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physical conditions for ion implantation of solar wind
elements in Genesis collectors are well defined. In par-
ticular, the distribution of energies at which the solar-wind
ions were implanted is known.

A Monte Carlo program, the Transport of Ions in Mat-
ter (TRIM), is useful for analyzing ion implantation pro-
files (Ziegler et al., 2012). However, TRIM simulations
may overestimate the projected range of ions for low-en-
ergy ion implantation (less than several kiloelectron volts)
(Nakajima et al., 2001). Therefore, implantation profiles
for low-energy solar wind elements (e.g., H and He)
should be carefully evaluated experimentally using labo-
ratory ion implantation. In this context, depth-profiles
from analyses of Genesis collectors document the phys-
ics of ion-solid interactions caused by the solar wind that
were previously only modeled by TRIM and provide an
experimental basis for revealing ancient solar activities
from solar wind implants in natural samples (from the
moon, asteroids, and so on).

Helium is the second most abundant element in the
solar wind (~4% atomic abundance) and a minor element
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The distribution of solar-wind ions in Genesis mission collectors, as determined by depth profiling analysis, con-
strains the physics of ion-solid interactions involving the solar wind. Thus, they provide an experimental basis for reveal-
ing ancient solar activities represented by solar-wind implants in natural samples. We measured the first depth profile of
4He in a Genesis collector; the shallow implantation (peaking at <20 nm) required us to use sputtered neutral mass
spectrometry with post-photoionization by a strong field. The solar wind He fluence calculated using depth profiling is
~8.5 ¥ 1014 cm–2. The shape of the solar wind 4He depth profile is consistent with TRIM simulations using the observed
4He velocity distribution during the Genesis mission. It is therefore likely that all solar-wind elements heavier than H are
completely intact in this Genesis collector and, consequently, the solar particle energy distributions for each element can
be calculated from their depth profiles. Ancient solar activities and space weathering of solar system objects could be
quantitatively reproduced by solar particle implantation profiles.
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INTRODUCTION

NASA’s Genesis mission collected samples of solar
wind that can be analyzed with high precision in labora-
tories with the ultimate goal of determining the composi-
tion of the sun and the solar nebula from which it was
formed (Burnett, 2013). The solar wind was implanted in
Genesis collector materials, which were various ultrahigh-
purity materials specifically chosen for laboratory analy-
ses (Jurewicz et al., 2003). Understanding the details of
solar-wind activity requires time-dependent characteri-
zation of solar wind conditions and general compositional
changes during the collection periods. This characteriza-
tion has been done in-situ using the Ion Monitor (GIM)
on Genesis  and the Solar-Wind Ion Composition
Spectrometer (SWICS) on the Advanced Composition
Explorer (ACE) (Reisenfeld et al., 2013). Therefore, the
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in the terrestrial atmosphere (~5 ppm atomic). Thus, we
can expect that (1) abundant He is implanted in Genesis
collectors, and (2) the He implantation profiles observed
do not include terrestrial contamination. Indeed, large
quantities of solar wind He implanted in Genesis collec-
tors (~1015 atoms cm–2) have been measured by conven-
tional laser ablation mass spectrometry essentially with-
out terrestrial contamination (Heber et al., 2009, 2012).
However, the solar wind implantation profiles were not
measured because conventional depth-profiling methods
(e.g., secondary ion mass spectrometry) give extremely
low ionization yields for He (Gnaser and Oechsner, 1991;
Warhaut et al., 1979).

In this study, we used a novel technique—sputtered
neutral mass spectrometry (SNMS) using strong-field
ionization* (Ebata et al., 2012)—to measure He profiles
in Genesis collectors, thus revealing the nanoscale depth
distribution of solar wind He. We can obtain depth pro-
files because our instrument can quantify 4He present at
tens of parts per millions atomic by analyzing an area of
a solid surface only a few microns in size. Here we report

the first results for a depth distribution profile of solar
wind 4He from a Genesis collector, a diamond-like car-
bon film on a silicon (DOS) wafer. The solar wind 4He
distribution is compared with the results of laboratory
experiments of 4He ion implantation and TRIM
simulations. We also discuss solar wind implantation in
natural samples and the implications for space and solar
physics.

*Strong-field ionization is a process in which electrons in an atom
(or a molecule) pass through the potential barrier by tunneling. The
potential barrier of an atom (molecule) is drastically distorted in an
intense electric field caused by a femtosecond laser pulse. Therefore,
electrons can escape from the atom (molecule).

Fig. 1.  Sputter crater on Genesis DOS sample. (a) Laser scanning confocal microscope image. (b) 3-D image obtained by atomic
force microscope.

Fig. 2.  Mass spectrum at m/z = 4 from Genesis DOS sample.
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EXPERIMENTAL

A diamond-like-carbon (DLC) film deposited with a
thickness of 1.5–3 mm on a silicon wafer substrate (DOS
60939) from the Genesis B/C arrays was used in this study
(Jurewicz et al., 2003). The B/C arrays collected bulk solar
wind and were exposed continuously during the science
collection period of Genesis, which totaled 852.83 days
(Reisenfeld et al., 2013). Non-flight DOS samples, both
without and with commercial He ion implants, were also
used to determine our detection limit and to determine
concentrations for implanted solar wind, respectively. The
experiments on commercially implanted non-flight DOS
samples contained 4He+ implanted at an energy of 15 keV
and having a nominal fluence of 1 ¥ 1016 cm–2 (Leonard
Kroko, Inc.).

An SNMS instrument called LIMAS (Ebata et al.,
2012) was used for our measurements. A pulsed primary
beam of 69Ga (30 keV and 38 nA) was focused to a spot
800 nm in diameter on the sample surface of the DOS.
The pulse period was set to 500 ns. Sputtered neutrals
were ionized by a focused (50 mm diameter) femtosecond
laser beam under a strong-field ionization condition. The
laser pulse was 40 fs with an energy of 2.5 mJ and 1 kHz
repetition. We accumulated post-ionized ions for 200 pri-
mary beam pulses at each spot to collect data to discrimi-
nate He depth distributions. The primary beam was
rastered to form a crater on the sample over a pattern of
15 ¥ 15 spots with a step interval of 500 nm (Fig. 1). As a
result, the raster covered an area of 8 ¥ 13 mm2 on the
surface because the incident angle of the primary beam,
formed by the optical axis of the primary beam on the
surface and the normal to the surface at the point of inci-
dence, was set to 55∞. At this angle, the DOS surface be-

came perpendicular to the optical axis of the ion extrac-
tion optics into the mass spectrometer.

Positive ions were introduced into a multi-turn time-
of-flight mass spectrometer (Okumura et al., 2004) by an
acceleration voltage of –4 kV with 1 kHz repetition (syn-
chronized with the primary ion pulses). Measurements
were made at all the rastered primary beam spots, and
only ions generated from the center (2.5 ¥ 4 mm2, 5 ¥ 5
spots) of the sputtered craters were used to determine the
depth profiles in order to avoid crater edge effects. The
flight path length for the mass spectrometer was set to 68
m for 4He+. We measured 4He+, 12C3+, 12C2+, and 12C+.
The integral intensities of each peak were used for their
ion intensities. The 4He+ intensities were normalized to
the total intensities of 12C3+, 12C2+, and 12C+ and trans-
lated to concentrations using a calibration factor (rela-
tive sensitivity factor) obtained from the ion-implanted
DOS sample with reference to International Standard ISO
18114:2003 (Simons, 2006). The vacuum of the sample
chamber was maintained at 3 ¥ 10–8 Pa during measure-
ments. The depths of sputtered craters were measured after
depth profiling analyses by an atomic force microscope
(Asylum Technology, MFP-3D-BIO-J).

RESULTS AND DISCUSSION

Two peaks at m/z = 4 are observed from Genesis DOS
60939, corresponding to 4He+ and 12C3+ (Fig. 2). The mass
resolution is calculated to be M/DM = 8600 (at 10% val-
ley) with a peak width of 5 ns (FWHM). The 4He peak
has no interference under these conditions.

Depth profiles from DOS 60939 and an ion-implanted
DOS reference are shown in Fig. 3. The intensities of
carbon ions appear constant during analysis, indicating a

Fig. 3.  Depth profile of ion intensity on 2014/3/11. (a) Genesis DOS sample. (b) Ion-implanted DOS sample.
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stable sputtering rate and stable post-ionization. There-
fore, we assume a constant sputter rate when converting
time to depth for each measurement and adopt an aver-
age sputtering rate determined by dividing the total cra-
ter depth by the total sputter time. The 4He profiles
strongly suggest an ion implant, but the background (~3
¥ 10–4 counts/scan) is high. The background is also ob-
served on the DOS sample without ion implantation from
the surface to ~30 nm in depth under the same measure-
ment condition and shows 2–3 ¥ 10–4 counts/scan as a
blank. The blank signals represent 4He on the basis of
their position in the mass spectrum. The similar intensities
for all samples indicate that the 4He blank is controlled
by 4He gas in the photoionization volume on the sample
surface. The He gas comes from residual He in vacuum
and adsorbed He on the surface sputtered by the primary
beam. Note that the sample chamber was maintained at
ultrahigh vacuum (3 ¥ 10–8 Pa).

The ion intensity ratios of 4He+/(C++C2++C3+) from
the ion-implanted DOS sample are converted to concen-
trations (atoms cm–3) by normalization to the nominal ion

fluence, which is realized by setting the integral of the
measured depth distribution equal to the implanted fluence
(Fig. 4, Supplementary Table S1). The distribution of 4He
may also be simulated using the TRIM program. The re-
sults of the TRIM simulation are sensitive to both the
chemical bonding strength and the density of materials,
in addition to the composition of the substrate (Ziegler et
al., 2012). The DLC film is usually characterized as amor-
phous with a density of 2.9 g cm–3 and diamond-like
chemical bonding (unpublished laboratory data of AJGJ).
However, a 4He depth-distribution calculated by TRIM
using these parameters overestimates the projected range
of 4He ions into DLC in comparison with the observed
depth profile of the implanted 4He ions. On the other hand,
a TRIM calculation assuming a density of 3.2 g cm–3 bet-
ter simulates the observed projected range, peak concen-
tration, and overall distribution of 4He ions. This discrep-
ancy may indicate an inhomogeneity in density within
the amorphous DLC or may reflect some other variable
in the material that mimics the effect of higher density.
In any case, the success of the simulation assuming a den-

Fig. 4.  Depth profile of 4He concentration implanted in DOS. Three independent measurements plotted as circles (2014/3/11),
squares (2014/3/12), and diamonds (2014/3/14) are shown. Distributions calculated by TRIM simulation are shown by lines.
Data are shown in Table S1.
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sity of 3.2 g cm–3 indicates that incident ion energies can
be calculated from a measured depth distribution if we
adopt an appropriate density parameter for the TRIM
simulation. From these observations, the useful yields,
(numbers of ions detected)/(total numbers of atoms sput-
tered), of C and He are calculated to be ~0.00007 and
~0.00004, respectively, under this measurement condi-
tion.

The concentrations of solar wind He from the Gen-
esis DOS 60939 sample are calculated from the ion
intensities using the calibration factor (relative sensitiv-
ity factors shown in Table S1) determined by the ion-im-
planted DOS measurement conducted on the same day
under exactly the same measurement condition. We con-
ducted DOS 60939 measurements on three different days
and calculated He concentrations using the calibration
factor for the day. Figure 5 shows three independent meas-
urements of the solar wind 4He distribution from the DOS
60939 sample. The 4He distributions are independent
measurements and yet are parallel to each other, which
indicates that the relative depth distribution is reproduc-
ible. The absolute concentration at a given depth, how-

ever, is variable for each measurement because calibra-
tion factors from ion intensities to 4He concentrations may
vary with the measurement area. That is, because He has
a much lower ionization efficiency by laser (~10%) than
all other elements (~100%) (Ebata et al., 2012), the ioni-
zation efficiency of 4He strongly depends on the laser
photon density, i.e., the focusing conditions at the post-
ionization position. Therefore, the extraction efficiency
of each post-ionized ion for LIMAS would vary from spot
to spot because the geometric relationship between the
sputtering and the laser focusing changes slightly each
time the sample moves. Nevertheless, the variation in the
measured concentration between independent measure-
ments did not exceed a factor of two (Fig. 5). The calcu-
lated 4He fluences for each measurement are 6.7, 8.7, and
9.7 ¥ 1014 cm–2, respectively. The recommended 4He
fluence of solar wind during the Genesis mission in this
study is calculated by the averaged profile shown in Fig.
6 and found to be 8.5 ¥ 1014 cm–2 with a standard devia-
tion of the mean of 0.7 ¥ 1014, consistent with the accu-
mulated value during solar-wind irradiation periods moni-
tored by the GIM (8.09 ¥ 1014 cm–2) and SWICS/ACE

Fig. 5.  Depth profile of solar wind 4He concentration from Genesis DOS sample. Three independent measurements plotted as
circles (2014/3/11), squares (2014/3/12), and diamonds (2014/3/14) are shown.
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and the absolute concentration at a given depth except
for the topmost 15 nm, where the measured profile is al-
most flat (Fig. 6). A long tail is predicted in the TRIM
simulation, which is almost equivalent to the detection
limits for the blank.

Figure 1 shows a sputter crater on the DOS 60939 sam-
ple. The roughness of the DOS surface and the crater bot-
tom are typically 1.4 nm (rms) and 4.2 nm (rms), respec-
tively, suggesting that degradation of depth resolution is
small during each analysis. On the other hand, sputtering
by 30 keV Ga ions leads to atom mixing in a layer 10–20
nm thick because atomic mixing effects occur within a
layer corresponding to the projected range, which is cal-
culated to be ~15 nm into the DOS substrate for 30 keV
Ga ions by TRIM. Thus, the depth resolution in this study
would be limited to 10–20 nm. This is indeed consistent
with the thickness of the surface layer in which the data
deviate from the model predictions. This demonstrates
that solar wind He is quantitatively retained in Genesis
collectors and that its depth distribution accurately pre-
serves the original distribution upon implantation in the

Fig. 6.  Average depth profile of solar wind 4He into Genesis DOS sample. Circles are from observation with background correc-
tion. Line is calculated by TRIM simulation assuming density of 3.2 g cm–3 using energy distributions of solar wind 4He observed
by ACE/SWICS (Reisenfeld et al., 2013).

(8.58 ¥ 1014 cm–2) in situ (Reisenfeld et al., 2013), as
well as in DOS by laser ablation sample analysis (8.29 ¥
1014 cm–2) (Heber et al., 2009).

The averaged depth profile after background subtrac-
tion is shown in Fig. 6. The average profile is calculated
by depth interpretation from data shown in Fig. 5. We
use the background signals of the day for the subtrac-
tions. The distribution has a peak at ~20 nm, and the peak
concentration is about 2.2 ¥ 1020 cm–3. The distribution
decreases with depth following an approximately
Gaussian shape. A similar decrease is also observed from
the maximum toward the surface before the distribution
becomes flat at depths less than ~15 nm.

We simulated the implant distribution of solar wind
4He collected during the Genesis mission by TRIM (Fig.
6) using data based on the solar wind energy distribu-
tions from ACE/SWICS (Reisenfeld et al., 2013). In the
simulation, we assumed that the density of the DLC film
is 3.2 g cm–3 according to the discussion for the ion-im-
planted DOS sample. The simulated distribution repro-
duces the projected range, the deep portion of the profile,
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Genesis collector. All elements heavier than He are prob-
ably also quantitatively retained in the amorphous DLC
film collector because, typically, their mobility in solids
is slower than that of He. Consequently, the solar-wind
energy distribution can be quantitatively derived from the
implantation distribution of the solar wind if the density
parameter of the TRIM simulation is appropriate.

Surfaces of extraterrestrial natural samples directly
irradiated by solar wind are covered by a deposition layer
tens of nanometers in thickness (Keller and McKay, 1993;
Noguchi et al., 2014). On the other hand, deposition lay-
ers have not been observed in Genesis samples (Calaway
et al., 2009), although an organic film contamination layer
(“brown stain”) has been observed on some Genesis sam-
ples. The deposition layer must have grown slowly over
geological time. Irradiation of solar wind would have
continued during growth of the deposition layer. There-
fore, depth profiles of 4He in extraterrestrial samples will
be the result of simultaneous deposition of material and
implantation/sputtering of solar wind ions. Indeed, depth
profiles in extraterrestrial samples would differ from those
in the Genesis samples. From the difference, we may cal-
culate the solar wind exposure time of the extraterrestrial
samples corresponding to the speed of space weathering.

Solar-type stars have recently been observed to gen-
erate superflares more frequently than previously thought
(Maehara et al., 2012). Superflares are accompanied by
coronal mass ejections (CMEs), and the energies are more
than thousands of times larger than those in present solar
flares on the sun. Superflares have not been observed from
the sun so far; they would occur at a frequency of several
times in ten thousand years if they occur at all, but
meteoritic or lunar materials may record these events in
their He depth distributions. LIMAS has the potential to
detect superflares of the ancient sun and to infer their fre-
quency and energies from extraterrestrial samples.

The tail of the TRIM simulation curve deeper than
120 nm (Fig. 6) corresponds to CME solar wind. At these
depths, the background level in this study is close to the
predicted concentration in Genesis E array collectors in-
duced by the October 2003 CME during the Genesis mis-
sion. CME He in Genesis samples could be detected if
the partial pressure of the He in the sample chamber of
LIMAS is decreased, because the background is limited
by residual He gas in vacuum. The residual He gas would
be the result of penetration through glass viewports on
the LIMAS sample chamber. We are planning to remodel
the glass viewports on the LIMAS sample chamber to
reduce He influx from the air.

SUMMARY

NASA’s Genesis solar wind sample return mission is
a unique experiment that allows us to probe the physics

of ion-solid interaction caused by the solar wind and will
provide an experimental basis for the analysis of natural
samples irradiated by the solar wind. For the first time,
depth profiling of solar wind 4He has been done on a
Genesis DOS sample; SNMS with post-photoionization
by a strong field was used. The ion intensities of the post-
ionized isotopes were converted to concentrations by com-
parison with ion intensities from a DOS standard that was
implanted with 4He+ ions at 15 keV.

The depth profile represents a measured layer 140 nm
in depth and 2.5 ¥ 4 mm2 in area. The peak concentration
of implanted solar wind 4He is about 2.2 ¥ 1020 cm–3 at
~20 nm in depth. The implantation profile is traced to
100 nm in depth until the blank level is reached, which
results from 4He due to photoionization of residual 4He
gas in vacuum and sputtered 4He adsorbed on the surface
from vacuum during measurements. The blank corre-
sponds to ~3 ¥ 1018 cm–3. The solar wind 4He fluence
calculated by the depth-profiling method (~8.5 ¥ 1014

cm–2) is consistent with those determined by previous
laboratory measurements (Heber et al., 2009).

The solar wind 4He distribution in the DOS sample
was compared with a distribution calculated by TRIM
using the solar wind energy distribution during the Gen-
esis mission from ACE/SWICS. The projected range, peak
concentration, and concentration at a given depth are
simulated by TRIM if an appropriate density parameter
is adopted. Assuming He has the highest mobility among
all elements other than H, this analysis demonstrates that
all solar-wind elements heavier than H are completely
intact in this Genesis collector material. Consequently,
the solar-wind energy distribution can, ideally, be calcu-
lated from measured depth profiles, and the profiles can
be useful for understanding ancient solar activities expe-
rienced by natural samples, as well as space weathering
evolution of solar system objects.
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