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The isotopic composition of many elements (H, C, 0 ,  Ne, Mg, Si, Ca, Ti, Cr, Kr, Sr, Xe, 
Ba, Nd, Sm) in some meteoritic materials is distinctly different from that  in normal terrestrial 
samples. Conventional wisdom has generally sought to explain mass-dependent isotope anomalies 
in terms of kinetic processes such as distillation, while nucleosynthetic origins are favored for non- 
linear isotope anomalies. Another potentially important process in interplanetary or interstellar 
environments that  may induce isotope shifts is sputtering by energetic (keV) particles. 

Studies of the nonstoichiometric sputtering of multi-isotope targets clearly show the sputtered 
flux to  be enriched in the lighter isotopes in the initial stages of sputtering [1,2]. This enrichment is 
transient, but can be surprisingly large for secondary ions in the limit of zero fluence (> 60°/00for 
46Ti/50Ti). Data for sputtered neutral particles (which comprise the bulk of the sputtered flux) do 
not extend to  very low doses, and do not reveal whether such large enrichments are produced. We 
have measured the isotopic composition of the total (neutral plus ionized) sputtered flux from a 
two-isotope Mo target as a function of the bombarding projectile's energy and mass, the sputtering 
dose, and the angle of emission of the sputtered particles. The targets were artificially enriched 
metal foils nominally composed of equal parts 92Mo and loOMo. These targets were sputtered 
under ultra-high vacuum conditions with 5 and 10 keV beams of Ar+ and Xe+, for cumulative 
doses ranging from ~3 x 1014 ~ m - ~  to ~ 1 . 5  x 1016 cmV2. The sputtered material was captured 
on ultra-pure carbon foils, and the PANURGE ion microprobe was used to  measure the isotopic 
composition of this material. One Mo target was also analyzed to  measure the secondary ion isotope 
ratio as a function of dose. 

The data for both sputtered ions and neutrals show a large enhancement in 9 2 ~ ~ / 1 0 0 ~ ~  

(expressed as Sg2Mo, permil deviation of 9 2 M ~ / 1 0 0 ~ ~  normalized to  the steady state ratio) in the 
initially sputtered material (Table 1). The Sg2Mo in the total sputtered flux are conlparable to  
those observed for secondary ions from the same target material, usually exceeding 60°/00 in the 
low fluence limit in emission directions close to  the target normal. As shown in Figure 1, the 
exponential decrease in 9 2 ~ ~ / 1 0 0 ~ ~  with increasing flux is very similar for both secondary ions 
and sputtered neutrals; 692Mo reaches the steady state value for fluences ;? 1.5 x 1016 ~ m - ~ .  The 
a.greement between the various experiments is good, considering that the actual sputtering rates 
(and hence sputtered depths and equilibration rates) are not identical for the various projectile 
energies and masses. (If sputtering yields were known, it would be more appropriate to  plot the 
enrichment as a function of sputtered depth.) The magnitude of the isotopic shift in the zero 
fluence limit for each experiment is expressed by the parameter m, calculated by equating the 
extrapolated zero fluence isotope ratio for each set of data (at emission angles close to the target 
normad) to the theoretically derived expression where Mg2 and Mloo are the masses 
of "Mo and 'OOMo, respectively. The parameter m characterizes the screened-Coulomb interaction 
potential between colliding atoms in the target; the values calculated from our data are considerably 
larger than the value associated with Born-Mayer interaction (mBM = 0.055) frequently used in 
theoretical treatments of sputtering [3]. 

The new results clearly demonstrate that large enhancements of the lighter Mo isotopes in the 
sputtered flux are characteristic of both secondary ions and the predominant sputtered neutrals. 
These data confirm the arguments of [I] that  the isotopic enrichment arises in the sputtering 
processes and is not associated only with ionization. The magnitude of bg2Mo is nearly 10 times 
larger than theoretical models of sputtering but agrees reasonably with computer simulations [4]. 
Assuming that the agreement in the size of the isotope shift for Mof and Mo atoms shown here 
is characteristic of sputtering, the data for secondary ions [1,2] suggest large enrichment of the 
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lighter isotopes for many elements. The pronounced preferential sputtering of lighter isotopes pro- 
vides a potential source of isotope anomalies observed in extraterrestrial materials. The necessary 
requirements for this mechanism to produce material enriched in the heavy isotopes, for instance, 
are a flux of relatively energetic (keV) ions (such as the solar wind), small grains of the material 
in cpes'tion (small enough that the pronounced enrichment of the surface layer is not completely 
diluted by the volume of the unaffected bulk), a mechanism to remove the sputtered material from 
the vicinity of the grains (possibly just the ejection energy of the sputtered particles), and a means 
of aggregating the sputtered grains into a larger mass. 
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Sput ter ing Dose (x  loi5 - - - 
Projectile Dose hg2Mo m Figure 1. Isotope ratio of sputtered material plotted 

(1015 ~ m - ~ )  (Oleo) as a function of sputtering dose. Points with error - -  - bars ( 5 2 ~ )  are for sputtered neutrals; those without 
lokeVXe+ 0.305 46.8 4.3 0.31 *'04 are for secondary ions. Data  have been normalized to  

1.22 30.2 f 3.1 
2.74 24.1 f 3.4 the corresponding steady state isotope ratio. 
6.70 14.6 f 2.4 

T a b l e  1. Enhancement of the sputtered 9 2 M ~ / 1 0 0 M ~  
ratio. Errors are f 2a. All data  are for sputtered 
neutrals except the last entry, and are normalized to  
the steady state ratio. See text for explanation of 
quantity m. 
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