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Depth profiling of noble gases in ilmenite and
olivine substrates+

Yuta Otsuki, © *? Ken-ichi Bajo, Tomoya Obase® and Hisayoshi Yurimoto?

Solar wind noble gases in extraterrestrial materials provide important insights into past solar activity and
space weathering processes. These noble gases are concentrated within the uppermost 100 nm of
material surfaces, requiring in situ analysis with high depth and lateral resolution. Additionally, the multi-
isotope analysis of noble gases is useful in evaluating the degassing of materials. To address these
requirements, we developed a depth profiling method for multi-noble gas isotopes by time-of-flight
secondary neutral mass spectrometry. We prepared ilmenite and olivine substrates co-implanted with
“He, 2°Ne, 2>Ne, *°Ar, and “°Ar as standards for solar wind-irradiated materials and surveyed the optimal
analytical conditions to improve the substrate detection limits. As a result, we achieved “He, 2°Ne, 22Ne,
*SAr, and “°Ar detection limits of 7 x 10, 3 x 106, 9 x 10%°, 2 x 10'®, and 5 x 10'® cm* for ilmenite
and 2 x 10V, 4 x 10%6, 2 x 10, 2 x 10%, and 9 x 10Y cm~ for olivine, respectively. The reproducibility
for the concentration and elemental/isotope ratio measurements ranged from 5% to 31%. This method
allowed for the visualization of nano-scale solar wind noble gas distributions on extraterrestrial material

rsc.li/jaas

Introduction

Solar wind noble gases in extraterrestrial materials serve as
a useful proxy for analyzing solar wind irradiation to reveal past
solar activities or space weathering processes.” The typical
energy of a solar wind particle is approximately 1 keV per
nucleon, and the implanted particles are concentrated within
the top 100 nm of the material surface on airless bodies.?
Previous studies have anticipated the actual measurements of
noble gas profiles in lunar samples,* but conventional noble gas
mass spectrometers lacked the spatial resolution necessary to
reveal the precise distribution of implanted noble gases.

In the 1970s, combining ion beam sputtering and electron
ionization, gas ion probes (beam diameter, 200 um; depth
resolution, ~10 nm) were successfully used for the “He depth
profiling of lunar samples.>*® However, other noble gas
isotopes such as *’Ne and *°Ar were difficult to measure in
natural samples due to their high background. In addition, all
sputtered particles will be ionized from the crater bottom and
crater edge, which in principle limits the depth resolution.
Recent developments in secondary ion mass spectrometry have
led to improvements in the detection limits of the depth
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surfaces, providing insights into the solar wind activities and space weathering of celestial bodies.

profiling of helium and argon implanted into semiconductors
and metals in engineering applications. However, the rastering
areas of these measurements have been limited to several tens
of um.** In cosmochemical studies, the depth distribution of
noble gases in extraterrestrial materials has been measured by
the Closed System Stepwise Etching (CSSE) method, in which
a sample is etched stepwise in a vacuum and the noble gases
extracted from the sample surface are measured with a noble
gas mass spectrometer.'*> However, the CSSE method cannot
determine the absolute depth of etching.

In recent years, time-of-flight secondary neutral mass spec-
trometry (TOF-SNMS) has been performed using a laser ioni-
zation mass nanoscope (LIMAS)."**' The LIMAS uses Ga ion
beam sputtering and post-ionization with a femtosecond (fs)
laser for high-resolution *He analysis, reaching a “He detection
limit of 2 x 10" cm ™ with a ~2 pm primary beam spot size.**
Note that a unit cm ™ used here is atoms per cm?, of which unit
corresponds to approximately 3.7 x 1072° p~' ecm® STP g,
where p is the density (g cm ) of the host material.

Bajo et al.*® conducted “He depth profiling in the diamond-
like carbon target of NASA/Genesis* using a LIMAS to obtain
the “He depth profile. The depth profile was consistent with that
of ion implantation simulations performed using the Stopping
and Range of Ions in Matter (SRIM) software* under the solar
wind speed distribution observed by a spacecraft.*®* They
proposed that the *He depth profiling of extraterrestrial mate-
rials could reveal the energy distribution of solar wind.
Conventional analyses of noble gases in extraterrestrial mate-
rials suggest that light noble gases (i.e., He and Ne) are partially
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degassed to a certain degree during or after solar wind irradi-
ation."**?¢ Therefore, the simultaneous analysis of Ne and Ar
isotopes in addition to *He to evaluate noble gas retention at
each measurement point is of high interest.

In this study, we developed a depth profiling technique for Ne,
Ar, and He in minerals. Ilmenite and olivine samples implanted
with “He, *°Ne, >*Ne, *°Ar, and “°Ar were prepared as analogues of
solar wind-implanted lunar and asteroidal samples to understand
past solar activity using in situ depth profiling. In addition to the
“He analysis, we performed the multi-isotope depth profiling of
“He, *°Ne, **Ne, *°Ar, and “°Ar using LIMAS, achieving low
detection limits for the noble gas isotopes.

Materials and methods
Materials for analysis

Ion-implanted substrates were prepared for the noble gases to
develop depth profiles of their concentrations and isotopic ratios.
Polished substrates of an ilmenite crystal ((Fe, ;Mg 3)TiO3) from
Monastery mine, South Africa, and an olivine crystal ((Mgo.o-
Fe,1),Si0,4) from San Carlos, USA, were prepared as representative
lunar and asteroidal materials for ion implantation. The ion
implantations of “He, *°Ne, **Ne, *°Ar, and “°Ar were carried out
using an jon implanter (ULVAC IMX-3500RS) at the Toray
Research Center, Inc. The irradiation energies and doses for each
noble gas are summarized in Table 1. Ion implantation was per-
formed at room temperature, and the angle of incidence was set
to 0°. Ilmenite and olivine were fixed on a p-type silicon wafer, and
ion implantation was carried out simultaneously to produce
samples hereafter referred to as HNA-IL and HNA-OL, respec-
tively. The silicon wafer was used for mass assignment because
the TOF spectra were much simpler than those of ilmenite and
olivine, which was referred to as HNA-Si. The ion implantation
doses were certified to +5% accuracy.

We used polished substrates of Monastery ilmenite and San
Carlos olivine without ion implantation, ie., blank-IL and
blank-OL, respectively, to evaluate the backgrounds of the noble
gas isotopes. The ilmenite and olivine substrates were coated
with ~10 nm of gold before noble gas measurements to reduce
electrostatic charge-up due to primary beam irradiation during
depth profiling.

Depth profiling by LIMAS

Depth profiling was performed using a JEOL LIMAS" at Hok-
kaido University. A pulsed *Ga ion beam (30 keV, ~30 nA) was

Table 1 Conditions of ion implantation®

2

Isotope Energy/keV Dose/cm™
‘He 20 2.00 x 10"
*’Ne 60 1.00 x 10
22 13
Ne 60 1.00 x 10
36 13
Ar 110 1.00 x 10
10Ar 110 1.00 x 10"

¢ Implantation experiment was conducted at room temperature.
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targeted on the sample surface with a focused ion beam system.
A primary ion pulse of 400 ns width was focused on a ~2 pm
spot and rastered to an area of ~18 x 25 um” (30 x 30 pixels).
Sputtered neutral particles were post-ionized using an fs laser
(Astrella, Coherent) with an energy of 6 m], a pulse width of 35
fs, and a wavelength of 795 nm. Post-ionized ions were injected
into a multi-turn TOF mass spectrometer (MULTUM II)* with
an acceleration voltage of —5 kV. Ions not of interest were
removed from the ion trajectory by adjusting the timing of the
ion injection and the ion gate in the MULTUM II system. Flight
times of several hundred microseconds separated the ions of
interest from other interfering ions. The ions of interest were
then detected using a high-speed ion detection system using
two-stage microchannel plates (MCP; F1217-011, Hamamatsu
Photonics). This single sequence from sputtering to ion detec-
tion is referred to as a mass scan, and the signal intensity is
given in the unit of ion counts per mass scan (cpms). The
repetition rate of the mass scan was set to 1 kHz and synchro-
nized with the fs laser system. The timing control and data
acquisition systems were based on the description by Bajo
et al'®"

During depth profiling, 100 mass scans (taking 0.1 s) were
collected for one pixel to obtain a TOF spectrum, and all TOF
spectra for each pixel were recorded. The rastering of 30 x 30
pixels was repeated for more than several hundred measure-
ment layers (90 s per layer) until the noble gas decreased to
a constant intensity, which was considered the background of
the noble gas isotope signals. The depth profile was obtained
using data from the inner 10 x 10 pixel area to reduce the crater
edge effect. After depth profiling, residual gas was measured
without primary beam irradiation and referred to as blank ‘M
(‘M: “He, *°Ne, *’Ne, *°Ar, and “°Ar ions). To compare the
backgrounds of the noble gas signals, blank-IL and blank-OL
were analyzed under the same analytical conditions as those
for HNA-IL and HNA-OL.

After depth profiling, the depth of the sputtering crater was
measured using a three-dimensional (3D) confocal laser
microscope (VK-X200, Keyence). A typical sputtering crater is
shown in Fig. 1. The sputtering rate was calculated by dividing
the crater depth by the total number of measurement layers.
The precision of the crater depth measurement was +5%

(Fig. S17).

Calibration for isotope concentrations and isotope ratios of
noble gases

Isotope concentrations for noble gas ‘M at depth layer k (Cai)
can be calculated using the relative sensitivity factors (RSFs) as

follows:
. i -

Mol | M d
RSFiy = iy - “u) o
M ¢M <; {[Imtx‘std] k [I““X-Std} BL n [ )

[Man] | [ Maan] )
Cimr = RSFiy x - 2
Mk v ([Imtx‘sam} k [Imtx‘sam} BL. ( )

where ¢y is the ion dose of isotope ‘M, while ['M] and [In] are
the ion intensities of isotope ‘M and matrix isotope for

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 LIMAS sputter crater on HNA-IL measured using a 3D confocal laser microscope. (a) Laser + RGB image. (b) 3D image. (c) Line profiles
obtained in the x and y directions. The bright area in (a) is coated with gold. The wave on the sample surface in (b) is an artifact from the
measurement step of the laser microscope. The line profiles were averaged from the inside of the broken line in (a) for the x and y directions, so
the effect of the wave is negligible. The averaged heights of the sample surface and crater bottom are shown as broken lines in (c), and the depth

of this crater was calculated to be 432 nm.

reference, respectively. The std, sam, and BL subscripts denote
the standard, unknown sample, and baseline of the depth
profile, respectively. d is the depth of the sputter crater and n is
the number of measured layers at d. A matrix ion is used here to
correct for the gradual changes of ion intensity mainly due to
gradual changes of injection efficiency of the MULTUM II,
assuming that the ion intensity ratios are correlated with the
concentration ratios. The abundance of the matrix ion should
be constant in the substrates and the same in the reference and
the unknown samples. The ion '®0*" was used as a matrix
isotope for both HNA-IL and HNA-OL.

The ion intensity ratios of noble gas ions in depth layer k can
be converted to elemental or isotopic ratios with RSFs and
calculated as follows:

é {[iMstd}k - [iMBL,std]}

RSF, = 2 | B ®
N /;1 {[]Nstd}k - []NBLA,sld]}
iM _ [iMsam]k - [iMBL.sam]

< jN)k B RSF[I/ X ( [stam]k - [jNBL,sam] > (4)

Identification of target ion species

To simultaneously measure ‘He, *°Ne, *’Ne, *°Ar, “°Ar, and
major elements as matrix ions, we optimized the appropriate

This journal is © The Royal Society of Chemistry 2025

analytical conditions for mass spectrometry, in which each ion
signal of interest was separated from isobaric ions and other
signals that can overlap due to overtaking ions with smaller m/z.
The TOF T for each ion was calculated using eqn (5):

m/z
T=L\"+T,
2eV+

where L is the flight path length, m/z is the mass-to-charge ratio
of the ion, e is the elementary charge, V is the acceleration
voltage, and T, is the offset time between the trigger signal from
the timing controller and the first injection pulse electrode. For
the calculation, the flight path length was fixed at 0.910 m from
the sample surface to the MCP and 1.317 m for a single lap of
the MULTUM 1I system. Therefore, L = 0.910 + 1.317N (m),
where N is the lap number in the MULTUM II system. V is fixed
at 5 kv, and T, of the system is ~500 ns.

The values of T for multiple ions were calculated using eqn
(5) by adjusting the valence and isotopes to find TOF conditions
where all noble gases and major elements of olivine and
ilmenite (i.e., O, Mg, Si, Ti, and Fe) did not overlap. The noble
gas ions were measured at a shorter TOF than the major
element ions, as the tails of the intense peaks interfered with
the smaller peaks of the noble gas isotopes. As a result, we
found TOF windows for measuring m/z 4 (*He"), 8 (*°0*"), 9
(36AI'4+), 10 (20N62+, SOSi3+, and 40Ar4+), 1 (22Nez+), 12 (24Mg2+
and **Ti*"), and 20 (*°Ne" and *°Ar*") along with either 18
(*°Ar**) or 28 (*®si* and *°Fe**) at a TOF of 455-461 ps using the

)
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activation of the ion gate. The calculated TOF spectra of these
m/z are shown in Fig. S2.7 Under the conditions optimized for
measuring other noble gas ions, m/z 18 and 28 overlapped.
These ions can be selected by controlling the ion gates of
MULTUM 1II. As we found that using *°Ar"" was a better
approach as mentioned later, we measured m/z 28 peaks.

In the analysis of natural samples, many other ion peaks
from minor and trace elements were detected in addition to the
target ions in the TOF spectra. The ion peaks of major elements
and implanted noble gases can be first assigned by comparing
with calculations and respectively checking the depth profiles,
which showed constant intensity during analysis, and peak
depth profiles. In addition, the ions of residual gases such as
O, N, and Ar can be assigned through blank analysis. The exact
m/z values of unknown peaks, such as minor and trace element
ions, can be calculated from the TOF difference AT between the
unknown and the known ion peak if the lap number is the
same. The following equation was used for the calculations:
Vaer\’

= ) ()

m/z: ( (m/z)known — AT x

View Article Online

Paper

Ion implantation simulation

We simulated the depth profile of the noble gases in the
substrates using the Transport of Ions in Matter (TRIM) in the
SRIM program.” The simulation parameters for ilmenite and
olivine are (Fe, ;Mg 3)TiO; and (Mg oFe, 1),Si0, for stoichiom-
etry and 4.47 and 3.35 ¢ cm™® for density, respectively. The
implantation energy was set as the same as that of HNA-IL and
HNA-OL as listed in Table 1. The numbers of simulated ions were
10° for “He and *°Ne, 5 x 10° for “°Ar, and 10° for **Ne and *°Ar,
respectively. The depth profiles were binned in 5 nm bins and
calculated for the doses (Table 1) of each noble gas (Fig. S3t).

Results and discussion

Time-of-flight spectra of standard samples

Fig. 2a shows the TOF spectrum obtained from HNA-Si. The full
width at half maximum (FWHM) of the peak at 455.656 us
(assigned later as “He") was 9 ns, where m/Am is ~25 000. We
defined the ion intensity by integrating the ion at +9 ns from the
peak TOF, which covered 99.05% of the peak at 455.656 ps. This
range was set based on the FWHM of the peak for each analysis.
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Fig. 2 (a) TOF spectra and (b) depth profile of 28Si*, 39Si** 180%* and *He™ obtained from HNA-Si. Black, orange, and blue lines in (a) are the
respective spectra obtained from the depth of the noble gas peak (51-100 layers, 110-217 nm), the last 50 layers in the measurement (786-835
layers, 1708-1814 nm), and the blank signal. The gray line drawn in the range of 455-456 ps is a spectrum recorded after 835 layers without
removing the 2C3* peak with an ion gate. The TOF spectra of 786—835 layers and the blank signal used a slight offset (~10 ns) to correct for TOF
drift during analysis.
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Fig. 3 (a) TOF spectra of HNA-IL; (b)—-(g) magnified spectra of (a). Each color corresponds to the noble gas peak, the last part of the analysis, and

the blank signal after analysis. The >*Mn>* peak shown by the gray line in (b) was recorded after 300 cycles and was removed using the ion gate, as

the peak interfered with the “°Ar** and “°Ca** peaks.

The peak assignments were applied by the procedure
described in the Identification of target ion species section (Fig. 2a).
The two high-intensity peaks at 456.923 and 459.389 us remained
constant throughout the analysis (Fig. 2b) and were respectively
assigned to *°si*" and ?*Si*. A long tail was observed after the
308i*" and *8Si* peaks, which was a signal in the MCP induced by
a large number of ions striking the channels of MCP (hereafter
referred to as dark currents).”® The peak profile of “He", 2°Ne**,
22Ne?", 3°Artt, °ArT, 2°Ar’t, “°Ar*", and *°Ne" derived from ion
implantations is shown in Fig. 2a. The peak at 458.119 us repre-
senting adsorbed '°0** was intense at the beginning of the depth
profile and decreased rapidly (Fig. 2b). Five peaks were observed
in the TOF window of m/z 28. Based on the TOF of the *®Si* peak
(459.389 ps) and eqn (6), the peaks at 459.537, 459.633, and

This journal is © The Royal Society of Chemistry 2025

459.839 pus were assigned as >C'°0", N,", and "*C,H,", respec-
tively (Fig. 2a). The peak at 459.432 ps was assigned to the
secondary ion of **Si because this peak was also detected with the
primary beam on and without the fs laser. The **C** peak, which
interfered with the *He" peak, was removed using the ion gate in
the ion trajectory (Fig. 2a). The peaks of the target ions from the
HNA-IL and HNA-OL samples were assigned using the same
assignment procedure (Fig. 3 and 4).

For HNA-IL, “He" did not show interference from other peaks
(Fig. 3a). The right-hand side slope of the **Mg'®0*" peak
overlapped with the *°Ne* peak (Fig. 3g). >’Ne** was not inter-
fered with by other ion peaks, while **Ne*" was not fully
resolved from an unknown peak (Fig. 3b). **Ar*" was interfered
with by the left-hand side slope of the *’AI** peak (Fig. 3c).

J. Anal. At. Spectrom., 2025, 40, 1505-1517 | 1509
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Fig.4 (a) TOF spectra of HNA-OL; (b)-(g) magnified spectra of (a). Each color corresponds to the noble gas peak, the last part of the analysis, and

the blank signal after analysis. (28Si*) in (f) is the secondary ion peak of 25Si.

However, it was less interfered with by other peaks, as *°Ar**
and *°Ar*" were not fully resolved from *'Fe*" and (**Mg>" +
18Ti*"), respectively (Fig. S41 and potentially seen in Fig. 3e but
not observed). The TOF spectra of *°Ar**, “°Ar**| and *°Ar’*
showed overlap by *°Ca ions due to the insufficient mass reso-
lution of the analytical conditions (Fig. 3b, d and g). The mass
resolution using the FWHM of the °Ar** peak in the HNA-Si
spectrum was ~27 000 (Fig. 2a), but the m/Am of “°Ar and
°Ca was 190 000. We mainly used “’Ar** to match the valence
with *®*Ar** and also analyzed *°’Ar** for comparison. The >*>Mn®>*
peak was located at 456.940 ps between the *°Ar** and *’Ne**
peaks (Fig. 3b). The >>Mn>* peak was removed using the ion gate
during noble gas measurements. Ion gate operation did not
affect the *°Ar** peak, as it was operated when the ion packets at
m/z 10 and 11 were well separated before the TOF of 456.9 ps.

1510 | J Anal. At. Spectrom., 2025, 40, 1505-1517

For HNA-OL, “He" did not show interference from other
peaks (Fig. 4a). >*°Ne* had interference from the **Mg'°0*" peak
for the same reason as that for the HNA-IL measurement
(Fig. 4g). The tail from the *°Si** peak, produced by the dark
currents, slightly overlapped with both *°Ne*" and **Ne** peaks
(Fig. 4b). *°Ar"* did not show interference from other peaks
(Fig. 4c). Fig. 4¢, b and d show the TOF spectra of “°Ar**, “°Ar"",
and “°Ar’”, respectively, where *°Ca ions overlap with *°Ar ions
similar to that in the HNA-IL measurements.

Depth profile of noble gases in minerals

Blank-IL and blank-OL were measured under the same analyt-
ical conditions and the depth profiles are shown in Fig. S5. The
backgrounds of noble gas ions for blank-IL and blank-OL are
listed in Table 2 with blank ‘Ms (ion intensities of each residual

This journal is © The Royal Society of Chemistry 2025
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Table 2 Background and blank ‘M of noble gas implanted and non-implanted substrates®

22Ne2+ 36Ar4+ 40Ar4+

4He+ ZONe2+
Blank-IL (46 +12)x107° (8.0 £11.5) x 107
Blank ‘M (3.9+1.8 x107° (5.0 +5.0) x 10°°
Blank-OL (9.6 +1.7) x107° (5.6 + 1.6) x 10°°
Blank ‘M (4.9 +£1.0) x 107° (9.0 £8.2) x 10°°
HNA-IL (1.1 +0.1) x 107* (2.9 £1.6) x 107
Blank ‘M (1.6 +£0.8) x 10°° (6.0 +5.5) x 10°°
HNA-OL (11+03)x10* (314+0.7) x10°°
Blank ‘M (3.0 +1.0) x 107° (5.0 £5.0) x 10~°

“ Units are cpms. n.d.: not detected (<10~° cpms).

noble gas in the sample chamber) measured continuously
throughout each analysis. The noble gas background was
defined as the average of 10° mass scans after sputtering to
~100 nm depth to avoid contamination on the sample surface.
The error was defined as the standard deviation (1SD) of five
data points obtained by binning the data into 2 x 10> mass
scans. Similarly, blank ‘M was defined as the average of 10°
mass scans, with the error determined as the 1SD of five data
points by binning into 2 x 10° mass scans.

The blank-IL and blank-OL backgrounds were in agreement
with the blank ‘Ms within the standard deviation (Table 2) for
ions with less interference from other peaks (i.e., *He", >*°Ne*",
and **Ne*" for blank-IL and *°Ar*" for blank-OL). Therefore, the
influence of noble gases originally contained in the minerals
was smaller than that of residual gases in the sample chamber.
For “He" in blank-OL, the background was twice as high as that
in blank *He". Similar results were observed by Bajo et al.,** who
mentioned the possible sputtering of *He adsorbed onto the
sputtered surface from residual gas in the sample chamber.
Therefore, the degree of adsorption may vary between materials.
For other ions, the higher backgrounds for blank-OL and blank-
IL compared with blank ‘Ms were due to the interference
mentioned in the previous section.

The depth profiles of noble gases and selected major ions of
HNA-IL and HNA-OL are shown in Fig. 5 and 6. For both
samples, all noble gas ions showed a peak at a depth of several
tens to ~100 nm, which decreased to a background intensity
deeper than 300 nm. The measured depth profiles were slightly
distributed at shallower depths than the simulated profiles
(Fig. S3t), which are broadly consistent by considering some
electrostatic charge-up of the substrates during ion implanta-
tion experiments. The background is defined as the average of
the last 10° mass scans for each noble gas isotope (Fig. 5a and
6a). We evaluated the error of the background by binning these
data into 5 data points and calculating the standard deviation (2
x 10° mass scans per point). The backgrounds and blank ‘Ms
are summarized in Table 2.

The backgrounds of *“He* for HNA-IL and HNA-OL were
higher than those of blank-IL and blank-OL, respectively (Table
2), which may be ascribed to the crater-edge effect. The image of
*He" accumulated for the last 100 layers of HNA-IL is shown in

This journal is © The Royal Society of Chemistry 2025

(2.0 +2.7) x 10°°
(1.0£2.2)x10°°

(2.6 £1.2) x 107°
(1.0+£2.2) x10°¢

(1.0 £ 0.1) x 10°°
(324 0.5) x 107*

(2.3+1.2) x 107°
(1.0 £2.2) x 10°°

(4.0 +6.5) x 10°°
(1.0 £2.2) x 107°

(2.8 +£0.2) x 107°
(4.5 +£0.4) x 107*
(5.0 £ 6.1) x 10°°

(4.6 £ 1.0) x 107° (6.6 +£0.4) x 10°*

(1.0 +£2.2) x 10°° n.d. (1.5+0.2) x 107*
(4.0 +4.2) x 10°° (6.0 +4.2) x 10°° (8.14+0.3) x 10°°
n.d. n.d. (1.4 £0.2) x 107*

Fig. 7a. The *He" intensity of the outer few pixels was signifi-
cantly higher than that of the central area, broadening the
depth profile shown in Fig. 7b from the crater-edge effect. The
averaged intensity of the last 100 layers with changing data
integration area is shown in Fig. 7c. The intensity was nearly
constant after removing the outer 7 pixels. The depth profiles
shown in Fig. 5 removed the outer 10 pixels, sufficiently
reducing the crater-edge effect. The higher backgrounds than
those of blank-IL and blank-OL may have been caused by the
weak halo of the primary beam. Nagata et al.*® reported that
a very weak halo spreads out from the center of the primary
beam in the LIMAS. The weak halo consistently sputtered the
high-concentration layer exposed on the crater edge, interfering
with the signals from the crater bottom. We refer to this
phenomenon as the weak halo effect. Both “He™ and *°Ne”* in
HNA-IL and HNA-OL exhibited background intensities approx-
imately three orders of magnitude lower than their peak
intensities (Fig. 5a and 6a), supporting the idea of a common
cause for the higher background.

The backgrounds of other ions of HNA-IL and HNA-OL were
similar to those of blank-IL and blank-OL due to the respective
interfering ions. The backgrounds of *°Ne** and “°Ar** were
respectively lower than those of *°Ne" and “°Ar*". The *°Ne"
peak showed interference from the **Mg'®0*" peak. However,
the interference of **Mg'°0*" with *°Ne®" was not detected.
4Ca*" was much less ionized than *°Ca®*. Thus, we used *°Ne**
and *°Ar*" peaks for the *°Ne and ‘°Ar measurements,
respectively.

Detection limits of noble gases

The ion intensity profiles of HNA-IL and HNA-OL were
normalized with the *°0*" profile to calculate RSFiy, using eqn
(1) (Fig. 5b and 6b). The baseline was calculated using the last
10° mass scans. We subtracted the baseline from the relative
intensity and calculated the concentration profile using eqn (2)
(Fig. 5¢ and 6c¢). We defined the detection limits by multiplying
RSFy; by 3SD of the baseline. The standard deviation was
calculated by binning the last 10° mass scans within 2 x 10°
mass scans. The detection limits for each noble gas ranged from
9 x 10" to 9 x 10" cm™* depending on each interference and
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Fig.5 Noble gas depth profiles of HNA-IL. (a) Raw profile of the noble gas and major element ions (Table S17). The raw data are shown as a light-
colored line with the moving average as a dark solid line. The moving average was calculated over an interval of 5 data points. Blank 'Ms and
backgrounds for each ion are shown as a colored range corresponding with the average + 1SD (Table 2). (b) lon intensities normalized by the

1602+

intensity. The moving average with an interval of 5 data points is shown. 2°Ne* and “CAr?* were omitted to simplify the figure. The colored

range is the baseline with 1SD for each ion. The mean value was calculated using the last 10° mass scans, and the standard deviation was
calculated by binning data points into 5 points, the same as that for the backgrounds. (c) The baseline was subtracted from the normalized profile
corrected to concentration using egn (1) and (2). The moving average with an interval of 5 data points is shown.

standard deviation of base lines. Detection limits of all noble
gases are summarized in Table 3. The detection limit of “°Ar was
different between two samples. This is due to the differences in
calcium abundance in Monastery ilmenite and San Carlos
olivine. In addition, detection limits of “He and *’Ne also
differed between the two samples, which could be due to slight
differences in the weak halo effect.

Solar wind noble gases are concentrated on the very surface
of extraterrestrial materials. Based on the single-grain analyses

1512 | J Anal. At. Spectrom., 2025, 40, 1505-1517

of lunar ilmenites,* the concentrations of “He, *°Ne, *Ne, and
3%Ar were estimated to be approximately 10*', 10'°, 10'®, and
10"® cm™?, respectively, assuming that all noble gases were
concentrated to the top 100 nm of the spherical grain. The
detection limits we achieved were approximately more than two
orders of magnitude lower than the concentrations in lunar
soils, allowing for the depth profiling of “He, *°Ne, *’Ne, and
%°Ar from the grain surface with extremely high spatial
resolution.

This journal is © The Royal Society of Chemistry 2025
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Reproducibility of noble gas analysis by LIMAS showed a variation of 11-31%, which was much larger than the
statistical errors (Fig. 8).

The instrumental mass fractionation in the LIMAS arises
primarily from two factors: (a) change of laser post-ionization

We conducted eleven measurements on HNA-IL to calculate the
RSFs for concentrations of each noble gas isotope and at
selected elemental and isotopic ratios (Fig. 8 and Table S37).
Each measurement run took about 12 h, and the eleven
measurements were conducted over a period of 6 months. The
standard deviations by counting statistics for each run were less
than 5%. The reproducibility of RSFs including RSF;; and RSFx,

efficiency due to the differences in ionization efficiencies
between isotopes or between elements and between indepen-
dent measurements and (b) the differences in ion transmittance
into MULTUM II and within MULTUM II between different lap

This journal is © The Royal Society of Chemistry 2025 J. Anal. At. Spectrom., 2025, 40, 1505-1517 | 1513
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were significantly affected by the crater edge, so the shapes of the profiles from the large integrated areas were worse than those from the

smaller areas.

numbers* for ions and between independent measurements.
*°Ne** and *°Ar*" are both measured after 107 laps in the
MULTUM 11, and thus, RSF, 40 is only affected by factor (a). Its
standard deviation is 5%, which is the highest reproducibility,
and this indicates that relative ionization efficiencies between
Ne®" and Ar*" were stable. On the other hand, RSF,g,, is

affected solely by factor (b) because isotopes would have similar
ionization efficiency to each other, and the standard deviation
was 12%. This is due to the change of relative ion transmittance
between ions with 102-107 laps in the MULTUM II between
independent measurements. The standard deviations of
RSF, 36 and RSF, 5 are 11% and 31%, respectively. The former

Table 3 Detection limits (3SD criteria) and major limiting factors for noble gases implanted in olivine and ilmenite®

HNA-IL HNA-OL
Isotopes  Measured ions  Detection limits/em™  Major interference Measured ions  Detection limits/em™  Major interference
“He ‘He* 7 x 10" WHE or residual gas  *“He" 2 x 10" WHE or residual gas
*°Ne 2oNe” 3 x 10 WHE or residual gas ~ >°Ne”* 4 x 10" 308i%" tail
*’Ne 22Ne?* 9 x 10" WHE or residual gas ~ ?*Ne** 2 x 10" 308i3* tail
3%Ar 3oprt 2 x 10" P7AIP* + residual gas  *°Ar** 2 x 10" WHE or residual gas
10Ar A0pr* 5 x 10" 10Ca™ + residual gas  *°Ar"* 9 x 10" 410Gt + 3063

“ WHE: weak halo effect

1514 | J Anal At. Spectrom., 2025, 40, 1505-1517
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reflects the propagation of the reproducibility of factors (a) and
(b), with factor (b) being the dominant contributor. The latter
shows the worst reproducibility because the flight path length
of *He™ is ~1.5 times longer than those of Ne and Ar ions
measured here, and this would be more sensitive to factor (b).
In addition, ionization efficiency of He" may also vary relative to
Ne?* and Ar** because of the extremely high ionization energy.
The standard deviations of RSF4, are in the range of 19-26%
(1SD). Both factors (a) and (b) affect here. In addition, the
calculation of the RSFay, uses the sputtering rate (d/n in eqn (1)),
which includes the measurement errors of the laser microscope
of ~5% (Fig. S1t).

Fig. 9 shows the simulated and measured *°Ne/**Ne depth
profiles. The simulation suggests that the *°Ne/**Ne ratio of
HNA-IL in the 0-100 nm range was maintained at 10. We binned
the measured *°Ne and **Ne data to make the counting error for
*Ne/**Ne less than 10%. As a result, 13 data points were ob-
tained within the 0-100 nm range. The mean value of these 13
points was 10.1 + 0.9 (1SD), with 1SD comparable to the
counting error of each data point. This indicated that the
isotope ratios during the single depth profiling were sufficiently
uniform within the error. The ratio could be measured at
a depth resolution of ~10 nm with a precision of 10%.

The single-grain analyses of lunar ilmenites showed that the
concentrations of “He, >°Ne, and *°Ar varied by two to three
orders of magnitude among individual grains.”® Consequently,
the reproducibility of RSFy,; (~20% for all isotopes) was suffi-
cient for the concentration analysis. *He/*’Ne and *°Ne/*°Ar

This journal is © The Royal Society of Chemistry 2025

ratios provide insights into the degassing of light noble gases
from lunar soils. The single-grain analyses of lunar ilmenites
revealed “He/*°Ne and 2°Ne/*°Ar ratios of 34-495 and 6-40,
respectively, which are minimum and maximum values of
ilmenite grains separated from lunar soil 71501 reported by
Nichols et al. (1994).>® Thus, the reproducibility of RSF, ,, and
RSF,036 (31% and 11%) was sufficient to estimate the bulk
“He/*°Ne and *°Ne/*°Ar ratios in lunar ilmenites. The 2°Ne/**Ne
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Fig. 9 2°Ne/??Ne ratio with depth for HNA-IL and SRIM. LIMAS data
were binned to make the counting error less than £10%, shown as the
blue range. The SRIM depth profile calculated within a 5 nm bin is
shown with the counting error in 1SD. 2°Ne/??Ne in the <100 nm
region was nearly constant at 10. The relative standard deviation of 13
plots measured using the LIMAS was 9%, indicating that the counting
error constrained the uncertainty for each data point in depth.
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ratio of materials irradiated by solar wind indicated depth-
dependent mass fractionation during solar wind implanta-
tion.” Closed system stepwise etching indicated that the
2Ne/**Ne ratio of lunar ilmenite was ~14 at the surface and ~11
in the subsurface region."” The reproducibility of RSF,g,,
(~12%) and the *°Ne/*’Ne depth profile obtained using the
LIMAS suggested that the fractionation of Ne isotopes could be
visualized with actual depth, allowing for the more precise
characterization of the implantation profile of solar wind noble
gases.

Applicability to other extraterrestrial samples

This study demonstrates a measurement technique optimized
for ilmenite and olivine, because we focus on measurements of
lunar and asteroidal regolith samples. The results indicate that
one critical factor for the optimization is to consider the sample
composition, which influences detection limits due to inter-
fering ions. For example, in materials with higher aluminum or
silicon content, interferents such as *’AI** to *°Ar** or *°Si** and
“°Ca*" overlapping with *°Ne®" and “’Ar** may become signifi-
cant. In such cases, the TOF conditions and selected ions to be
measured optimized in this study may not be ideal, necessi-
tating modifications to measurement parameters according to
the discussion in this study. Preparation of ion-implanted
reference samples is also necessary in such cases.

A possible application of this method is for noble gases
trapped in presolar grains or interplanetary dust particles,
whose sample sizes are much smaller than typical lunar or
asteroidal sample sizes. To ensure high depth resolution for the
depth profiling, a large smooth surface relative to the primary
beam diameter is required. Therefore, a smaller primary beam
diameter is needed. In order to achieve it, the primary beam
current must be reduced. However, reducing the beam current
leads to lower ion intensities per mass scan, which, in turn,
raises the detection limit for noble gases.

Despite these challenges, the method presented here repre-
sents a novel approach to obtaining depth profiles of He, Ne,
and Ar isotopes and their compositions based on an absolute
depth scale, which has not been previously achieved.

Conclusions

“He, *°Ne, **Ne, *°Ar, and “°Ar co-implanted ilmenite and
olivine standards were prepared herein. We optimized the
analytical conditions of the LIMAS for the multi-isotope depth
profiling of *He, *’Ne, **Ne, *°Ar, “’Ar, and major elements of
ilmenite and olivine. All target ions except for “°Ar were sepa-
rated from the interference ions and determined using the ion
assignment procedures for ilmenite and olivine standards.
The depth profiles of *“He, *°Ne, **Ne, *°Ar, and “°Ar were
obtained by sputtering an area of ~6 x 8 um?, and the detection
limits for “He, ?°Ne, *>Ne, *°Ar, and “°Ar were respectively 7 x
10%®, 3 x 10, 9 x 10%, 2 x 10, and 5 x 10'® ecm™® for
ilmenite and 2 x 10", 4 x 10"®, 2 x 10'%, 2 x 10'°, and 9 x 10"’
em* for olivine. We evaluated the reproducibility of RSFs to
calculate the noble gas compositions and concentrations. The

1516 | J. Anal. At. Spectrom., 2025, 40, 1505-1517
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reproducibility of the RSFs between independent measurement
runs was in the 5-31% range (1SD). The stability of the
*Ne/**Ne ratios during depth profiling was restricted by
counting errors. Therefore, this analytical method can be used
to analyze solar wind noble gases in extraterrestrial materials.
Based on the depth profiling of noble gases, this approach can
reveal past solar activity and the underlying mechanisms of
solar wind implantation and degassing processes.
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