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Asymptotic giant branch (AGB) stars, which are evolved low- to intermediate-
mass stars, rank among the most prolific producers of interstellar dust in the
Galaxy. Presolar silicon carbide (SiC) grains in meteorites are mainly produced
by AGB stars. These presolar grains contain abundant noble gases, believed to
have been implanted by stellar winds from the central stars of planetary
nebulae (CSPNe). Here we report 3-D maps of the helium distribution in
individual presolar SiC grains. The maps reveal that the implantation energy of
*He for individual grains varies from about 2 to about 4 keV/nucleon, which
falls within the range of the CSPN winds. The variation of *He fluence
(1x10"-2x10" atom cm2) shows that the SiC grains form during the last about
1My period of the AGB star phase. Then, they migrate outwards and become

exposed to CSPN winds at distances of 0.3-32 light-years from the CSPNe.

Presolar grains, found in primitive chondrites, had apparently formed
around late-type stars before the Solar System formation'. They were
present in the parent molecular cloud of our Solar System after
interstellar travel from their stellar site of origin. Analysis of presolar
grains would provide clues about how dusts form and survive in the
Galaxy'. Silicon carbide (SiC) is one of the major phases among pre-
solar grains found in primitive chondrites®*. Based on their isotopic
abundances of elements measured in the grains, most of presolar SiC
(about 93% of the total number, mainstream SiC) is thought to have
originated from low-mass (about 1-3 Solar mass, M) late-type stars in
the asymptotic giant branch (AGB) phase of evolution*’, which eject
large amounts of gas into space and are one of the major contributors
to the interstellar dusts™. The formation and growth of the mainstream
SiC occurred at 2-6 stellar radii in the circumstellar envelopes of AGB
stars'. The formed SiC grains migrate outwards into interstellar space
with the expanding envelopes. The residence time spent in the inter-
stellar space for each grain was estimated from the interstellar cosmic
ray exposure age, which ranged from 3.9 My to 3 Gy, with a median of
0.2 Gy™™,

The mainstream SiC grains contain noble gases of a close-to-solar
component corresponding to the composition of AGB star envelope
(Ne-N and He-N), and an anomalous component corresponding to the

composition of AGB-star He-shells (Ne-G and He-G)*". The
G-components account for more than 95% of the total. The noble gases
appear to have been physically implanted after grain formation. The
implantation would be caused by irradiations of stellar winds during
the evolutionary stage of low-mass stars, from the AGB phase to the
central stars of planetary nebulae (CSPNe) phase. The origins of the
stellar winds can be inferred from the implantation energies of noble
gases, which are directly calculated from the kinetic energy associated
with the stellar wind velocities.

Verchovsky et al. °. investigated the implanted energy based on
the grain size dependence of the noble gas bulk concentrations
between size-sorted SiC grains from the Murchison meteorite,
assuming a near constant implantation energy. The implantation
energy of He- and Ne-N was calculated to be about 10 keV/nucleon
(corresponding to a stellar wind speed of about 1400 km s™), while that
of He- and Ne-G was about 50 keV/nucleon (corresponding to a stellar
wind speed of about 3000 km s™)*. Verchovsky et al. * suggest that
the lower implantation energy corresponds to the stellar winds of
carbon stars, and the higher energy corresponds to the stellar winds of
CSPNe, according to the stellar evolution of AGB stars" and the for-
mation of mainstream SiC". On the other hand, the stellar winds could
be highly variable from about 5 to about 40 km s for AGB stars'* > and
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Table 1| Carbon isotope ratios and total “He counts of SiC grain from Murchison

Grain size /um 2c/sc o Acc pixels “He b.g. SE “He-b.g. S/N Remarks
A3-O1a 2.7 37.4 .7 6 503 n 3 492 164

A3-01b 1.8 4.2 12.2 6 305 n 3 294 98

A3-02 2.2 32.4 3.5 49 101 47 7 54 8

A3-03 22 28.0 3.5 49 104 47 7 57 8

A3-04 11 42.2 5.8 15 121 85 n 36 3 b.d.
A3-05 0.9 49.4 6.5 20 170 13 12 57 5

A3-06 11 87.2 141 20 183 1n3 12 70 6

A3-07 0.6 47.6 9.2 20 214 13 12 101 8

A3-09a 2.0 58.7 5.9 48 101 68 10 33 3 b.d.
A3-09b 2.8 11.6 8.4 16 19 16 3 3 1 b.d.
A3-10 1.6 28.7 2.8 80 369 250 16 19 7

A3-11 15 62.9 3.7 42 203 98 12 105 9

A3-12a 3.6 12.6 3.8 42 5876 361 30 5515 184

A3-12b 1.8 16.3 6.7 20 794 177 21 617 29 *
A3-12¢c 1.8 20.8 7.4 42 596 361 30 235 8

average 1.8 40.5 19.4

median 1.8 1.2

max 3.6 87.2

min 0.6 12.6

Acc pixels Accumulated pixels for depth profiling, b.g. background, SE standard error of b.g., b.d. below detection limit. **He signals were obscured by intense “He signals from adjacent SiC grains.

from about 20 to about 3000 kms™ for CSPNe?*?. In order to study
the variations in implantation energy into each presolar grain caused
by stellar winds, it is essential to measure the implantation profiles of
individual mainstream SiC grains. However, previous studies for indi-
vidual grains™*~?* have only measured by melting a whole SiC grain all
at once. By that method, depth profiles of noble gases could not be
obtained.

Here, we show three-dimensional (3-D) maps of *He distribution in
individual mainstream SiC grains. From the maps, we analyze the
implanted distribution of *He into the grains and determine the
implantation energies and the fluences for each grain. The results
reveal the history of individual presolar SiC grains, suggesting that the
grains form near their parent AGB-stars during the last about 1My
period of the AGB star phase. The grains are then carried outward with
the expanding circumstellar envelopes of the AGB stars. After traveling
0.3 to 32 light-years, the CSPN winds become implanted into the
grains.

Results and discussion

Three-dimensional analysis of presolar SiC grains

We have developed a new secondary neutral mass spectrometer
(SNMS) for analyzing He with nanometer-scale resolution, called
LIMAS®. LIMAS revealed the depth profile of the solar wind He
implanted in the NASA Genesis target and derived the fluence spectra
of the solar wind*. Here we analyzed 15 presolar SiC grains, which were
aliquoted from a size-sorted fraction called KJG extracted from the
Murchison carbonaceous meteorite®. The aliquot was dispersed on a
gold plate using a droplet of a mix of distilled water and isopropyl
alcohol (see methods, subsection ‘Sample and sample preparation’ for
details). We determined, for the first time, the 3-D distribution of *He
together with '>*C, and % % 3Sj of the individual presolar SiC grains
using LIMAS to derive their depth profiles to deduce when, where, and
how He was incorporated into presolar SiC grains (see methods, sub-
section ‘3-D helium analysis by LIMAS’ for details).

Determining stellar wind speeds from 3-D analysis
The measured C/™C ratios of presolar SiC grains are unimodally dis-
tributed over the range from 12 to 87 with an average of 41 (Table 1).

This distribution is similar to those of mainstream SiC’, indicating that
these grains likely belong to mainstream SiC. This is reasonable
because about 93% of presolar SiC is accounted for by mainstream
SiC°. The 3 SiC grains (A3-04, A3-09a, and A3-09b) were undetected
*He from the grains, and the *He signals from the grain (A3-12b) were
interfered with by the intense *He signals from an adjacent SiC grain,
but the other 11 grains contain *He above our detection limit and are
free of interference (Tables 1 and 2). The grain size range of this study is
similar to that of Heck et al. . (Fig. 1). The plots of three grains (A3-0la,
A3-01b, and A3-12a) overlap with those of Heck et al. The plots of the
other grains in this study are below the detection limit of Heck et al.
The percentage of grains with He detected (80 + 25 (10) %; 11 out of 14
examined grains) is higher than the previous studies (<31%)"* %
because of a lower detection limit in this study (Fig. 1) due to mainly
higher ionization efficiency by the strong field ionization®. Indeed, if
we remove grains below the detection limit of Heck et al. ©, the per-
centage (21 +12 (10) %; 3 out of 14 examined grains; Fig. 1) is similar to
each other.

Secondary electron (SE) images of individual SiC grains and their
2-D maps of *He, >C, and %Si concentrations derived from the 3-D
distributions are shown in Fig. 2, panels a, ¢, d, and b, respectively.
Those of SE, %Si, and *He are shown in Fig. 3, panels a, d, g, j, m, and p;
b,e h,k,n,and q;and ¢, f,i,1, 0, and r, respectively. The *He content is
highly variable between grains ranging from 0.0002 to 0.061mLg™
(Table 2), e.g., as shown in grains A3-12a (0.059 mLg™), A3-12b (Low
concentration, but not quantifiable due to interference), and A3-12c
(0.004 mLg™) (Fig. 2c). Furthermore, the *He content is highly het-
erogeneous in the depth direction within each grain. The content is
high near the surface and rapidly decreases towards the inside,
reaching a level below the detection limit at a depth of about 300 nm,
e.g., as shown in A3-12a (Figs. 2e-h). The helium concentration near the
surface of A3-12a and A3-0O1a is about 0.02 atomic%, which exceeds the
solubility limit in solids. These characteristics suggest that the con-
centration profile is generated by implantation of high-speed He into
the SiC grains.

The primary beam of LIMAS sputtered atoms from grain surfaces.
Comparing the SE images before and after sputtering (Fig. 4), it
appears that the primary ions sputtered the SiC grains from the surface
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almost parallel to the original surface profile. If the sputtering has been
carried out to slice through the grain, the He maps should have a He-
rich rim around the grain. However, the He maps for each depth layer
never show such features, but are homogeneously distributed in each
depth layer (Fig. 2e-h). Therefore, He was likely implanted homo-
geneously over the whole grain surface. The time variation of the noble
gas concentration during sputtering from the whole grain area can be
regarded as an implantation profile of the SiC grains in the depth
direction.

For *He detected SiC grains, the depth profiles from the grain
surface are shown in Fig. 5. The *He signals were detected down to a
depth of 300 nm and became background at greater depths. For grains
A3-0la, A3-01b, and A3-12a, the *He peak appeared at a depth of 100,
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Fig. 1| *He concentrations vs. grain size for mainstream SiC from the Murchison
meteorite. Solid line: detection limit of Heck et al. (2007)". Dashed line: estimated
detection limit of this study. Plots of Heck et al. (2007)" (open circle) and this study
(solid circle) are analyses of individual grains. Plots of Lewis et al. (1994)° (cross) are
bulk analyses of size-sorted SiC grain fractions, not of individual grains. Source data
are provided as a Source Data file.

Fig. 2 | Presolar SiC grains A3-12a (yellow arrow), A3-12b (blue arrow), and A3-
12c¢ (pink arrow). a SE image after measurement. b Integrated **Si image for total
measurement depth layers. ¢ Integrated *He image for total measurement depth
layers. d Integrated '*C image for total measurement depth layers. e-h Averaged

50, and 100 nm, respectively (Fig. 5a). Because implanted He stops at
different depths from the material surface corresponding to their
kinetic energies, the peaks correspond to the implantation range of
*He™. The implantation ranges at given kinetic energies into SiC were
calculated using SRIM software®® (Supplementary Fig. S1). The kinetic
energy can be translated into the velocity of the stellar wind observed
in astronomy. The implantation ranges of *He for the SiC grains cor-
respond to the kinetic energies of 7-15 keV, corresponding to velocities
of 580-850 kms™ for stellar flow, with an average of 12keV (3 keV/
nucleon) (Table 2). The energy range in this study is within the astro-
nomically observed and theoretically estimated ranges of hot stellar
wind speeds from CSPNe (about 20 to about 3000 kms™)*?, and
corresponds to stellar temperatures of 30-50 kK. Therefore, it is
plausible that the *He in the presolar SiC grains is predominantly
implanted by the CSPN winds and therefore He-G, supporting the
suggestions of previous isotopic studies®>**,

In order to simply interpret a relationship between the various
size fractions of the SiC grains and their noble gas concentrations
among the fractions, an implantation energy of about 50 keV/nucleon
has been suggested for the SiC presolar grains'. This energy is close to
the speed of the fastest CSPN wind?. However, the helium implanted
in SiC grains with about 50 keV/nucleon (corresponding to a stellar
wind speed of about 3000 kms™ and an implantation range of about
700 nm deep) has not been detected in this study. Instead, this study
shows that the implantation energies into the SiC grains are variable.
This result is robust because the depth profile is directly correlated
with the implantation energy, and the SiC grains used in this study
were collected from the size-sorted fraction KJG.

The relationships between the grain size of mainstream presolar
SiC and its *He content (Heck et al.” and this study) are compared with
those between the size-sorted SiC fraction and its *He content (Lewis
et al. °)(Fig. 1). Large variations of more than two orders of magnitude
in He concentration are observed among grains of similar size. Such
large variation is consistent with evidence showing that gas-rich grains
(about 4% fraction of the SiC in KJG) accounted for more than 90% of
the gas concentration measured in aggregates of millions of grains”*%,
In laboratory analyses where individual particles were analyzed, a
significant number of particles below the detection limit of *He were
counted; about 70% of the total number of grains analyzed in Heck
etal.”, about 20% in this study. As a result, the values of the size-sorted
bulk samples® are plotted on the upper side, and it is difficult to
represent implantation energy with a single value. However, this

120-170 nm fih 250-350 nm

A

*He images for measurement depth layers between 2-20, 50-100, 120-170, 250-
350 nm, respectively. Grayscale tones in images (e-g) are the same. Yellow rec-
tangles of b-h show analyzing areas of depth-profiling. Scale bar is 3 um for all
figures.
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measurement. b, e, h, Kk, q) Integrated ?%Si image for total measurement depth
layers. (c, f, i, 1, r) Integrated *He image for total measurement depth layers. Yellow
rectangles show analyzing areas of depth-profiling. Scale bar is 3 um for all figures.

Fig. 3 | Presolar SiC grains. a-c A3-0Ola (yellow arrow) and A3-01b (blue arrow).
d-f A3-02 (yellow arrow) and A3-03 (blue arrow). g-i A3-04 (yellow arrow), A3-05
(blue arrow), A3-06 (red arrow), A3-07 (pink arrow). j-1 A3-09a (yellow arrow), and
A3-09b (blue arrow). (m-0) A3-10. p-r A3-11. a, d, g, j, p SE image after

Before

Fig. 4 | SE image of presolar SiC grains before and after sputtering by LIMAS. Sputtering layer thickness is estimated to be 570 nm on the SiC grains. Sputtering rate is
faster for Au substrate than for SiC. The sputtering of SiC grains occurred almost parallel to the original surface profile.
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each grain can be found in Supplementary Figs. S2-S9. The jagged wiggles in the

Fig. 5 | Depth profiles of *“He into presolar SiC grains. a Grains with high *He
curves are measurement uncertainties caused by instrumental instabilities. Source

contents. A3-Ola (red), A3-01b (blue), and A3-12a (green). b Grains with low ‘He
contents. A3-02 (red), A3-03 (blue), A3-05 (green), A3-06 (black), A3-07 (pink), A3-  data are provided as a Source Data file.

10 (light blue), A3-11 (yellow), and A3-12c (orange). The individual depth profiles for
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discussion cannot rule out the existence of SiC grains that have been
implanted with He at high energies, such as about 50 keV/nucleon. For
example, such high implantation energy travels implanted *He a great
distance of about 1um and stops. If this implantation occurred for 1-
um-sized SiC grains, the helium would stop near the grain surface on
the opposite side of the implantation. We have depth profiling results
from three SiC grains (A3-05, A3-06, and A3-07) that are 1 um or slightly
smaller in size and may be applicable in this case (Fig. 5Sb). However, it
is strange that such high-energy implantations have not been observed
for larger SiC grains. Further study is required to investigate the real
distribution of the implantation energy into SiC grains for more pre-
cise discussions.

Artificial peak broadening would have occurred because the
sputtering was not exactly parallel to the original surface profiles due
to the surface irregularities of each grain. Therefore, it is difficult to
assign *He peaks for grains with low “He concentrations even if they
also have *He peaks at a depth of 50-100 nm. In the results, for other
grains, weak *He signals appeared at depths shallower than 300 nm
with no clear peaks (Fig. 5b).

On the other hand, stellar wind velocities for AGB stars are less
than 40 km s 82, The kinetic energy of the AGB *He wind is calculated
to be less than 0.05keV, and the implantation range into SiC is less
than 1nm (Supplementary Fig. S1), which is much smaller than the
depth resolution of the LIMAS analysis. Therefore, the *He signal at the
grain surface would be mainly contributed by the He-G, but might be
due to a small contribution of implanted thermal and suprathermal
components of the AGB stellar winds. This also corroborates previous
isotopic studies®” that concluded the He-G component comprised
over 95% of the measured stellar gas in mainstream SiC grains.

History of presolar SiC formation

The fluences of the presolar SiC grains calculated from the depth
profiles are variable, ranging from 6.4 x 10" to 3.1 x 10" *He cm™
(Table 2). Typical mass-loss rate of CSPNe for 30-50 kK is about 5 x
10°Mg y™#7**7, and the typical period of CSPNe is about 5000 y".
The He implantation into the presolar grain was continued during this
period. The chemical composition of CSPN wind is very diverse, ran-
ging from H-deficient (He-rich) to H-rich (solar-like)”. We therefore
performed our calculations assuming two endmembers: one with a
100 mass% proportion of He in the total mass-loss atoms (He-rich) and
one with a 30 mass% proportion (solar-like). The latter is derived from
the solar abundance”. Using the *He fluences in this study and these
two endmembers, the sites of presolar SiC grains at the end of the
CSPNe phase, where noble gas was implanted, are calculated to be
0.8-32 ly from the CSPNe (Table 2 and see methods, subsection ‘CSPN
wind irradiation and formation age of SiC’ for details). The sites for SiC
grains of top three fluences (Fig. 5a), distances of 0.8-2.9 ly from the
CSPNe, are roughly consistent with the radii of planetary nebulae in the
Galaxy (less than 5 ly for the vast majority™®), e.g., Ring Nebula (M57)
and Helix Nebula (NGC 7293)**°, suggesting that the implantation
events occurred in planetary nebulae.

Since the grains in the circumstellar envelopes and the planetary
nebulae expand with the gas, the time periods that the grains have
moved from the formation site, which is close to the AGB star, to the
site at the end of the CSPNe phase can be calculated using the
expansion velocity of the circumstellar envelope (see methods, sub-
section ‘CSPN wind irradiation and formation age of SiC’ for details).
We refer to this period as the formation age of the presolar SiC grains
anchored by the CSPNe phase of stellar evolution, i.e., time = O is at the
end of the CSPNe phase. We also applied this method to calculate the
formation ages of the mainstream SiC grains measured by Heck et al. ™.
The formation ages of the mainstream SiC grains (Tables 2 and 3) are
spread over the last about 1My period of the AGB star phase of stellar
evolution (Fig. 6). A closer inspection shows that the Murray grains®
formed at the very end of the AGB phase followed by the Murchison

grains by the same authors®. Some of our Murchison grains also
formed at the end of the AGB phase, but other grains formed much
earlier in the AGB phase (Fig. 6). The locations of the noble gas
implantation sites for individual SiC grains and their formation ages
are derived in the case of typical CSPNe and AGB stars. Since the
parameters are variable among individual CSPNe and the stellar evo-
lution stages, the relative errors are estimated to be approximately
100% for the implantation sites and the formation ages, with a mini-
mum resolution of about 0.5 ly for the site and 5 ky for the age (see
methods, subsection ‘CSPN wind irradiation and formation age of SiC’
for details).

This argument of formation ages derived from the noble gas data
is also consistent with the C/"C ratios of the presolar grains. The
2C/C ratios are in the range of 10-35 for the O-rich envelopes of AGB
stars, while they are ~25-90 for the C-rich envelopes**%. Due to the *C
that is dredged-up during the AGB phase, the >C/*C ratio of the
envelope increases as a star evolves”. In general, the grains with higher
2C/BC ratios formed in the later stage of the AGB phase than those with
lower >C/“C ratios. The mean isotopic ratios of the Murchison grains
in this study, the Murchison grains of Heck et al. *, and the Murray
grains® is 40.5 (Table 1), 60.0 (Tables 3), and 65.8 (Table 3), respec-
tively. Changes in these three *C/C ratios would be related to the
stellar evolution of AGB stars in this order. Therefore, the formation
ages of the three sets of grains derived from their noble gas data are
consistent with the scenario inferred from the C/"C ratios of the
grains, indicating that our methods and conclusions are valid.

The stellar wind evidence obtained in this study reveals the for-
mation history of individual mainstream SiC grains. AGB stars appear
to have continued to form SiC grains at least during their late stages.
We found evidence that the helium in the presolar SiC grains was from
the CSPN hot winds. The sites where the CSPN hot wind implantation
has occurred range from 0.3 to 32 ly from the center of the planetary
nebula, corresponding to the formation ages ranging from 0.95 to
0.01 My before the end of CSPNe. The derived new approach can also
be applied to all presolar grains other than SiC, shedding light on the
origin and history of circumstellar dusts formed by various types
of stars.

Methods

Sample and sample preparation

The SiC grains used in this study were extracted from the Murchison
meteorite (CM2). A detailed separation procedure is described by
Amari et al. *%. We briefly summarize it here. Starting with about 80 g of
the Murchison meteorite, silicates were first dissolved using HF. Sulfur
was removed with CS, and KOH. After nanodiamonds were extracted,
the remaining residue was oxidized with Na,Cr,0- to remove reactive
kerogen. Density separation was performed on the residue using
sodium polytungstate [Nag(H,W1,040)] to yield several density frac-
tions. The heaviest density fraction (>2.3 g/cm®) was heated with per-
chloric acid (HCIO,) to destroy remaining organic matter. Then, it was
heated with concentrated sulfuric acid (H,SO4) to remove spinel
(MgAl,0,4). The residue was then separated by size into nine SiC-rich
fractions (KJA - KJI) by centrifugation. The nominal size range of the
KJG was 1.5-3um. The observed range from 46 SiC grains was
2.1-4.5 um with the average diameter of 3.0 um. Silicon carbide grains
comprised 73% of the KJG grains. The rest were comprised of hibonite
(CaAl,049), corundum (Al,O3), and other phases.

For this study, the KJG grains were suspended in a 4:1 mixture of
iso-propanol and H,O and were deposited onto a gold plate as a dro-
plet. The droplet was dried, and the SiC grains in the droplet remained
on the surface of the plate. We analyzed the samples to identify mineral
phases and the shapes before and after 3-D helium analysis using a
field-emission scanning electron microscope (FE-SEM) (JEOL JSM-
7000F) equipped with an energy-dispersive X-ray (EDS) spectroscopic
detector (Oxford X-Max 150) at Hokkaido University. Images of
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Fig. 6 | Histogram of formation age of mainstream presolar SiC grains. The
age=0 is anchored by the CSPNe phase of stellar evolution. The SiC grains con-
tinued to form during the last 1 My period of the AGB star phase of stellar evolution.
The periods of stellar evolutionary phases are from Herwig (2005)". Data from
Tables 2 and 3 are plotted. Solid square (from Murchison of this study), open square
(from Murchison of Heck et al.”*, 2007), and crossed square (from Murray of Heck
et al.”, 2007). Case (1): 100 mass% He flux during 5000 yr; Case (2): 30 mass% He
flux during 5000 yr.

secondary electron (SE), back scattered electron (BSE), and elements
were observed at 15kV acceleration voltage and about 30 nA beam
current.

3-D helium analysis by LIMAS

Following the same protocol of ref. 43, here we measured the 3-D
analysis of SiC grains by a secondary neutral mass spectrometer (JEOL
LIMAS) at Hokkaido University*. The three-dimensional distribution
of *He', 2 C* or »®C*, and % #:3°Si** or 2 2%:30Sj*" was obtained from
the surface layer of SiC grains. A pulsed primary beam of ®*Ga* (30 keV,
30 nA) was focused to a spot of 1 pm in diameter on the sample surface
with the pulse period of 400 ns. Sputtered secondary neutrals were
ionized by a focused (30 pm in diameter) femtosecond laser beam at
50 um above the sputtering points under a strong-field ionization
condition. The laser pulse was 35 fs with an energy of 5.5 mJ and 1kHz
repetition using the Coherent Astrella. The vacuum in the sample
chamber was maintained at 4 x 10~° Pa during the measurement. Under
similar conditions, about 70% of “He atoms (about 70%) are ionized*".
Positive ions were introduced into a multi-turn time-of-flight mass
spectrometer (MULTUM II) by an acceleration voltage of -5kV with
1kHz repetition, which is synchronized with the primary beam
pulses®. The flight path length in the mass spectrometer was set to
219 m for *He", yielding a mass resolving power of M/AM (FWHM) of
about 13,000 (Fig. 7). The ion signals from 100 mass scans were
accumulated at each spot. The details for ion detection and data
processing are reported by Bajo et al. *°.
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Fig. 7 | Time-of-flight spectrum of presolar grain A3-0la. Data of depth layers
from 30 to 150 nm are integrated. Multi-turn number for each isotope peak is given
in parentheses. Source data are provided as a Source Data file.

The primary beam was scanned with 500 nm and 880 nm step
intervals in the x- and y-directions, respectively, to obtain a selected
rectangular area of the sample. The difference in the step intervals is
due to the incident angle of the primary beam was set to 55
degrees*’. Here, we define a rectangle image as one depth layer. To
obtain three-dimensional distributions of the measured isotopes,
we repeated the measurements of the depth layers until the ‘He
signals from SiC grains reached the background level. Because the
SiC grains were sparsely aggregated on the gold plate, the selected
area contained several SiC grains (e.g., Fig. 2). From the data of the
selected area, we selected an appropriate pixel area (yellow rec-
tangles of Figs. 2 and 3) to cover individual single SiC grains to
obtain 3-D maps for each grain. It appeared that the primary ions
sputtered the SiC grains from the surface almost parallel to the
original surface profile (see text). Therefore, the depth layers of the
3-D map were parallel to the original surface. The time variation of
an isotope intensity of each depth layer for a given grain can be
regarded as a depth profile from the surface. However, since the
sputtering is not perfectly parallel to the original surface profile and
the surface is not smooth, peak broadening would have occurred
artificially for the implantation profiles. Depth profiling of *He*, *
BC* or 2BC*, and %% 2%39Si*" or %% 2°:3°Sj*" intensities for each grain is
shown in Supplementary Figs. S2-S9.

The isotope ratio of 2C/C was calculated from the intensity ratio
of the depth profiles for each grain. Instrumental reproducibility and
mass fractionation were evaluated using a standard of *He-implanted
SiC wafer, assuming the standard to have a terrestrial >)C/C ratio. The
reproducibility and uncertainty of the fractionation were both about
100%. and are similar to the standard deviations shown in Table 1. We
also calculated the *Si/?8Si and °Si/?Si ratios using the same proce-
dures as for the ?C/C ratio. The reproducibility is also about 100%.. As
a result, the Si isotopic compositions of all the SiC grains are indis-
tinguishable from the solar ratios.

Following the same protocol as ref. 43, here the *He" intensities
normalized to the C" or C* intensities were used to calculate *He
concentrations using relative sensitivity factors (RSFs). The RSFs and
sputtering rates were determined by measurements of two standards
of *He-implanted SiC wafers under the same analytical conditions
before each analysis. The implanted fluence and energy of *He were 1 x
10" atoms cm™ and 30 keV for the first standard, and 2 x 10" atoms
cm™ and 20 keV for the second standard. The depths of sputtered
craters on the standard were measured by a laser microscope (Keyence
VK-X200). A typical depth profile of the standard is shown in Supple-
mentary Fig. S10. After each analysis, background measurements for
the *He, which signal come from residual *He in the sample chamber
vacuum, were performed without primary beam irradiation. The RSFs
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and *He concentrations were calculated by the following equations:

_ dxn
RSF = 5> { (fare = 135 /e } > )

St

[4He] =RSF % (I4pe/112c) 2)

where std denotes standard analysis, @ is a fluence of implanted *He
(atoms cm™), I e and fyyc are signal intensities of “He* and >C* or >C*,
Line™C is a mean background intensity of *He" for the depth profiling, n
is total depth layers, d is a sputtered crater depth (cm) at n, and [*He] is
an atomic concentration of *He (atoms cm™). The error (standard
deviation) of the RSF value applied to each sample measurement are
estimated to be about 20%.

We exclude grains containing *He below the detection limit of this
study. We define the detection limit as signal ratios of total “He of a
grain to background equal to or less than 3 (3o criterion). The back-
ground signal was measured at the gold plate area close to each SiC
grain. We also exclude grains that were obscured by intense *He signals
from adjacent SiC grains (Table 1).

Since the *He signals were weak and therefore noisy, we evaluated
a moving smoothed mean of the profile (Supplementary Figs. S2-S9).
We employed 21 points, equivalent to about 30 nm, to smooth the
profiles. The smoothed depth profiles are compiled in Fig. 5. Assuming
that the grains are spherical, and that the implantation occurred iso-
toropically, we calculate the bulk “He composition, the bulk *He
numbers, and the fluence of each grain from the depth profiles
(Table 2).

CSPN wind irradiation and formation age of SiC
When a solar mass normalized mass-loss rate of CSPN Mcspn is
observed, the mass-loss rate of He My is derived as

MHe :aMcspnMo/mHe 3)

where o, M, and my. are He proportion of total mass-loss atoms,
solar mass, and mass of He, respectively. Assuming isotropic mass-loss,
the He fluence @y into a presolar SiC grain is given as

Oy = (MyAt)/ (4r?) 4)

where At and r are the duration time of the CSPN wind irradiation and
distance from the CSPN, respectively. By entering the period of the
CSPN phase in At, we can derive the distance rimp at the end of the
CSPN phase.

The @y for each SiC grain was calculated from the depth profiles
measured in this study and from the concentration and the grain size in
the previous study” (Tables 2 and 3). The Mcspn is astronomically
observed by the previous studies”**?. The range of the Mcspn by
astronomical observations is 1-30 x10°Mg, y* for the stellar tem-
perature of 30-50 kK, with the median being 4.5 10" Mg y*****. On
the other hand, the M, by numerical simulations for the stellar
temperature of 30-50kK is 8.5+3.8 x 10°Mg, y'*, and 4.3+15 x
10°Mg y'*. The relative errors of the Mcspn for the numerical simu-
lations are similar to each other at around 40%. Due to the poorly
known distances to CSPNe and other observational difficulties, which
may introduce the large variations of Mcspn?, We adopted a 40%
uncertainty in I\'/Icspn. Due to the potential overestimation of l\'/lCSprl
predicted by Pauldrach et al. %, as well as the agreement between the
observational median value and the prediction by Krticka et al., we
adopted 5+2 x 10°Mg y' for Mcspn. The evolutive age of CSPNe for
30-50kK is 5 + 5 ky*® and the period of the typical CSPN phase is about
5 ky”. We adopted 5 + 5 ky for At. We used the values of 5 x10° Mgy
for Mcspn and 5000y for At to calculate rim, (Tables 2 and 3).

Since the grains were formed around the AGB stars™*’, and was
carried outwards by radiation pressure, reaching higher distances™,
the grains in the circumstellar envelopes of the AGB stars expand with
the gas, the formation age of the mainstream SiC grains anchored by
the end of CSPNe phase ¢; is calculated as

tp= — Fimp/V )

where v is expansion velocity of circumstellar envelope of AGB star.
The v ranges from 5 to 30 km s * and the typical value is 10.2 + 5.3 (10)
km s714*%2% pecause the variations of v depend on stellar mass and
chemical composition'®**. In addition, the v would be accelerated to
25km s in the planetary nebula phase by the fast CSPN wind*>*°. The
distance of the SiC migration in the planetary nebula phase would be
calculated to be about 0.4 ly based on the period of the typical CSPN
phase of 5 ky. This means that the resolution for rimp and ¢ is about 0.5
ly and about 5 ky, respectively. We used the value of 10 kms™ for v to
calculate ¢ (Tables 2 and 3).

We calculated rimp and ¢ using the typical values for CSPNe in
Tables 2 and 3. However, since the typical values include the afore-
mentioned uncertainties, it is necessary to evaluate the accuracy of the
individual calculation results. The uncertainties for the parameters are
summarized as follows: Mcspn=5+2 x 10°Mg y*, At=5+5 ky, and
v=10+53kms™. Therefore, the calculation results are primarily
influenced by the uncertainty of Atz. Assuming the errors are inde-
pendent of each other, the relative error of rin,, is calculated to be 110%
from Eqs. 3 and 4, and the relative error of ¢ is calculated to be 120%
from Eq. 5. Additionally, the minimum accuracies of riy,, and & are
estimated to be about 0.5 ly and about 5 ky, respectively.

Data availability

The data supporting the main findings of this study are available in the
paper, its Supplementary Information, and Source Data files. The data
used for the Supplementary Information are available at https://doi.
0rg/10.6084/m9.figshare.29827193. The analyzed parts of the samples
are destroyed by sputtering. Source data are provided with this paper.
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