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Abstract.  In this paper the sputtering of lunar regolith by protons and solar wind heavy ions is considered. From 
preliminary measurements of H+, Ar+1, Ar+6 and Ar+9 ion sputtering of JSC-1A AGGL lunar regolith simulant at solar 
wind velocities, and TRIM simulations of kinetic sputtering yields, the relative contributions of kinetic and potential 
sputtering contributions are estimated. An 80-fold enhancement of oxygen sputtering by Ar+ over same-velocity H+, and 
an additional x2 increase for Ar+9 over same-velocity Ar+ was measured. This enhancement persisted to the maximum 
fluences investigated (~1016/cm2). Modeling studies including the enhanced oxygen ejection by potential sputtering due 
to the minority heavy ion multicharged ion solar wind component, and the kinetic sputtering contribution of all solar 
wind constituents, as determined from TRIM sputtering simulations, indicate an overall 35% reduction of near-surface 
oxygen abundance. XPS analyses of simulant samples exposed to singly and multicharged Ar ions show the 
characteristic signature of reduced (metallic) Fe, consistent with the preferential ejection of oxygen atoms that can occur 
in potential sputtering of some metal oxides.  
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INTRODUCTION 

In this paper the sputtering of lunar regolith by 
protons and solar wind heavy ions is considered. On 
the basis of  preliminary measurements of H+, Ar+1, 
Ar+6 and Ar+9 ion sputtering of JSC-1A lunar regolith 
simulant at solar wind velocities, performed at the 
ORNL Multicharged Ion Research Facility using 
quadrupole mass spectrometry [1], together with 
TRIM [2] simulations of kinetic sputtering yields, the 
relative contributions of kinetic and potential 
sputtering contributions are estimated. XPS analyses 
of simulant samples exposed to singly and 
multicharged Ar ions show the characteristic signature 
of reduced Fe, consistent with the preferential ejection 
of oxygen atoms expected in metal oxide potential 
sputtering. 

KINETIC AND POTENTIAL 
SPUTTERING 

Due to their low mass compared to the constituents 
of lunar regolith, the kinetic sputtering yields for solar 
wind velocity protons - the dominant solar wind 
constituent - are small (significantly less than unity). 
The minority constituents of the solar wind have 

significantly higher kinetic sputtering yields at solar 
wind velocities because of the larger mass [3] which 
are further enhanced by potential sputtering processes 
[4], since they are all multiply charged.  

Kinetic sputtering originates from the collision 
cascade initiated by the incident ion, in which the 
incoming ion transfers its kinetic energy to near-
surface atoms via a series of elastic binary collision 
encounters. Surface atoms that acquire kinetic energy 
higher than the surface binding energy (typically only 
few eV’s) will be ejected. 

In insulators (i.e. materials with low electron 
mobility) with strong electron-phonon coupling, 
approaching highly charged ions (HCI) can cause 
potential sputtering, initiated by rapid electron removal 
and/or particle-hole excitations in the valence band 
that lead to formation of localized defects such as self-
trapped excitons. Such a defect decays into a non-
thermal neutralized lattice anion that escapes from the 
surface, and a free electron, which may recombine 
with a surface cation to form a weakly bound neutral 
that may thermally desorb or be kinetically ejected. 
Such defect-mediated desorption [4] bears some 
similarity to the processes of electron- and photon-
stimulated desorption.  

Since lunar regolith consists mainly of metal ox- 



ides [5] which are insulators, we are currently 
assessing the role of potential sputtering as a possible 
lunar surface process. Potential sputtering is strongly 
species selective [4], and therefore may cause 
significant modification of the lunar soil near-surface 
chemical composition and, by extension, that of the 
lunar exosphere, in addition to affecting overall 
sputtering equilibration times. As discussed in Ref. 
[3], knowledge of the latter is essential for comparison 
with other space-weathering processes such as 
micrometeorite impact. 

 
FIGURE 1. Schematic diagram of potential sputtering 
induced by a multicharged ion. Channel I represents 
resonance neutralization and can result in the ejection of a 
neutralized, non-thermal lattice anion (i.e. O atom in the case 
of a metal oxide). Channel II represents Auger neutralization 
that leads to production of a self-trapped exciton (STE) that 
decays into an F-center and H-center in the case of alkali 
halide targets, or E’ centers in the case of SiO2. After 
diffusion to the surface, the H-center desorbs as a neutralized 
non-thermal lattice anion while the F-center (electron) 
recombines with a surface cation forming a loosely bound 
neutral that is can be thermally desorbed or kinetically 
sputtered. 
 

X-ray photoelectron spectroscopy (XPS) and 
Auger electron spectroscopy (AES) analyses have 
revealed significant near-surface metal oxide reduction 
(i.e. metallization) in lunar soil samples [6,7,8], 
particularly for Fe, but also, to reduced degrees, for Ti, 
Si, and Al, i.e. in inverse order of their metal-oxygen 
bond strength. Reduced Fe is an important determinant 
of lunar surface albedo, and is used (via the Is/FeO 
ratio [9]) as an indicator of lunar surface maturity. The 
depth profile of reduced Fe is consistent with 
production by solar wind ion production [7].  

The possibility that potential sputtering and or 
kinetic sputtering by the minority solar wind 
constituents may significantly affect the reduced Fe 
level in lunar soil, therefore merits further 
investigation. Observation of a charge state dependent 
enhancement of Fe reduction could also provide 

supportive evidence for our observed O sputtering 
enhancement.  

OXYGEN SPUTTERING 

Measurements of kinetic and potential sputtering 
by protons and multicharged Ar ions were carried at 
the MIRF using pre-sifted JSC-1A AGGL simulant 
pressed onto Carbon-tape (as discussed in greater 
detail in Ref. [1]) to compare 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 energies in the 
range 300-1000 eV. 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. Normalized 
mass spectra for all three investigated species are 
shown in Figure 2. From the figure, a factor 80 
enhancement of oxygen kinetic sputtering by Ar+ over 
same velocity protons, and an additional factor of two 
increase for Ar9+ over same velocity Ar+ are evident, 
giving a clear indication of the higher efficacy of 
kinetic sputtering by the heavier solar wind constitu- 

FIGURE 2.  Mass distribution of sputtered species and 
beam species reemission in the range 2 – 24 amu, norma-
lized to the respective beam particle currents incident on 
room temperature lunar regolith simulant at 375 eV/amu [1]. 
 
ents and, further, of the importance of potential 
sputtering by multicharged ions. 

XPS RESULTS  

In addition to the preliminary mass spectrometry- 
based sputtering investigations, XPS measurements of 



beam-induced surface-chemistry modification were 
carried out, to determine if the significant O sputtering 

 

FIGURE 3.  Background-subtracted Fe 2p3/2 XPS spectra 
for beam exposed (upper three traces) and unexposed (lower 
two traces) target spots. The beam exposed spots show 
reduced (i.e. metallic) forms of Fe. The unexposed regions 
show Fe in the oxidized 3+ state. 

observed in the QMS measurements was correlated 
with changes in chemical states of metallic species in 

the various oxides present in the simulant. Strong 
evidence of Fe reduction was found in those target 
areas that had been exposed to high fluence Ar+ and 
Ar8+ beams, as illustrated in Figure 3 which shows 
photoelectron spectra in the Fe 2p3/2 region. Using the 
scanning feature of the XPS system, target maps of 
reduced Fe were constructed, as shown in Figure 4 (a). 
Preferential oxidation of the beam-exposed regions 
during transfer to the XPS system resulted in enhanced 
O concentrations in the beam-exposure regions, as 
seen in Figure 4 (b). An incorrect position calibration 
of a new manipulator resulted in some beams initially 
hitting the sample edge. This problem has now been 
fixed. The accumulated fluences for the singly and 
multicharged Ar beam exposures were poorly 
characterized in these preliminary measurements. An 
assessment of possible charge state enhancement 
effects in the Fe reduction was therefore not possible.  

DISCUSSION 

First, we comment on the absence of an observed 
dose dependence in the enhanced oxygen sputtering 
noted earlier. As already discussed, in the case of 
defect mediated sputtering of some metal oxides, 

 

 
FIGURE 4.  (a) Spatial intensity distribution of reduced Fe on lunar simulant sample, characterized by XPS lineshape labeled 
“Fe0 (metallic)” in Fig. 3: reduced Fe is highest in the red circles that were exposed to Ar ion beams; color scale ranges from 0 to 
0.6% Fe0 abundance; (b) Spatial O intensity distribution on lunar simulant sample: after removing the sample from vacuum, the 
regions high in reduced Fe acquired additional oxygen due to preferential re-oxidation of the beam-exposed areas (red circles); 
color scale ranges from 8.5 to 81.6% O abundance; area “3” - background area where lower two XPS scans in Figure 3 were 
measured. 
 
preferential (or nonstoichiometric) sputtering of the 
anion component (in this case oxygen atoms) of the 
metal oxide will occur if the neutralized cation 
(metallic) products, also arising from this process, are 
not thermally desorbed, or are not ejected by 
momentum transfer from the incident projectiles. In 

this case, surface metallization will gradually occur, 
and the surface requirements for potential sputtering 
are eventually no longer satisfied. As a consequence, 
the yield enhancement due to potential sputtering will 
disappear beyond a certain incident ion fluence, as has 
been observed at very low impact energies [10]. Wurz 

a                                                  b 



et al. [11] used this observation to argue that potential 
sputtering is negligible in solar wind sputtering. This 
argument is not believed to be valid, since solar wind 
ion impact energies exceed the physical sputtering 
threshold energies of virtually all species present in 
lunar regolith. At solar wind energies, the more 
weakly bound neutralized surface cations also arising 
in the process are therefore physically sputtered as 
well, and surface metallization is impeded. 

This conclusion is supported by Figure 5, which 
shows the combined effect of physical and potential 
sputtering on the composition of a KREEP model 
lunar surface [see Ref. 3 for details]. The sputtering-
induced surface-compositional changes are simulated 
using a dynamical elemental surface composition 
model that incorporates all solar wind constituents, the 
TRIM-based kinetic sputtering yields of all KREEP 
constituents and, in addition, potential sputtering 
yields of oxygen. The O potential sputtering yields are 
based on our preliminary experimental sputtering re- 

FIGURE 5. (a) Comparison of KREEP bulk model lunar 
regolith composition, and (b) a KREEP surface exposed to 
kinetic and potential solar wind sputtering after reaching 
steady state; note the O abundance in (b) is reduced by ~35% 
(for more details, see Ref. [3]). The remaining KREEP 
elemental constituents shown in the figure are, clockwise 
after Si: Al, Ca, Fe, Mg, Ti, and Na. 
 
sults, and extended to the other multicharged heavy 
ion constituents of the solar wind as described in Ref. 
[3]. As illustrated in the figure, for the KREEP 
surface, the elemental oxygen abundance is reduced by 
the solar wind impact, with roughly equal 
contributions from kinetic and potential sputtering. 
Accompanying the ~35% O reduction are, of course, 
corresponding increases in the metal species 
abundances, but not to the limit of a highly metallized 
surface, as assumed by Wurz et al. [11]. It is important 
to recall that this analysis does not yet include 
potential sputtering of KREEP elemental constituents 
other than oxygen. Comparison with the observed 
stoichiometry of grains from Apollo lunar samples 
[e.g. 14] is therefore premature. 
 As discussed in greater detail in Ref. [3], another 
effect of the enhanced sputtering by heavy solar wind 
ions is a ~38% reduction in the characteristic 
sputtering time scale to reach a steady state surface 

composition. This consequence is important since it 
affects comparison with the competing time scale of 
surface “gardening” by micrometeorite impacts 
[12,13] which exposes a fresh bulk surface for 
modification by solar wind sputtering.  
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