the edge of the apatite cell was more clearly identified by the
present technique. Combination of the shorter washout system setup and the shaving ablation protocol enables us to improve
the spatial resolution of the elemental imaging obtained with the LA-ICPMS technique.
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distribution analysis of the specific elements or species is
highly desired. For the inorganic nutrients, distributions of B
or Gd within the cell or tissue samples are gaining attention,
since the B and Gd have been widely used for the neutron
capture therapy [8]. Detailed distribution analysis of B and
Gd is essential to modify chemical forms or status of B and
Gd for the DDS studies. In this study, distribution image of
Gd was measured from bone tissue samples. Despite the
obvious success in obtaining the fast-imaging data from tis-
sue samples, the further detailed distribution feature of Gd
is required to understand the mechanism of Gd delivery to
the bone tissues. Faced with this, we have tried to improve
the spatial resolution of the imaging analysis.

The most plausible approach to improve the spatial res-
olution is to use the laser ablation with smaller pit sizes.
Although higher-spatial resolution images can be derived
by laser ablation with 1-2 um pit sizes, the system must be
used the high-magnification lens which results in shallower
focusing tolerance. Small changes in focusing condition of
the laser beam causes changing in both the drilling rate (i.e.,
sensitivity) and magnitude of the elemental fractionation
during the laser ablation [9]. The laser ablation using the
larger beam sizes can largely reduce the source of analytical
error originating from these defocusing issuer.

Drescher et al. [10] first reported a new laser ablation
protocol to improve the spatial resolution of the elemen-
tal imaging. Hence, the laser ablation was achieved only
at the front “edge” of the laser beam. The laser ablation
was achieved from crescent shaped-ablation pits with width
of about 1 um, resulting in higher-spatial resolution in the
direction of laser raster. This approach, however, improves
the spatial resolution in one direction, and no improvement
can be obtained in the vertical direction of the line scanning.
To overcome this, we have developed a new ablation proto-
col called “shaving ablation” method. In the shaving ablation
technique, line-profiling analyses are repeated in the same
manner under the conventional line-scanning analysis. Only
the difference is the distance between the lines. With the

conventional imaging analysis, distance between the lines
is comparable or rather greater than the laser pit size (e.g.,
8 um), whereas the smaller line gap (e.g., 2 um) is employed
for the shaving ablation (Fig. 1).

Another important point to improve the spatial resolu-
tion of the resulting elemental imaging data is to shorten
the sample washout time. The longer washout time causes
after-image toward the scanning direction mainly due to sig-
nal tails, resulting in poor spatial resolution of the imaging
analysis. Malderen et al. [11] reported the shorter washout
time of the signals using a small volume cell. Since the time
required for replacing whole gas in the sample cell would
be severely dependent upon total volume of the sample cell,
the laser induced sample particles can be evacuated from
the sample cell. Moreover, the washout time can change by
gas flow rates of both the He carrier and Ar make-up gas.
In this study, we have tried to improve the spatial resolution
of the imaging analysis by combination of (a) small volume
cell, (b) optimized addition of the Ar make-up gas, and (c)
shaving laser ablation protocol using laser beam with pit size
of 8 um. The main objectivity of this study is to demonstrate
that the spatial resolution can be improved without minimiz-
ing the laser pit size which can cast off the flexibility and
robustness of the laser system.

Experimental section
System setup

The ICPMS system used in this study was a triple-quadru-
pole based ICPMS (iCAP TQ, Thermo Fisher Scientific,
Germany). The laser ablation system was an ultraviolet fem-
tosecond laser equipped with galvanometric scanner (Jupi-
ter Solid Nebulizer, ST Japan INC., Japan). In this study,
imaging analysis was carried out based on the repeated
line-profiling analysis. Scanning of the laser beam (8 um in
diameter) was conducted by moving the ablation spots by

Fig.1 Schematic diagram
showing the shaving ablation.
Sample tissue is ablated by
repeated line-scanning laser
ablation with a 2 um off-set
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changing the angle of two moving mirrors (Galvanometric
optics) equipped on the laser ablation system, and hence,
the sample was fixed in position. The repeatability in the
positioning of the laser ablation spots, estimated by scanning
of laser beam for the maximum sampling area (20 X 20 mm),
is better than 1 um for 24 h, which is comparable or rather
better than those achieved by the conventional laser scanning
using electric stages, where small-scale slip of the sample
may occur within the cell. The details of instrumental setting
are listed in Table 1.

Washout time is key parameter to define both the spatial
resolution and analysis time, and the washout time reflects
magnitude of spatial spread of the sample particles within
the cell or within the transport tubing. Sample particles
would be released from the ablation spots and were spread
in all directions within the cell, and thus the time required
to evacuate all the sample particles would be dependent
upon the volume of the cell. This is the main reason why
small volume is preferable for the imaging analysis. The
sample particles are further spread due to stagnation within
the cell and position-dependent flow rate of the transport-
ing gas within the tubing. To minimize the washout time,
both the smaller volume of the cell and smaller turbulence
within the transport tubing are highly desired. In this study,
two approaches were adopted to minimize the washout time.
First, newly developed small volume cell (L40 X W20 X

H5 mm,; internal volume 4 mL) instead of conventional cell
(L55 X W55 X H5 mm,; internal volume 15 mL) was used.
Moreover, position of addition of Ar make-up gas was inves-
tigated. Because of the large difference in a gas viscosity,
uniform mixing of Ar into the He stream is difficult. Incom-
plete mixing of these gases causes splitting of the He gas
stream, resulting in the extension of the time duration of the
analyte signals (i.e., lowering the response). To minimize
the contribution of extension of signals, gas mixing must
be carried out within the high-velocity gas stream. More
importantly, after the mixing of the Ar make-up gas, shorter
traveling distance is important to minimize spatial diffusion
of the sample aerosol onto the Ar. To achieve this, addition
of the Ar make-up gas onto the He carrier gas was made
through a newly developed mixing chamber (Fig. 2). Hence,
mixing of the Ar and He gases was conducted within the
injector tubing of the ICP-torch (i.e., only 20 mm before the
ICP). In the in-torch mixing, sample aerosols are injected
into the ICP with minimum spatial diffusion, and thus, the
better signal response can be achieved.

Helium (flow rate of 1.5 L min~!) instead of Ar was
used as a carrier gas, and the Ar make-up gas was added
to void a lowering the instrumental sensitivity of the
LA-ICPMS system. The flow rates of He and Ar gas are
important parameters to control both the washout time
and transmission efficiency of the ions through the mass

Table 1 Instrumentation and

operational conditions (@) ICP-MS

Instrument
RF power
Gas flow rates

Reaction mode
Monitored isotopes
Dwell time

(b) Laser ablation system
Instrument

Pulse duration
Wavelength

Fluence

Repetition rate

Raster speed

Cell

Transport tube

Ablation area

iCAP TQ (Thermo Fisher Scientific, Germany)
1550 W

Coolant gas: 14 L min~!

Auxiliary gas: 0.8 L min™"

He carrier gas: 1.5 L min™!

Ar make-up gas: 0.7 L min~!

TQ-O, mode (O, reaction gas: 0.25 mL min~")
12¢+ 31p*(oxide), '¥’Gd*(oxide), P8Gd*(oxide)
2Cc* 0.1

3Ip+(oxide), 3'Gd*(oxide), 38Gd*(oxide): 0.2 s

Jupiter Solid Nebulizer (ST Japan INC., Japan)
290 fs
260 nm

2 T em™? for tissue sample
12 J cm™2 for glass standard

100 Hz

10 um s~! for conventional imaging

2 um s~! for shaving ablation protocol

In-house small volume cell (internal volume 4 mL)
Inside diameter: 3 mm

Length: 2 m

Material: polytetrafluoroethylene (PTFE)

300 um % 200 pm (thickness 5 um)
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Fig.2 Schematic diagram of
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Fig.3 Comparison of the washout time (defined by signal decay to
1% height) obtained by a conventional Ar mixing, and b in-torch Ar
mixing. The signal decay profiles for the 23U obtained by the con-
ventional sample cell, and the 2°®Pb obtained by the in-torch mixing
technique were also shown in a and b, respectively

spectrometer. Higher He carrier gas results in faster evac-
uation of the laser induced sample particles in the cell,
but too high He gas flow can cause lowering the signal
intensities of analytes, and therefore, He and Ar gas flow
rates were carefully optimized to achieve both the higher
transmission and short washout time. In this study, flow
rates of He and Ar gas were optimized to maximize the
transmission of the system, and then flow rate of Ar was
optimized to minimizing the washout time. Position of the
Ar addition affect the washout time of the signals (defines
as time requires signal intensity decays to 1% level after
the ending of the laser ablation). Figure 3 illustrates the
signal intensity profile of 238U obtained by laser ablation
on NIST SRM610 glass material. With the conventional
mixing (mixing just after the sample cell), the measured
washout time for 238U was about 2 s, whereas the washout
time was about 1/3 level (0.8 s) when Ar was added within
the injector tubing of the ICP torch. The shorter wash-
out time is effective to reduce the influence of the signal
tailing, resulting in better spatial resolution of the imag-
ing analysis, and thus the in-torch mixing was adopted
throughout this study. It should be noted that the signal

@ Springer

the signal to reach a steady signal) could affect the spatial
resolution of the imaging analysis. With the LA system
setup employed here, the rise time of the >**U signal is
about 0.4 s, demonstrating that the rise time is less effec-
tive to the spatial resolution of the images.

Sample

The tibia bone sample was collected from female mouse
(BALB/cAlJcl) of 7-week-old. The animal experiment was
approved by the Kyoto University Animal Research Com-
mittee and was performed in compliance with the committee
guidelines. About 20 mg kg~! of Gd of Gd-EDTMP (ethyl-
enediamine tetra-methylene phosphonic acid) dissolved in
phosphate-buffered saline solution was administered to the
mouse through an intraperitoneal injection. The mouse was
fed and watered ad libitum until 24 h post-dose. After eutha-
nasia the tibia bone was collected. For subsidized to the Gd
imaging analysis, the tibia bone was cut into sections 5 um
thickness using the Kawamoto microtome method [12] for
subsidized to the Gd imaging analysis. Administrated Gd,
together with P as major components of bones were moni-
tored in this study. Hence, oxygen mode was employed to
improve the signal-to-background ratio, and the produced
PO* and GdO™ ions were measured with the dwell time of
0.2 s for both.

Among the naturally occurring Gd isotopes, '*’Gd has
the highest neutron capture cross sections [13, 14], and thus,
the distribution of '3’Gd is important for the neutron capture
therapy based on the Gd. However, 1*Gd instead of °’Gd
was monitored in this study. This is mainly because that
the '%3Gd is the most abundant isotope among the naturally
occurring Gd isotopes (Isotopic abundance, % of '%*Gd:
24.84). Moreover, the isotopic effects found in the Gd iso-
topes through the most of chemical reactions would be about
1%o or smaller [15], it is natural to consider that there would
be no difference in the resulting distributions between the
18Gd and *’Gd isotopes. In fact, no difference could be
found in the resulting images of '*’Gd and '°®Gd isotopes
obtained for bone tissue samples subsidized to the present
study.
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Results and discussion
Washout time

Washout time was evaluated by the decay profile of the
signal intensity of 28U after the turning off the laser.
The signal intensity profiles for 238U are given in Fig. 3a.
Hence, Ar make-up gas was added just after the cell (con-
ventional setting). The signal intensity profile obtained
with the conventional cell (internal volume of 15 mL) was
also shown as gray-colored lines in Fig. 3a. Signal decay
rate for the first 1 s found in the small volume cell (inter-
nal volume 4 mL) was little lower than that found in the
conventional cell, and the decay rate for the small volume
cell became greater after the 1 s period. The slower decay
rate of the signal intensity found on the conventional cell
can be explained by the contribution of the stagnation of
the gas flow within the cell. The measured washout times
were about 2 s for the small volume cell and 3 s for the
conventional cell.

For the LA-ICPMS technique, position of addition of
Ar make-up gas is also very important to minimize the
washout time of the system. With the conventional system
setup, Ar make-up gas was added just after the sample cell.
This is because that it is believed that the high viscosity
gas (Ar) can improve the transport efficiency of the sam-
ple particles into the ICP. In this study, the Ar make-up
gas was mixed within the injector tubing of the ICP torch
(Fig. 2). The signal decay profile for the 23U obtained with
the in-torch mixing is given in Fig. 3b. To test the analy-
sis repeatability, data acquisition was repeated three times
under the identical conditions. The signal decay profile on
238U demonstrates that the signal decay rate becomes much
greater than those found in the conventional system setup.
The measured washout time was about 0.8 s, and thus, the
spatial spread of the sample particles during the transport
can be dramatically minimized. The smaller contribu-
tion of the spatial spread of the sample particles can be
explained either by the smaller contribution turbulence of
He flow within the transport tubing, or by stagnation due
to incomplete mixing of Ar and He gas within the trans-
port tubing. Since the viscosity of He gas is lower than
that of Ar, magnitude of gas turbulence within the trans-
port tubing could be reduced when only He gas was used.
Moreover, when the Ar make-up gas was added within the
torch injector, traveling distance of the mixture of Ar and
He gas was 30 mm or shorter, and thus the magnitude of
spatial spread of the sample particles can be reduced. It is
widely recognized that the washout times for the volatile
elements such as Ge, Zn, Hg, or Pb can become long [16].
To test this, signal decay profile of 2°Pb is also given in
gray-colored lines in Fig. 3b. Unlikely with the previous

studies, there was no significant difference in the decay
rate of the signal intensities between 2*%U and 2°*Pb, sug-
gesting that the washout time for both the refractory and
volatile elements can be shortened with the present system
setup. Because of the shorter washout time, the combina-
tion of small volume cell and in-torch mixing protocol was
adopted for the imaging analysis.

The analysis sequence begins with the analysis of the car-
rier gas without any laser ablation (the gas blank), and the
C, P, and Gd signal intensities were measured for 30 s. The
measured background count rates for 12¢, 31p, 138Gd, were
10,000s™",10s7!, and 10 s™!, and no measured background
counts did not vary significantly with the blank intensities
obtained by the laser ablation of glass substrate (the abla-
tion blank) [17, 18]. The background measurements were
followed by the data acquisition through the laser ablation
of tissue samples. After the subtracting the background data
from the measured signal intensity data of C, P, and Gd from
the tissue samples, signal intensity data were used for both
the imaging analysis and concentration analysis. Concen-
trations of P and Gd in the tissue samples were determined
by comparing the signal intensities of P and Gd obtained
from the NIST SRM610 glass standard and the volume of
material ablated. The concentration values for the P and
Gd in the NIST SRM610 are 342.5+53.1 ug ¢! [19] and
419.9+25.2 ug g7', [19] respectively, and the details of the
calculation procedures are described in our previous reports.
[20].

Shaving ablation

In this study, Gd imaging analyses were conducted by two
different ablation protocols. First was an imaging analysis
based on repeated-line-profiling analysis using the 8 um
ablation pit. Second approach was imaging analysis based
on the shaving ablation protocol described in Fig. 1. Hence,
the laser ablation was achieved by the “edge” of laser pits.
The half-crescent shape area shown in black color is newly
ablated area for time slice of 1 s.

For the shaving ablation, the tissue samples must be
ablated completely through the first laser ablation sequence
to improve the spatial resolution. Since the residual sample
after the first laser ablation sequence can affect to the fol-
lowing ablation, and thus, contributions of the residual ana-
lytes released from second and third ablation were carefully
investigated. To do this, line-profiling analysis was repeated
three times from the identical line area. The signal intensity
profiles obtained by the repeated line scanning from identi-
cal area were given in Fig. 4. Bone tissue sample was used
to test the contribution of Gd signals obtained from second
and third ablations. In the first line-profiling analysis, the
measured signal intensity of 1*Gd varies from 0 to 5000 s,
reflecting the heterogeneous distribution of Gd within the

@ Springer
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Fig.4 Signal intensity profiles of Gd obtained by a repeated line pro-
file analysis from identical area of the bone tissue sample

tissue. In the second ablation, the signal intensity of °8Gd
became 50 s~!, suggesting the contribution of the sample
released from second ablation would be about 1%. With the
third laser ablation, the measured signal intensity of *Gd
did not vary measurably from the background counts. The
measured Gd signal obtained by the second laser ablation is
originating from the residual bone tissues by the first laser
ablation sequence. The tissue samples provided for the anal-
ysis is about 5 um in thickness, which is defined by the typi-
cal sampling depth for the laser ablation under the present
conditions. In this study, fluence and repetition rate of the
laser emission was optimized to achieve preferential laser
ablation only tissue samples, whereas no laser ablation was
made on the glass substrate (i.e., soft ablation protocol) [20].
This is very important to minimize the increase of the back-
ground signals originating from the glass substrates. Energy
threshold for the laser ablation of glass material (about
7 J cm™? with Ti:S femtosecond laser) is higher than those
for biological tissues (about 3 J cm‘z), and thus, the fluence
of 4-5J cm~2 was adopted for preferential laser ablation
only for the biological tissues [8]. Under these conditions,
a drilling rate for the bone samples would be lower than
those for other parts (e.g., organelles or cell wall), and small
portion of the bone samples (e.g., 1%) still remains on the
glass substrate even after the first laser ablation sequence.
The repeated line-profiling analysis on the identical position
revealed that the contribution of Gd from residual bone tis-
sues would not be greater than 1%.

Imaging analysis

For the visualization of the elemental images, time-depend-
ent signal intensity profile was converted to position-based
signal intensity profile based on the raster speed and elapsed
time using the in-house software "XQuant" modified from
the iQuant2 [5, 20, 21]. Figure 5a is a photographic image
of the sample before ablation. Fig. 5b and c are color images
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Fig. 5 Photographic and the resulting elemental images for P and Gd:
a photographic image, b P, ¢ Gd, and d Gd obtained by conventional
line-scanning analysis

based on signal intensities of >'P and '*3Gd respectively. For
comparison of resolution, the Gd image was also obtained by
the conventional line-profiling analysis (Fig. 5d).

Figure 5b illustrates the resulting image of P as a major
component of bone, suggesting that distribution of P is well
consistent with morphology of the bone tissue. In contrast,
Gd image (Fig. 5c¢) shows that the administered Gd is pref-
erentially distributed at the edge of bone. Measured con-
centrations based on the simple assumption that the mean
density of bone was 2 g mL™, varied 100-200 mg g~ for P
(Fig. 5b) and 0—-1.5 mg g~! for Gd (Fig. 5¢). Concentration
range of P in the bone tissue is consistent with the reported
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value (ca. 180 mg g~!) [22]. The Gd peak concentrations at
the edge of the bone tissue exceeded 0.5 mg g~!, whereas
the averaged Gd concentration at middle of the bone tis-
sues was 0.2 mg g~ or less, demonstrating the preferen-
tial enrichment of Gd at the edge of the bone tissues. For
comparison, Gd image obtained based on the conventional
line-scanning analysis using the laser pits of 8§ um was given
in Fig. 5d. The peak concentration of Gd at the edge of the
bone tissues were about 0.2-0.4 mg g~! (Fig. 5d), suggest-
ing that the concentration range of the Gd was significantly
lower than those found in the shaving protocol (Fig. 5c). The
slightly lower Gd concentrations found in the conventional
imaging analysis can be due to moderation of the Gd con-
tents through a dilution with the low-Gd components. The
concentration data obtained here suggested that the meas-
ured concentration values can be lowered if in the case that
the analytes are concentrated into small areas. Despite this,
the imaging data obtained here demonstrates clearly that
the further precise discussion for the locations and level of
enrichments can be made by the imaging with the present
shaving technique, and the resulting distribution features and
the concentration ranges of the analytes can be useful to
evaluate the toxicity of the elements, or to optimize the size
of the administration (dosage).

Spatial resolution

For the imaging analysis, a spatial resolution can be defined
as a minimum spacing (Ax) required to separate two areas
having equal signal intensities. In the case of mass spectrom-
eter, the mass resolution of the spectrometer (R) is defined
as the reciprocal of the mass difference at mass m in unified
atomic mass units (Am/m), and the Am is the amount by
which the mass of another peak of equal intensity can be
separated. The Am is the width of the peak at 5% or 1%
peak height level in unified atomic mass unit. In this study,
according to the practical definition of the mass resolution,
spatial resolution is defined by the minimum spacing (Ax)
based on the traveling distance for the signal decay to 1%
peak height level.

Based on the signal intensity profile, the time required
for the signal decay down to 1% peak height level is about
0.8 s obtained by the present system setup (Fig. 3b). Since
the laser scan rate employed here is 2 um s™!, the calculated
minimum traveling is 1.6 um. This is satisfactory level for
the most of imaging analysis. However, the practical spatial
resolution of the imaging analysis defined by the minimum
distance (Ax) is deteriorated due to the shape of laser abla-
tion pit obtained by the shaving protocol (Fig. 1). With the
shaving ablation, the resulting shape of the ablation area
becomes a half-crescent shape with 5.5 um length with
2 um width (Fig. 1). This suggests that the sample particles
released from elongated positions covering 5 um was mixed

and averaged, resulting in a lowering the spatial resolution.
However, since the rear-part of the half-crescent shape has
sharp edge, mass fraction released from sharp-edge area
would be low. Based on the geometrical calculations, 99%
mass of samples are released from half-crescent area with
the length of 4.2 um (Fig. 1). This suggests that the 99%
mass of sample particles are released from area with 4 pm in
scan-direction and 2 um width, demonstrative of nearly dou-
bled better spatial resolution can be obtained by the shaving
ablation protocol. Although the magnitude of the improve-
ments in the resulting spatial resolution is limited, it should
be noted that spatial resolution can be improved when the
small laser pit size (e.g., 5 um or 2 um) was used. As men-
tioned in earlier section, great care must be placed for both
the defocusing of the laser beam due to shallower focusing
depth and larger elemental fractionation due to high-aspect
ratio of the ablation pits. With the present shaving ablation
protocol, spatial resolution of the elemental imaging can
be improved with keeping the quantitative capability of the
system. The technique develop here can become a useful tool
to improve the spatial resolution of the imaging analysis.

Conclusive remarks

Imaging analysis was carried out by the ICPMS technique
equipped with UV femtosecond laser ablation system. Com-
bination of in-torch mixing of Ar make-up gas and use of in-
house small volume cell (internal volume of 4 mL) resulted
in shorter washout time of the 28U signal (0.8 s at 1% inten-
sity of original signal). This is very important to improve the
spatial resolution of the system.

In this study, newly developed shaving ablation pro-
tocol was employed to improve the spatial resolution of
the images. Hence, the signal line profiles were obtained
by repeated line-scanning analysis with smaller distances
between the lines (i.e., 2 um). This suggests that laser abla-
tion was achieved only 2 um width using the "edge" of the
laser pit. To minimize the contribution of the signals origi-
nating from the residues of the previous laser sampling, the
bone tissue samples with 5 um thickness was nearly com-
pletely ablated with the first laser scanning. The measured
contribution of the second laser ablation was not greater than
1%. Important feature of the present shaving technique is
that the system is less susceptible to the changes of the drill-
ing rate or magnitude of elemental fractionation due to defo-
cusing effect originating the rough surface of the sample.

The spatial resolution of the present system setup and
analysis protocols was defined by the minimum distance to
two sample points with equal signal intensities. The result-
ing spatial resolution obtained by the laser pit size of 8 um
was 4.2 um in scanning direction and 2 um in vertical direc-
tion. The improvement of the spatial resolution was well
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demonstrated by the Gd imaging for tibia bone samples col-
lected from mouse. The laser optics for 8 um pit sizes would
be much more simple or robust than the system for the laser
ablation pit of 2 pum or 4 um, and thus, the bottom line of
this study is that the present analytical protocol can become
a major approach to obtain spatial resolution of about 4 um
with the laser pit size of 8 um.

Another important feature achieved by the shaving tech-
nique is the quantitative capability for the analytes. The
abundance values were obtained by calibration using the
NIST standard glass material based on comparison of sig-
nal intensity and ablated volume. In this study, imaging
analysis of Gd was conducted on the 5 um thick sample.
Measurements of thicker samples or samples with different
matrix would require higher fluence or higher repetition rate.
Hence, it is important to confirm whether a sample is com-
pletely ablated before conducting shaving ablation protocol.
Abundance values with higher-spatial resolution imaging
data can be useful information to understand the scientific
insights in both the geochemistry and biochemistry.
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