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1 HERE participant from the Purdue University Scho
We report preliminary results on sputtering of a lunar regolith simulant at room temperature by singly
and multiply charged solar wind ions using quadrupole and time-of-flight (TOF) mass spectrometry
approaches. Sputtering of the lunar regolith by solar-wind heavy ions may be an important particle
source that contributes to the composition of the lunar exosphere, and is a possible mechanism for lunar
surface ageing and compositional modification. The measurements were performed in order to assess the
relative sputtering efficiency of protons, which are the dominant constituent of the solar wind, and less
abundant heavier multicharged solar wind constituents, which have higher physical sputtering yields
than same-velocity protons, and whose sputtering yields may be further enhanced due to potential sput-
tering. Two different target preparation approaches using JSC-1A AGGL lunar regolith simulant are
described and compared using SEM and XPS surface analysis.

� 2010 Published by Elsevier B.V.
1. Introduction

The sputtering yields for lunar regolith impacted by the various
solar wind constituent ions are important parameters in estimates
of solar wind induced compositional changes in the lunar surface
and its erosion rate. In addition, knowledge of such yields helps
determine the contribution of the solar wind–lunar surface inter-
action to the lunar exosphere and may permit assessment of the
possible role of solar wind sputtering in the accumulation of
hydrogen and water on the moon’s surface.

Due to their low mass in comparison to the atomic constituents
of lunar regolith, the physical sputtering yields for protons, the
dominant solar wind constituent, incident at solar wind velocities
are small (significantly less than unity [1]). The minority constitu-
ents of the solar wind have significantly higher physical sputtering
yields at solar wind velocities because of their larger atomic mass
[1]. Their sputtering yields may be further enhanced by potential
sputtering processes [2,3], since the minority constituents are all
multiply charged, and since the lunar regolith consists mainly of
insulating metal oxides [4].

Typical solar wind particle fluxes are of the order of 1012 parti-
cles/m2 s. The proton flux is about 93% of this total charged-
particle flux. The remaining �7% is distributed among the major
Elsevier B.V.
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multicharged solar-wind heavy ions (SWHI) according to Table 1
[5,6]. Typical solar wind velocities fall in the range 350–1200
eV/amu.

In this contribution, we present preliminary results comparing
mass resolved sputtering in the range 2–20 amu by 375 eV/amu
protons and same-velocity Ar+, Ar6+, and Ar9+ ions. The Ar6+ and
Ar9+ ions were used as proxies for solar wind multicharged ions
having neutralization potential energies in the range 300–
1000 eV. Comparison of relative sputtering yields for Ar+, Ar6+,
and Ar9+ incident ions provides initial insights into potential sput-
tering enhancements that could be expected for solar wind multi-
charged ions having similar neutralization potential energies [1].
Weighted by their respective abundances in the solar wind, such
relative measurements are a first step in assessing the role of
minority multicharged constituents of the solar wind in lunar reg-
olith sputtering.

2. Experimental approach

The typical ranges of SWHI in solids at solar wind velocities are
in the 10 nm range. This range is comparable to the thickness of
the amorphous melt layer, called ‘‘rim’’, surrounding individual lu-
nar soil grains. The lunar regolith simulant JSC-1A AGGL [7] has
such ‘‘rim’’ features, and was used for the present measurements.
In order to permit vertical orientation of our targets, the initial
samples were prepared by pressing the simulant powder into a
metallic holder, which resulted in a density increase of 38%
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Table 1
Nominal number distribution of the major solar-wind heavy ions (SWHI) relative to solar-wind protons along with observed charge states of the ion (abundances are taken from
[5] while charge states are from [6]).

SWHI He C N O Ne Mg Si S Fe

Relative abundance 7 � 10�2 5 � 10�4 5 � 10�5 7 � 10�4 6 � 10�5 1 � 10�4 1 � 10�4 3 � 10�5 8 � 10�5

Charge state 2+ 4+�6+ 5+�7+ 6+�8+ 7+�9+ 7+�10+ 6+�12+ 6+�11+ 7+�14+

Fig. 1b. SEM of JSC-1A AGGL simulant deposited with only mild pressure onto C
tape.

Table 2a
XPS analysis of four spots of pressed JSC-1A AGGL sample surface composition
(atomic %).

C O Si Al Fe Ca Mg Ti Na P K Cr F

2.7 55.5 19.6 8.4 1.3 4.2 3.6 0.4 3.4 0.4 0.3 0.1 0.2
1.8 55.9 19.4 8.6 1.5 4.4 3.9 0.4 3.3 0.4 0.3 0.1 0.1
2.5 55.9 19.6 8.4 1.3 4.3 3.6 0.4 3.4 0.3 0.3 0.1 0.1
2.4 55.1 19.4 8.1 1.5 4.4 4.6 0.4 3.3 0.3 0.2 0.1 0.2
Average
2.3 55.6 19.5 8.4 1.4 4.3 3.9 0.4 3.3 0.3 0.3 0.1 0.1

Table 2b
XPS analysis of three spots of JCS-1A AGGL sample deposited on C-tape surface
composition (atomic %).
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compared to loose powder, sufficient to form a cohesive aggregate.
Comparison of X-ray photoelectron spectroscopy (XPS) analyses of
the pressed samples and the original unpressed simulant material
indicated no major change in chemical composition after pressing.
We also tried an alternative sample preparation method which
involved gently pressing the simulant powder, presifted to a
180 lm maximum grain size, onto UHV compatible carbon tape.
Figs. 1a and 1b compare scanning electron micrographs (SEMs) of
targets prepared using the two different methods, while Tables 2a
and 2b compare the chemical composition of the two targets as
determined by XPS. In anticipation of the higher adventitious C
abundance using the second target preparation method, evident
in Table 2b, our second target included a bare C tape section onto
which beam could be directed to determine possible matrix or
background effects due to beam interactions directly with the C
tape. This second target preparation method was used in recent
TOF measurements of regolith simulant sputtering, results of
which, however, are still undergoing analysis and are not pre-
sented here.

The sputtering measurements for these samples were carried
out at the floating surface-scattering end station of the ORNL
Multicharged Ion Research Facility (MIRF) [8]. This apparatus has
been used previously to study chemical sputtering of graphite
[9], multicharged ion induced secondary electron emission [10],
projectile neutralization [11], secondary ion production using
TOF SIMS [12], and other interactions of singly and multiply
charged atomic and molecular ions with metal, semiconductor,
and insulator surfaces.

The MIRF CAPRICE electron cyclotron resonance (ECR) ion
source [13] was used for producing the investigated H+ and Arq+

beams at 10–15 kV source potentials. Beam deceleration optics at
the entrance to the floating surface scattering chamber were used
to deliver all investigated beams at the same final impact velocity
of �375 eV/amu. The incident ion intensity was determined from
the direct current reading on the sample, which could be biased
at +28 V for secondary electron suppression. By comparing target
Fig. 1a. SEM of JSC-1A AGGL simulant powder pressed into a stainless steel cup to
62% of its initial uncompacted volume.

C O Si Al Fe Ca Mg Ti Na P K Cr F

16.6 49.2 17.8 6.4 1.4 2.9 1.5 0.5 2.5 0.5 0.3 0.1 0.5
15.0 50.0 18.0 6.4 1.4 2.9 1.8 0.4 2.6 0.7 0.3 0.1 0.4
14.7 50.8 17.4 6.3 1.6 3.1 1.9 0.4 2.5 0.4 0.2 0.1 0.4
Average
15.4 50.0 17.8 6.4 1.5 3.0 1.7 0.4 2.6 0.5 0.3 0.1 0.4
current readings with the sample grounded and biased at +28 V,
estimates of the secondary electron coefficients for the investi-
gated beams incident on lunar regolith simulant could be obtained.
Typically, the secondary electron emission coefficients c for impact
on the simulant target were found to be �1. This observation
was used to verify proper placement of the beam on the simulant
target. When the sample was displaced to cause part of the beam
to be intercepted by the edge of the stainless steel cup, the appar-
ent c increased significantly, consistent with the higher cs found
for metal surfaces at this energy.

The floating surface-scattering end station consists of an ultra-
high vacuum chamber with base pressures in the 10�8 Pa range,
into which decelerated ion beams from the ECR ion source can
be directed. The lunar regolith simulant was mounted on a sample
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holder with x–y–z translation. The holder was equipped with an
e-beam heater that was used to bake the sample at �150�C to
eliminate any water that had accumulated in the simulant powder
during extended storage and exposure at ambient pressure and
humidity. The target temperature could be monitored using a cal-
ibrated infrared (IR) thermal monitor or a chromel–alumel thermo-
couple. In addition the chamber was equipped with an Ar sputter
gun for surface preparation and cleaning.

A sensitive quadrupole mass spectrometer was installed in the
scattering chamber as shown in Fig. 2. A grounded baffle between
the front end of the QMS and the target sample prevented field
penetration from the QMS ionizer section into the region traversed
by the incident ion beam. This baffle also blocked the line-of-sight
path between the sample and the analyzer, along which projectiles
backscattered from the sample could enter and cause unwanted
background contributions to the measured mass spectra. A Macin-
tosh-based data acquisition system was used to measure mass
distributions at fixed intervals in time, or alternatively, to follow
the intensity of selected mass peaks vs. beam exposure time, i.e.
beam fluence. The evolution of peak intensities were measured
vs. accumulated beam fluence to monitor changes in yields of
individual species, such as oxygen, which could signal preferential
depletion of selected elements in the near-surface region. The evo-
lution of lunar dust simulant sputtering products were determined
by taking differences between a pre-irradiation mass spectrum and
ones acquired during irradiation at progressively larger accumu-
lated ion beam target doses.

Sputtering measurements using the QMS approach are subject
to wall collision effects [14], complicating the determination of
absolute sputtering yields. In the present work, we measured sput-
tered particle mass distributions which were normalized by the
measured particle currents impacting the regolith simulant sam-
ple. Since chamber wall collision effects are not expected to de-
pend on the incident charge state of a given incident projectile
species for fixed incident energy, the particle-current-normalized
sputtered mass spectra for the different incident multiply charged
Ar ions compared to that for singly charged Ar will directly reflect
the enhancement due to potential sputtering effects. In comparing
Fig. 2. Schematic of the floating surface scattering chamber used for the sputtering mea
the sputter gun for surface cleaning.
the particle-current-normalized sputtered mass distributions for
incident protons and incident singly charged Ar species, we are
not able to eliminate the possibility of wall collision effects due
to potentially different reflection coefficients for the investigated
sample. Comparison with the SRIM values of [1] and published
measurements for H+ and Ar+ induced sputtering yields for SiO2

[15,16] and Al2O3 [16], which are major constituents of the JCS-
1A AGGL lunar regolith simulant, shows similar differences be-
tween the two species as observed in the present investigation,
suggesting that wall collision effects are not significantly different
for the two incident species at 375 eV/amu. The sputtered particle
mass distributions were monitored as function of accumulated
sample fluence for selective depletion of species such as oxygen,
which is one of the signatures of defect mediated (electronic) sput-
tering [3]. Such depletion has been inferred from changes in total
(i.e. unresolved in mass) sputtering yields [3]. Its explicit measure-
ment would permit determination of the solar wind exposure time
at which this depletion could take place in the absence of grain
vaporization, gardening and other turn-over effects due to, e.g.
micrometeorite impact, which act to reinitialize the lunar surface.
Determination of this depletion time scale in relation to the reini-
tialization time scale is crucial in the assessment of possible poten-
tial sputtering effects on the real lunar surface.
3. Results

Fig. 3 shows mass scans in the range 2–24 amu produced by nor-
mal incidence impact of 375 eV/amu protons, Ar+, Ar6+, and Ar9+ ions
on our lunar regolith simulant target at room temperature, acquired
with the QMS in our floating scattering chamber as described in the
previous section. The mass scans are normalized by the respective
beam particle currents, so that all the spectra are comparable on
the same relative scale. The prominent mass 20 peaks evident
for the Arq+ beam produced spectra are due to Ar2+ ions produced
in the QMS ionizer, and represent Ar loading of our scattering
chamber vacuum due to the different Arq+ beams. Since no trapping
or other accumulation of Ar is expected for our simulant target,
surements. Not shown is the wire scanner to determine incident beam profiles, and



Fig. 3. Mass distribution of sputtered species and beam species reemission in the
range 2–24 amu, normalized to the respective beam particle currents for protons,
Ar+, Ar6+, and Ar9+ incident on room temperature lunar regolith simulant at 375 eV/
amu.
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the mass 20 peak heights are directly proportional to the particle
currents of the various Arq+ beams. The very similar mass 20 peak
heights evident in Fig. 3 for the different Arq+ beams confirm and
support the validity of our applied current-normalization proce-
dure. To simulate the effect of the H loading of the surface due to
the dominant H constituent of the solar wind, prior to each of the
Ar beam exposures, the sample was exposed to a high fluence
(�1018/cm2) of 375 eV protons. The Ar beam produced spectra were
acquired for a range of different accumulated fluences up to 1015–
1016/cm2, in an attempt to document a possible fluence dependent
decrease in the O related mass peaks, inferred in earlier measure-
ments for metal oxide targets at fluences in excess of 1013–1014/
cm2 [3,17,18]. Typical beam fluxes were in the range 1014–1015/
cm2 s. We did not observe any fluence dependence in the mass spec-
tra for any of the incident beams. This may mean either that, for our
sample, selective O depletion does not occur, or that the critical
fluence for O depletion occurs at higher values than the maximum
fluences reached in the present measurements due to the increased,
fractal like, surface area of the compressed powder in comparison to
the polycrystalline surfaces used in Refs. [17–19].
4. Discussion

Focusing for the moment on the mass-16 (O) peaks in the spec-
tra shown in Fig. 3, the difference between the Ar+ and H+ induced
O production is a factor of about 80 at 375 eV/amu. The increased
yield for the heavier incident ion is due to the mass dependence of
physical sputtering. The observed physical sputtering enhance-
ment is consistent with published measurements of H+ and Ar+ in-
duced total sputtering yields for Al2O3 and SiO2 [15,16] at this
energy, which indicate enhancements in total sputtering yields
for those two metal oxide targets of �80 and �90, respectively.
This gives some confidence that the present technique is able to
provide reasonable estimates of relative sputtering yields. The
multicharged Ar induced spectra show a clear potential sputtering
enhancement in O production over the Ar+ induced spectrum, giv-
ing a 50% increase for incident Ar6+ and a factor of two increase for
Ar9+. Similar enhancements are seen for the other major mass
peaks in the investigated mass range. For comparison, the mea-
surements of Sporn et al. [19] for Arq+ ions incident on SiO2 show
a factor of �2.7 greater sputtering yield for Ar8+ than for Ar+ at
1 keV (i.e. 0.025 keV/amu), their highest investigated energy. The
trend established by their lower energy measurements, i.e. a
factor of �4 at 200 eV, and a factor of �3 at 500 eV, indicates a
decreasing enhancement factor with increasing energy, so not
inconsistent with our factor of about two observed at 15 keV
(375 eV/amu).

The peaks at mass 17, 18, and 19 suggest OH, H2O and H3O for-
mation during the high fluence proton exposures prior to each Ar
beam run. However, at present we are not able to exclude the pos-
sibility that these OHx peaks originate from wall collisions of tar-
get-emitted O atoms prior to entering our baffled QMS. More
definitive measurements with a new line-of-sight QMS, less sus-
ceptible to wall collision effects, are planned to address the inter-
esting question of H beam induced chemistries, including water
formation, that may occur in our lunar regolith simulant sample.

Regarding the SEM morphology and XPS chemical composition
analyses for the two different sample preparation methods, a com-
parison of Figs. 1a and 1b suggests that significant grain crushing
had occurred during the pressing process. As a result, the
amorphous rim structures for the pressed sample were most likely
largely destroyed. In addition to the higher adventitious C concen-
tration measured for the powder sample gently pressed onto
C-tape, systematic lowering of some of the metal constituents
was observed (Si, Al, Ca, Mg, and Na). Further measurements are
needed to assess whether these decreases reflect the composition
of intact vs. destroyed rims, or are merely compositional variations
of the bulk simulant powder.
5. Summary and conclusions

Preliminary measurements have been presented of relative O
sputtering by 375 eV/amu H+, Ar+, Ar6+, and Ar9+ ions incident on
room temperature JSC-1A AGGL lunar regolith simulant. Compared
to the proton induced O yield, O production by incident same-
velocity Ar+ is increased by a factor of �80, and an additional factor
of two for incident Ar9+. No significant fluence dependences in O
production were observed up to the maximum fluences investi-
gated (1015–1016/cm2). The measurements were obtained for a
pressed sample which most likely compromised the integrity of
the amorphous ‘‘rim’’ melt layer (see Fig. 1a). Since all the interac-
tions of solar wind ions and lunar regolith occur in the rim, and in
view of the implications of changes of the rim chemical composi-
tion in comparison to that of the bulk, as outlined in [1], the need
is underscored for additional measurements with a sample for
which the rim structures are intact, e.g. as is shown in Fig. 1b. Such
measurements are planned, and will be carried out with a new
line-of-sight QMS system presently being installed, which should
also provide more definitive insights into the issue of H beam in-
duced chemistries in the metal oxide constituents of lunar regolith.
Further insights on this question could be provided by future line-
of-sight TOF measurements to search for enhanced H+ emission
from H beam loaded lunar regolith samples by highly charged ions
[20]. Finally, XPS sample analyses after exposures to varying flu-
ence multicharged ion beams are planned to experimentally test
the rim compositional changes calculated in [1].
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