
The.composition of SEPs implanted in regolith minerals depends on implantation ranges. 
A.Pedroni, Max-Planck-Institut f i i  Chemie, J. J.Bechenveg 27, D-55 128 Mninz, Germany 

Abstract: Different ion species with the same kinetic energy per nucleon have different penetration ranges when stopped 
in matter. Therefore, when gases are extracted from regolith minerals by depth-sensitive methods (e.g. etching in vacuo), the 
composition of trapped solar gases should differ with depth and only the integral be identical with the composition of the 
original Solar Cosmic Ray (SCR). A crude estimate of this effect, presented here, shows that shifts are small for isotopic 
ratios (a few percent), but important for element ratios. The largest isotopic shift (-15%), predicted for the 3Hd4He ratio, 
seems to be identical with the "Helium prob1em"reported by Benkert and coworkers [I]. 

Introduction: Great efforts have been made during the past few decades for measuring the elemental and isotopic 
composition of solar noble gases implanted in regolith minerals. In-vacuo-etching, which turned out to be the most reliable 
technique, revealed that besides implanted Solar Wind (SW), there is a M e r ,  isotopically heavier and deeper-implanted 
component [1,2,3 and cit.]. The latter was attributed to Solar Energetic Particles (SEP) of energies above 1 keV/amu. Benkert 
and coworkers [l] noted that SW and SEP isotopic composition might be related by: vw= 1 + a . (milmj-1) ( la)  

where Rsw and Rsep are abundance ratios NiMj of isotope pairs "in-"j" having masses mi and m,. In the following we do not 
discuss (la), because this expression is a first-order approximation [4] of: 

==(mi/mj)" (lb) 

When best estimates for SW- and SEP- isotopic ratios [1,2,3] are fitted to (lb), one obtains a = 2.6 + 0.3. He-isotope ratios 
are, however, far away to obey the relation (lb). This "He-problem" was noted already by Benkert and coworkers [I]. Here is 
a preliminary report of how differing implantation ranges of the ions of helium isotopes might generate this problem. 

Theoretical considerations: Heavy ions in the Solar Wind are pulled approximately to the average proton speed, by 
means of the Coulomb drag of the plasma [5]. The mechanism implies that element- and isotope- abundance ratios are 
(roughly) invariant for parkles of the same energy per nucleon. For tlus reason, the "composition" 4.=Ni/Nj of any compc- 

nent of the ~ C k ' s  is usually assumed to 
be the ratio of abundances Ni and Nj 

I0 - PROJECTED RANGES of parhcles "i" and "jn having the same 

i or tiohle gases ill metallic FeNi energy E per nucleon. The stopping 
power for energetic ions in a target 
material depends on ion species and 
energy. As shown in the figure for the 

1 case of noble gas ions implanted in Ni- 
1 Fe, differing ions which are implanted 
- with the same energy per nucleon, will 

not end up their path at the same depth. 
7 Therefore, when atoms of the SCR are 

extracted from host regolith minerals 
by a depth sensitive technique, (e.g. 

- stepped etching) the local concentration 
ratios Ci/C' measured are slightly 

, different $om original SCR-ratios 
0.0 I 0. I I 

' 
Ni/N., because a differing window of 
the k ~ - e n e r g y  spectrum is sampled 

Energy of  incitlenl ions [ bleV/n~nu ] for each ion species. 

Lindhard and coworkers [6] first formulated an ion-stopping theory (the LSS-theory) which takes into account the stopping on 
electrons and on nuclei of the target material. Analytical implantation-range estimates, such as of the LSS-theory and its later 
refinements, are accurate to within a factor of 2-3. Half-empirical energy-range relations tabulated by Ziegler [7,8] and 
Littmark and Ziegler [9] are much more accurate (aprox. + 10%). Thus, the best way to estimate solar ratios &om local 
concentration ratios is a computer-supported numerical calculation. The method presented here gives a more crude estimate. 
According to the LSS-Theory, the energy-range relation can be approximated by: 

where RE) is the penetration depth, E the energy per nucleon and f a function of masses and charges (mi, Zi) of the 
incident ions and (mt, Zt) of the nuclei in the target. "q" is a smootll function of E and, for lkeV/amu<E<100keV/amu, 
constant to within + 20%. The SCR-spectra of all ion species above 1 keV/amu are approximated to: 
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I f  I1 ' k 1s assumed to be constant. N are the time integrated fluxes (particles per square centimeter and time unit) for each ion 
species. The concentration profiles C(D) implanted in a semi-infinite solid, exposed at normal incidence angle to the SCR are 
then: 

where: b =  k . q . N  and e =  q . ( y - 1 )  (4b and 4c) 

Local concentrations Ci j of implanted atomsMi" and "j" and abundances Ni j of parent ions from SRC are related by: 

It should be noted that Ei and Ej are not the same h c t i o n  of D, and , therefore , Ei and Ej are not equal. We rewrite (5a) in 
terms of the average energy E = (Ei + Ejy2 and the energy difference AE = (Ei -Ej)/2: 

AE and, using the linear approximation D(E 2 AE) = D(E) . ( 1 2 -) we obtain: 
q . E  

Projected ranges Di, Dj are tabulated (e.g. [7,8,9]) and qi,qj might be estimated by fitting Di, Dj to (2). The spectral index y 
obtained by satellite measurements might range from 1 to 5, and is typically 2-3. The spectral index obtained from nuclear 
tracks in regolith minerals lies between 1.1 and 1.6. In the discussion we adopt y=1.4 according to Blanford et al. [lo]. 
Projected ranges of isotopes cannot be found in tabulated form. Nevertheless an upper limit (which is also a reasonable 
approximation above 100 keVIamu) can be obtained under the assumption f = mi . f *, with f * independent from mi : 

Discussion and conclusion: 
Isotope rufios of SCR-particles trapped at any depth in regolith minerals do not differ much Gom isotope abundance ratios in 
the SCR plasma. The composition of SEP obtained by in-vacuwetclkg experiments [1,2,3] is (4He/3He)= 4 5 0 0 ;  
(20Ne/22Ne)xp=11.2; (21Nd22Ne) 0029, (36Ar/38Ar)Fp=4.9 and (86Kri84Kr)=0.317. When correctejfor the 
implantation-range effect (by means ?p;c), these isotope ratlos become (4He/3He)sep=3850; (20Ne122Ne) 
(21N&2Ne)q=0.0304; (36Ar/38Ar)seP=4.98 and (86Kri84Kr)se - 0.310. By fittig the corrected ratios to?:; k:: 
obtains a=2.01& 0.015. Correction factors deduced from (5c) mi& be not better than ?SO%, because of the crude 
approximation and uncertainties of the parameters D, q and y. Nevertheless, as shown by the smaller uncertainty obtained for 
"a", corrected ratios fit better to (lb) than measured ratios. Furthermore, it should be noted that corrected He isotope ratios 
agree to within the expenmental error limits to (lb) strongly suggesting that the "He-Problem" reported by Benkert and 
coworkers [ l ]  is related to the implantation-range effect. 
Elementul ratios are more heavily affected by the implantation-range effect than isotope ratios. The energy-range relations for 
He, Ne and Ar cross over in the window 30-300 keV/amu, and measured Heme and NeIAr ratios do not differ more than 15% 
from ori@ SCR ratios. Below and above this energy window differences might exceed 25%. Energy-range relations for Kr 
and Xe cross over the He-, Ne- and Ar- range relations at higher energies (above lMeV/amu). Below 100 keV/amu differences 
between measured and original NeKr and NeKe ratios always exceed 15%, and possibly 50% for E<SkeV/amu. It should be 
noted that the linear approximation presented here is reasonable only for small differences in D i j  and qij,  and therefore, 
elemental abundance ratios of SCR should not be calculated from measured ratios by means of (5b). 
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