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ABSTRACT

The apparent absence of metal coatings, produced by solar—-
wind sputtering, on lunar samples indicates that the solar wind
does not modify the soils to the extent predicted by laboratory
studies. This suggests that the sputtering efficiency of the so-
lar wind is somehow decreased in the lunar enviroment.

The model for backward sputtering of metals and oxides has
been reviewed. The predicted sputtering yields of metals and ox-
ides in comparison with the experimental yield values turns out
to differ by at least a factor of 3 or better. For example, the
predicted yield for Cu and Fe at 1.85keV are 0.014 and 0.035, re-
spectively, and the experimental values are 0.03 and 0.009, respec-
tively.

The sputtering yields of metals and oxides, obtained from
modified theories of sputtering by Sigmund and Kelly, are used in
conjunction with the solar wind plasma-lunar surface magnetic field
interaction model to estimate the sputtering rates. The predicted
order of enrichment of metals in lunar soils is in very good agree-
ment with the order of enrichment determined from ESCA studies of
lunar samples.

The interaction of the lunar surface magnetic fields with
the solar-wind protons has been reviewed. The solar-wind protons
are predicted to be completely stood off at the Apollo 16 landing
site, and their mean kinetic energies are reduced at other sites.
At the Apollo 12 landing site, for example, the protons lose about
30-802% of their nominal (lkeV) incident kinetic energy. The loss
in proton energy by interaction with compressed magnetic fields
reduces substantially the sputtering efficiency of the solar wind.
The unexpected low abundances of metal surface coatings can now
possibly be explained. '

THESIS SUPERVISOR: Roger G. Burns
TITLE: Professor of Geochemistry
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INTRODUCTION

For many years the apparent absence of‘metal coatings, pro-
duced by solar-wind sputtering, on the lunar surface has been the
subject of controversy. According to Hapke et al. [1975], the
lunar fines are enriched in metallic Fe relative to the lunar
crystalline rocks. The rocks typically have on the order of 0.1%
Fe, while the fines contain about 0.5% Fe, much of which is in the
superparamagnetic size range (<1008). Surfaces of many of the
grains in the fines are coated with an amorphous layer about 0.1
um thick and are enriched in Fe. However, there is some confliét—
ing evidence concerning the Fe. Both the fraction of grains con-
taining Fe and the degree of Fe enrichment are correlated with the
albedo. The fines are deficient in oxygen relative to the crystal-
line rocks, although the extent to which this is due to the excess
Fe or due to a separate phenomenon is not clear. This suggests
that the sputtering efficiency of the solar-wind protons is some-
how decreased in the lunar enviroment.

In this thesis, sputtering yields of metal/oxide targets by
hydrogen ions are computed from modified theories of sputtering
by Sigmund [1969] and Kelly [1973], respectively. The interaction
of solar-wind plasma with localized surface magnetic fields and
their effect on the sputtering efficiency of solar-wind protons
near the lunar surface is discussed. The effects of sputtering on
th@homposition of lunar surface materials are discussed,‘and the
order of enrichment of metals in lunar surface materials is con-

’sidered.
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I. BACKWARD SPUTTERING OF METALS AND OXIDES BY HYDROGEN IONS

In the energy range leV to 2keV, very little experimental
data on the sputtering yield, S(atoms/ion), of metals and oxides
by hydrogen ions is available. Grglund and Moore [1960] used
electromagnetically analyzed ionic beams from a radiofrequency
source to study the sputtering yield for hydrogen ions normally
incident on Ag atoms at energies from 2 to 12keV. KenKnight anc
Wehner [1964] obtained souttering yield data for hydrogen molec-
ular ions normally incident on Be, Al, Ti, V, Fe, Co, Ni, Cu, Zr,
Mo, Pd, Ag, Ta, W, Re, Ir} Pt, and Au at 7keV by drilling holes
in £hin target foils with magnetically separated hydrogen beams
(Ht and HY). Wehner et al. [1964a] obtained yield data for metals
(Cu, Fe) at 1.85keV and Oxides (Al,0,, TiO, ;.. FeO, ., Fe,0,,
$i0,) at n7.0keV with the mass separation method. The results for
protons can be inferred from the data provided by KenKnight and
Wehner [1964] and Wehner et al. [1964a] since the hydrogen atoms
sputter independently.

It will be the object of the following section to review a
theoretical model for sputtering developed by Sigmund [196%9]. We
will show that although the theory applies only to ions with mas-
ses much greater than that of hygrogen, an approximation can be
made that will alleviate this matter.

A. Theory of Sputtering

According to Sigmund [1969], the sputtering of a metal target

by energetic ions or recoil atoms is assumed to result from cas-
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cades of atomic collisions. The sputtering is calculated under
the assumption of random slowing down in an infinite medium. An
intergrodifferential equation for the yield is developed from the

general Boltzmann transport equation given by Eqg. (1)

-1 % Gx,v, ¥,t) - %x Gx%,¥,t) = N/dc (Gx,,3,8) = G(x,%,V,¢t) -GS Vo] (1

where v = |¥| = magnitude of arbitrary velocity vector
of an atom in a plane x=0 at a time t=0,
N = density of target atoms
do = differential cross section [=do (¥, ¥', ¥")

=k (v, v', v")ya’v'd’v"],

average number of atoms moving at time t in
layer (x, dx) with velocity (v., d°v,),
velocity of atoms in a plane at time t,
velocity of scattered particle,

velocity of recoiling atom,

vx/v.

G(X,Vo,v,t)d v, dx

"

- O

[SI I TN

34 <4

The sputtering yield for backward sputtering of a metal target with

a plane surface at x=0 (see fig.l) is then
oQ
S= d’volv»l/ 4t G(o,¥,, v, t) (2
(o]

where the integration over d’v, extends over all ¥, with negative
x components large enough to overcome surface binding forces.
Multiplying Eqg.(l) by dt and integrating over the interval (0,«)

we have

L p008lT-T) - & F T, V) = N / do [F (x¥, 81 - Flx, %99 - FO, 3,9 ] (3
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Fig. 1. Geometry of Sputtering calculation. [From Sigmund,
1969].
oo .
where F(x3,,9) =_/° G, 9, v)dt
Fix, %, 9)v,,1d%, = total number of atoms that penetrate
the plane x with a velocity (%¥,,d°v,)
during the development of the collision
cascade
Gx,¥, v, t=0) = 808(¥-3) = one starting particle
and G(x,¥,,¥,0) =0 since all starting particles have slowed down

below any finite velocity v,.

If we consider only backward sputtering and introduce the

function
H(x,3) =/d’vo Iveu ! F(x,9, W)
with No = Vex/V £ 0
E, = M,v3i/2 > U(n,)
M, = mass of the metal target atom

2

where U(n,) is the surface binding energy that, in general, depends
on the direction of ejection, characterized by the direction cosine

Nor Eg.(3) takes the following form
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)

b(x)/ llvz_' SLV-3,)1d3%, -7 -g’-x H(x,%) = N/dcr [H(x,¥)- HGx ) - H(x, %) ] (4

Introducing the function

(&) -for £>0

for £<0

o+

and satisfying the condition E, = M2v§/2 > U(n,) and n, = Vex/Vo

< 0, Eg.(4) can be rewritten as

- 80609 8(-7) O(E-Un -7 fx H(x, ) = N/dcr [H(x, 31~ HO, ) = H(x,$)] (5

By introducing energy instead of velocity variables, we finally

obtain

-8&)76(—1}) 6(E-uly) -7 %;‘ H(x,E7) (6

= N/dcr CHUx, E, ) - Hix,E 9)-H(XE" 5" ]

where E', n', E" and n" are the energies and directional cosines
with respect to the x-axis of the scattered and recoiling particle
respectively.
The sputter yield is given by
S(E,n) = H(x=0,E,7). ‘ (7
Expanding H in terms of the Legendre pélynomials (Pg (n)) we have

foacd

H(x,E,7) = Z (22+¢1) Hy (x,E) B(y) ‘ (8
e
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Multiplying Eqg. (6) by Pﬁ(n) ahd integrating over all possible
n(n < 0) we find that
B(x) QuUE) = 2 [RH,,(x,E) + Q1) Ky, (x,E)]

= (2041) N/do’ [H,(x €E) -~ a(c;sqs') Hy (x,E) (9

- Ppleos g”) Hy (x,EM]

D .
where Q, (E) = ZXZH / -7) dy G(E-L())) Ftm) (10
o' laboratory scattering angle of scattered atom

e

o" laboratory scattering angle of recoiling atom.
If we multiply Eq.(9) by x*(n=0,1,2,3,..), integrate over all pos-

sible x, and introduce the moment integral

-4

; +00
H, (E) ’/ X" Hg(x, E) dx (11

we have
B0 Q(8) = n [R HIT(E) + e ) KT (E)] = (224) N/do- [Rpey (12
~Pleong’) Hy (E') - Pyless ¢7) M) (E4)]
a0
with én,, 5 / BxY X7 dx

-0

If we separate elastic from inelastic (electronic) collisions using

a method proposed by Lindhard et al. [1963], Eq.(12) becomes
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L

Ba0 QUEN -0 LAHT (B) + (200 M TH(EV] = (244 N SCE) & HI(E)

£
(2 ) N/ do (€, T) [H](E) - Pleos @) WS (E-T) (13

Ta0

’ﬁﬁu&p” Hy (T ]

where S, = electronic stopping cross section,
a (E,T? = differential cross section for elastic scat-
tering, ,
cos ¢' = (1-T/E)'/? + (1-M,/M,) (T/E) (1-T/E)-17%/2,
cos d)“ = (T/Tm) 1/2’
T = [4MiM,/(M; + MZ)Z]EE maximum recoil energy,

M, mass of ion.

For n=0 Eqg.(13) yields

. ,
QUE) = (22+ 1) N/ ar(E,T) LHZ(E) - Pylcos ¢)HAE-T) - Bcosgn Wi ()] (14
Tuwd

where it is assumed that Se(E)=0. With dg(gT)= CNE" ' "dT |

(0<m<1) the following expressions are given for the source terms

in Eqg. (10)
Q,(E) = %Li-0/8) (15a
Qe = 4 [+ (u, 1E)Y?] (15b
Q, (e) = 2 Li+20,/8 -3,/E)*], (15c
Qu e = = L-(u,/e)" + (U,rE)**] (154
where we have used the identity U(n,) = U,/n%. For E<U,, the source

term takes on the following value

0

Qg (E)

Il

and HJ (E) = 0.
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The following expressions for the leading terms of an asymp-

totic expansion, in powers of E, of the moment HE(E) is given below.

Ho(E) ~ 1 m £ . A - _EXF
16a) Y() -wQa-m) t-2m gNCy, - /m -B(-m,2m) B8NC
H° (E) ~ -1 m g 1 3
16b) ’ WY - wli~m) |- 4m RN AUNARE Y T o+ 2/ 2m) ¥ B, 212 uc
6 ~ 4 2m
16C) HZ (g) - t

tJen 2 3/Cem) 4+ 3BL-m, 2+2m) + 2B (I=m, Zm) @NC

Beta function = T(&)T(n) /T (&+n)
Digamma function = d/d4&(1nl (§))

where B(&,n)
¥ (&)

eI

For m=0 Egs.(l6a-16d) take the following form (see Appendix I)

. - 1 £ 4 .
H, (£) W)Y Nc,U, (17a
. 1 g
HOE) ~ 4% NG, U2 _ (17b
H, (E)~ O (17¢
with Yr(g) = d/dE(¥(E)), ¥'(1) = 1?/6
C, = TAo,a2/2
where Ao = 24 (18
a = 0.219A.

The moment H:(E) is the leading term at all energies E>>U,
and it has the asymptotic form given by Ec.(l7a). The moment H:(E)
is the integral of H,(x,E) over all x. It determines the number
of atoms penetrating a plane at an arbitrary position x with a
certain minimum energy when there is a homogeneous isotropic source
of recoiling atoms throughout an infinite medium.

Since Ho(E) is proportional to E, for elastic scattering, E
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in Eq.(17a) is replaced by v(E), so6 that Eg.(l17a) takes the form

H:(E) = 4 V(E)

g+l  Nc.u, (19

where Vv(E)/E is the fraction of the energy that is not lost to
ionization during the slowing down process.

Using the expression
oo
/ dx F(x,E,m) = wv(E)
-0

and Egs. (8,11 and 18), Eg.(19) can be rewritten as

E = 3 F(XAE,“"))
ROGEDY S ow e (20

where Ax = 3/4NC, is the expression for the effective depth of
origin of sputtered atoms. The effective sputterind depth Ax 1is
given for a few metals and metal oxides in Table 1.

The sputtering yield of a metal target for normally incident
ions is given by

S(E) = A o N S, (E) (21

where S.(E)= [i/t-mTCy*"™E'"2™  is the elastic stopping power of
the ion, o is the factor that depends only on m and M,/M; and
A = (3/4m?%) (1/NC,U,) .

If the energy of the impinging ion, E, is less than some lim-

iting energy



Metal

Al
Ag
Au
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Ni
Si
Ti
Zn

Table 1.

OO IdJOKH WO JH O

o
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Oxide

Al703
Ca0O
Cro03
FeO
Fe203
Fe30y4
MgO
MnoO
TiOy

Effective depth of origin of sputtered atoms.

>
>
=

Pl

)
O~NHXOJIJONO
L ) L ] ¢« o o -
O JOOWNO &
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E¥ = 3 Xus )3/2 M, + M, (atz)3 2,3, e’ (22

2N, M, a a,2
with A = 1.309

| a'/?® = 0.219% .
a, = Bohr raius = 0.529A
a,, = 0.8853(z%/3% + z2/3)"1/2
Z, = atomic number of ion
Z, = atomic number of metal target atom

the elastic stopping power assumes the following form

Sp(E) = C,T

m’ (23
For E>E*, in the elastic collision region, Eqg. (23) becomes
Sa(EY= 4n Z Z e*a, [M, /tM+M) ] sate (24

where € = [M,E/(M,+M,)1/1%,2,e*/a,,] and sp(e) is the universal

function tabulated in Table 2.

€ sp (€) € sp (€)
0.002 0.120 0.4 0.405
0.004 0.154 1.0 0.356
0.01 0.211 2.0 0.291
0.02 0.261 4.0 0.214
.0.04 0.311 10 0.128
0.1 0.372 20 0.0813
0.2 0.403 40 0.0493

Reduced nuclear stopping cross section sp(e) for
Thomas-Fermi interaction. [From Sigmund, 1969].

Table 2.

Utilizing the expressions given by Egs. (23 and 24), Eq.(21l) can be

written in its final form,

S(EY = (3/4r®) « T /U, E<E* (25
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S(E) = 004200 4n 2,2, e 3, [M, /(M empd ] S0e) E>E
L, A? (25

Expression (25) holds only for M, 2z M,. 1In the case of pro-
ton sputtering M, << M,. This implies that expression (25) is in-
valid unless the parameter o is improved by a method described in
the next section.

B. Sputtering Yields of Metals for Protons at Normal Incidence

Before calculating the yield curves of metals, we have to
make a decision concerniﬁg the parameter o shown in figure 2 and
the surface binding condition.

Figure 2 shows a as a function of ¢ for protons and deuterons.
The curves are rough estimates. 1In order to improve a, we scaled
it to the sputtering yield value of Ag for normally incident H+
at 2keV provided by Grolund and Moore [1960]. We found that a
better estimate of a is given by the following expression

o' = a/2.

For metals, the surface binding energy U, is equal to the
measured éublimation energy.

In Table 3, we have computed a,,r E¥ and listed the sublima-
tion energy (U,), the atomic number (Z,) and the mass (M,) of the
following metals: Al, Ca, Cr, Cu, Au, Fe, Mg, Ni, K, Ag, Na, Ti
and Zn.

From Eg.(25) and the data provided by Fig.(2) , Tables 2 and
3, the yield curves were calculated for the metals listed in Table

3 (see Figures 3-34).
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Fig. 2. Factor o in Eq.(25) for protons and deuterons
incident on a heavy target. [From Sigmund, 1969}.
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Metal al2(A) E* (eV) Uo(eV/atom)l 22 M2(amu)
Al 0.1833 13.5 3.34 13 26.98154
Ca 0.1619 17.3 1.825 4 20 40.08
Cr 0.1535 18.5 4.10 24 51.996
Cu - 0.1450 19.¢ 3.50 29 63.546
Au 0.1063 28.8 3.78 79 196.9665
Fe 0.1498 19.1 4.29 26 55.847
Mg 0.1875 14.1 1.53 ' 12 24.312
Mn 0.1516 18.8 2.98 25 54,938
Ni 0.1465 19.8 4.435 28 58.71

K 0.1644 30.0 0.941 19 39.09
Ag 0.1251 23.8 2.96 . 47 107.868
Si 0.1795 15.0 4.64 14 28.086
Na 0.1921 13.6 1.13 11 22.9898
Ti 0.1575 18.0 4.855 22 47.9

Zn 0.1435 20.3 1.35 30 65.38

Table 3. Calculated ayy7 E*, and U, for various targets.
lFrom C. Kittel [1976]
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Grplund and Moore [1960] reports yield values for H+ ions
incident on Ag targets (see Fig. 26). The predicted sputtering
yields are slightly larger than Grolund and Moore's reported val-
ues by a factor of V1.3. The agreement with theory is surprising-
ly good.

KenKnight and Wehner [1964] reports yield data for light ions
(Hg,Ht) incident on Al, Au, Fe, Ni, and Ti at 7keV, and on Cu at
energies from 1 to 5keV. The results for protons were deduced
from the data provided by KenKnight and Wehner [see Figs. (4, 10,
12, 14, 20, 26 and 30)]. The predicted sputtering yields differ from
KenKnight and Wehner's reported values by a factor which réhges
from 1.04 for Cu to 2.9 fof Fe.

Wehner [1964] reports yield values for gt ions on Fe and Cu
targets at 1.85keV [see figs.(10,14)]. The predicted sputtering
yields in this case differ from the reported values by a factor of
2.1 for Cu and 3.9 for Fe.

The agreement between theoretical and experimental values at
low energies are not as good for Fe as it was in the case of Ag and
Cu. This discrepancy can be explained as follows:

1) The assumption of random slowing dowﬁ and of binary col-
lisions may break down at low energies. There may be a small con-
tribution from focused collisioﬁ sequences. The quantitative ef-
fect on the sputtering yield will depend on the target.

2) The uncertainty of the low-energy cross section, as defined
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by do = C,dT/T, aa%ects the numerical factor in front of Eq.(20),
the value of C, (that may depend on the target), and the dependence
on U,.

'3) The surface binding condition U(n,) = U,/n} affects the
numerical -factor in front of Eq. (20); the value of U, is not known
from first principles but determines the magnitude of the yield.

4) The assumption of a plane surface may influence the mag-
nitude of the yield. So long as surface roughness is on a scale
that is small compared to the dimensions of the cascades, its ef-
fect on the sputtering yield will often average out. Surface
roughness on a large scale, howeve:, will tend to increase fhe
yield. The gquantitative effect depends on the geometry and can be
estimated when the shape of the surface is known.

5) The assumption of an infinite medium may also affect the
flux of low—energy recoils. [Sigmund, 1969]

There is no way of estimating the uncertainty in the theoret-
ical sputtering yield values from'ﬁhe above points, but from com-
parison of both theoretical and experimental data one has to ex-
pect an uncertainty of at least a factor of 2 and in some cases
3.

C. Variation of Sputtering Yield with Angle of Incidence for
Metals

In Section I.B. we reported sputtering yield values for norm-
ally incident hydrogen ions. It appears most reasonable to con-

sider the variation of the sputtering yield with the angle of in-
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cidence.
According to Sigmund [1969], the dependence of the sputtering
yield S(E,n) on the angle of incidence, n, can be estimated by the

following expression

SeEn 2 mry SYE -z o[ X0% (4 2P Lax?>ye
S(E, 1) ) (? (=70 Zaxz>) Ex 2<ax%x*) ( 1-9% (N2 ](26

where S(E,1) is the yield for perpendicular incidence. The moments
<X>, <AX?>, and <Y?> were tabulated by Sigmund and Sanders [1967]

and are given in Table 4.

M /M <X> <AX?> <y?> . <XYy?> <AX3>

21 E/NC, <X> 2 <X> 2 <X><Y %> XS 3
1/10 0.842 0.058 0.018 1.07 0.007
1/4 0.577 0.125 0.044 1.16 0.021
1/2 0.453 0.195 0.089 1.20 0.043
1 0.369 0.275 0.176 1.20 0.079
2 0.297 0.409 0.343 1.16 0.135
4 0.229 0.170 0.674 1.12 0.221
10 0.153 1.684 l1.671 1.07 0.345

Table 4. Averages over the range distribution. M_# M, .
do,=C,E ! 2T ® 24T7. [From Sigmund and Sandeérs,
1967].
The values of <AX?>/<X>? and <Y?>/<X>? for M,/M, > 10 were com-
puted by fitting the best straight line of the form y=ax+b and
a power curve of the form y=axb, respectively, to the data points
given in Table 4 [see Table 5 and Appendix II].
Inserting the values of <AX2>/<X>% and <Y?>/<X>? into Eq.(26),

we obtain the variation of yield with n [see Figs.(35-47)]. Ac-

cording to Sigmund [1969], the sputtering yield goes through a
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Metal MZ/Ml <Ax2>/<x>2 <Y2>/<x>2
Al 26.8 4.363 4.409
Ca 39.8 6.437 6.505
Cr 51.6 8.320 8.397
Cu 63.0 10.139 10.218
Au 195.4 31.263 31.098
Fe 55.4 8.926 9.005
Mg - 24,1 3.932 3.972
Mn 54.5 8.782 8.861
Ni 58.2 9.373 9.452
K 38.8 6.277 6.344
Si 27.9 4.538 4.587
Ag 107.0 17.159 - 17.201
Na ' 22.8 3.725 3.761
Ti 47.5 7.666 7.740
7Zn '64.9 10.442 10.521

Table 5. Calculated <Ax2>/<x>2 and <Y2>/<x>2 for various targets.
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maximum at very oblique incidencé,énd approaches zero for 0=90°.
This maximum cannot be explained on the basis of the assumption
of én infinite medium. There will be a certain glancing angle at
whicﬁ the repulsive action of the surface atoms is strong enough
to prevent the ions from penetrating into the metal target, and
this éngle will be a function of the structure of the target's
surface. |

Dupp and Scharmann [1966], Cheney and Pitkin [1965], and
Colombie [1964] reported values of the ratio S(E,n)/S(E,1) for
Ar+ ion incident on polycrystalline copper (see Fig. 2a). The
agreement between theoretical prediction and experimental data is
quite good for ©<70°.

D. Velocity Distributién of Sputtered Atoms

In a later section we will be conserned with the fraction of
atoms that escape the Moon by nafural sputtering. To calculate
this we need the velocity distribution of sputtered atoms.

The average energy ET transferred to a target atom by a col-

lision with an energetic ion is given by the following éxpression

ETt [ZM,Mz/(M;'?Mz)z] El (27

where E;{ is the energy of the impinging ion. The number of atoms
ejected from the target, having a velocity between v and v+dv, is

given by the expression below

LYA - -
fdv = 2nN (.5_’:8)/ v* exe [-3M,v/4E T exe [-3E, /2E, ] dv (28
= T
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Variation of the sputtering yield with angle of
incidence for Art ions incident on polycrystalline
copper. Thick solid curve: Eqg.(26): thin solid
curve: 1l/cos 0. [From Sigmund , 1969].
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where f is known as the Maxwell-Boltzmann distribution function
and Ep is the surface binding energy of the target. The most prob-
able velocity, Vpr of the recoil atoms can be obtained by finding
the velocity at which the function f has a maximum value. It is
given by the equation

df/dv = 0. (29
From Eg. (28) we obtain

32
2w N (31\1\2) exe [-3E,/2E,] 2 [ v? exp (-3M,v2/4E.)] = O
nE, dv

f\; Lv? exe(-IMv2/4EN] = O

2v exp [-3Mv2/4E. T -v2 (3M, /4E,) 2v exp [-3M,v2/4E,1=0

L= v2(3m, /4ENT=0

Therefore

Ve = 2‘\1 E.f/'ﬁ'Mz

30
E.= sz:/Z (

¢
In Tables 6-20, vp: Ep ahd Ep are tabulated for various targets.
The velocity distribution, df/dv, of the recoil atoms ejected
can be obtained by differentiating the Maxwell-Boltzmann distri-
bution function f with respect to the velocity v. It is given by

the following equation,
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' 3/ -
Poroan (Z) v (1 2 ) e lga B s lameAR] G

Substitution of the values for M,, Ep abd Ep into Eq.(31) gives us
the velocity distribution for various targets [see Figs. (48-62)].
Note that the velocity .distribution of the sputtered atoms peak
heavily at very small velocities (3-9km/sec) in comparison with
the velocities of the incident protons [(1.4-4.4)x10%km/sec].

E. Sputtering Yields of Oxides for Protons at Normal Incidence

The sputtering behavior of oxides is different from that of
metals. According to Kelly and Lam [1973], the sputtering behavior
of oxides is in some cases '"normal" in the sense of following Sig-
mund's theory of collisional sputtering. In other cases the be-
havior is "abnormal"”, in that the collisional sputtering is
supplemented by thermal sputtering or by oxygen sputtering.

The collisional sputtering yield of oxides cannot be explained
by Sigmund's theory. Instead, two approximations were used: One
is to use Eq. (25) with the mean atémic weight of the oxide substi-
tuted; while the other is to use Eg.(25) in a form which is weighted

for the mole fractions of metal and oxygen,

S = XMEfM- S(MMIYAL) + Xoxy 3] g (McxvgiN) (32

[(a/E)1/1(A/E) + (100-A)/B],
weighted percent of solute,
molecular weight of solvent,
molecular weight of solute.

where

e live -4
e



Thé sputtering yields are tabulated with the aid of Figs.(3-34).
The results are shown in Figs. (63-70).

Wehner [1964] reports yield values for light ions (Hj,Hg)
incident on A1203, TiOz, FeO, Fezo3 and SiO2 at 6-7keV [Table 21}.
The results for protons were deduced from the data in Table 21
[see Table 22]. The predicted sputtering yields differ from
Wehner's reported values by a factor of 2 except in the case of
Sioz, which differs by a factor of 8.4. This discrepancy may be
accounted for by oxygen sputterind and/or thermal sputtering.

Wehner et al. [1963].studied the effects of Ht bombardment
of Al1,0,, CuO, Cu,0, FeO, Fe,0,, and various rock powders at a
tempefature of 300°C. The results can be summarized as follows:

1) The surface of many materials, after sufficient bombard-
ment, becomes covered with a brittle crust in which individual
dust particles become cemented together by sputtered atoms. 1In
A1203only very little or very fragile crusting is observed. The
crust is thicker in more loosely packed places or materials.

2) The surface layer of many compounds becomes enriched with
metal atoms. Black CuO is first converted into red Cu,0 before
becoming covered with a very porous Cu layer; The red Fe, O, con-
verts into Fe,0,, then to ferromagnetic FeO, and finally Fe metal
traces appear on the surface. The reduction to a composition rich-
er in metal and the formation of a "metal black" causes a darkening

of the surface in most cases. In the process of breaking up mol-
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ecules under bombardment and of sputtering atoms back and forth,
oxygen atoms are more likely to escape from the surface than metal
atomé.

3) As previously not%\for metal oxides, whenever a crust is
formed it has a fibrous structure with closely spaced needles and
spires and deep small holes all aligned in the diréction of the
ion bombardment. The predominance of microscopically very steep
walls is evidenced by the fact that the surface looks rather dark
when viewed in isotropic light, but becomes shiny when illuminated
and viewed from the same obligue angle.

Another effect of sputtering the éxides with hydrogen ions
is that water molecules can form by implantation of HY and incipi-
ent formation of OH. The water molecules can be driven from the
target by thermall y heating the oxide or bombarding it with ul-
traviolet rédiation [R.L. Huguenin, personal communication].

F. Variation of Sputtering Yield with Angle of Incidence for
Metal Oxides o

The procedure for estimating the dependence of the spﬁttering
yield, S(E,n), on the angle of incidence n in the case of oxides
is quite similar to that.used in.the case of metals. Recalling
Eg. (26) we have

S(EM) 2 Y2y (W2 <x>? N S
S~ T e yooEe [ o (T THT oy ]

The necessary moments are tabulated in Table 23. Using the infor-
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mation provided by Table 23 we obtained an estimate of the depend-
ence of the sputtering yield on the angle of incidence [see Figs.
(71-78)1 and we note thatfor heavier oxides (Fe,0,) the difference
between S(E,n) for normal incidence and grazing incidence is small
in comparison with the lighter oxides (MgO,CaO).

G. Velocity Distribution of Sputtered Molecules

In a later section we will be concerned with the order of en-
richment of oxides in the lunar material. In order to calculate
the fraction of oxides which remain in the surface, we need to |
calculate the escape velocity of oxides which are representative
of the lunar surface.

Utilizing the information provided by Table 24 and Egs. (27
and 30) we are able to compute Vpr Ep as well as ET for metal ox-
ides (see Tables 25-32). Substitution of the values for M,, Ep
and Eq into Eq.(31) yields the velocity distributions [see Figs.
(79-86)]. Note that at E;=lkeV the velocity distribution of the
sputtered molecules peaks heavily at v=(l-2km/sec) for the heavier
oxides and at v=(3-4km/sec) for the lighter ones. Statistically
more light than heavy molecules should be given sufficient energy
to escape the solid during sputtering, therefore MgO would be
sputtered in preference to Fegou. The collisional sputtering
model indicates that the major oxides should be enriched in pro-
portion to their molecular weights and predicts the following ord-

er of enrichment: Fe304>Fe203>A1203>TiOz>FeO>MnO>CaO>MgO. As we



wiil discuss in a later section, the actual order of enrichment
observed is A120;>FeO>CaO>MgO>TiO2 for Lunar Maria and Al,0,>CaO>
MgO>FeO>TiO2 for Lunar Highlands [Taylor, 1975] (see Table 33).
There is no explanation, at the writing of this thesis, for the

discrepancy in the ordering of TiO,.
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II. SPUTTERING EFFECTS ON THE LUNAR SURFACE

The lunar surface is continuaily bombarded by intense solar
radiation. The surface is unprotected by an atmosphere or strong
magnetic field; thus solar illumination is unattenuated at all wave-
lengths and high energy protons and other ions are allowed to reach
the surface. Labératory studies of the interaction of the solar
wind with the surface indicate that the optical properties and com-
position of the soil should have been greatly modified. One of
the predicted modifications is that the soil partiéles should be
coated with metallic Fe, broduced by solar-wind sputtering. When
lunar samples were returned to the earth, metal coatings were not
found. The apparent absence of metal coatings indicates that the
solar wind does not modify the soils to the predicted extent.

In Section B, I will show that the solar-wind protons are
reduced in energy by interaction with surface magnetic fields; thus
their sputtering efficiency is greatly reduced. If this is true,
then the observed low abundances of metal surface coatings can be
at least in part explained.

A. Lunar Magnetic Field

The magnetic fields associated with the electrical currents
produced by electromagnetic excitation of the Moon were measured
at the Apollo landing sites. Steady remanent magnetic fields were
measured on the lunar surface at the Apollo 12, 14, 15 and 16
landing sites by a surface magnetometer. Table 34 gives the mag-

nitudes of the remanent fields at these sites.
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Lin et al. [1976] were able to measure lunar surface magnetic
fields down to a spatial scale of 7km\by the electron reflection
method. The area observed extends from 15°E to 50°E longitude at
nv5°S latitude. The field strengths range up to n10%y, averaged

over the resolution element (see Table 34).

B. Reduction of the Mean Kinetic Energy of Solar-Wind Protons
at the Lunar Surface by Magnetic Field Interaction

According to Scott [1976], the streaming solar-wind plasma
has a magnetic field associated with it, which exerts a magnetic
'pressure' on the remanent magnetic fields associated with the
lunar surface. This pressure acts to compress the surface field.
If the local surface field is strong enough, it can stop the wind
 before it reaches the surfacé, i.e. a bow shock is formed. A
weakér field would not stop the wind, but would reduce its incident
energy at the surface.

In order to determine to what extent the protons are slowed
by the magnetic field compression, it is necessary to determine
the strengths of the local remanent fields. Steady remanent fields
have been measured at nine surface sites during the Apollo 12, 14,
15 and 16 missions and also in the region located at ~5°S latitude,
15°E-50°E longitude. |

The ratio of the plasma pressure to the total magnetic pres-
sure is expressed as

B =nm v/ (B2

PP s s
where Bgp = Bg + AB is the total surface compressed field,

£/ 8T) (33~
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and B, = steady remanent field,
B = BA—(BE+BS)4
By = total surface field,
Bp = extralunar field measured by Explorer 35,
v, = solar wind velocity (4.376x10%km/sec) ,
np = proton density,
mp Z proton mass.

The values for B<1l implies that the steady remanent field is
compressed to the stagnation magnitude required to stand off the
solar wind. B>1 implies that the steady remanent field is not com-
pressed to the stagnation magnitude required to stand off the solar-
wind plasma (seeATable 35).

The compressed remanent field reduces the mean energy aﬁd.
velocity of the protons at one site by as much as 459eV and 1.1x102
km/sec, respectiyely. Such reduction iy’incident proton energies
would substantially reduce the sputteriqg/efficiency of the protohs.

In order to arrive at a reliable estimate of the sputtering
rates on the lunar surface, the flux, incident energy of the pfo~
ton and the sputtering yields of lunar soils have to be knbwn.
Assuming a flux of 4x10° protons/cm®? sec [Formisano and Moreno,
1971] and using the daté in Table 35 and Figs. (3-34 and 63-70), an
estimate of the sputtering rates on the lunar surface is obtained
(see Table 36). |

C. Fraction of Sputtered Atoms that Escape from the Moon

In order to obtain an estimate of the amount of material lost

from the Moon (metal coatings, oxides), we have to compute the

JRNY
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fraction of sputtered atoms/molecules with velocities greater than
the lunar escape velocity (ve=2.4km/sec) .-

The fractioﬂ of sputtered atoms with velocities greater than
the lunar escape velocity can be determined by integrating fdv from

v=vg to v=+=. It is given by the equation

oo 32
F. = /v 2n (‘Lhi\‘) v exe [-3M, v¥/4E, ] exe [-3€, /2E.] dv (34

n E,
L 3

This gives

/"" Zm, \¥2
e, & (—;E-,—) viexe [-3M, v /4E ] exe -5, /28, 1 dv

Ye 3/2 _ -
-/° 2n (%%—') v2 gxo‘[—ﬁsz‘/‘\E,J exe [-3€, /28] dv

Ve 3Mm 3/2
Fr= ExeD-3E,/2E, 1 (1 - ) 2n (Z22) vz exe [-3mMpv2/4E,1 dv) (35
° nky

The change of variable v = [(C+l)/2]Ve converts Eg. (35) to

Er = exp [-3E, /2E,1 (1- 2n (3”1;)?/2[: [(%—'—)v,]z Exp{—jmz[(&zl)v,_]z/4€f} 4

®

Eq. (36) may be approximated by the following expression

n
F, = exe [-3g, /28,7 ( = zrr(’-;‘;)’/1 Z A ;[(x,g ) (36
. Ket
with Y = 3M,/Eq
Xx = Gaussian arguments

Ap Gaussian weights

and J(x“) = [(x“zﬂ)v@lz EXe [-v((x";')v¢)2/4]

Because velocities of the sputtered atoms depend on their

masses as well as the surface binding energy of the target being
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bombarded, larger fractions of the. lighter species will escape the
lunar surface. According to,Cassidy and Hapke [1975], the piobable

fraction of sputtered atoms lost, F is assumed to be 0.5Fq since

pl
it is assumed that half of the atoms will have a velocity component
in the downward direction (see Tables 37-52).

D. Fraction of Sputtered Molecules that Escape from the Moon:

The fraction of sputtered molecules with velocities greater
than the lunar escape velocity were calculated (see Tables 53-60).
Comparison of the fraction Fo for metal oxides and their corre-
sponding metals indicates that Fq is a strong function of Ey as
well as M,. This suggests that there would be some preferential
retention of heavy oxides with higﬁ binding energies. The pre-
dicted order of enrichment using surface binding energies as well
as molecular weights is: Fe203>Fe30q>A1203>FeO>MnO>TiOZ>CaO>MgO.

This order tends to be in better agreement with the order observed.
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III. PREFERENTIAL SPUTTERING: METHOD FOR PREDICTING THE ORDER
OF ENRICHMENT OF METALS

The escape rate (amount of maéerial lost by the Moon) may be
estimated by multiplying thé sputtering yield of metals/oxides by
the'probable fraction lost, Fp (see Table 61).

The order of enrichment of metals in the lunar surface ma-
terial, hdwever, can bé best explained by a thermodynamic model
proposed by Pillinger et al. [1976].

According to Pillinger et al. [1976], the transfer of momen-
tum concept is a good initial working hypotheéis for the prediction
of the order of enrichment, but becausebit does not take into con-
éideration the nature of the bonding between atoms, it cannot com-
pletely explain preferential sputtering either for lunar matérials
or two element compounds. They found that preferential sputtering
will occur to‘give a metal when: AHS(M) [sublimation energy of the
metal] > AHD(O)/Q (the heat of dissociation/oxygen atom) or when |
AHS(M)/[AHD(O)/y] > 1. The values of AHS(M), AHD(O)/y and
AHS(M)/[ HD(O)/y] are given in Table 62.

The thermodynamic model explains much more satisfactorily the
data obtained from the lunar samples. Of the major elements onlg
iron would be converted to metal; titanium by virtue of its con-
version to lower oxides, e.g. Ti203, would also be enriched rela-
tive to oxygen. The calculated'preferential sputtering factors
gives the order of enrichment: Fe>Tizsi>Al>Ca3Mg'which agrees with
the order of enrichment observed during surface analysis by ESCA

[Housley and Grant, 1975] and our predicted order of enrichment



(see Table 61).
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IV. SUMMARY

The model for backward sputteripg of metals/oxides as pro-
posed by Sigmund [1969] and Xelly [1973], respectively, has been
reviewed.

| Sigmund's theory is valid only for M,2M,. In order to apply
Sigmund's theory to proton sputtering (M1<<M2), we have therefore
had to consider an approximation. The quantity o, which depends
only on M,/M,, was improved by substituting experimental S values
into the analytical S deduced by Sigmund [1969].

The predicted svuttering yields of metals/oxides, in compari-
son with the experimental yield values, turns out to differ by at
least a factor of 3 or better. For example, the predicted values
for Cu and Fe at 1.85keV are 0.014 and 0}035, rép%ectively, and
the experimental values are 0.03 and 0.009, respectively.

The sputtering yields of metals/oxides, obtained from modi-
fied theories of sputtering by Sigrnund and Kelly, are used in con-
junction with the solar wind plasma- lunar surface magnetic field
interaction model to estimate the sputtering rates at the lunar
surface.

The interaction of the 1ﬁnar surface magnetic fields with
the solar-wind protons has been reviewed. According to the mag-
netic compression model, the streaming solar-wind plasma has a
magnetic field associated with it, which exerts a magnetic 'pres-
sure' on the remanent magnetic fields associated With the lunar
surface. This pressure compresses the surface field. If the lo-

cal surface field is strong enough, it can stop the wind before
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i£ reaches the surface, i.e. a bow shock is formed. A weaker
field would not stop the solar wind, but would reduce its incident
energy at the surface.

The solar-wind protons are predicted to be completely stood-
off at the Apollo 16 landing site, and their mean kinetic energies
reduced at other sites. At the Apollo 12 landing site, for exam-
ple, the protons lose about 30-80% of their nominal (1lkeV) inci-
dent energies [Scott, 1976].

The loss in proton énergy by interaction with compressed
magnetic fields can have a substantial effect on the sputtering
efficiency of the solar wind. When high energy solar-wind ions
impact lunar soil, the kinetic energy is converted to thermal en-
ergy. Since the protons are small (v10~°cm.) in comparison to
grains in the lunar soil, the thermal energy is confined to a re-
gion of atomic dimensions, and dissociation (sputtering) occurs.
The number of atoms dissociated per incident ion (sputtering yield)
is simply dependent on the ion energy.

Sputtering rates fall off precipitously with reductions in
incident ion energies. From the data of Wehner [1963] and others
it appears that a minimum ion energy of near 20-5CeV is required
for sputtering to occur. The loss of 30-80% in the ion energy at
the Apollo 12 landing site should reduce substantially the sput-
tering efficiency. Sputtering efficiencies at other regions of
the Moon will similarly be low; thusAthe unexpected low abundances

of metal surface coatings predicted to have been produced by sput-
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tering can now be possibly explained.
Laboratory work is needed to determine the dependence of
sputtering yield on incident ion energies for lunar-like soils,

in order to test the proposed interaction model.
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APPENDIX I

Solutions of the Integral Equation- Governlng the Sputtering Yield
of Polycrystalllne Targets

In Section I.A. we analyzed the intégral equation
S=/d=v,lv.,,|/°°°dt @07, v, &)

that determines the number of atoms that have sufficient energy to
overcomelthé surface binding forces of the target. The solutions
given were asymptotically exact in the limit of high ion energy.
In this section the above integral equation will be analyzed with
the aid of a method proposed by Robinson [1963;1968].

The average number of atoms moving in a layer (x,dx) at time
t with velocity (V,,d%v,) is represented by the function

G(x,%0,¥,t)d v,dx (1.1

The number of atoms with velocity (V¥,,d%v,) penetrating the layer

X in a time interval dt is given by

G(x,¥,,¥,t) %, Iv,i 4t (I.2

where Vox = the x-component of $°.
The sputtering yield for backward sputtering of a solid with

a plane surface at x=0 is given by

00
S = / ELIV w.,l/ dt G(o,v,,7,&) (1.3
o

. . . > . .
where the integration over d3v, extends over all v, with negative
x-components large enough to overcome surface binding forces.

In an isotropic and homogeneous target, the function
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G(xX,Vo,V,t) will satisfy the Boltzmann's equation

v

--{- G(x,¥,,v ) -9 —%‘ G(x, ,v,t) ='N/dc [ G %,,9,%)

' . - (Io4
- GT, Vi) - GUx, T, ,3,1) ]

oY

t

Consider a particle initially at x=0 moving at t=0. After
a time t=8t, it may or may not have made a collision. The proba-
bility of making or not making a collision is given by
Gx 3,9, 1) = Nvatjdﬂ‘ LG5, V7 t) + GIxT, 7 ¢)

+ - nNvst [do) Gix-9vBe T, T, £-50)] e
where the first term on the right—hénd side of Eqg.(I.5) expresses
the probability of making a collision and the second term is the
probability for not making a collision.

Let G(8)= G(x-2vbt, ¥, ¥V, E-8t) and X= x-gvbt , ©=t-st
Therfore

G(ot) = G(X, T, ,V,T)

dGle) 3G d4X . DG 4%, . 28 I tv , 9G de
d st dX dst 2V, dbt oV dst 2t det (I.6

and since [dX/d468t)

-pv , Ld¥, sdet] = [d¥/astl =0 [dr/dst] = -1

/ . me 28 _ 26
Get)y = -mv 55 - 52 o
= -mv 28 _ 2G )

G/(e) = -mv 2 - 93

The Taylor series expansion for G(8t) 1is

G(st) = GO + G'(o) st + G;Eo) (BEE + « -« o4 G‘""(o) 56 4 .. .
! n!
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or

G(x—-))vat/'\?o,?, t-8t) = Gix, v v, t) - (,)V%G_; + %%. )ot + .- -. (I.S8

Substituting Eq.(I.8) into Eg.(I.5) we have

G(){, %, V,t) = Nvét'[dv [ax3,,v7e)+ G ()‘fqn-\’",",)]
(1.9

ol — G
+<.-Nvat/dos [ewe,7,6)- (v 23S « T2ree])

G/()wi'of'\‘fl/t.) = Nv‘at/da [C-z(x,U,,C"t) + G, S 4]

P I.10
+ Gl ATV, - (gv 82 ¢ 28 e (

-stt/da alx,3,,%,1) + Nvat‘/cm (hv & + 29)
. oX 2t

Neglecting the last term on the right-hand side of Eq.(I.1l0) we
obtain
(mv 2a %—% Yok = NVSt/Au- [G(x,%, ¥, ¢ + G(x,T, 9% ¢))

- Nv St/dd‘ G(x’:,:/ '\'f’t)

and
-7 %% - —‘\; é% = N/do* [Gx7, ¥, t ) - G(x,T, 3 t) —G(x,??o-/c",t)] (.11

Now we introduce the function

Fx%,v) =/ Gix, 3,,vrde (I.12
(-]

where F(x,%,V)iv 1d%y, is the total number of atoms that pen-

etrate the plane x with a velocity (Vo,d3ve). F(X,Vo,v) satisfies
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an equation that follows from Eg.(I.4) by integration over t.

" Rewriting Eq. (I.4) -

"‘-L— % GLXIG_,V,‘L)—'U %( G(X,c‘,/—\;,‘t) = N/dﬂ' [C—.(x,?,,?,t\—

- Glx, T V%) - Gix, ¥, Vne)]

multiplying through by dt and integrating we have
-] oo °0
-%/ % G(x,5,,V,t) 4t —'r)/ Sb"x Gx, G, Y, t) dt = N/do‘ [/eu,:‘,;ﬁ‘,t\c\t
o o °
® R = (.13
-] Gx,%, V) dt ‘/ G(x,V,%”¢) dt]
[+] ]

Utilizing expression (I.12), Eq.(I.13) assumes the form

o0
-1 G %8 .Y —g—x F(x,%,9) = N/dcr [Fix,3,,9) - F(x,%,,99)

-Flx,G,9) ] (I.14

-—‘\; SV -G, ) - ) 2 F(x,V,,V) = N/ de [F(x,¥, ¥ - F(%,3,,9)

M
—F(X,V.’:I")] (I.15
where we have made the assumption that
G, %,,¥V, t=0) = ) B -9) (I.16
represents one starting particle, and
Gx, Vv, V,®) =0 - (1.17

since at t=» all atoms have slowed down below any finite velocity
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Voo
Considering only backward sputtering and introducing the

function

H(x,v1-/d’v., tvoet F(x,%,,¥) (.18
where No = Vox/V £ 0, '

E, = M,v3/2 > Uno), (1.19
M, = mass of target atom,
U(n,) = surface binding energy.

H(x,V) represents the sputtering yield of a térget atom for the
case that the source is at x=0 and the sputtered surface in the

plane x. Recalling Eq.(I.15)

L0085 -9 2, Fx5,9) = N 40 [F(x%,9) - Fix,%,39

CFw 3 9] (I.20

7 "0,

and multiplying it by |vex|, integrating over ¥, we have

’V. l v R b3 - /_b_ - 3
/ —;3— 2BV -V,) d3v, Y] o lved F(x,%,,v) d%v, (1.21

= N/dc’/ d%v, [I\I“-\ { Fx, %, V) - F (xS 7)) - F(X'\—_':':h)]]

6()()/.‘_‘_'%,!—' 8(V-V5) d%v, -7 3& /lv,,\ Fx,3G,3) d3v,
x (1.22

=N /dr/ d3v° ["V“i{F(x,Q'MG - p(-xlc"/-\.") - F(*,sb "V‘")}]

b(xl/‘_'_"_-n_‘ dLv-V,) a3y, - 7 %x Hix,v) = N/dc‘ [Hix,v) = RHix,¥)

v -
- H X,V ] (T.23
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Introducing the function

0(&) 1 for £>0

0 for &<0

|

and satisfying the condition given by expression (I.19), Eqg.(I.23)
can be rewritten as
-otxy 7y OC-9 B6(E-uLm) -7 %x Hx, V) = N/dG [Hx,9) -

(1.24
= Hx,97) = Hx,¥4) ],

In a random medium H(x,¥) is a function of x, v, and n, the
directional cosine, but not on the azimuth of Vv with respect to
the x-axis. Introduction of energy, E, instead of velocity vari-

ables, we have

-8x) ) ©Cn) GCE-LO)) -9 Slx Hix, E,) o
= N/ do [H(X, En)- H(x/ E’l-))') - H("/E",")")]

where E', n', E" and n" are the energies and directional cosines
with respect to the x-axis of the scattered and recoiling particle,
respectively.
The sputter yield is given by
S(E,n) = H(x=0,E,n). (I.26

Expanding Il interms of Legendre polynomials we have
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o0
H(x,f_,v)w Z (22+1) H,(x,e) Py(n) (.27

=0

where Pg(n) are Legendre polynomials.
Eg.(I.25) is multiplied by‘Pz(n) and integrate over n with

the condition n<o0.

1
|
[‘ '&x)v(—)(—v)) e (e-vly) Py dy -_/' ﬂ7—§-x H(x, E,5) Fln)
- (I.28

t
= N/d<r [/ {.H(x,Em) “HOGE ) - K, By )}P,_(-r)) dv)]

- ] ]
/ —80()'9 6(-n) O (E-Uty) P dy */‘ 7 %x Z(Zﬁf\) Holx, E) () F(n) dy
-} - T
‘r v § I.2
. N/«[/"{Z‘, My B B0 By = T e, B) Rul Ry (120
=7 H B ) By} dy ]
A

Using the folowing relation between the Pl(n)'s

(22+0) 7 Puly) = (240 P (9) + 26, (%) (I.30

the following equation is obtained.

( | = -
- - - 2 ? Ll

L
* 2 Fae (x,EV] Py Pyt dy =

f o
- N/da- [ c2nen) j, { 1 h@1mm By - ey py ey (1031
- tcO
= Halx E) Poln ) Pytn i} &y ]

Using the following relations

i
Pn) Poln) dny = 2 (.32
}C AL R ALY 231
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1
ZP;-I/ Hx, E,m) Pylnddm = Hgﬁy\,E) (.32
-1 .

the above equation becomes
{
L—&m, O(-m) BLE-VMmY) ey dy - (2
) ]
"N/d‘r [@1e1) (Z5) Mtk 8) - (Z22) W (x,EY P [ epam (133

{
- (7-12*') M, (x, €N Pylne) /.‘ Pyln)d

) & (et by, (B 1+ 21 B}

t
25+
5 [| =5x)% OL7) GLE-V) Py dm - % {(xm Hpey (WE) + LW, tx,E)}

|
= Lun/dcr Lh (k8 - Holx EN Pyln) (2-%'_‘-‘)/_‘ Peln) dm

(.34

'

= Hy Gy EY) Pyl (_2__92_-_\_)/ Pelm) ch)]
. -1
Using the relation
‘ | | 2:0
]° Piln)dy = () 8=2,4,¢,.. . (1 35.
(_‘)u—n/z T (4= 2:1,3,5,. ..

24 (N (!

Eq.(I.34) has the final form

Ox) Q,(E) - %a LK, & By + Qev) Hy, (x,EB) ]

(1.36
= (Z!.-t—\)N/dcr [hy(x, )~ f (cos ¢') H(x,E) - Plcos g I Hy(x, EM]

where

Qe = _Z}z:l -7) 473 BLE-U)) Kly)  (I.37

-1
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laboratory scattering angle of scattered atom,
laboratory scattering angle of recoiling atom,

and o'

¢ll

Introducing the moment

nem

H; (E) '—'/ x" H (%, E) dx (1.38

-0
multiplyiﬂg Eq. (I.36) by x® and integrating we have

o0

0 oo
Q}_LE)/—“ SLX',x" dx - -aéx[[” R.Xn l"‘,__‘(XIE)dx +[?°UH) XnH!*l(X,E)dX]
o o0
= (28+1) N/d:r [/ x" Hy(x, ) dx -/“ B (cos ¢) x" Hy (x,EN dx —
- €0 -

= [T leospm x™ Rylx, B g ] (I.39

o0 Aol i 00 '
Q}(E)/_°° 6(x)x" dx - n [/‘» 2% K (x,B) dx +[w (Revy X7 K, ) dx}

o 0 )
-:-(Zlﬂ)N/ckT [/ x" H}(X,E) dx —[D‘ x" H,_(x,E') Pelcos g dx =
-o0

. o0
—[” x" Hy (x,E" Pﬂ(cpsf&“)d)(] (I.40

With

[ 4
[m dx)x"dx = 2no

we hayve

bos QuLE) —n LA HIT (B + (e W @3] = (2240 N/do' LHME -
. (1.41
- H;‘ (en P,_[cosgb') - Hy (e“) Py,(oosq‘:'f)]
The terms which include the elastic and inelastic (electronic)

collisions can be separated by using the method given by Lindhard



et al. [1963]. This yields

B QUEY ~n [RH (B1 4 (260) HITCEY] = (20400 S(B) & 17 (E)
de f

(1042) [ 4 .

+ (2 N do €T HI(E) — 1T (E-T) Bleos ) ~HJ(T) Pyleon 9]

Teo

where Se(E) is the electronic stopping cross section, do(E,T) is
the differential cross section for elastic scattering, T is the

recoil energy, and

cos ¢' = (1-T/E)Y/2 + [(1-M,/M)) (T/E) (1-T/E) /2]/2
cos ¢" = (T/Ty) /2
Ty = YE (1.43
Y = 4M M,/ (M +M,) ?
M, = mass of incident ion

For n=0 Eqg.(I.41l) becomes

E
Q}(E) = (22+1) N/m do (T [ H; (e)- p}(ms,,'m;gg-'n —P,.(@w) H; (ty] (T.44

An especially ﬁseful approximation of do (Thomas~-Fermi cross
section) is the power approximation, where
do = CE™Mr~!"T gr
and m is a number between 0 and 1. Eq.(I.44) becomes

E
Q(E) = (2441 MCE’"‘/O ,%:5,“ LHyE) = B (Q=T7ENY® 4+ G- Mmay(Cre ) -Trey ™) /2 -
(I.45
x Hy (E-T) - P ((T/Tm)'?) H; (]

for M,=M, we have
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Q& = (21+l)Nce""[d'f/T"“‘ [y B)- P(C-T/20"%) HY (E-T) -
- £, (C/7e) ) g (1]
where we assumed Se(E)=0.
- Now we proceed to solve the intégral given by Eq.(I.44). We
use the procedure which has been described by Robinson [1965;1968].

Rewriting Eq.(I.44) we have

13
QuE) = (zxm/ de (g, [Hg (&) - Pt -T/Y") W) (E-T) -
-7 ~ P lCTIEY ) W2 (T ]

Let's consider the case for 2=0. The above equation takes the fol-

lowing form

E
Qo(gs-.-/ dol(E,T) [HI(E) - W) (E-T) -1y (T ]
[

where we have made use of the relation
P,(n) = 1.
With the Thomas-Fermis cross section approximated by the power ap-
proximation
do (E,T) = CNE P~ ! 7Mgr (1.46

we have

€
- - dT 6 °
Q,(E)= CNE ["l"‘"’"‘ [ -He-m - M1  (I.47

Ho (E) = the integral of H,(x,E) over all x; i.e. de-
termines the number of atoms penetrating a
plane at an arbitrary position x with a cer-
tain minimum energy, when there is a homogene-
ous isotropic source of recoiling atoms through-
out an infinite medium.
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Ho(E) = 0 for E>U,
1 for U,<E<2U, (1.48

U, being the surface binding energy. With m fixed Robinson calcu-

lated the asymptotic solution

Ho(E) ~ §my E 7o for U>>2U0, (I.49
U,
with '

Em) = 2(2™ - \)/[\k(\)-"l’(\-»m)]
where £=1 at m=-1 (hard-sphere scattering), £=(12/m2)1n2=0.84 at
m=0 and &=0 at m=1.
If m in Eq.(I.49) is a function of E [m=m(E)], the function

Ho (E) is nonlinear over most of the energy range. For fixed m we

have
6 l ~m -t
== g{i CE/(. Y g
u,
. 1_/ / ey e
oon CE T a7
° T-; CE C 2 ) A
- | (t-m) (- o-my U,
= _EE_ 2: EIZM CE (-m)y T
° -
P { 2m - -m)
g () e e U
(t-m)
o4 Us
S Zm [7?] (I.50
where ¢
Sor + [ deleT) » L ce 2
o [ 2 2}

is the elastic stopping power. From Eg.(I.50) we see that SE/E

increases with m. In the keV region and below where m<0.5, SE/E
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will always be <<1 for E>>U,. Thié shows that m in the expression
£ (m) cannot be determined by Eq.(I.50). Therefore we replace Eg.
(I.SO) by
m = m(2U,) . (X.51

If £ = £&[m(2U,)] is inserted into Eq.(I.49),yH2(E) becomes
linear for E3>2Uo; It is possible to obtain FEa.(I.49) if the powér
m in the cross section, Eqg.(I.50) is allowed to vary from step to
step. First we consider one single step

n(E) = m, for 2Uo_<_E_<_U1
(r.52

m, for A E>U,

where m, >m, and E3>2U°. For E<E, we can utilize the exact solution

1

given by Robinson [1965;1968]. For m=mn,

at+in

Ceye A EV kis,m)
HABY= o0 W ). 9 (2{,) Tams (I.53
where 4
Flsm) = 1V — r(s:_t::::‘ (I.54
k(s,m) = "'32'" . 57'5""'[25 Byz (s, 1-m) = B(s,1-m] (1 55
C= & m, a2 (22} cz/au>2m (I.56

and a is some arbitrary real number > 1. 3B(s,l-m) and Bj/2(s,1l-m)
are the Beta and incomplete Beta functions, respectively. The

integrand in Eqg.(I.53) has singularities at roots S; of the equa-



tion F(si,m)=0 and s,=1, -l<sl<0,'42<sz<—l, etc.

With
F(s;/mo) =0
we have
Fs) CGi-my '
ri{s -m,)
Fsy = F(s-m)/TQ-m,) (.57

Using Sterling's formula we have

-z 2-Y2 !)z i [ 159 _ 5%
Flzay~e Z zm¥'® [+ 122 ¥ Zee2? oig4o 23 z483320 &° I=-
e t-my-H2 ' ' ! ! 139
- - ~ - 12 -
LT U=~ e (e 2w’ D+ 7o Y T 5;5400-.»’]*
m-5 (e-mi-tia "2 1 39
-m) ~ e -m) * : B ‘
r (s-m (s-m @m™ Lre S TG 51840 (53
~— (s-Y2-m) |
Moy« Lls=m) _ 7" (s-om (2™ [+ e ]
T (i=m) -1 (=)
e _ 2 —_t
(| I"l\) (M L‘ + .2(.\.."‘)]
(5-Hz-m) [}
x 'S (5-onm) [+ az(s-na]
(U2 ~mD \ ]
(1 -m) YT
-s _s-ll2 t 1-s (s-tizom e
s @m [+ 3l = e (5-m) bty Temd
Py (1.58

G =m) Ci+ 3o )
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For s,=1 we have from Eg.(I.58) that

e (2 i+ 512 €
= Yom i+ ‘2l
e .
V' = (0.9990)
so that s,=1 is one root of Eqg.(I.57). The poles of the function
k(s,m,) in Eg.(I.53) are cancelled by the poles of the denominator
so that the integrand is regular outside the real axis. The path

of integration C, (Fig.A.l) can be transformed to C, that encloses

the real axis for s<1 in the positive direction. Utilizing the

residue
S-puant
] A
¥
- - S W -}
s N A =
C,
CI
7 [
Fig. A.1l
theorem ()é fla)dz = Zuizz Rasﬂf(ak) we have
k=

H2(E) = ) A, (E/20,) G/ne)  (I.59

where
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oo o _
(e = l-sz - 5;-;”. [2% Bua (si,t-mu) = BUsit-ma ] (E )sz A
“(EY = ? i

- T (s —rney - YLS;) 20, NC (.60
A = le;,mo‘ . W(x) = a4 in (x)
' WIS; =m,) = (s ’ dx (I.61
For i=0, s,=1 Eq.(I.60)_ takes the folowing form
H:(E‘ - (\"'2“) + (1—-m,) [Bug (|: f—=mng) ’B(Ijl-m,)] (_E_ __(__
Fli-my) ~ W) 2V, / NC
e CEY = | -2" _ G=m) [8,, (i 1-m,) -8Bl 1-my) [ E )1
Wrlt-myy - %) Ylv-m,)- W1} 20,7 NC
_ 1-27 L= [P T U= ) /T (2-m0) E ) {
Y {t-m - w iy 2lvi-mo - %)) 2u,/ NC
FeD rl-m,)
- 1 -2" _ ('-"‘o)[ (A =m,) ru~mn] (E ) \
C Wlte ) =LY 2 [wh-mo w0y ] 20,1 NC
) | -2 - 2 (E ) f
W lem,) -t (eCimmy —wd ] \2ua/ NC
4 m .
. /2 =2 (E ) I
Yi-my-¥YQ) ‘20,7 NC

For m=0, i.e. E<E,, we obtain (using L'Hopital's Rule)

H,(E) = 102 _E

2% (V) NCy, (I.62

Now we wish to calculate VY'(l). We have

[ & we ]p. = { S L"th)]}sm
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Eq.(I.62) takes the form
‘ H. = 3ln2/n2 [E/NCL,] (I.63
Eg.(I.63) differs from Eq.(l7a) by a factor of 1/41n2. The
difference occurs because in our analysis of the integral equation
using Robinson's method, we solved the equation for E>2U,. On the

otherhand Sigmund solved the equation for E>U,.
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APPENDIX II

CURVE FITTING

. A. Linear Least Square Fit

In Section I.C., the values of <AX2?>/<x>? and <¥?>/<X>? were
cdmputed by the method of least squares for M,/M,>10, since Sigmund
and Sanders [1967] only computed values for 0.l§M2/M1510. In this
section we will explain the technigque of linear regression by the
method of least squares.

First we will illustrate the simplest kind of least squares
fit, that which is often called a simple linear regression. We
will fit a straight line

y = a, + alx. (I1.1
to the data points in Table 4. The moment <AX?>/<X>? is plotted
as a function of Mz/Ml' The least squares coefficients are de-

termined from the set of N data points (xi,yi) in the following

manner. The function to be minimized is:
~N

f(a,,an = 2: [y -y;]z (I1.2

=

~N

= Z La,+ ax; -y;]z (IT1.3

P2t

Differentiating, we obtain the two normal equations

of oy =
'3—3, = Z 2(a, +a,x-y)=0 (II.4

gﬁ-‘ = ZZ(a.*—a,x.‘—y;)x;-:O (IT.5

or
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a, N +a(Zx-, = Zy;

a.) % +3, 0 %= T xyi (I1.7

(II.6

Using Cramer's rule

ZZ‘ﬂ Y x, N IR

. z . .
a, = ZX;Y; Z.?‘i 7 o a, = lel . ZNV\ (II.8
N Lx, N X%

Z:X; Z:xﬂ | ' ’21X1 lef

Finally, we obtain the expressions‘for the least squares coeffici-

ents in terms of sums of the X5 and v.:

a. .= _Z.y-. ZX-. - ZX;V: 2 x;

(I1.9
N xE - (T )2
a, =_N Zx;y; ‘2*227? (IT1.10
N Y = (D)
where x = M,/M,

y <Ax2>/<x>2_'

The quality of the least squares fit to the data points pro-

vided is given by the expression

2 [~ ZX;‘/i "‘ZK:\I‘:]Z |
r< = (I1.11
| NN Tx2 - (Zx 2 ][ 8 2y - (Ty)?)




-70

The value of r? will lie between 0 and 1. The closer r? is to i,
the better the fit.

_ Least-squaring the data provided by Table 4 we find that
a,=0.15955, a,=0.08686 and r?=0.99800.

II. Powexr Curve Fit

We wil fit a power curve
Y = aox@1 (ao>0) (II.12
to the data points in Table 4. The moment <y?>/<%>? is plotted as
a function of M,/M,. By writing Eq.(II.12) as
Iny = a,lnx + lna, (I1.13
the problem can be solved as a linear fegression problem. Using
the same procedure of Sectibn I we find that

NZ (tay;) Z (inx;) ~ ( zlﬂX2)( Z lhy;)

q, = (I1.14

N Z (\nx;)? - (Zlnx; y2

3, = ExP[j#.(Z:|nY; ; a,ZZtnx;)] (II.15

where X = MZ/M1
y = <Y?>/<x>?
and
L ? 2
. Ly~ lax: .
2= [N Z(lnx.)(\ny.) (Z ﬂx.)(ziny.)] (IT.16

N [NZ((nX; 2 - (Z‘nx;)z][NZ(lny;)z '(Z‘”YE)Z]
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Fitting a power curve to the data points provided by Table 4 find

that a,=0.17381, a1=0.98330 and r?=0.99997. [Hewlett-Packard HP-25

Applications Programs, 1975].
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Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 69.4 18.2 46.3
900 62.5 17.3 41.7
800 55.5 16.3 37.0
700 : 48.6 15.2 32.4
600 41.7 14.1 27.8
500 37.7. 12.9 23.1
400 27.8 11.5 18.5
300 20.8 10.0 13.9
200 13.9 8.1 9.3
100 6.9 5.8 4.6
50 3.5 4.1 2.3
10 0.7 1.8 0.5

1 0.1 0.6 0.05

Table 6. Calculated E&, Vp, and Ep for aluminum bombarded by H

Energy of Incident HY (eV) ﬁ&(eV) Vp(km/sec) Ep(eV)
1000 47.9 12.4 31.9
900 43.1 11.8 28.7
800 38.3 11.1 25.5
700 33.5 - 10.4 22.3
600 28.7 9.6 19.1
500 23.9 8.8 16.0
400 19.1 7.8 12.8
300 14.4 6.8 9.6
200 9.5 5.5 6.4
100 4.7 3.9 3.2
50 2.4 2.8 1.6
10 0.5 1.2 0.3

1 0.05 0.4 0.03

Table 7. Calculated ET’ Vp,‘and Ep for calcium bombarded by ut



76

Energy of Incident H (eV) Eé(eV) Vp(km/sec) Ep(eV)
1000 37.4 9.6 24.9-
900 . 33.6 9.1 22.4
800 29.8 8.6 19.9
700 26.1 8.0 17.4
600 22.4 7.4 14.9
500 18.7 6.8 12.5
400 14.9 6.1 10.0
- 300 . 11.2 5.3 7.5
200 ' 7.5 4.3 5.0
100 3.7 3.0 2.5
50 1.9 2.1 1.3
10 0.4 0.9 0.3

1l 0.04 0.3 0.03

Table 8. Calculated ET' Vp' and Ep for chromium bombarded by H+

Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 30.7 7.9 20.5
900 27.7 7.5 18.5
800 24.6 7.1 16.4
700 : 21.5 6.6 14.4
600 , 18.4 6.1 12.3
500 15.4 5.6 10.3
400 12.3 5.0 8.2
300 9.2 4.3 6.2
200 6.1 3.5 4.1
100 3.1 2.5 2.1
50 1.5 1.8 1.0
10 0.3 0.8 0.2

1 0.03 0.2 -0.02

Table 9. Calculated E,,, Vp, and Ep for copper bombarded by H+
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Table 10. Calculated E&, Vp, and Ep for gold bombarded by H+

Energy of Incident H' (eV) ET(eV) Vp(km/sec) Ep(eV)
1000 34.8 8.9 23.2
900 31.3 8.5 20.9
800 27.9 8.0 18.6
700 24 .4 7.5 16.3
600 20.9 6.9 13.9
500 17.4 6.3 11.6
400 13.9 5.7 9.3
300 10.4 4.9 7.0
200 7.0 4.0 4.6
100 3.5 2.8 2.3
50 1.7 2.0 1.2
10 0.3 0.9 0.2

1 0.04 0.3 0.03

+

Table 11. cCalculated E&, Vo and Ep for iron bombarded by H
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Energy of Incident H+(eV) E&(ev) V_(km/sec) Ep(eV)
1000 35.4 9.1 23.6
900 - 31.8 8.6 21.2
800 28.3 8.1 18.9
700 24.7 7.6 16.5
600 21.2 7.1 14.2
500 17.7 6.4 11.8
400 14.2 5.8 9.4
- 300 . 10.6 5.0 7.1
200 7.1 4.1 4.7
100 3.5 2.9 2.4
50 1.8 2.0 1.2
10 0.4 0.9 0.2

1l 0.04 2.9 0.03

Table 12. Calculated ET’ V_, and Ep for manganese bombarded by H+

o]

Energy of Incident H' (ev) E&(ev) Vp(km/sec) Ep(eV)

1000 76.4 20.1 51.0
900 68.8 19.1 : 45.9
800 61.2 18.0 40.8
700 53.5 16.8 35.7
600 45.9 15.6 30.6
500 38.2 14.2 25.5
400 30.6 12.7 20.4
300 22.9 11.0 15.3
200 15.3 9.0 10.2
100 7.6 6.4 5.1
50 3.8 4.5 2.6
10 0.8 2.0 . 0.5

1 0.1 0.6 0.1

Table 13. Calculated Ef, Vp, and Eé for magnesium bombarded by H+
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Energy of Incident H+(eV) E&(ev) Vp(km/sec) Ep(eV)
1000 33.2 8.5 22.1
300 29.9 8.1 19.9
800 26.5 7.6 17.7
700 23.2 7.1 15.5
600 19.9 6.6 13.3
500 16.6 6.0 11.1
400 13.3 5.4 8.9
300 . 10.0 4.7 6.6
200 ' 6.6 3.8 4.4
100 3.3 2.7 2.2
50 1.7 1.9 1.1
10 0.3 0.9 0.2

1 0.03 0.3 0.02

Table 14. Calculated E,,, Vp' and Ep for nickel bombarded by H+

Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 49.0 12.7 32.7
900 44,1 _ 12.1 29.4
800 ~39.2 11.4 26.1
700 34.3 10.6 22.9
600 29.4 9.8 19.6
500 - 24.5 9.0 16.3
400 19.6 8.0 13.1
300 14.7 7.0 9.8
200 9.8 5.7 6.5
100 4.9 4.0 3.3
50 2.5 2.8 1.6
10 0.5 1.3 0.3
1 0.05 0.4 0.04

Table 15. Calculated E&} Vp, and Eé for potassium bombarded by Ht
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Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(ev)

1000 66.9 17.5 44.6
900 60.2 .16.6 40.3
800 53.5 15.7 35.7
700 : 46.8 14.6 31.2
600 40.1 13.6 26.8
500 33.4, 12.4 22.3
400 26.8 11.1 17.8
300 20.1 9.6 13.4
200 13.4 7.8 8.9
100 6.7 5.5 4.5
50 3.3 3.9 2.2
10 0.7 1.8 0.5

1 0.07 0.6 0.1

Table 16. Calculated ET' Vp' and Ep for silicon bombarded by H

Energy of Incident H' (eV) Eﬁ(eV) Vp(km/sec) Ep(eV)
1000 18.3 4.7 .. 12.2
900 16.5 4.4 11.0
800 14.7 4.2 9.8
700 12.8 3.9 8.6
600 11.0 3.6 7.3
500 9.2 3.3 6.1
400 7.3 3.0 4.9
300 5.5 2.6 3.7
200 3.7 2.1 2.5
100 1.8 1.5 1.2
50 0.9 1.0 0.6
10 0.2 0.5 0.1

1 0.02 0.1 0.01

Table 17. Calculated E&, Vp, and Ep for silver bombarded by ut
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Energy of Incident H+(eV) ET(eV) Vp(km/sec) EP(eV)

1000 80.5 21.2 53.7
900 72.4 -20.1 48.3
800 . 64.4 19.0 42.9
700 56.3 17.8 37.6
600 48.3 16.4 32.2
500 40.2 15.0 26.8
400 32.2 13.4 21.5
300 24,1 11.6 16.1
200 . 16.1 9.5 10.7
100 8.0 6.7 5.4
50 4.0 4.7 2.7
10 0.8 2.1 0.5

1 0.1 0.7 0.1

Table 18. Calculated ET' Vp’ and Ep for sodium bombarded by ut

Energy of Incident H (ev) ET(eV) Vp(km/sec) Ep(ev)
1000 40.4 10.4 26.9
900 36.3 9.9 24 .2
800 32.3 9.3 21.5
700 28.3 8.7 18.8
600 24.2 8.1 16.2
500 20.2 7.4 13.5
400 1l6.1 6.6 10.8
300 12.1 5.7 8.1
200 8.1 4.7 5.4
100 4.0 3.3 2.7
50 2.0 2.3 1.4
10 0.4 1.0 0.3

1 0.04 0.3 0.03

Table 19. Calculated ﬁi, Vp, and E, for titanium bombarded by HY
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Energy of Incident HY (ev) Ef(ev) Vp(km/sec) Ep(eV)
1000 29.9 7.7 19.9
900 - 26.9 7.3 17.9
800 23.9 6.9 16.0
700 20.9 6.4 14.0
600 17.9 5.9 12.0
500 15.0 5.4 10.0
400 12.0 4.9 8.0
- 300 . 9.0 4.2 6.0
200 6.0 3.4 4.0
100 3.0 2.4 2.0
50 , 1.5 1.7 1.0
10 0.3 0.8 0.2

1l 0.03 0.2 0.02

+

Table 20. Calculated E&, Vp’ and Ep for zinc bombarded by H

Energy of Incident H' (eV) ‘ E&(eV) Vp(km/sec) Ep(eV)

1000 111.5 30.0 74.4
900 100.4 28.4 : 66.9
800 89.2 26.8 59.5
700 78.1 25.1 52.1
600 66.9 23.2 44.6
500 55.7 21.1 37.2
400 44.6 18.9 29.7
300 33.5 16.4 22.3
200 22.3 13.3 14.9
100 11.2 9.5 7.4
50 5.6 6.7 3.7
10 1.1 3.0 0.7

1 0.1 0.9 0.1

Table 20a. Calculated E,., Vp, and Eé for oxygen bombarded by Ht



Oxide

Al.O
TiO
FeO

Fe,0,4
Sio,

Table 21.

Oxide

Al,O,
FeOy

Fe 0,
SlO2

Table 22.

keV

N OO
. - (] . L] L]
o LTULO OO

83

1035H+
3
15.0
17.1
12.9
10.6
20.4

12.8
92.0

Comment

x=1.86

beam shift
x=1.86
uniformity (?)

Sputtering yield of oxides for Hg and Ht.ions at normal
[From Wehner, 1964].

incidence.

kev

N oo
UoOo LUooo

Sﬁ+

0.005
0.006
0.004
0.004
0.006

0.005
0.042

Syt (Eq.32)

0.010
0.010
0.013
0.011
0.011

0.013
0.005

Sputtering yield of oxides for HY at normal incidence.
* Values for Sy+ deduced from data given in Table 21.



Oxide MZ/M1
Al,0, 101.2
Cao 55.6
FeO 71.3
Fe,O, '158.4
Fe,O, 229.7
MgO 40.0
MnO ' 70.4
TiO . 79.3

84

<AX?%>/<Xx>?

16.227
8.964

11.461

25.366

- 36.740

6.468
11.317

12.735

<Y?>/<x>?
16.278
9.043
11.538
25.304
36.462

6.536

11.394

12.808

Table 23. Tabulation of the moments <AX2>/<X>2 and <Y2>/<X>2

for oxides.
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2

Oxide Mz(amu) Ey (eV)
Al,0, 101.96 10.0?
Ca0 56.08 8.4
FeO 71.85 13.1
Fe,O, 159.69 14.3
Fe O, 231.54 13.8
MgO 40.31 7.91
MnO | 70.94 10.6
TiQ 79.9 10.3?

Table 24. Molecular weight and binding energy of metal oxides.
- 'FProm Kelly and Lam [1973]. :
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Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 ' 19.4 4.9 12.9
900 17.4 4.7 23.3
800 15.5 4.4 11.6
700 13.6 4.1 9.1
600 11.6 3.8 7.8
500 9.7 3.5 6.5
400 7.8 3.1 5.2
300 5.8 2.7 3.9
200 3.9 2.2 2.6
100 1.9 1.6 1.3
50 1.0 1.1 0.7
10 0.2 0.5 0.1

1 0.01 0.2 0.02

Table 25. Calculated ET'

+
Vp’ and Ep for A1203 bombarded by H

Energy of Incident H (ev) ET(eV) Vp(km/sec) Ep(eV)
1000 34.7 8.9 23.1
900 31.2 8.5 20.8
800 27.8 8.0 18.5
700 24.3 7.5 16.2
600 20.8 6.9 13.9
500 - 17.3 6.3 11.6
400 13.9 5.6 9.3
300 , 10.4 4.9 6.9
- 200 6.9 4.0 4.6
100 3.5 2.8 2.3
50 1.7 2.0 1.2
10 0.3 0.9 0.2

1l 0.04 0.3 0.03
+

Table 26. Calculated E&, Vp, and Ep for Cca0 bombarded by H
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Energy of Incident H' (eV) E&(ev) Vp(km/sec) Ep(eV)
1000 27.3 7.0 18.2
900 24.6 6.6 16.4
800 . 21.8 6.3 14.6
700 : 19.1 5.8 12.7
600 16.4 5.4 10.9
500 13.6. 4.9 9.1
400 10.9 4.4 7.3
300 8.2 3.8 5.5
200 5.5 3.1 3.6
100 2.7 2.2 1.8
50 1.4 1.6 0.9
10 0.3 0.7 0.2

1 0.03 0.2 0.02
+

Table 27. Calculated E&, Vp’ and By for FeO bombarded by H

Energy of Incident H+(ev) E&(eV) ' Vp(km/sec) Ep(eV)
1000 12.5 3.1 8.3
900 11.2 3.0 7.5
800 10.0 2.8 6.7
700 8.7 2.7 5.8
600 7.5 2.5 5.0
500 6.2 2.2 4.2
400 5.0 2.0 3.3
300 3.7 1.7 2.5
200 2.5 1.4 1.7
100 1.2 1.0 0.8
50 0.6 0.7 0.4
10 0.1 0.3 0.1
1 0.01 0.1 0.01

Table 28. Calculated ET’ Vp, and Ep for Fe203 bombarded by H+
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Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 8.6 2.2 5.8
900 7.8 2.1 5.2
800 6.9 2.0 4.6
700 6.0 1.8 4.0
600 5.2 1.7 3.5
500 4.3 1.5 2.9
400 3.5 1.4 2.3
300 2.6 1.2 1.8
200 1.7 1.0 1.2
100 0.9 0.7 0.6
50 0.4 0.5 0.3
10 0.1 0.2 0.1
1 0.01 0.1 0.01

Table 29. Calculated ET' Voo and E, for Fe,0, bombarded by H'

Energy of Incident H+(eV) ET(eV) Vp(km/sec) Ep(eV)
1000 47.6 12.3 31.8
900 42.8 11.7 28.6
800 38.1 11.0 25.4
700 33.3 -10.3 22.2
600 28.6 9.6 19.0
500 . 23.8 8.7 15.9
400 19.0 7.8 12.7
300 14.3 6.8 9.5
200 9.5 5.5 . 6.4
100 4.8 3.9 3.2
50 2.4 2.8 1.6
10 0.5 1.2 0.3

1 0.05 0.4 0.03
+

Table 30. Calculated ET' Vp,‘and E_ for MgO bombarded by H
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Energy of Incident H+(ev) ET(eV) Vp(km/sec) Ep(eV)
1000 27.6 7.1 18.4
900 24.9 6.7 16.6
8§00 . 22.1 6.3 14.7
700 ' 19.3 5.9 12.9
600 16.6 5.5 11.1
500 13.8- 5.0 9.2
400 11.1 4.4 7.4
300 8.3 3.9 5.5
200 5.5 3.2 3.7
100 2.8 2.2 1.8
50 1.4 1.6 0.9
10 0.3 0.7 0.2

1 0.03 0.2 0.02
+

Table 31. Calculated E&, Vp, and Ep for MnO bombarded by H

Energy of Incident H+(eV) E&(ev) ,Vp(km/sec) Ep(eV)
1000 24.6 6.3 16.4
900 22.1 6.0 14.8
800 19.7 - 5.6 13.1
700 17.2 5.3 11.5
600 . 14.8 4.9 9.8
500 12.3 4.5 8.2
400 9.8 4.0 6.6
300 7.4 3.4 4.9
200 4.9 2.8 3.3
100 2.5 2.0 1.6
50 1.2 1.4 0.8
10 0.2 0.6 0.2

1 0.03 0.2 0.02

+

Table 32. Calculated E., V_, and E_ for TiO

T b p 2 bombarded by.H



Maria Highlands
Oxide (wt %) (wt %)
Sio, 45.4 45.5
TioO, 3.9 0.6
Al,O, 14.9 24.0
FeO 14.1 ' 5.9
MgO | 9.2 7.5
CaO 11.8 15.9
Na,Oo . 0.6 . 0.6
K,O -——— —-——-

Table 33. Average chemical cOmpoéition of Lunar Surface
Regolith. [From Taylor, 1975].
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: Field

Site Coordinates . Magnitude (Y)
Apollo 12 3.2°S 23.4°W 38
Apollo 14 ;

Site A 3.2°8 17.2°W 103

Site C! 2.6°S 15.5°W 43
Apollo 15 26.1°N 3.7°E 3
Apollo 1l6 .

ALSEP 8.9°s 15.5°E 234

Site 2 9.0°s 15.5°E 189

Site 5 9.1°s 15.5°E 112

Site 13 8.9°S 15.5°E 327

FRPS 9.0°S 15.5°E 113
Taylor Crater 16.0°E 4.5°S 20
Alfraganus Crater 19.0°E 5.0°S . 83
M. Tranquilitatis 26.5°E 5.0°S 86
Toricelli R 29.0°E 6.0°S 30
Capella CA 36.0°E 6.5°S 85
Capella D 39.0°E 6.5°S 75
Gutenberg G 40.5°E 6.0°S 43
M. Fecunditatis 42.5°E 6.0°S 100

Table 34. Summary of Lunar remanent magnetic field. From [Dyal
et al., 1972 and Lin et al., 1976]. '
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Final Velocity Final Energy

Site 8 of HY(km/sec) of Ht(eV)
Apollo 12 2.788 351.9 641.3
Apollo 14 A
Site A 0.380 -561.8 1635.0
Site C' 2.178 323.1 540.7
Apollo 15 348.300 438.7 997.1
Apollo 16
ALSEP 0.074 -1560.0 12600.0
Site 2 0.113 -1233.0 7872.0
Site 5 0.321 -639.0 2115.0
Site 13 0.038 -2221.0 25560.0
FRPS 0.315 ~674.4 2171.0
Taylor Crater 10.070 417.0 900.6
Alfraganus Crater 0.584 -370.5 711.0
M. Tranquilitatis 0.544 -401.9 836.9
Toricelli R 4.464 387.2 776.4
Capella CA 0.557 -391.6 794 .4
Capella D 0.716 -276.9 397.1
Gutenberg G 2,178 323.1 540.7
M. Fecunditatis 0.403 -535.2 1484.0

Table 35. The ratio of solar-wind plasma pressure to total mag-

netic field pressure.
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Site Oxide Atoms/cm? year ﬁ/year Metal Atoms/cm? year ﬁ/year
Apollo 12 Al1503 0.91 x 1015 3.0 Al 0.69 x 1013 2.3
ca0 1.61 " 5.3 ca 1.14 " 3.8
FeO 0.72 " 2.4 cr 0.43 " 1.4
MgO 1.33 n - 4.4 Cu 0.41 n 1.4
Mno 0.81 " 2.7 Fe 0.40 " 1.3
TiOo 0.83 ) 2.8 K 2.18 " 7.2
Mg 1.61 " 5.3
Mn 0.58 " 1.9
Na 2.17 n 7.2
si 0.51 " 1.7
Ti 0.38 i 1.3
Apollo 14 Al,05 0.91 x 1015 3.0 Al 0.69 x 101 2.3
Site C' cad 1.60 " 5.3 ca 1.11 "o 3.7
(Gutenberg G) FeO 0.73 " 2.4 Cr 0.42 " 1.4
MgO 1.33 " 4.4 Cu 0.44 " 1.5
MnO 0.81 " 2.7 Fe 0.40 n 1.3
TiOy 0.84 " 2.8 K 2.15 " 7.1
Mg 1.59 " 5.3
Mn 0.57 " 1.9
Na 2.13 " 7.1
si 0.51 " 1.7
Ti 0.37 " 1.2
Apollo 15 Al,03 0.85 x 1015 2.8 Al 0.72 x 101> 2.4
. ca0 1.59 " 5.3 ca 1.19 " 3.9
FeO 0.67 " 2.2 Cr 0.45 " 1.5
MgO 1.29 v 4.3 Cu 0.32 " 1.1
MnO 0.76 " 2.5 Fe 0.43 " 1.4
TiO, 0.75 ) 2.5 K 2.27 " 7.5
| Mg 1.64 ) 5.5
Mn 0.61 " 2.0
Na 2.24 " 7.5
si 0.52 " 1.7
1.3

Ti 0.40 h

€6
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Site Oxide Atoms/cm? year R/year = Metal Atoms/cm? year A/year
Taylor Crater Al,O3 0.86 x 10%° 2.9 Al 0.72 x 1015 2.4
cad 1.59 " 5.3 Ca 1.16 " 3.9
FeO 0.68 " 2.3 Cr 0.45 “ 1.5
MgO 1.30 " 4.3 Cu 0.35 " 1.2
MnO 0.78 " 2.6 Fe 0.42 " 1.4
TiO9 0.77 v 2.6 K 2.23 " 7.4
Mg . 1.64 " 5.5
Mn 0.61 " 2.0
Na 2.21 " 7.3
Si 0.52 " 1.7
Ti 0.39 " 1.3
Toricelli R Al,O, 0.89 x 1019 2.9 Al 0.71 x 1015 2.4
cad 1.59 " 5.3 Ca 1.16 " 3.8
FeO 0.71 " 2.4 Cr 0.44 " 1.5
MgO 1.31 " 4.3 Cu 0.38 " 1.3
MnO 0.76 " 2.6 Fe 0.41 " 1.4
TiOy - 0.79 " 2.6 K 2.22 " 7.4
Mg 1.61 " 5.4
Mn 0.59 n 2.0
Na 2.18 " 7.3
Si 0.52 " 1.7
1.3

Ti 0.38 "

Table 36. Estimate of the sputtering rates at the lunar surface.
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Energy of Incident H+(eV) o FT Fp
1000 0.929 0.465
900 0.921 0.461
800 0.912 0.456
700 . 0.899 0.450
600 0.883 0.442
500 0.871 0.436
400 0.830 0.415
300 : 0.778 0.389
200 0.685 0.343
100 0.463 0.232
50 0.207 0.104
10 0.0002 0.0001
1 0 0

Table 37. Calculated FT’ and Fp for aluminum bombarded by H+

Energy of Incident H+(eV) - FT Fp
1000 0.940 0.470
900 - 0.933 0.467
800 0.924 0.462
700 0.913 0.457
600 0.900 0.450
500 0.879 0.440
400 0.849 0.425
300 : 0.802 0.401
- 200 0.711 0.356
100 0.488 0.244
50 0.349 0.175
10 0.0002 0.0001
1 0 0

Table 38. Calculated FT, and Fp for calcium bombarded by H+



Energy of Incident 1 (ev)

Table 39.

1000
900
8§00
700
600
500
400
300
200
100

50
10
1

Calculated F_,

T

Energy of Incident H+(eV)

Table 40.

1000
900
800
700
600
500 .
400
300
200
100

50
10
1

Calculated FT,

96

0.837
0.822
0.802
0.776
0.742
0.698
0.635
0.542
0.392
0.144
0.018

0

0

and Fp for chromiﬁm bombarded by H

0.827
0.808
0.786
0.758
0.722
0.674
0.606
0.507
0.351
0.113
0.055

0

0

0.419
0.411
0.401
0.388
0.371
0.349
0.318
0.271
0.196
0.072
0.009

0

0

+

0.414
0.404
0.393
0.379
0.361
0.337
0.303
0.254
0.176
0.057
0.028

0

0

and Fp for copper bombarded by H+
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Energy of Incident H+(eV) FT Fp
1000 0.363 0.182
900 0.319 0.160
800 0.272 0.136
700 0.219 0.110
600 0.164 0.082
500 0.109 0.055
400 0.058 0.029
300 _ 0.020 0.010
200 0.002 0.001
100 0 0
50 0 0
10 0 0
1 0 0
Table 41. Calculated FT' and Fp for gold bombarded by H+
Energy of Incident H+(eV) . FT Fp
1000 0.820 0.410
900 0.801 0.401
800 - 0.779 0.390
700 0.750 0.375
600 0.714 0.357
500 0.666 0.333
400 0.599 0.300
300 0.500 0.250
200 0.336 0.168
100 0.111 0.056
50 0.010 0.005
10 0 0
1 0 : 0

Table 42. Calculated FT' and Fp for iron bombarded by H+
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Energy of Incident H+(eV) FT Fp
1000 - 0.969 0.485
900 0.966 0.483
800 0.961 0.481
700 : 0.956 0.478
600 0.948 0.474
500 0.939 0.470
400 0.923 0.462
300 0.898 0.449
200 0.849 0.425
100 0.714 0.357
50 0.497 0.249
10 0.021 0.011

1 0 0

Table 43. Calculated FT, and Fp for magnesium bombarded by H+

Energy of Incident H+(eV) ) « FT Fp
1000 0.870 0.435
900 - 0.856 0.428
800 0.839 0.420
700 0.817 0.409
600 0.788 0.394
500 0.750 0.375
400 0.694 0.347
300 0.610 0.305
200 0.467 0.234
100 0.202 0.101
50 0.035 0.018

10 0 0

1 0 : 0

Table 44. Calculated FT, and Fp for manganese bombarded by H+
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Energy of Incident H+(eV) FT Fp
1000 o 0.806 0.403
900 : 0.786 0.393
800 0.762 0.381
700 0.731 0.366
600 ' 0.693 0.347
500 0.642 0.321
400 0.571 - 0.286
. 300 . - 0.469 -~ 0.235
200 ' 0.314 0.157
100 ' 0.090 0.045
50 0.008 0.004

10 : 0 0

1 ' 0 0

Table 45. Calculated FT’ and Fp for nickel bombarded by H+

Energy of Incident H+(eV) ) K FT Fp
1000 0.970 0.485
900 0.966 : 0.483
800 0.958 0.479
700 0.952 0.476
600 ' 0.944 0.472
500 4 0.932 0.466
400 0.914 0.457
300 0.883 0.442
200 0.823 0.412
100 o 0.655 0.328
50 0.397 0.199
10 0.030 0.015

1 0 0

Table 46. Calculated FT, and Fp for potassium bombarded by H+
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Energy of Incident H+(eV) FT Fp

1000 ‘ 0.899 0.450
900 : 0.889 0.445
800 0.875 0.438
700 0.859 0.430
600 0.837 0.419
500 0.808 0.404
400 0.766 0.383
300 0.699 0.350
200 ' 0.582 0.291
100 ' 0.335 0.168
50 0.033 , 0.017
10 0 0

1 0

Table 47. Calculated FT’ and Fp for silicon bombarded by H+

Energy of Incident H+(eV) ) FT Fp
1000 0.719 0.360
900 - 0.690 0.345
800 0.655 0.328
700 0.612 0.306
600 0.558 0.279
500 0.489 0.245
400 0.400 0.200
300 0.282 0.141
200 0.138 0.069
100 0.026 0.013
50 0.0001 0.00005
10 0 0
1 0 0

Table 48. Calculated Fj, and Fp for silver bombarded by H'



Energy of Incident H+(eV)

Table 49.

Energy of Incident H+(eV)

Table 50.

1000
900
800
700
600
500
400
300
200
100

50
10
1

T
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FT

0.978
0.976
0.973
0.968
0.964
0.955
0.945
0.927
0.890
0.785
0.603
0.058

0

F
P
0.489
0.488
0.487
0.484
0.482
0.478
0.473
0.464
0.445
0.393
0.302
0.029
0

Calculated F., and Fp for sodium bombarded by H+

1000
900
800
700
600
500
400
300
200
100

50
10
1

0.827

- 0.810

0.788
0.761
0.727
0.680
0.616
0.521
0.371
0.130
0.015

0

0

0.414
0.405
0.394
0.381
0.364
0.340
0.308
0.261
0.186
0.065
0.008

0

0

Calculated F,,, and Fp for titanium bombarded by at

T
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Table 51.

Energy of Incident H+(eV)

Table 52.

1000
900
800
700
600
500
400
300
200
100

50
10
1
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0.915
0.905
0.892
0.876
0.854
0.824
0.780
0.709
0.579
0.300
0.073

0

0

0.458
0.453
0.446
0.438
0.427
0.412
0.390
0.355
0.290
0.150
0.037

Calculated FT’ and Fp for zinc bombarded by H+

1000
900
800
700
600
500
400
300
200
100

50
10
1

Frp

0.966
0.962

- 0.956

0.950
0.942
0.931
0.915
0.888
0.836
0.697
0.481
0.026
0

F
P
0.483
0.481
0.478
0.475
0.471
0.466
0.458
0.444
0.418
0.349
0.241
0.013
0

Calculated F,,, and‘Fp for oxygen bombarded by H

T
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Energy of Incident H+(ev) FT.‘ : : _'Fé*f
1000 _ 0.428 ' 0.214
900 . 0.388 0.194
800 0.343 0.172
700 0.292 0.146
600 0.236 0.118
500 0.174 0.087
400 0.111. 0.056
- 300 . 0.051 0.026
200 ‘ 0.011 0.006
100 0 0
50 0 0
10 0 0
1 0 0
Table 53. Calculated F,, and F, for Al,0, bombarded by gt
Energy of Incident H+(eV) FT Fp
1000 0.686 0.343
900 0.657 _ 0.329
800 0.623 0.312
700 0.581 0.291
600 0.531 0.266
500 0.466 0.233
400 0.383 0.192
300 0.276 0.138
200 0.142 0.071
100 0.019 0.010
50 0.0003 0.00015
10 0 0
1 0 0

Table 54. Calculated FT, and Fp for Ca0O bombarded by ut
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Energy of Incident H+(eV) FT Fp
1000 0.474 0.237
900 0.435 0.218
800 0.391 0.196
700 0.341 0.171
600 0.284 0.142
500 0.220 0.110
400 0.149. 0.075
300 0.078 0.039
- 200 ’ 0.021 0.011
100 0.0004 0.0002
50 0 0
10 0 0
1 0 0
Table 55. Calculated FT, and Fp for FeO bombarded by H+
Energy of Incident H+(eV) : FT Fp
1000 0.138 0.069
900 0.110 _ 0.055
800 0.082 0.041
700 0.056 0.028
600 0.034 0.017
500 . 0.017 0.009
400 0.006 0.003
300 0.001 0.0005
200 0 0 -
100 0 0
50 0 0
10 0 0
1 0 0

Table 56. Calculated F,, and F_ for Fe,0; bombarded by ut
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Energy of Incident H+(eV) FT Fp
1000 0.046 0.023
900 0.032 0.016
800 0.020 0.010
700 0.011 0.006
600 0.005 0.003
500 0.002 0.001
400 0.001 0.0005
300 , 0.0003 0.00015
200 0 0
100 0 0
50 0 0
10 0 0
1 0 0
Table 57. Calculated F,, and F_ for Fej0, bombarded by n
Energy of Incident H+(eV) ) FT Fp
1000 0.776 0.388
900 . 0.754 0.377
800 0.727 0.364
700 0.694 0.347
600 0.653 0.327
500 0.599 0.300
400 0.526 0.263
300 . 0.423 0.212
200 0.272 0.136
100 0.072 0.036
50 0.005 0.0025
10 0 0
1 0 0

Table 58. Calculated FT, and Fp for MgO bombarded by H+
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Energy of Incident H+(eV) FT Fp
1000 ©0.547 0.274
900 0.511 0.256
800 ) 0.469 0.235
700 : 0.420 0.210
600 0.362 0.181
500 0.294 0.147
400 0.215 0.108
300 0.127 0.064
200 0.043 0.022
100 0.002 0.001

50 0 : 0

10 0 0

1 0 0

Table 59. Calculated FT' and Fp for MnO bombarded by H+

Energy of Incident H' (eV) v - Fr Fp
1000 0.514 0.257
900 -0.476 0.238
800 0.433 0.217
700 0.383 0.192
600 0.325 0.163
500 0.257 0.129
400 0.175 0.088
300 0.095 0.048
200 0.030 0.015
100 0.001 0.0005
50 0 0
10 0 0
1 0 0

Table 60. Calculated FT’ and Fp for TiO2 bombarded by H+



Site

Apollo 12

Apollo 14
Site C'!
(Gutenberg G)

Apollo 15

Oxide

Al03
Cao
FeO
MgO
MnO
TiO»p

Al203
Cao
FeO
MgO
MnO
TiO2

Al,03
Cao
FeO
MgO
MnO
TiO2

[LLoss

Rate]

Atoms/cm? year

0.12 x 1015

0.
0.
0.
0.
0.15

QO OO OO

0.
0.
0.
0.
0.
0.

45
11
45
16

.09
.40
.09
.42
.13
.12

18
55
16
50
21
19

x 1015

LU
L

=]

A/year

0.40
1.48
0.37
1.98
0.52
0.48

"0.30
1.31
0.30
1.34
0.44
0.40

0.60
1.81
0.53
1.66
0.69
0.64

Metal

Al
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Si
Ti

Al
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Si
Ti

Al
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Si

- Ti

[Loss

Rate]

Atoms/cm? year

0.31
0.52
0.16
0.15
0.15
1.03
0.77
0.23
1.05
0.22
0.14

0.30
0.49
0.15
0.15
0.14
1.01
0.75
0.22
0.27
0.21
0.13

0.33
0.49
0.19
0.13
0.18
1.10
0.80
0.27
1.10
0.23
0.17

x 1015

"
"
"

"

15

OO WONWOOO K| OO OOMNWOOO K

ﬁ/year

1.02
.71
.54
.50
.48
.43
.54
.77
.48
.72
49

OO WONWOOOK

.

.00
.64
.50
.51
46
.34
.49
.72
91
.69
.43

.11
.86
.63
.44
59
.66
.64
.88
.64
77
.55

LOT



Site Oxide

Taylor Crater Al;03
Cao
FeO
MgO
MnO
TiOp

Toricelli R Al»03
Ccao
FeO
MgO
MnO
TiOg

Table 61. Sputtering rates at Moon under solar-wind bombarment.

[Loss Rate]

Atoms/cm? year

0.17
0.52
0.15
0.49
0.20
0.18

0.15
0.49
0.14
0.47
0.17
0.17

x 1015

"
"
"
"

R/year

0.55
1.13
0.49
1.63
0.66
0.61

0.49
1.62
0.45
1.56
0.58
0.55

Metal

Al
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Si
TL

Al
Ca
Cr
Cu
Fe
K

Mg
Mn
Na
Si
Ti

0.33
0.55
0.19
0.14
0.17
1.08
0.79
0.26
1.08
0.23
0.16

0.32
0.53
0.18
0.15
0.16
1.06
0.77
0.25
1.06
0.23
0.15

[Loss
Atoms/cm? year

X 1015

[}]

1.10
1.81
0.63
0.47
0.55
3.59
2.62
0.87
3.57
0.77
0.52

1.07
1.77
0.58
0.49
0.53
3.53
2.57
0.82
3.52
0.75
0.49

R/year

80T
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oxide AH (M) AHL (0) /Y AH_ (M) / [AH[ (0) /Y]
Al,0, 76 134 0.57
ca0 36 151 0.24
FeO 84 | 64 1.31
MgO 33 | 145 0.23
sio, 87 104 0.84
TiO, 106 114 0.93
Ti,0, 106 123 0.86
Ti,0, 106 117 0.91

Table 62. Comparison of AHS(M) and AHD(O) for'some elements
occuring in lunar soils. [From Pillinger et al., 1976].
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