
Solar Wind Sputtering Rates of Small Bodies and Ion Mass Spectrometry Detection of Secondary Ions.  M. J. 
Schaible1, C. A. Dukes1, A. C. Hutcherson1, P. Lee2, R. E. Johnson1, 1Engineering Physics, University of Virginia, 
Charlottesville, VA, 22904, 2SETI Institute, Mountain View, CA 94043. 

 
Introduction:  Airless bodies in the Solar System 

are exposed to ambient gases, plasma, and impacts 
throughout their history which modify the surface 
composition and appearance. When solar wind (SW) 
and magnetospheric ions impact the surfaces of airless 
bodies, the resulting excitation and momentum transfer 
processes can lead to sputtering or desorption of mole-
cules and atoms. A small fraction (~1%) of the ejected 
species leave the surface as ions, often called second-
ary ions. Detection and analysis of the sputtered sec-
ondary ions can be used to determine the surface com-
position [1,2] and may provide clues about the geolog-
ic past of the parent bodies. This work describes the 
potential for a spacecraft equipped with a sensitive ion 
mass spectrometer (IMS) to provide in situ composi-
tional analysis through direct detection of ejected sec-
ondary ions. Secondary ions can be directly analyzed 
without the need for an additional ionization step typi-
cal for neutral mass spectrometers, thereby allowing 
refractory species such as Fe and Mg to be analyzed. 
Furthermore, IMS instruments benefit from high sensi-
tivity to ions coupled with low backgrounds from the 
instrument, spacecraft, or ambient plasma. Therefore, 
IMS represents a potentially useful tool to determine 
the surface composition and constrain the geologic 
history of objects throughout our solar system. 

Although remote observations allow a much larger 
number of bodies to be studied, the information ob-
tained is limited to mineral absorption features and 
some molecular ice content. In addition, the spectral 
features of silicates are typically broad so that only 
limited compositional information can be obtained. 
Therefore, a low cost, compact mass spectrometer that 
could be sent to a large number of inner and outer So-
lar System bodies on even a very small spacecraft 
could potentially provide extremely valuable infor-
mation. Understanding the formation and evolution of 
bodies in near-Earth and outer Solar System orbits can 
help in understanding the origin of volatiles and com-
plex organic molecules on Earth, as well as in deter-
mining the availability of resources in our solar neigh-
borhood. 

Methods:  This work combines laboratory data and 
computational simulations to estimate the material 
ejection rates and the resulting ion ratios in the exo-
sphere above a small body exposed to the SW. 

Computational Studies.  Two different Monte Carlo 
programs – SRIM and SDTrimSP – were used to simu-
late the effect of ions incident on a simulated target 
with a given meteorite composition [3,4]. However, 

much of the empirical data supporting the computa-
tional programs comes from sputtering of metallic tar-
gets and can differ greatly from materials that make up 
planetary surfaces. Therefore, the surface binding en-
ergies for the species composing several simple oxides 
were varied and the total sputtering yields were com-
pared to experimental results of light ion sputtering of 
oxides [5].  

As shown in Figure 1, the SDTrimSP program is 
able to reproduce experimental sputtering yields for 
SW energy ion bombardment of simple oxide materi-
als. Additionally, for both simple oxides and complex 
meteorite compositions, SDTrimSP is shown to repro-
duce stoichiometric yields at high incident ion fluences 
as required by material conservation. The SRIM pro-
gram systematically overestimates the sputtering yields 
for simple oxides, does not account for preferential 
sputtering and, without laboratory confirmation, should 
not be used independently to estimate SW sputtering 
rates from rocky bodies. 

 
Figure 1: Total sputtering yields for H+ bombard-
ment of SiO2 calculated by the SRIM and 
SDTrimSP programs. Computational results are 
compared to experimental data from [5]. 
 

Laboratory Studies.  Laboratory secondary ion 
spectra measurements from lunar soils are used to de-
termine relative yields which can be used to correlate 
measured secondary ion spectra with surface composi-
tion. While elemental sputtering yields, such as those 
shown in Figure 1, depend primarily on the atomic 
surface abundances and the elemental surface binding 
energy, the elemental secondary ion yields additionally 
depend on ionization potential of the sputtered species 
[2]. Because determining the ionization probability for 
every species in a complex oxide material is experi-
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mentally challenging, it is convenient to define the 
relative elemental ion yield, <Ri>, with respect Si. Due 
to it's presence in roughly equal amounts in all meteor-
ite types, Si can serve as a convenient fiducial. The 
relative yield is defined as <Ri>=(Y+

i/Y+
Si)*(CSi/Ci) 

where Y+
i represent the elemental secondary ion yields 

and Ci represents the elemental surface concentration. 
Table 1 gives the average relative ion yield for sev-

eral refractory species measured during SW ion radia-
tion of lunar soils 65901, 62221, and 10084 using the 
experimental system described in [6]. 
Table 1: Relative ion yields measured during solar 
wind ion bombardment of lunar soils. 

 Na Mg Al Si Ca Ti Fe 
<Ri> 44.2 10.7 4.14 1.0 7.49 7.40 1.95 

Further experimental SIMS measurements for SW 
bombardment of a variety of substrate compositions 
and temperatures are needed to further improve the 
computational estimates of secondary ion spectra. Such 
measurements will assist in the design of IMS instru-
ments and the interpretation detected secondary ion 
spectra in exospheres to determine the composition and 
surface structure of the material making up the surfac-
es of airless bodies. Additionally, computations of the 
total sputtering yields using SDTrimSP can be com-
bined with the average relative yields for a given com-
positional type (e.g., lunar or chondritic) to make accu-
rate predictions for the secondary ion fluxes leaving an 
airless body surface in a number of different plasma 
environments. 

Determination of small body classification: It has 
previously been shown that the ratios of certain refrac-
tory elements can be used to discriminate between 
some meteorite classes [7]. Although oxygen isotope 
measurements or measurements of trace species such 
as Mn are often preferred in the lab setting, low con-
centrations, limited instrument sensitivity, and numer-
ous background sources make meeting the required 
detection limits for these trace elements much more 
difficult in space. The use of readily detected refracto-
ry metal ions for which background sources are negli-
gible represents a more robust method to identify com-
position and carry out parent body classification. 

Using published bulk compositions for a repre-
sentative suite of meteorites, the elemental yields were 
determined using SDTrimSP assuming normally inci-
dent SW composition ions. The secondary ion fraction 
for Si+ is ~1% [8], and the remaining yields can be 
determined using the average relative yields <Ri> giv-
en in Table 1. Several secondary ion yield ratios, 
Y+

i/Y+
Si, are given in Figure 2 for each of the individu-

al meteorite compositions. The ellipsoids show the 
rough grouping of compositionally similar meteorite 

types. Noting that the lunar, HED, and Mars composi-
tions are typical of geologically evolved parent bodies, 
while the chondrites, urelites and aubrites likely repre-
sent more primitive solar system materials, it is seen 
that the expected secondary ion yield ratios can be 
used to group the parent bodies according to evolved 
and primitive types. These results show that, in princi-
ple, an IMS can determine whether the surface material 
on and airless body has been heavily altered by heating 
and devolatilization events or represents fossilized 
material from the early solar system. 

 

 
Figure 2: Sputtered ion yield ratios for a represeta-
tive sample of meteorite types. Evolved composi-
tions (Lunar, HED’s and Mars) are clearly separate 
from more primitive compositions. 
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