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Abstract We discuss data of light noble gases from the solar wind implanted into a metallic
glass target flown on the Genesis mission. Helium and neon isotopic compositions of the
bulk solar wind trapped in this target during 887 days of exposure to the solar wind do
not deviate significantly from the values in foils of the Apollo Solar Wind Composition
experiments, which have been exposed for hours to days. In general, the depth profile of the
Ne isotopic composition is similar to those often found in lunar soils, and essentially very
well reproduced by ion-implantation modelling, adopting the measured velocity distribution
of solar particles during the Genesis exposure and assuming a uniform isotopic composition
of solar wind neon. The results confirm that contributions from high-energy particles to the
solar wind fluence are negligible, which is consistent with in-situ observations. This makes
the enigmatic “SEP-Ne” component, apparently present in lunar grains at relatively large
depth, obsolete. 20Ne/ 22Ne ratios in gas trapped very near the metallic glass surface are up
to 10% higher than predicted by ion implantation simulations. We attribute this superficially
trapped gas to very low-speed, current-sheet-related solar wind, which has been fractionated
in the corona due to inefficient Coulomb drag.

Keywords Sun: solar wind · Isotopic abundance ratios · Methods: laboratory

1 Introduction

To infer the isotopic and elemental composition of the solar photosphere from that of the
solar wind (SW), it is essential to have precise information on the fractionation mechanisms
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operating at the source, i.e. the Sun and its outer convective zone, and in the solar wind itself.
This is one of the major goals of NASA’s Genesis mission (Burnett et al. 2003), which col-
lected SW particles for more than 2 ½ years at the Lagrangian point L1 for high-precision
analysis on earth. Three SW regime collector panels sampled the low-speed interstream
wind, high-speed wind from coronal holes, and SW related to coronal mass ejections, re-
spectively (Reisenfeld et al. 2007). Additional collectors sampled all SW regimes, including
high-energy particles, to provide compositional information about the bulk SW and potential
variations as a function of energy.

In the following we present noble gas data from a bulk metallic glass (BMG) target
(Jurewicz et al. 2003) exposed to the solar corpuscular radiation during the entire expo-
sure period. The main purpose of this experiment was to determine the dependence of
the isotopic and elemental composition of light noble gases on implantation depth in or-
der to study possible variations in their isotopic composition as a function of solar par-
ticle energy. We compare the BMG data with those from the Apollo Solar Wind Com-
position (SWC) experiments (Geiss et al. 2004), in situ measurements (Kallenbach et al.,
1997a, 1997b, 1998) and depth profiles of the Ne isotopic composition measured in lunar
samples (Black and Pepin 1969; Etique et al. 1981; Wieler et al. 1986; Benkert et al. 1993;
Wieler 1998).

Noble gases are among the key elements to be studied in Genesis targets, since their
composition in the Sun and the solar nebula cannot be deduced from meteorites, where
they are heavily depleted. Moreover, light noble gases are relatively easy to measure in
Genesis targets, and therefore are particularly well suited to study possible fractionation
processes in different solar wind regimes. Precise measurements of He, Ne and Ar isotopes
in the SW have already been obtained from the SWC-foils (Geiss et al. 2004). Their short
exposure duration of two days at most restricts the interpretation of the obtained data to
specific SW conditions, especially to low-speed solar wind. In situ measurements, e.g. with
instruments onboard the Advanced Composition Explorer (ACE) (Gloeckler et al. 1998;
Mason et al. 1998; McComas et al. 1998; Smith et al. 1998) or the Solar and Heliospheric
Observatory (SOHO/CELIAS) (Hovestadt et al. 1995), provide the full range of energy and
regime-dependent data (Kallenbach et al. 1998; Wimmer-Schweingruber et al. 1998), but
often suffer from lack of precision, which is necessary to constrain theories on isotopic
fractionation in the SW. Noble gases measured in lunar regolith samples that were exposed
to the SW for several million years include all SW regimes. The complicated sample history,
variable losses of solar wind gases (Wielet et al. 1986, 1998; Pepin et al. 1999, 2000; Burnett
et al. 2003) and a non-ideal behaviour during stepwise noble gas extraction make it difficult
to deduce the bulk SW composition from such samples and to obtain reliable constraints on
further parameters such as the dependence of trapped noble gas composition on implantation
depth and thus particle energy.

The BMG on Genesis is well suited to deduce the composition of SW noble gases as a
function of implantation depth, and hence, to possibly provide information on fractionation
effects depending on the implantation energy. On the one hand, this is because the BMG
etches very homogeneously in nitric acid (Heber 2002). A sufficient number of solar wind
Ne ions were collected to analyse released gases in several tens of steps, yielding a high
depth resolution. At the same time, the exposure period was short enough to prevent loss
of near-surface-sited gas due to surface sputtering, as is often the case in natural (meteoritic
or lunar) samples, and to minimise the production of spallogenic isotopes by galactic cos-
mic rays (GCR). On the other hand, the trapping behaviour for He and Ne irradiation in the
metallic glass and other target materials was carefully tested experimentally (Grimberg et al.
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2005) and simulated with the SRIM-code (Ziegler 2004). Furthermore, precise input para-
meters on SW conditions during the Genesis exposure for SRIM modelling were provided
by instruments onboard ACE and the Genesis spacecraft itself (Reisenfeld et al. 2007).

2 Bulk Solar Wind He and Ne Data

Although the BMG was primarily designed to study the dependence of trapped noble gas
composition on implantation depth, we also report data on the composition of the bulk so-
lar wind trapped by this target during the maximum activity of solar cycle 23. Such data
are important for comparison with other target materials on Genesis as well as with ear-
lier SW collection experiments, e.g. the SWC foils or with gases trapped in lunar sam-
ples. The bulk BMG data (Table 1) were obtained by total noble gas extraction via melting
of the glass or as the sum of the closed-system etching steps described below. The mea-
sured bulk isotopic ratios of He and Ne from both methods are in good agreement. To
compare these data with those obtained on other target materials and to deduce absolute
solar wind fluxes, one has to consider that the BMG mainly consists of transition metals
(Zr58.5Nb2.8Cu15.6Ni12.8Al10.3, subscripts in atomic-%) with a relatively high atomic num-
ber. Since backscattering of impinging ions, the relevant process controlling the trapping
efficiency of a material, depends on the atomic masses, of both, the projectile and the tar-
get, care has to be taken when comparing results from different target materials. Backscat-
ter losses from the BMG are larger than for targets consisting of lighter elements, hence
the correction is more important for the heavy BMG target than for, e.g., the SWC Al-
foils. Correction factors for He and Ne isotopes listed in Table 1 have been determined

Table 1 Bulk isotopic and elemental composition from the Genesis BMG and from SWC foils reported by
Geiss et al. (2004)

Sample 3He/ 4He (×10−4) ±2σ (×10−4) 20Ne /22Ne ±2σ 4He/ 20Ne ±2σ

Uncorr. Genesis BMGa

CSSE, meanb 4.34 0.04 13.64 0.11 466 20

Total Extraction, mean 4.31 0.01 13.56 0.05 504 21

Corr. Genesis BMGc

CSSE, mean 4.44 0.04 13.83 0.11 479 20

Total Extraction, mean 4.41 0.01 13.75 0.05 518 21

SWC Foilsd

Apollo 11 5.38 0.40 13.50 1.00 430 90

Apollo 12 4.08 0.17 13.25 0.50 620 70

Apollo 14 4.48 0.28 13.65 0.40 550 70

Apollo 15 4.33 0.22 13.70 0.40 550 50

Apollo 16 4.42 0.20 13.80 0.40 570 50

SWC time weighted average 4.26 0.22 13.70 0.30 570 70

aThis work; mean ratios of three samples for both, CSSE and total extraction

bRatio of the integrated isotope abundances for all steps in a certain sample (12, 31, and 21 steps respectively)

cBackscatter correction factors for the BMG (SWC foils) are 1.024 (1.02) for 3He/ 4He, 1.014 (1.00) for
20Ne/ 22Ne and 1.029 (1.12) for 4He/ 20Ne
dBackscatter corrected values from Geiss et al. (2004), see c for correction factors
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with implantation experiments at the CASYMS facility in Bern (Ghielmetti et al. 1983;
Grimberg et al. 2005) and SRIM. For Ne, the experimental and the modelled value are con-
sistent and we choose the SRIM value because of its smaller uncertainty. For He we adopted
the CASMYS-deduced correction factor noting that SRIM simulations for the BMG seem
to overestimate backscattering of very light elements in the SW energy range.

Corrected He and Ne isotopic ratios in the BMG agree well with the results of the SWC
foils reported by Geiss et al. (2004). We note that the bulk SW isotopic and elemental
composition of He and Ne does not vary significantly between the daily scale recorded
by the SWC experiments and the 2.5 year average recorded by the Genesis BMG target. The
ratios of 4He/ 20Ne and 4He/ 3He measured in different SWC experiments correlate with
each other (Geiss et al. 2004), which can be explained by fractionation caused by Coulomb
drag, affecting both, the elemental and the isotopic ratio simultaneously (Geiss et al. 1970;
Bodmer and Bochsler 1998). The BMG data point falls right on the Coulomb drag fractiona-
tion line which is consistent with the SWC foil data (Bochsler 2007). This also confirms that
even the more mobile He has been quantitatively retained in the BMG despite the estimated
temperatures of ∼180◦C during exposure.

3 Depth Dependence of Trapped Solar Ne Composition in the BMG

The mean penetration distance of ions into a target material scales with their implantation
energy (Ziegler 2004). Therefore, the depth-dependent distribution of SW isotopes and el-
ements in a material contains information about the energy-dependence of the SW compo-
sition. This information is smeared out by two effects, however. On the one hand, particles
of a given implantation energy have a relatively wide depth distribution. Changes in SW
velocity over a collection period result in an overlap of different depth distributions for a
given particle. On the other hand, at a given moment, all SW species have similar velocities,
causing heavier particles to have higher kinetic energies and thus greater penetration depths.
This leads to mass fractionation upon implantation.

The depth-dependent isotopic composition of neon obtained by closed-system stepwise
etching (CSSE) analyses (Heber 2002; Grimberg et al. 2005) in three BMG samples is
shown in Fig. 1. In the first steps from very close to the surface, 20Ne/ 22Ne-ratios are dis-
tinctly higher than the measured bulk SW average in the BMG of 13.75 ± 0.05 (Table 1) or
any value reported from depth-dependent analyses of lunar grains (Black and Pepin 1969;
Etique et al. 1981; Wieler et al. 1986; Benkert et al. 1993). With progressive etching the
20Ne/ 22Ne-ratio slowly decreases and the final etching steps, releasing deeply sited parti-
cles, display 20Ne/ 22Ne-ratios as low as 10.5 ± 0.3.

Overall, the depth distribution found in the BMG is in very good agreement with SRIM
simulations (Fig. 1) assuming a uniform SW composition, using the backscatter-corrected
average of 20Ne/ 22Ne ratios determined in the total extraction analyses of 13.75 ± 0.05 (Ta-
ble 1) and taking the velocity histogram as obtained with ACE instruments for the exposure
period (Reisenfeld et al. 2007). Minor deviations of the measured data from the SRIM model
predictions, showing-up in elevated 20Ne/ 22Ne-ratios released in small gas fractions from
very shallow depths in the BMG and a less steep gradient towards heavier composition with
increasing depth, will be discussed in the following chapter.

The generally very good agreement of the measured depth distribution of Ne isotopes
with SRIM predictions corroborates mass-dependent fractionation of SW ions upon im-
plantation to be the responsible process for the observed Ne data pattern in the BMG (Grim-
berg et al. 2006). This process has been discussed earlier (Tamhane and Agrawal 1979;
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Fig. 1 Depth-dependent neon isotopic composition of implanted SW derived from three Genesis BMG sam-
ples (white, grey and black boxes) by CSSE together with SRIM simulation data (light grey shaded area in
between the two solid black lines displaying the 2σ uncertainty envelope including the statistical error and
the error of the bulk measurement by total extraction, assuming a velocity-independent 20Ne/ 22Ne ratio of
13.75 ± 0.05), versus the cumulative 20Ne fraction. Length of boxes in horizontal direction indicates gas
amounts released per etching step, vertical extension of boxes indicates 2σ uncertainties of 20Ne/ 22Ne ratios
including ion statistics, extraction blank variability, interferences and mass discrimination. Step 14 of sample
40598-04-EFGJ had to be corrected for ∼23% of Ne contribution from a gas inclusion in the BMG opened
during the etching process. 20Ne/ 22Ne ratios of all three BMG samples follow a trend that gets progressively
heavier with depth. The implantation depth of the measured gas given on the upper abscissa is estimated from
the simulated depth according to SRIM. Simulated and measured 20Ne/ 22Ne profiles agree very well with
each other. Thus the data pattern of the BMG can be explained by a fractionation of an isotopically uniform
solar wind (SW = BMG bulk average from total extraction) upon implantation. Remarkably, ratios in the
first 8% of the gas from very close to the surface show clearly higher 20Ne/ 22Ne ratios than predicted by the
SRIM simulations. This suggests this fraction to be very low-speed, current-sheet-related SW. The putative
“SEP-Ne” data point is only for reference and should not be considered any longer.

Pepin et al. 2000; Mewaldt et al. 2001) but the solar Ne in mineral grains from lunar soils
has widely been interpreted to be a mixture of two isotopically distinct components in the
solar corpuscular radiation, SW-Ne near the surface, and “SEP-Ne” with a 20Ne/ 22Ne ratio
of 11.2 ± 0.2 (Etique et al. 1981; Wieler et al. 1986; Benkert et al. 1993) at larger depth.
The main problem with this interpretation has always been the very high required fluence
of solar energetic particles (Wieler 1998; Mewaldt et al., 2001; Wimmer-Schweingruber
and Bochsler 2001) since in situ analyses measured SEP/SW ratios <0.001, being orders
of magnitude smaller than those reported from lunar samples (SEP-Ne/SW-Ne ∼0.1–0.4).
The BMG data now show unambiguously that the putative “SEP-Ne” component is not
needed to explain the lunar soil data. The interpretation of the BMG data here is also
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fully consistent with the solar energetic particles fluences measured during the exposure
period of Genesis with the ACE instruments SIS, CRIS and ULEIS (Mason et al. 1998;
McComas et al. 1998; Stone et al. 1998a, 1998b). The integrated Ne fluence (1π ) of
suprathermal ions in the range from 5.0 keV/nucleon to 1000 keV/nucleon is four orders of
magnitude lower than the SW fluence (SEP/SW ∼ 0.0001) for the Genesis period (Mewaldt
R.A., private communication). The corresponding Ne concentrations in the BMG are much
too low to be resolved from the SW contribution. The data reported here show that frac-
tionation upon implantation is capable to produce 20Ne/ 22Ne ratios as low and even lower
than the putative “SEP-Ne” value formerly inferred from lunar data. The “SEP”-noble gas
component is thus an artefact and should not be considered any longer.

4 Isotopic Fractionation of the Solar Wind

As discussed above, the depth distribution of noble gas isotopes also contains, in principle,
information about the fractionation operating on the SW prior to implantation, though this
is complicated by implantation-induced fractionation overprinting the original SW signa-
ture. However, the initial etch steps, representing the first 8% of the Ne from very close to
the BMG surface (Fig. 1), show 20Ne/ 22Ne ratios up to 10% higher than implied by SRIM
simulations (Fig. 2). We note that losses of superficially implanted neon by diffusion would

Fig. 2 Deviations of 20Ne/ 22Ne ratios measured in the BMG from values predicted according to SRIM
(horizontal dashed line with 2σ uncertainty envelope including the statistical error and the error of the bulk
measurement by total extraction) for a uniform SW with a 20Ne/ 22Ne ratio of 13.75 as a function implan-
tation depth represented by the cumulative 20Ne fraction. A depletion of the heavy isotope up to a 20Ne
fraction of 8% can be explained by inefficient Coulomb drag according to the model of Bodmer and Bochsler
(1998). The weak trend in gas released in later steps towards an enrichment of the light isotope is contrary
to the Coulomb drag model as well as the findings by Kallenbach et al. (1997a, 1997b, 1998). It might indi-
cate a not perfectly homogeneous etching rather than a fractionation of the SW at higher speed. Hence, its
significance is questionable
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produce the opposite trend. The same statement applies for the effect of a possible superficial
contamination of the BMG with air neon. The depletion of the heavy isotope relative to SW
implanted with higher energies supports the model of isotopic fractionation due to inefficient
Coulomb drag in low-speed, current-sheet-related solar wind (e.g. Wimmer-Schweingruber
1994; Bodmer and Bochsler 1998). The inefficiency of Coulomb drag in low-speed wind
is corroborated by a coincident depletion of α-particles represented by small He/H ratios
<0.015 (cf. Geiss et al. 1970) at low SW velocities as measured with the Genesis ion mon-
itor. Adopting the correlation of 4He/ 20Ne and 20Ne/ 22Ne observed with the Apollo Foil
experiments the Coulomb drag model (Bochsler 2007) predicts a fractionation of Ne to-
wards a lighter isotopic composition in the low-speed SW relative to the SW average. Since
the surface-near neon composition in the BMG and the Coulomb drag model are, in general,
consistent we attribute the superficially trapped gas to very low-speed, current-sheet-related
solar wind.

In greater depths (20Ne fraction >0.1), however, the BMG data show a slightly less steep
gradient towards heavier Ne composition than predicted by the SRIM model (Fig. 1). This
pattern might be explained by an enhancement of the light isotope with increasing SW en-
ergy relative to the bulk SW (Fig. 2). However, this is in contrast to in situ measurements
from SOHO/CELIAS/MTOF reported by Kallenbach et al. (1997a, 1997b, 1998), that dis-
play a marginally significant enrichment of the heavy isotope by ∼2% over the range of
350 km/s to 650 km/s, and it is also contradicted by any solar wind fractionation concept.
The reproducibility of the three different CSSE measurements at a given implantation depth
in turn limits the determination of SW fractionation prior to implantation. Hence, the signif-
icance of the trend found in greater depths (20Ne fraction >0.1) of the BMG needs further
investigation; for instance some smearing of the isotopic distribution due to somewhat inho-
mogeneous etching cannot be ruled out at this point.

5 Conclusions

The isotopic composition of Ne as well as the He/Ne ratio of trapped solar wind in Genesis’
Bulk Metallic Glass (BMG) target is fully consistent with data from the previous Apollo
Solar Wind Composition experiment (Geiss et al. 2004). This shows that the BMG target
quantitatively trapped and retained light noble gases from the solar wind, which is also
encouraging for other Genesis targets. Thanks to the homogeneous etching of the BMG,
allowing high resolution depth profiling of the Ne isotopic composition, and the detailed
monitoring of SW conditions during the Genesis exposure, we have been able to show that
the observed depth distribution of Ne isotopes is, in general, consistent with fractionation
of a SW with uniform isotopic composition upon implantation. Since the measured depth
profile is also similar to the distribution of solar Ne in lunar soils, an important consequence
of this finding is that the putative “SEP-Ne” component is obsolete. While our data are thus
consistent with a uniform SW Ne isotopic composition over most of the SW energy range,
isotopically very light Ne representing the most shallowly implanted gas indicates that very
low-speed, current-sheet related SW is fractionated relative to the bulk SW composition
due to inefficient Coulomb drag. Further measurements of the He and Ar isotopic depth
distribution in this target have the potential to examine the dependence of the elemental
composition on SW energy.
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