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Abstract-The study of heavy solar wind implanted ions in lunar samples provides information on the
composition of the modern solar wind and its possible changes in the past. We used the ARL ion probe
at the JSC to measure concentration depth profiles of artificially implanted ions in terrestrial minerals
and of natural elements on the surface of a recently exposed lunar plagioclase crystal.
Polished sections of terrestrial labradorite were implanted with C and Cr ions at solar wind
energies and terrestrial ilmenite sections were implanted with Na and Si ions and the resulting
concentration depth distributions of the implanted elements were measured. These studies on
terrestrial analogs were performed to study the shape of depth profiles as a function of energy, the
retention of the implanted species under simulated lunar conditions (solar wind erosion by H and He),
and diffusion during annealing. An improved depth resolution in the ion probe could be obtained with
an analyzing NO2 beam of 9 kV. Previously observed broadening of the depth profiles with an o- beam
of 15 kV is attributed to knock-on effects by the analyzing ions. Implanted C and Cr are still retained in
feldspar after additional irradiation with 1018 ions/cm2 of H and He suggesting retention of solar wind
implanted heavy ions in lunar surface crystals for periods of at least 10,000 yr. Diffusive losses of Cr
implanted into feldspar occurs only after annealing at more than 700°C making thermal diffusion of
heavy ions on the lunar surface very unlikely.
The analysis of the lunar feldspar crystal 76215,77 with the ARL ion probe showed enhanced
surface concentrations of the elements C, Mg, P, Ti, Cr, and Fe. Under the assumption that the
observed enhancements were caused by pure isotopes and not molecular interferences we could
directly measure the concentrations of C, Mg, Cr, and Fe by using artificially implanted marker ions.
Analysis with a high mass resolution CAMECA ion microscope showed a multiple peak structure at
several masses but the behavior of the various peaks with sputtering time, the separation of the peaks
and the measured peak ratios add evidence that the surface enhancements are due to pure isotopes.
The amounts of some of the elements (C, Fe, and P) are grossly consistent with the hypothesis of their
solar wind origin and the measured solar flare track and microcrater densities. Ti and Cr, however, are
overabundant and the abundances of all six measured elements fit neither the solar wind hypothesis
nor the hypothesis that the surface concentrations are caused by vapor deposits produced by meteorite
impacts.

INTRODUCTION
THE LAST TWO YEARS have seen considerable advances in the use of new
techniques for the detection of solar wind implanted elements in lunar materials.
Whereas all the early measurements were made on bulk samples or grain size
separates (see Eberhardt, 1974, for a summary) recent improved techniques make
it possible to perform measurements on small areas of individual grains and to
measure directly the depth distribution of implanted species.
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There is first the laser probe (Megrue and Steinbrunn, 1971; Schaeffer et al.,
1976) where rare gases are released from the surface by melting in a laser beam, a
method similar to the use of an electron beam for the gas release (Kirsten et al.,
1970). With these two techniques one can probe relatively small areas but not
measure concentration as a function of depth. Depth profiles for major elements
can be studied by Auger electron spectroscopy (Grant et al., 1974 and Oran et al.,
1975a,b) or by ESCA techniques (Housley and Grant, 1975; Housley et al., 1976;
Yin et al., 1975) in conjunction with ion etching. However, because of their limited
sensitivity these methods have not yet been applied to the study of directly
implanted solar wind ions. Nuclear interactions have also been used to measure
depth distributions for several nuclides (Goldberg et al., 1975, 1976), however this
latter technique employs a large area beam and is not applicable to the study of
small individual crystals. The technique closest to the one we present here is the
"rare gas ion probe" (Miiller et al., 1976) where trapped light noble gases are
released by sputtering with Xe. This device allows the measurement of depth
profiles in a moderately small area of about 200µ, x 200µ,.
The ion microprobe allows both the analysis of small areas on individual grains
(20µ, x 20µ,) as well as the measurement of the depth distribution of implanted
ions. The scientific rationale for our work is given in more detail in last year's
paper (Zinner and Walker, 1975) where we reported the results of a feasibility
study of the ARL ion probe at the Johnson Space Center for the measurements of
solar wind implanted elements in lunar minerals. The long range objective of this
undertaking is to study solar wind, solar flare tracks and micrometeoroid craters
(Poupeau et al., 1975; Poupeau and Johnson, 1976; Morrison and Zinner, 1975) in
lunar rock samples, surface soils, core samples, gas-rich breccias, and gas-rich
meteorites thus extending our knowledge of these effects to different times in the
history of the solar system. Whereas flare tracks and microcraters are produced at
different depths on the surface of lunar crystals, the penetration depth of
micrometeoroids producing craters of 0.1 µ, diameter and of solar wind particles is
approximately the same. This fact allows a direct comparison of the solar wind
and microparticle fluxes. Such a direct comparison is not possible for solar flare
tracks which apparently are largely accumulated by individual grains under a
shielding dust layer (Poupeau et al., 1975).
A key feature in our work is the use of artificially implanted isotopes ("marker
ions") as internal calibrations for the direct measurement of the concentrations
and the energy of naturally implanted elements. In order to further explore the
utility of the ion probe for solar wind studies we have performed a number of new
experiments on terrestrial analogs. In the first part of this paper we report the
results of these implantation studies; in the second part we report the first ion
probe measurements of surface enhanced ions in the lunar plagioclase crystal
76215,77.
A. IMPLANTATION EXPERIMENTS ON TERRESTRIAL ANALOG SAMPLES

Experimental technique
Polished sections of terrestrial feldspar (Lake County Labradorite, Museum No. 115900) and
ilmenite (Ilmen Mountains, Urals, Museum No. 96184) provided by the U.S. National Museum were
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implanted with C and Cr (feldspar) and Na and Si (ilmenite). These elements were selected because our
earlier work (Zinner and Walker, 1975) indicated that they would be the most likely naturally implanted
solar wind ions to be detectable in lunar minerals.
Irradiations with different combinations of ions at different dose rates were made to study the
following problems: (a) the possible effects of diffusion due to beam heating during implantation, (b)
the role of knock-on effects in modifying the depth profiles of an implanted species (triple irradiation
experiments), (c) the retention of implanted species at high doses, and (d) the effects of large doses of
H and He in modifying the profiles of heavier implanted species. The irradiations were done at the
Laboratoire Rene Bernas on uncoated samples which were covered with a fine metal wire mesh
(covering up less than 5% of the surface) to prevent charging. The irradiation data are summarized in
Table 1.
The operation of the ion probe for depth profiling was described last year (Zinner and Walker,
1975). In contrast to our earlier work, most of the present runs were performed with a primary beam of
NO; (mass 46) at 9 ke V energy. The use of N0 2 instead of 16 0- has three distinct advantages for our
purpose. First, under normal operating conditions of the dual plasmatron N0 2 ions are usually more
abundant than o- ions as can be seen in Fig. 1 which shows the primary beam spectrum as measured
by the sample current. This in turn means that a finer focus can be achieved for an equivalent sample
current. Secondly, since the sputtering efficiency of N0 2 ions is about 2.5-3 times that of O ions one
can use a lower primary beam current (which also implies a finer focused beam) for the same
sputtering and secondary ion production rate if one uses N02 instead of oxygen. Thirdly, as discussed
in more detail below, because the N02 beam has only one third the specific energy (energy per atom or
per nucleon) for a given accelerating voltage, knock-on effects are greatly reduced resulting in an
improved depth resolution. Unfortunately, because the advantages of the N0 2 beam became apparent
only during the course of these investigations, most of the usable data on naturally implanted lunar
crystals were obtained with the o- beam.
Some samples were coated with gold while others were studied in the uncoated condition. In the
second case, the samples were covered with a transmission electron microscope grid (150 mesh) and
the beam rastered inside its open squares. This operation proved advantageous for samples that were
subject to repeated annealing. It also allowed an improved measurement of depth profiles of low
energy implanted ions since the burning away of the metal coating did not distort the profiles. In
uncoated feldspar and ilmenite crystals the yields of the major elements did not show the
characteristic transient rise exhibited by metals which is also seen in minerals with a metal coating
(e.g., Al in Fig. 3 of Zinner and Walker, 1975). Instead, the signal started at almost its maximum level
and stayed constant throughout the run. Counting rates normalized to the sample currents were equal
or higher in uncoated samples covered with the TEM grid than in gold coated (100 A) ones. This
normalized counting rate (counts/sec/sample current) varies in general considerably between different
samples depending on the thickness and the quality of the coating as well as the sample geometry.
Variations of up to a factor of three as seen in Fig. 2 are not uncommon; the variations are however the
same for different elements in the sample and apparently reflect the varying conditions for the
collection of secondary ions into the pick up electrode. The only drawback of the method of using
uncoated samples is occasional charging which causes a larger scatter of the signal due to shifting of
the mass peaks (Figs. 8 and 9 from uncoated samples compared with Figs. 3-5 from coated samples).
Most of our work involved the study of secondary positive ions. However, a series of preliminary
investigations was made on the use of negative secondary ions which are formed with higher efficiency
for elements on the right side of the periodic table and the use of which is expected to be advantageous
for the analysis of solar wind C, N, and S. Whereas for atomic carbon, more positive secondaries are
formed than negative ones, C 2 (mass 24) gives a much higher peak than either the positive or negative
atomic ion. In general, a large number of molecular ions could be observed in the negative secondary
mode (C., hydrocarbons, but also N0 2, N0 3, S02, S03, S04, etc.) which in some cases showed higher
peaks than atomic ions. It would thus appear that the use of molecular ions has an advantage over
atomic ions for the detection of C, N, and S. However, the secondary mass spectrometer discriminates
against molecular species by accepting only ions in a certain energy window and more work on
appropriate implanted samples is necessary to decide whether the analysis of negative secondaries will
prove useful for solar wind depth profiles.
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Fig. 1. Mass spectrum of the primary beam under typical operating conditions of the
dual plasmatron. The spectrum was measured by sweeping the primary beam magnet and
monitoring the sample current. Pure oxygen was fed into the dual plasmatron; the
nitrogen apparently originated from leaks in the system. Still, the NO; signal was found
to be as constant in time as the o- signal.
RESULTS AND DISCUSSION OF SIMULATION EXPERIMENTS

(a) The shape of depth profiles

Depth profiles reported last year showed long tails (Zinner and Walker, 1975,
Figs. 3, 4, and 8) that differed from the theoretically expected Gaussian-like shape
(ibid. Fig. 5). As one of the potential sources for this broadening we first
investigated the possibility that beam heating during implantation was causing
diffusion of the implanted ions. Comparison of samples implanted at different
dose rates (beam fluxes) showed that beam heating is not the cause of the tails in
the profiles. This is demonstrated in Fig. 2, which shows that identical profiles
were obtained for samples that were implanted at dose rates that differed by a
factor of twelve. Similarly, diffusion during ion probe analysis can also be ruled
out since no changes in the depth profiles were obtained with beam densities
ranging from 1.5 to 100 µA/cm2 (typical operating conditions are between 10 and
20 µA/cm2).
To study knock-on effects during implantation we performed triple irradiations
(see Table 1) where we first implanted an isotope of element A at low energy
(0.6 keV/nuc) followed by a high dose of another nuclide (element B) at higher
energy (2.0 keV/nuc). This was followed by the implantation of a second isotope
of element A which served as a reference for the first implantation. A small but
noticeable effect was seen for the sequence 52Cr- 13C-53 Cr (Fig. 3) with a total 13C
dose of 3 x 1016 ions/cm 2 • The effect seemed to be a little larger for the sequence

© Lunar and Planetary Institute • Provided by the NASA Astrophysics Data System

1976LPSC....7..953Z

958

E.

ZINNER

et al.

6,000 - - - - - - - - - - - - - - - - - - - - 18,000
; \
LOW DOSE RATE
\~
i
\
(1.25 x I0 12 /cm 2 sec)
15,000
5,000

,

\

<(

'
HIGH DOSE RATE
~(l.5x 10 13/cm 2 sec)

4,000

C

u

Q)
Cl)

3,000

12,000

IMPLANTED
3x 10 14 IONS/cm2 52 cr
1.2 keV /nuc

C
:,

o 2,000

u

1,000

g
(")

:,

en
9,000 ;;;CD

6,000

(")

:i

)>

3,000

0.00

0.05

0.10

0.15

SAMPLE CHARGE/RASTER AREA (A·sec/cm 2 )
Fig. 2. Depth profiles of 52Cr implanted into two labradorite samples at beam fluxes
varying by a factor of 12. The left hand scale refers to the sample implanted at the low
dose rate, the right hand scale to the one with the high dose rate. Variations like these in
the normalized counting rate are parallel to that of the major elements (Al, Ca) which
in this case also differ by a factor of three. Since we never measured depth directly, we use
here as well as in all following profiles the integrated sample current (sample charge)/raster
area as a measure of the depth from the surface of the sample. Beam conditions during
analysis: NO 2 -beam of 9 kV, sample current 0.35 nA, beam raster 48 x 72 µ,, electronic
aperture 40%. Au-coated samples.
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Fig. 3. Depth profiles of carbon and chromium implanted in the sequence 52Cr- 11C-51 Cr.
5 x 1013 ions/cm2 were implanted of each Cr isotope at 0.6 keV/nuc; 3 x 1016 13 C ions/cm2
at 2.0 keV/nuc. A NO,-beam of 9 kV was used for the analysis, sample current 0.6 nA,
beam raster 48 x 72 µ,, electronic aperture 40%. Au-coated sample.
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C-52 Cr-13 C with 1.1 x 10 16 Cr-ions/cm 2 but was partly obscured by surface
contamination effects (C-deposition on the surface from hydrocarbons in the
vacuum during the Cr-irradiation). No effect was seen for 29 Si-23 N a-30Si in
ilmenite for 5 x 1015 Na-ions/cm 2 •
Broadening of the depth profiles was also seen at high doses of a single
implanted element. Figure 4 shows the profiles of two ilmenite samples irradiated
with two different doses of 29 Si. Here it should be emphasized that for the
comparison of depth profiles in different samples the beam conditions have to be
carefully controlled and held constant; i.e., runs have to be made consecutively
without changing any of the settings. Different beam conditions on different days
(different spot size, inaccurate settings for the raster areas, slight instabilities of
the primary magnet, and the accelerating voltage which change the beam spot
location) can result in variations of up to 50% in the location of the implantation
maxima when measured in sample charge/raster area. However, the effect shown
in Fig. 4 was seen consistently in several runs. We think that this broadening might
be the result of lattice swelling which one has to expect at higher doses
(5 x 10 16 atoms/cm 2 implanted at 1.2 keV/nuc corresponding to approximately 25%
of the total number of atoms in the lattice). As applied to the lunar surface where
we can expect much lower total doses for all the nuclides of interest we conclude
that self-broadening of any implanted solar wind species is negligible. However,
lattice swelling or redistribution by more abundant species (H, He, C, N, 0, etc.)
may become important at long exposure ages(> 104 yr). The effects of Hand He
which are the most abundant species are treated separately below.
The only important effect on the shape of depth profiles was found to be
caused by the analyzing beam itself. In our case this was demonstrated by the use
of ion beams of different specific energies. The profiles of Zinner and Walker (1975)
were obtained with oxygen ions of between 13 and 20 ke V. The primary beam cannot
12
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be focused well for energies much below 10 kV. It is, however, possible to reduce the
specific energy by using an N 0 2beam. Figure 5 shows depth profiles of 52Cr implanted
at 1.2 keV/nucobtained withananalyzingbeamof oxygen of 15 kV and withanNO 2
beam of 9 kV. Since the sample is kept at - 1.5 kV, the specific energies for the two
beams are 0.84 keV/nuc and 0.16 keV/nuc. The difference is striking and was found
to be even more pronounced for implanted carbon. The total dose of the analyzing obeam atthe maximum of the profile taken withOisapproximately0.18 A· sec/cm2or
1.15 x 1018 o- ions/cm2which makes it clear why no stronger effect was seen for the
low doses of the triple implantations. Such an effect from knock-ons has been
predicted by Cairns et al. (1971) and calculated by Ishitani et al. (1974) from Monte
Carlo computer simulations. It was subsequently observed in SIMS work by Schulz
et al. ( 1973) who measured broadening of implantation profiles of B in Si as a function
of the sputtering Ar+ beam energy and with the ARL ion microprobe by McHugh
(1973 and 1975) as broadening of the profile from a thin 31 P-layer in Ta2O 5. More
recent theoretical and experimental studies by Ishitani and Shimizu (1975) and
Ishitani et al. (1975) also bear out these observations. In agreement with Schulz et al.
(1973) we observe that the NO2 beam of 9 kV gives us hardly any broadening thus
improving the depth resolution and resulting in depth profiles which closely
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approximate the theoretically expected shape. Figure 6 shows a comparison of three
profiles obtained for 52 Cr implanted at three different energies. To each profile we
fitted a Gaussian with the same mean Xo and standard deviation u as the measured
curves. Although we do not have enough resolution in our measurements to claim
that the slight deviations from the Gaussian curves correspond just to those
predicted theoretically (Winterbon et al., 1970; Winterbon, 1972) we find excellent
agreement in the u IX 0 ratios with the values derived from the LSS theory (Lindhard
et al., 1963). Table 2 shows the Xo and u I Xo values we measure for the depth profiles
of C and Cr in labradorite and of Na in ilmenite.For the case offeldspar we calculated
the X 0 and u values from LSS with the use of the tables by Schi.0tt (1966) and obtain
for X 0 of 52Cr 217 A, 400 Aand 640 Afor the energies 0.6, 1.2, and 2.0 keV/nuc. The
u I Xo ratio turns out to be energy independent if one neglects electronic stopping and
we obtain from both Winterbon et al. (1970) as well as Schi.0tt (1970) u I Xo = 0.43 for
Cr and u/Xo = 0.75 for C. Taking into account the electronic stopping (Lindhard et
al., 1963; Sigmund et al., 1971) yields ratios of u/Xo = 0.38 for 0.6 keV/nuc,
u/X0 = 0.35 for 1.2 keV/nuc and u/X0 = 0.32 for 2.0 keV/nuc of Cr. Our measured
values are larger than these and show a stronger energy dependence but can be
brought into total agreement if we consider a constant broadening of 30 A which is
added by the analyzing beam (Ishitani et al., 1975). Because of the above mentioned
uncertainties in the measurement of the implantation depth by the charge density of
the primary beam, a comparison of the theoretical and experimental X 0 values for
di:fferent energies is less meaningful. But even here the agreement is quite
satisfactory [for Cr in feldspar Xo(0.6) : Xo(l.2) : Xo(2.0) = 1 : 1.85 : 3.00 from the
theory and 1 : 1.64: 2.90 from the measured depth profiles].
The conclusion from these results is that in principle we can measure the
energy of solar wind implanted ions. We have to be aware, however, that there are
several factors which make this task less straightforward. First, solar wind does
not strike normal to a lunar sample surface; oblique incidence results in a
decreased implantation depth. The angular distribution of the solar wind is a
function of the orientation of the crystal surf ace in question relative to the lunar
surface as well as of the location of the sample on the moon; i.e., lunar latitude
and longitude (Criswell, 1975). Figure 7 compares calculated depth distributions of
1.0 ke V /nuc Cr ions for the case of normal incidence with those of a surface
exposed at the Apollo 17 landing site, the one surface being horizontal, the other
one vertical and pointing in the lunar east direction (the latter representing
approximately the orientation of 76215,77 whose analysis we describe below). The
second cause for distortion of the implantation profile is solar wind erosion of the
surface which will result in saturation equilibrium profiles as shown in the lower
part of Fig. 7. A third cause is the diffusion of the implanted species. This problem
we will address below. It seems that for the ions that we are interested in, thermal
diffusion in ambient lunar conditions plays only a minor role; i.e., we do not
observe the drastic effects seen for implanted rare gases (Miiller et al., 1976). All
these three mechanisms, however, will have the effect of shifting the maxima of
the concentration profiles toward lower depth values. Thus, more simulation
experiments are needed and great care has to be taken to derive any energy values
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Table 2. Mean depth and standard deviation of Gaussians fitted to
measured depth profiles. All depth profiles were measured with an
NOrbeam of 9 kV. Since we do not measure depth values directly, X 0
values are given in units of sample charge/raster area. The corrected
X 0 values are derived by taking into account the Au-coating of the
crystal surface and are averages over different measurements.
C in labradorite

1.2 keV/nuc

2.0keV/nuc

0.61
0.79
0.021

0.36
0.41
0.060

0.6keV/nuc

1.2 keV/nuc

2.0keV/nuc

0.40
0.53
0.022

0.38
0.44
0.036

0.33
0.36
0.064

1.2 keV/nuc

2.0keV/nuc

0.61
0.76
0.033

0.50
0.62
0.051

u/Xo
a-/Xocorr
XO corr (A · sec/cm2)
Cr in labradorite

u/X0
a-/Xocorr
Xocorr(A · sec/cm 2)

Na in ilmenite

u/X0
u/Xocorr
Xocorr(A • sec/cm 2)

from the comparison of measured depth profiles of naturally implanted ions with
those of the marker ions.
(b) Retention experiments

Terrestrial feldspars and ilmenites were implanted with increasing doses of 12C
and 29 Si (see Table 1) to study the absolute retention of these elements.
Quantitative retention was observed at up to 10 17 ions/cm 2 of C in labradorite and
up to 5 x 10 16 ions/cm 2 of Si in ilmenite. The result for C in feldspar agrees with the
findings of Chang and Lennon (1975) who observed retention of more than 70% of
13
C implanted into lunar fines at a dose of 9 x 10 17 ions/cm2 • There was no
pronounced change in the shape of the C-profile for 5 x 10 16 ions/cm 2 • For
1017 ions/cm 2 we measured only one profile before the sample was lost and the
information on the shape is inconclusive. A broadening of the Si-profile in ilmenite
was observed at 5 x 10 16 ions/cm2 (Fig. 4). For both minerals and elements no
indication of saturation profiles was seen.
Fig. 6. Depth profiles of ' 2 Cr implanted into feldspar at 0.6, 1.2, and 2.0 ke V/nuc. The
solid curves are the measured profiles, the dashed curves Gaussian distributions fitted to
the measured values. For each energy the average implantation depth Xo and standard
deviation a- (both in units of A · sec/cm2 ) were calculated from the Gaussian fit. All
experimental profiles were obtained with an NOrbeam of 9 kV, sample currents from 0.35
to 0.6 nA, a beam raster of 48 x 72 µ,, and40% electronic aperture. Au-coated samples.
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Fig. 7. Calculated implantation profiles of 1.0 ke V/nuc Cr in feldspar for normal beam
incidence and for solar wind implantation into horizontal and east pointing surfaces at
the Apollo 17 landing site. The upper graph shows the case of no saturation, the lower
one that of saturation equilibrium under solar wind erosion. The average implantation
depth X 0 under normal incidence is calculated to be 340 A. The calculation neglects
increased back scattering under large angles between the beam direction and the surface
normal.

On the lunar surface the saturation concentrations of heavy solar wind ions are
expected to be determined by the erosion caused by the light solar wind elements,
hydrogen and helium. In order to simulate the lunar environment more realistically we implanted heavy isotopes together with large doses of H and He (see
Table 1). The relative amounts of H and He do not correspond to the abundances
found in the solar wind. However, a dose of more than 10 18 H-ions/cm2 would
have required excessive irradiation times in the ion implanter. Furthermore, if we
believe that He is responsible for most of the solar wind sputter erosion (Bibring
et al., 1974; Borg et al., 1974; Pillinger et al., 1976) a high dose of He is sufficient to
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study retention under erosion. Hydrogen was then implanted to investigate
whether its presence modifies the secondary ion signal through the formation of
hydrogen compounds (e.g., a reduction of the C-signal because of the formation of
hydrocarbons). No strong evidence was seen for a large amount of such molecule
formation either in terms of a decrease of the heavy ion signal or in terms of a
significant increase of any hydride signals (e.g., CH, CH2, SiH, etc.). In feldspar
the profile at mass 57 corresponds to the expected H-implantation profile and
indicates the formation of CaOH: however the effect is small. One has to mention
here that the hydrogen pressure in the vacuum of the ion probe is relatively high
and that at the extremely low sputtering rates employed in our experiments the
deposition of hydrogen on the sputtered surface is an important process which
dominates the hydrogen signal itself. Thus, no hydrogen profile could be seen, the
hydrogen signal being dominated rather by the turning on and off of the liquid N2
supply to the cold plate.
The effect of the additional H and He irradiations on the distribution of the C
and Cr in labradorite was also found to be very small. Figure 8 shows a
comparison of depth profiles of Cr implanted with and without additional H and
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Fig. 8. Depth profiles of 52Cr implanted into labrodorite at 1.2 ke V/nuc together with C or
together with C and in addition with Hand He of 1018 ions/cm2 • The total dose is the same
for each of the combined irradiations (see Table 1) but light and heavy ions were
implanted in different order as indicated on the graph. (e.g., 1/2 Cr+ C, 1/2 H + He, 1/2
Cr+ C, 1/2 H + He means the following implantation sequence: 2.5 x 1014 52Cr + 1.5 x 10"
13C + 5 X 10 17 H + 5 X 10 17 He+ 2.5 X 10 14 52 Cr + 1.5 X 10 15 13C + 5 X 10 17 H + 5 X 10 17 He).
The Cr-counts are normalized to the Al-counts; that is, the y-axis scale is the ratio of Crcounts/(Al-counts at the plateau). This is done to account for variations in the secondary ion
signal from sample to sample. Conditions for analysis: NOrbeam of 9 kV, sample current
0.35 nA, raster 48 x 72 µ, samples uncoated and covered with 150 mesh TEM grid, 40%
electronic aperture.
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He. The heavy and light ions were implanted in three different sequences. There is
only very little difference between the samples irradiated with C and Cr only and
the samples with the combined irradiations; thus all the implanted Cr is apparently
retained in surfaces bombarded with large doses of H and He. The same is true for
the implanted 13C, although here the situation is slightly obscured because of high
surface contamination levels of C which were deposited from the vacuum of the
implanter during the long irradiations of H and He. The results for ilmenite are
less conclusive. First, the implanted sections turned out to be Mn-rich haematite.
Secondly, surface contamination levels of both Si and Na were relatively high,
perhaps from the preparation of the sections (polishing on a lap together with
silicates). Because of the importance of this investigation for the relative retention
of ions in feldspar and ilmenite, the combined irradiations have to be repeated for
the second mineral under cleaner conditions and slightly larger doses of the
implanted heavy ions.
A dose of 1018 He-ions corresponds to a solar wind exposure time of
~20,000 yr on the lunar surface. The lack of any noticeable effect of this aose on
the implanted C and Cr leads us to conclude that we can expect retention of heavy
ions in feldspar for periods at least of the order of 10,000 yr. Since this conclusion
is quite controversial in view of the confusion about the solar wind sputtering rate
on the moon we want to briefly review the situation.

(c) Sputtering rates
First, there is the question whether H or He is the most efficient sputtering
agent in the solar wind. McDonnel and Ashworth (1972) calculated from sputtering data on Cu that H should contribute about 70% of the erosion and He only
30%. This calculation is directly contradicted by the experimental findings of
Bibring et al. (1974) and Borg et al. (1974) on micron sized grains. These
investigators found the erosion efficiency of He to be 100 times that of H, and
therefore concluded, that with a solar wind ratio of H/He ~ 25 (Bame et al., 1968,
1970; Geiss et al., 1972) the former element would contribute 80% of the solar
wind erosion. The dominance of He had also been expected by Wehner et al.
(1963) who first estimated the erosion rate on the lunar surface to be about 1 A/yr.
This early estimate was of the same order of magnitude as the value of 0.5 A/yr
reported by Bibring et al. (1974) and Borg et al. (1974) for glasses, pyroxenes, and
feldspars. These estimates were derived from the inferred He doses needed to
remove an amorphous coating produced on micron sized grains by a previous
Ar-irradiation at higher energy. McDonnell and Flavill (1974) on the other hand
measured a value of 0.043 A/yr for the erosion of the surface of a sample from
14321 under a normally incident He-beam. It has to be added that this value
assumes 70% H-erosion. For 80% He-erosion this rate would decrease to the even
lower value of only 0.016 A/yr. This discrepancy between flat target experiments
and experiments on micron sized grains was pointed out again by Bibring et al.
(1975) who measured the removal of 13 C and 15N implanted into feldspars by
subsequent He-irradiations and found a sputtering rate which for normal inci-
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dence was even smaller than the McDonnell and Flavill value. They also
measured a strong angular dependence but could not reproduce this measurement.
Last year we reported an upper value of 0.025 A/yr for the solar wind erosion rate
(Zinner and Walker, 1975) based on the removal rate of implanted ions in the
primary beam of the ion microprobe, again a case of normal beam incidence onto
a flat target. Our results presented in this paper for the retention of C and Cr in
feldspar after irradiation with 1018 He-ions/cm2 also yield an upper value of
0.025 A/yr for normal beam incidence (assuming that He contributes 80% of the
erosion). Although every measurement cited above for the erosion rate produced
by normally incident beams gives very low values, the situation has recently been
still further confused by the results of Tombrello (pers. comm.) who obtained the
relatively high value of 0.07 A/yr for solar wind He-erosion from measurements of
the amount of activated target .material gathered by a collecting foil during
bombardment. However, 'fombre1lo's experiments were done on glass targets and
may be irrelevant for the feldspar erosion rate problem.
Results from the continuation of sputtering experiments by Bibring et al.
(1976) with He and Ne complicate the situation even more. Blistering of a polished
feldspar surface was observed from a dose of 3 x 10 11 Ne-ions/cm 2 but not from
He. However, even with He the irradiated feldspar surface is not eroded as in the
case elf ilmenite but is actually elevated as if swelling of the lattice had occurred.
The question whether the main erosion mechanism is simple knock-on sputtering
or some process involving bubble formation raises the problem whether the lunar
surf ace erosion which takes place at very low particle fluxes is adequately
simulated by laboratory experiment using beam densities higher by many orders
of magnitude.
Another area of controversy is the erosion rate inferred from measurements of
lunar samples. A value of 0.5 A/yr would limit the amount of solar wind carbon to
be found on the surface of lunar samples to about 10 15 C-atoms/cm2 (Bibring et al.,
1974). Chang and Lennon, however, using the slopes of C-concentration vs. grain
size plots in lunar soils, estimate actual surface concentrations that are higher by
up to a factor of 10. Our own ion probe measurements on lunar plagioclase crystal
76215,77 reported in this paper yields an upper limit of 8.5 x 1015 (see Table 3
below). On the other hand, Goldberg et al. (1976) set upper limits of 3 x 1015 and
2 x 1015 atoms/cm 2 for lunar exterior samples from 64455 and 70019. Similar
contradictory estimates have been made for Xe-concentrations in lunar soils and
drill cores. Clearly, the whole area of solar wind erosion rates on the moon is still
far from being clarified and needs further work.

(d) Annealing experiments
We are undertaking a series of studies of annealing effects in implanted
minerals. Here we report on the preliminary results on feldspar. A polished
terrestrial labradorite implanted with 5 x 1014 52Cr-ions/cm2 at 1.2 ke V /nuc was
heated in an Ar-atmosphere to increasing temperatures. Annealing times were 3 hr
at each temperature (2.5 hr at 820°C) and concentration depth profiles were
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measured after each annealing step. Figure 9 shows these profiles and compares
them with the profile of an unirradiated unannealed sample.
It can be seen that up to 770°C practically no loss of Cr occurs although some
of it had drifted toward the surface. This movement toward the surface is
characteristic for the diffusion at higher temperatures. Because the diffusion does
not simply broaden the profile it is apparent that the diffusion is not a simple
process to be described by a single diffusion constant. There is no diffusion into
the interior and some Cr is still retained close to the surface even after annealing
at 1000°C. This behavior is drastically different from that of the light rare gases
where most of the gas is found at a rather large distance (;;::: 1000 A) below the
surface in lunar soil particles (Muller et al., 1976). On the other hand, our findings
are in qualitative agreement with the model of Ducati et al. (1973) that radiation
damage can create traps for diffusing implanted atoms, an idea pursued further
recently by Deubner and Kirsten (1976). In our case the dose of 5 x 1014 Cr atoms
may not produce sufficient damage, however, it is also conceivable that the damage
of the mineral lattice by the polishing process could be responsible for the
production of such traps. Further annealing experiments with heavy ions im0.010
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Fig. 9. Depth profiles of 52 Cr in a terrestrial labradorite sample after annealing of 3 hr
each at increasing temperatures. Implanted were 5 x 1014 52Cr-ions/cm2 at 1.2 keV/nuc.
The Cr-counts are as in Fig. 8 normalized to Al plateau counts. Conditions for analysis:
N02-beam of 9 kV, sample currents 0.6 nA, raster 48 x 72 µ,, uncoated sample covered
with 150 mesh gold TEM grid, 40% electronic aperture. In this case the analysis of an
uncoated sample proved ideal for the annealing studies. The fact that the annealing curve
at 1000°C lies above the one at 900°C is probably either caused by a temporal change in
the relative sensitivity of the ion probe (C. Meyer, Jr., personal communication) from
one day to the next (the two profiles were measured on different days) or by nonuniform
distribution of the implanted Cr ions.
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planted into unpolished, i.e., cleaved surfaces with and without additional high
doses of light ions (Hand He) to produce radiation damage have to be performed
in order to investigate this question. The fact that it is necessary to heat to a
temperature greater than 700°C before any diffusion is observed, implies that the
activation energy for diffusive motion, even in the highly damaged surface
regions, is sufficiently high so that little or no diffusion occurs at the maximum
ambient lunar temperature ( 150°C).
B. THE ANALYSIS

OF

THE LUNAR PLAGIOCLASE CRYSTAL 76215,77

Sample description and experimental procedures
The sample 76215,77 is a plagioclase crystal~ 1.3 mm long which was removed from the surface of
sample 76215,32. It is part of a larger crystal on the east face of the parent rock which can be seen in
Fig. 2 of Morrison and Zinner (1975). This face was exposed to the sun and its orientation can be
reconstructed from the accompanying lunar surface photography. Both the east and top face of 76215
are young surfaces which were formed when the rock broke off its parent boulder (Boulder 4, Station
6) approximately 16,000 yr ago. This is the age reported by Blanford et al. (1975) from solar flare track
measurements of a portion of the east face (sample 76215,66). This short exposure time and the fact
that we are dealing with a virtually uneroded surface make this sample an ideal candidate for ion probe
measurements of solar wind implanted ions. Microcraters on 76215,32 were measured by Morrison and
Zinner (1975) who found a density of 5 x 106 craters larger than 0.1 µ,/cm2 • This crater density also
indicates an exposure of the crystal to free space for a period of about 20,000 yr if we measure this
"micro dust exposure age" with the micrometeoroid flux derived from partially shielded vug crystals
from 76015,105 and ,40 exposed for times of ~ 106 yr (Morrison and Zinner, 1975).
After removal from 76215,32, the crystal 76215,77 was glued onto a SEM stub with epoxy and
coated with ~ 100 A of gold. Figure 10 shows a SEM picture of the mount. After documentation of its
surface (a higher magnification SEM micrograph is shown in Fig. 10 of Zinner and Walker, 1975) and
measurements of its microcraters, the sample was given a preliminary study with the ARL instrument
at the JSC. It was then implanted with 13 C (3 x 1015 ions/cm2 ), 25 Mg (5 x 1014 ions/cm2 ), 5 'Cr (2 x
10 13 ions/cm2 ) and 57Fe (3 x 1014 ions/cm2 ) at Orsay and restudied in Houston. A series of 6 depth profile
runs were made with the ARL machine, three of them with an o--beam of 15 kV and three with an
NO;-beam of 9 kV. The masses 12, 13, 24, 25, 27, 31, 48, 52, 57, and 197 were monitored during each
run. Beam currents were 0.75 nA with the O-beam and 0.3 nA with the NOrbeam. The raster areas
varied from 42 x 63 µ, to 96 x 144 µ,.
After measurements with the ARL instrument the sample was taken to Paris and studied at the
CAMECA factory with the IMS 300 which, equipped with a recently developed electrostatic analyzer,
can achieve a mass resolution of up to 6000 (Vastel and Lewis, 1974; Morrison and Slodzian, 1975).
Unfortunately, the computer control for peak switching (allowing simultaneous measurements of
depth profiles at different masses) as well as data storage devices were not available at the time we
used the machine. We therefore repeatedly scanned over two mass peaks and recorded the peak
structure at each mass on a light pin oscillograph as a function of time. A typical record trace obtained at a
mass resolution of ~ 3000 is shown in Fig. 11. In this way we could crudely reconstruct intensity vs. depth
profiles for several pairs of masses. As seen in Fig. 11 the mass resolution is sufficiently high to allow a
clear separation of atomic isotopes from typical molecular interferences in this mass range.

RESULTS

(a) ARL ion microprobe
Preliminary depth profile measurements of 76215,77 showed surface enhancements at the masses 12, 24, 31, 48, 52, and 54. In the simplest interpretation these
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Fig. 11. Mass scans across the masses 52 and 53 obtained from the surface of 76215,77
with the CAMECA IMS 300 featuring an electrostatic analyzer at a mass resolution of
approximately 3000. Shown are the analog signals from the electron multiplier at three
sensitivities differing from one another by a factor of 10. The high mass resolution
enables separation of the atomic peaks (5 2 Cr and 53 Cr in this case) not only from
hydrocarbons (C.Jl 4 and C4H5) but also from molecules like 40CaC, Na29 Si and 40CaCH,
Na28 SiH2 • Conditions for analysis: 16 O-unseparated primary beam of 14.5 kV, beam
current 72 nA, beam spot size -75 µ,, stationary beam (no rastering).

correspond to the naturally occurring isotopes 12C, 24Mg, 31 P, 48Ti, 52Cr, and 54Fe.
However, as discussed below, it is important to consider the possibility that at
least some of these mass peaks may be due to molecular interferences. Proceeding on the assumption that we were dealing with elements, we applied our "marker
ion" calibration technique and implanted the crystal with 1.0 keV/nuc ions of 13 C,
25 Mg, 53 Cr, and 57 Fe. Depth profiles from one of the runs made after the
implantations are shown in Fig. 12 where we compare naturally and artificially
implanted isotopes of the same element. This comparison enables us to measure
the concentrations of the natural surface enhancements. Table 3 gives a summary
of 6 runs, the first three of which were made with an O-beam, the last three with an
NOrbeam. Since the profile shapes for the naturally and artificially implanted
species are quite similar, only the peak heights above background were used for
deriving the isotope ratios. This use of peak height alone may introduce some
systematic errors and in future work we intend to examine the integrated values as
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Table 3. Ratios of peak heights in 76215,77 depth profiles and measured
surface concentrations.*
Run
Aug.
Aug.
Aug.
Nov.
Nov.
Nov.

12.1
13.1
13.2
2.1
3.3
4.1

Surface concentration
(atoms/cm2)

52/53

0.29
0.42

7.7
10.6
11.6
7.7
7.4

5.4

2.4
2.8
4.3
1.9
2.9
2.5

Cr

Mg

C

0.13
Fe
1.4 X 1015

2.1

X

24/25

12/13

54/57

6.4
9.1

1014 4.4 X 1015

8.5 X 1015

*The ratios presented are those between the natural enhancement
and the signal from the implanted isotopes; i.e., natural isotopes have
been subtracted at the masses where ions were implanted artificially.
This correction had not been made for Table 2 of the abstract (Zinner et
al., 1976). The background has been subtracted for each peak. We
assumed that the peaks are entirely from the atomic species and that
molecular interferences are either constant or negligible, ·an assumption
supported by the high resolution results with the CAMECA instrument.

well. The presence of the natural isotopes 13 C, 25 Mg, 53 Cr, and 57Fe was corrected
for.
In two runs (Aug. 13.1 and Aug. 13.2) when the probe was operating under
optimal conditions (with, however, o- ions and not NO2 ions as were later found
to be desirable), large peaks in the depth profiles were seen for all masses
including mass 31 and 48. Figure 12 represents one of these (Aug. 13.1). If we
assume that the observed enhancements originate entirely from the isotopes and
that the background of molecular interferences is either constant or negligible, we
calculate the average surface concentrations given in Table 3.
(b) CAMECA ion microscope

In order to investigate whether the observed surface enhancements were due
to the isotopes in question or whether some mass peaks might represent molecular
species, we used the CAMECA instrument operating with a mass resolution of
~ 3000. Some indications that we were dealing with atomic species could be
obtained also with the ARL instrument. For example, depth profiles taken before
the implantation of marker ions showed peaks for both masses 52 and 53 whose
peak height ratio was 7 ± 2 as compared to the isotopic abundance ratio of 8.8 for
52Cr/53 Cr. With the CAMECA IMS 300 mass scans were taken as functions of time
for the mass pairs (24, 25), (48, 49), (52, 53), and (54, 56). Only a single mass peak
was seen at 24, 25 and 48, 49. In all cases these peaks decreased with sputtering
time. At the masses 52, 53, 54, and 56 some molecular interferences were observed
which did not yield characteristic implantation profiles. Figure 13 shows the series
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Fig. 13. Mass scans across the masses 54 and 56 obtained from the surface of 76215,77
with the CAMECA IMS 300 at a mass resolution of - 3000. A series of mass scans are
shown as a function of sputtering time. The conditions for these scans are the same as
those in Fig. 11. Also the scale units for the three traces are the same lj-S in Fig. 11. The
molecular peaks are identified as Al2 for mass 54 and 40 CaO (plus some 28 Si2 ) for mass 56.

of mass scans made at masses 54 and 56. In each case we see a double peak in
addition to a small peak originating (presumably) from hydrocarbons. However,
only the first (low mass) peak decreases with sputtering time whereas the second
peak remains more or less constant. This can be seen in Fig. 13 directly and is also
shown in Fig. 14 for the case of mass 56 where we show depth profiles of both
mass 56 peaks.
We wish to underline the fact that the operating conditions of the ion
microscope were not optimal for the measurement of depth profiles. The beam
was probably not very uniform nor was it rastered to achieve a flat sputtering
crater as was done with the ARL machine. Consequently the gradual decrease of
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DEPTH PROFILES OF DOUBLE PEAK AT MASS 56
IN 76215,77
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Fig. 14. Depth profiles for the low and high mass peak at mass 56 in 76215,77 calculated
from mass scans shown in Fig. 13. The units of the x-axis are calculated from the beam
density (conditions of Fig. 11) and the sputtering time. Only the low mass peak identified as
56 Fe decreases with time (depth).

the peaks as functions of sputtering time is not surprising. The low mass peaks at
54 and 56 had a measured ratio of ~0.05. This value was derived from the traces
shown in Fig. 13. As can be seen there the accuracy of these measurements is not
very high; furthermore the relative sensitivities of the three traces are not well
calibrated and differ from the factor of 10 claimed by up to 40%. The peak ratio
has therefore an error of 30-40%. The value of 0.05 compares with a value of
0.077 for 54Fe/56 Fe and suggests that the low mass peaks are due to iron. The
separation of the higher peaks are consistent with the identification of the high
mass peak at 54 as the molecule {27 A1)2 and at 56 as either 40 Ca 16O or (28 Si) 2 •
The situation is similar for Cr for which mass scans at masses 52 and 53 are
shown in Fig. 11. At deep depths where the artificially implanted ions can be
ignored, the 52/53 ratio of the low mass peaks ( ~ 10) was close to the accepted
isotope ratio of 8.8 for 52Cr/ 53 Cr. In distinction to the case at masses 54 and 56, also
the high mass peaks at 52 and 53 decreased with depth. This behavior would be
expected if these peaks were from the molecules 40 Ca 12C and 40Ca 12C 1H where the
carbon and hydrogen were due to solar wind implanted species.
The peak ratio at depth for masses (24, 25) and masses (48, 49) are respectively
8 and 17. The fact that these are (within the large measurement errors) comparable
to the normal isotopic abundances for 24Mg/ 25Mg (7.8) and 48Ti/49Ti (13.3) again
suggests strongly that we are dealing with the elemental species Mg and Ti at these
mass numbers.
Unfortunately, we did not have sufficient time on the CAMECA instrument to
check for interferences at mass 12 where we might expect some contribution from
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Mg++. The presence of molecular interferences which behave like the atomic
signal would constitute an ~ 10% correction for the amount of 52Cr calculated from
the depth profiles obtained at low mass resolution with the ARL machine.
However, the acceptance of molecular ions relative to atomic ions is believed to
be smaller in the ARL instrument than in the CAMECA machine. Because of this
and also because of the fact that a 10% correction is much smaller than the
variations of the 52/53 ratio for different runs (Table 3) we have not performed
such a correction for the surface concentration value in Table 3.
24

DISCUSSION

The work reported here on artificially implanted specimens shows that we
have good reason to expect to be able to measure naturally implanted species
in crystals that have been exposed to the solar wind. Depth profiles of heavy ions
are not severely modified by large doses of H and He or by moderate doses of
heavier elements. The crystals are also capable of quantitatively retaining heavy
elements for bombardment times at least as long as 104 yr. Significant diffusion, at
least for some elements of interest, does not occur for temperatures < 700°C
indicating that at the maximum temperatures reached on the lunar surface thermal
diffusion of the elements studied here is not a problem. As we discussed in detail
earlier, the sole critical question remaining from the work with artificially implanted
ions is the erosion rate. Values found by us would allow natural implantation doses
that would be easily measurable; some higher values reported by others would result
in lower accumulated doses that would strain the sensitivities of our techniques.
However, a lunar surface crystal implanted by the solar wind could be
a far cry from the analog systems that we have studied. The times of implantation are different, the total number of implanted species are greater, and
the natural surfaces are more complicated than the polished surfaces that were
used in the analog studies. More important, the natural surfaces have been
subjected to a variety of processes including microcratering, glass deposition, and
(possibly) vapor deposition all of which could modify or mask the effects of
directly implanted ions.
The ion-probe results on lunar crystal 76215,77 show surface enhancements of
the type expected for solar wind implanted atoms. As we discuss in more detail
below, we believe that the bulk of the evidence is consistent with this interpretation. However, we do not consider that the case has been completely proved at
this stage of the investigation and feel keenly that much additional data,
particularly on other surface exposed crystals, are required before any final
conclusions can be reached.
Consider first alternate explanations for the observed surface enhancements.
There is always the possibility of terrestrial contamination. This is most likely for
carbon and phosphorous. In general we did not observe such high levels of carbon
in our simulation experiments (see our background estimates in Zinner and
Walker, 1975), and we can rule out that the contamination was introduced during
the Au-coating (hydrocarbons in the vacuum system) or during SEM observation.
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That does not mean, however, that there were no other opportunities for
C-contamination and it remains a definite possibility. In the case of phosphorus
the background values in the simulation experiments were sometimes almost as
high as the concentrations found on 76215,77. On the other hand it is very difficult
if not impossible to interpret the levels of Mg, Ti, Cr, and Fe as surface
contaminations.
Another possible explanation for the enhancements is that they originate from
secondary accretionary features (glass splashes and glassy discs-see Blanford et
al., 1974; Poupeau et al., 1975) of other minerals on the surface of the plagioclase.
Large glass splashes are generally absent on this crystal and, in any event, are
excluded by the superficial nature of the surface enhancements. Consider next the
small and thinner glass pancake accretionary features. From the SEM observations we estimate that 100 pancakes <0.5 µ,, 25 pancakes between 0.5 and 1.0 µ,
and ~ 6 pancakes > 1.0 µ, would be found in an area corresponding to the beam
size used in the studies with the ARL probe. Their surface area is ~ 1% of the
total. If these pancakes are responsible for the surface enhancements they can be
no greater than ~ 300 A thick. Otherwise the profiles would persist to deeper
depths than observed. While it is possible that some or all of the Ti enhancement
could be due to such small splashes, the total number of atoms in the pancakes is
far too low to explain the enhancements of the other elements. We believe
therefore that glass pancakes can safely be ruled out as a significant source of the
observed surface signals.
Various authors using different techniques have suggested the presence of
V€1,por deposited coatings on the surfaces of lunar dust grains. Most of the
measurements have been made on bulk soil samples. In two cases however where
Auger spectroscopy was used to examine the surfaces of crystalline grains that
had been exposed to free space (as evident either by the presence of impact pits or
amorphous coatings), no evidence for surface coatings was found (Grant et al.,
1974; Dran et al., 1975b). According to a recent estimate by Zook (1975) as much
as 1600 A of surface deposited films could be built up on a lunar surface exposed
for 16,000 yr. However, our data clearly show that no such thick surface deposit
was present on the crystal that we studied.
Although the process of vaporization and re-deposition would undoubtedly
result in an alteration of the chemistry of the evaporated material, it is a
reasonable first approximation to assume that the chemical composition of any
surface film would reflect the average chemical composition of the regolith. An
even better analog should be the chemical composition of glassy agglutinates that
are known to have been melted by impact events. Thus a possible distinction
between deposited films and directly implanted solar wind ions is whether the
ratios of the surface enhanced elements follow more closely the patterns observed
in lunar agglutinates or those expected from solar abundances. In Table 4 we show
such a comparison using Cr and Fe alternatively as the normalizing elements. It
should be remembered that all calculations are based on peak height not on
integrated values.
Unfortunately the interpretation of the data shown in Table 4 is ambiguous and
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Table 4. Comparison of elemental ratios of surface-enhanced ions with
those found in glassy agglutinates from the soil and with solar abundances.

Ratio
Mg/Cr
P/Cr
Ti/Cr
Fe/Cr
Mg/Fe
P/Fe
Ti/Fe
Cr/Fe

Agglutinates*
41
14
36

.18

1.14
.0051
0.38
0.028

Solar abundancet

Observed
surface enhanced
species

83
0.8
0.22
65
1.28
0.012
0.0033
0.015

21

.12
.23
6.7
3.1
0.ot8
0.034
0.15

*Data from 75121 taken from Rhodes et al. (1975).
tTaken from Cameron (1973).

does not permit a clear choice between the two models for surface enhancement.
If Cr is taken as the normalizing element, the Ti values clearly favor the direct
implantation model. However, as we shall discuss shortly, the Cr values seem too
high to be compatible with independent estimates of the exposure age, assuming
that the Cr is present in the solar wind in solar abundances. If Fe is chosen as the
normalizing element instead it can be seen that the Ti abundance is intermediate
between that expected from glassy agglutinates and from solar abundances. In
any event the Ti concentration was not measured by the marker ion techniques
and we hesitate to hinge any important conclusions on its estimated concentration. It is important to note that the Fe/Cr ratio in the surface enhanced species
appears to be considerably lower than either the agglutinate value or the solar
abundance value; this suggests that one of the species may be mis-identified.
In principle the detailed shape of the depth profile also allows a definitive
choice between thin surface films and directly implanted ions. Unfortunately,
such a choice cannot be made with the present data. The naturally enhanced
surface ions in 76215,77 have a much shallower profile than those measured in the
analog experiments where the implanting beam was perpendicular to the surface.
As previously discussed, this would be expected from geometrical considerations
since the solar wind beam is expected to strike obliquely. Calibration experiments
in which crystals are irradiated at different angles of incidence are currently in
progress.
The agreement shown in Fig. 12 between the profiles obtained for the
artificially added marker ions and the naturally enhanced surface species is largely
fortuitous; the irradiation geometries were different and the marker ions were
added when the sample was covered with a ~ 100 A thick layer of gold.
In Table 5 we give calculated exposure ages for 76215,77 assuming that all the
surface enhanced ions were directly implanted by the solar wind. These numbers
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Table 5. Solar wind exposure ages calculated from surface concentrations in 76215,77. The exposure ages were obtained with a solar
wind H-flux of 2.5 x 108 ions/cm2/sec, a lunar exposure factor of 0.158
(east facing vertical surface at Apollo 17 site) and with the assumption
that the solar wind elemental abundances are the same as Cameron's
(1973) solar system abundances. The figures in Table 2 of Zinner et al.
(1976) were calculated for a horizontal surface. The Ti-age quoted
there was in error.
Isotope
measured

12c

24Mg
52Cr
54Fe

"P
48

Ti

Surface
concentration
(atoms/cm 2)
8.5 X
4.4 X
2.1 X
1.4 X

10 15
10 15
10 14
10 15

2.5 X 1013
4.8 X 10 13

SW exposure
age
(yr)
1.8 X
1.1 X
4.2 X
4.3 X

1()"

105
1Q5
104

6.6 X 104
4.4 X 105

were arrived at assuming that all of the laboratory implanted ions penetrated the
Au film and were subsequently collected by the ion-probe. Since the Au film
stopped some of the atoms and, since the secondary emission is initially lower
from the metal, these estimates should be treated as upper limits.
We consider next whether the exposure ages, which range between 2 x 104 to
2 x 105 yr, are reasonable in the light of other information that is known about the
sample. We defer to later the question of why different elements appear to give
different exposure ages. Previous studies of this rock using solar flare tracks led to
an estimated exposure age of 1.6 x 104 yr (Morrison and Zinner, 1975). However,
there exists a fair uncertainty in the average rate of solar flare track production.
The use of other reported production rates (Hutcheon et al., 1974; Yuhas, 1974)
instead of the one given by Blanford et al. (1975) which was used for deriving
the age of 16,000 yr, would change this time from between 2,000 and 32,000 yr
(Morrison and Zinner, 1975).
However, the solar wind exposure ages inferred from the surface enhancements of Ti and Cr definitely appear to be much higher than allowed by our
present ideas on solar flare track and microcrater production rates. Since the Ti
concentrations were not directly measured by the marker ion technique we do not
regard this as a serious problem. The Cr data on the other hand were obtained
using the marker ions and pose a serious difficulty for the solar wind interpretation.
Although several possibilities exist to explain the fact that different surface
enhanced ions give considerably different solar wind exposure ages, we do not
understand these results at the present time. One possible explanation is that the
mass peak at 52 that we have identified as 52Cr is in fact due to an unknown
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molecular interference. As we previously discussed, the available high mass
resolution data do not support this idea, but the data are meager and much more
work needs to be done to examine this possibility. In this connection we wish to
re-emphasize a point made earlier: the relative overabundance of Cr with respect
to Fe is also not expected in the case of a vapor deposited film. Under any model
the apparent Cr concentration appears too high.
There is also the possibility that the Cameron Cr abundance values may not be
appropriate for the solar wind. In general, time averaged solar wind values for
several elements that have been measured are close to accepted solar system
values (Geiss, 1973) but some differences may exist. For example, Zinner et al.
(1974) find CNO/H and Fe/H solar wind ratios approximately twice those given by
Cameron. It should also be noted that the Fe/H ratio in the solar wind has been
observed to vary in time by a factor of ~7 (Bame et al., 1970, 1974).
It is important to note in Table 3 that element ratios measured from one place
to another on the crystal are relatively constant though not perfectly so. It might
be argued that the observed variations favor the vapor deposition or (thin) glass
splash models as opposed to the solar wind hypothesis. However, given the
complicated topography of the surf ace and the fact that the reference marker ions
were incident at a different angle than any naturally implanted species, we do not
consider that the observed variations are necessarily larger than those that would
be expected from solar wind ions. In this connection we also note that there is a
tendency in the data for various isotope ratios to vary up and down together as
would be expected if different areas had been shadowed from the solar wind
somewhat differently. In any event it is clear that additional work on other
surface-exposed crystals, including high-resolution ion probe spectroscopy, is
needed to settle all the questions. Nonetheless, we remain encouraged in the hope
that lunar crystals can be used to study long-time average abundances of certain
solar wind ions as well as to investigate the past variations of solar wind, solar
flares, and micrometeorites in the solar system.

SUMMARY AND CONCLUSIONS

1. With an appropriate primary ion beam (e.g., NO 2 at low energy) depth

profiles of solar wind energy ions implanted into minerals can be measured with a
depth resolution of ~ 30 A. This enables us to measure the energy of implanted
ions by comparison with marker ions.
2. Carbon and chromium implanted in feldspar are still retained after additional irradiation with 10 18 ions/cm2 of hydrogen and helium each. This suggests
that solar wind implanted heavy ions are retained in feldspar on the lunar surface
for periods of the order of at least 10,000 yr.
3. The thermal diffusion of Cr implanted into feldspar is a complicated process
not explained by a classical diffusion mechanism. Diffusion losses of solar wind
implanted Cr are not likely to occur on the lunar surface.
4. The analysis of lunar plagioclase crystal, 76215,77, with the ARL ion probe
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shows enhanced surface concentrations at the masses 12, 24, 31, 48, 52, and 54. If
these enhancements are caused by pure isotopes and not molecular interferences,
that would mean surface enhancements of C, Mg, P, Ti, Cr, and Fe. Under this
assumption we directly measured the concentrations of C, Mg, Cr, and Fe with the
use of marker ions.
5. Analysis with a high mass resolution CAME CA IMS 300 ion microscope
shows a multiple peak structure at several masses. However, the behavior of the
various peaks as a function of sputtering time, the separation of the peaks and the
measured peak ratios indicate that the observed surface enhancements are due to
pure isotopes and not molecular interferences.
6. The elemental abundances of the surface concentrations agree neither with
the hypothesis that they are of solar wind origin nor that they are caused by vapor
deposits produced by meteorite impacts. The amounts of some of the elements (C,
Fe, and P) are roughly in agreement with the solar wind hypothesis and the
measured track exposure age. Ti and Cr, however, are overabundant; the amount
of the latter element cannot be explained by either one of the hypotheses.
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