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Abstract

The ejection of atoms and molecules from a surface due to a flux of energetic particles has been studied for a variety of target ma
radiation types. We simulate these processes within a porous regolith using a Monte Carlo model. In doing so we assume that th
of regolith grains behave like the surfaces of laboratory samples, where the results of an ejection event have been found to de
the energetic-particle angle of incidence and intrinsic properties of the target material. Total sputtering yields, sputter-product
distributions, and energy distributions are calculated for application to Solar System objects with emphasis on sodium ejection from
surface. We find that the regolith yield is typically less than that from a laboratory surface made of the same material and depen
sticking probability. The sputter-product exit-angle distribution from a porous regolith is found to be little altered by variation of the
sputtering parameters, with the exception of nearly specular sputtering. The regolith grain shape has little effect on the total sputte
The results are in rough agreement with an earlier analytic model [Johnson, R.E., 1989. Application of laboratory data to the spu
a planetary regolith. Icarus 78, 206–210]. The experimental results of Hapke and Cassidy [1978. Is the Moon really as smooth a
ball? Remarks concerning recent models of sputter-fractionation on the lunar surface. Geophys. Res. Lett. 5 (4), 297–300] require
forward-directed sputtering process, which may apply to a silicate with a low sputtering yield but not to the sputtering of ices by he
 2005 Elsevier Inc. All rights reserved.
Keywords: Regoliths; Moon, surface; Surfaces, satellites; Atmospheres, composition
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1. Introduction

The ejection of atoms and molecules from a surface
to a flux of ions, electrons or UV photons has been stud
experimentally and computationally for a variety of targ
materials and radiation types. These treatments usually
with relatively smooth target surfaces. Applying this know
edge to airless bodies in our Solar System is complic
by their surface structure. Meteor bombardment over m
lions or billions of years produces a regolith, a porous s
face composed of grains formed by fracture and crater e
(Hapke and Cassidy, 1978; Hapke, 1986).

Regolith structure determines the distribution of incid
angles to grain surfaces encountered by ions, which is
* Corresponding author.
E-mail address: tac2z@virginia.edu(T.A. Cassidy).

0019-1035/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.icarus.2005.02.013
l

portant because experiments have shown that the sp
ing yield depends on the incident angle. Further, the
jority of sputter products encounter neighboring grains
do not directly escape to space(Hapke and Cassidy, 1978
Johnson, 1989). After encountering a grain the sputter pro
ucts may then desorb, permanently stick, or even react
have constructed a Monte Carlo model to simulate th
processes and used it to show how the regolith affects
total yield, angular distribution, and energy distribution
sputtered products.

Regolith effects are relevant to the sputter fractiona
of surface material and the supply of thin atmospheres
a number of Solar System objects, but are often not ta
into account when modeling such atmospheres. This

per presents a comprehensive look at these issues. In addi-
tion, the results are relevant to the design of instruments for

http://www.elsevier.com/locate/icarus
mailto:tac2z@virginia.edu
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measuring surface composition by sputtering(Elphic et al.,
1991; Kirsch et al., 1997).

In this paper a Monte Carlo simulation is first describ
in which we follow the trajectories of incident particle
and their sputter products within a regolith. The parame
used in the simulation were taken from literature on sput
ing from laboratory surfaces. We calculate the effect of
porous regolith on the yield and on the angular and ene
distributions of the ejecta. A similar program was used e
lier by Hodges (1980)to study the transport of Ar across th
lunar surface.

2. Model

In our simulation ions, electrons or photons are injec
into the regolith one at a time. The incident particle, wh
we typically refer to as an ion, strikes a grain after travers
a randomly determined distance into the regolith as indic
in Fig. 1. This distance is, on average, the collisional m
free path, a quantity governed by the cross-sectional are
the grains and their density. Using a Poisson distribut
the ion’s probability of striking a grain while traveling ov
a distance�z is given by

(1)1− exp

(−�z

λ

)
,

where

λ = (ngσg)
−1

is the collisional mean free path.ng is the number of grain
per unit volume andσg is the average cross-sectional area
the grains. The mean free path throughout the regolith is
sumed to be isotropic. A distribution of grain sizes was a
used, but that did not change the results presented here
though we use a mean free pathλ, all of the results presente
below are independent ofλ.

This independence is a consequence of the Poisson
tribution and of the fact that the incident radiation and sp
ter products pass through the same distribution of rego
grains. These approximations are correct if the grain c
position does not change with depth (down to at least a
mean free pathlengths) and for high porosity, porosity
ing the fraction of regolith volumenot occupied by grains
At low porosities, as the regolith begins to resemble a
surface, the Poisson distribution becomes less applic
The results apply to a regolith where the inter-grain
hesive forces exceed average grain weight, resulting
porous structure. Such a regolith was described byHapke
and van Horn (1963)as a “fairy castle,” in which in the up
per few millimeters of soil can have a very low density a
a dendritic structure. The method also can apply to a s
with a much lower porosity(Hapke and van Horn, 1963

Hapke and Cassidy, 1978)and to the sintered ice grains
thought to be present in regions of Europa’s surface(Grundy
et al., 2001).
rus 176 (2005) 499–507
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Fig. 1. A schematic view of the program. The spheres represent idea
regolith grains. (a) An ion or photon enters the regolith; (b) a sputter pro
is released; (c) the sputter product encounters a grain, and is then des
(d) the desorbed sputter product is permanently adsorbed onto a grain

Each time a grain is struck, the program random
chooses a point on the grain where the impact occurs.
point determines the orientation of the surface, i.e. the a
of impact as suggested byFig. 1. This probabilistic decision
depends on the shape of the grain, which, in this sim
tion, is either a sphere, an ellipsoid, or a cube. The imp
point on a grain surface is assumed to be locally equiva
to a “smooth” laboratory surface. This allows the use of d
that describe sputtering yield as a function ofθg,i , the angle
between the surface normal and incident ion trajectory,
the azimuthal angleφg,i , which, when specified, is usual
an angle between the incident ion trajectory and a cry
lattice direction. The ‘g, i’ subscript indicates thatθg,i mea-
sures the angle betweenincident ion trajectory and the loca
surface normal on thegrain. Angles used in this paper a
defined inTable 1.

The quotation marks on “smooth” indicate that labo
tory surfaces (and regolith grains) might not be perfe
smooth, but have submicroscopic relief. These features
vary between well-prepared lab samples and are ge
ally not measured. Applying laboratory data is fraught w
other uncertainties as well. For example, impurities can
fect the sputter yields by altering the crystal structure (
hence altering collision cascades)(Bernardo et al., 1994
or by altering chemistry(Roth, 1983). Some of these dif
ficulties are avoided by assuming that the regolith gra
have amorphous surfaces, which results in the sputte
yield having noφg,i dependence(Betz and Wien, 1994
Carey and McDonnell, 1976). Therefore, for a given energ
and incident ion species the sputtering yield is assumed

a function ofθg,i only. In addition, the steady state yields af-
ter long term irradiation are often the most relevant to Solar
System surfaces.
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Table 1
Definitions

Angle Between And

θg,i Incident ion traj. Grain surface normal
φg,i Incident ion traj. Vector parallel to grain surfac
θg,e Sputter product traj. Grain surface normal
φg,e Sputter product traj. Vector parallel to surface
θr,e Sputter product traj. Regolith surface normal
φr,e Sputter product traj. Vector parallel to reg. surfac
θr,i Incident ion traj. Regolith surface normal
φr,i Incident ion traj. Vector parallel to reg. surface

Each sputter product is given a “weight” which specifi
the sputtering yield, the average number of particles s
tered per impact. The sputter yield from the grain surfac
given by

(2)YL(θg,i) ≈
{

YL(0)
cosn(θg,i)

if θg,i < θc,

0 if θg,i > θc,

whereθc is the cutoff angle, which is about 80◦ for a typi-
cal laboratory surface. This expression is commonly use
describe laboratory results for the yield, whereYL(0) is the
sputtering yield for ions normally incident on a “smoot
laboratory surface, which depends upon incident ion
ergy and the material being sputtered(Sigmund, 1981).
n and θc depend upon the sputtering mechanism and
submicroscopic relief of the surface(Johnson et al., 1987
Johnson, 1990). n is typically between 0 and 2, 1.6 being the
most common for ions that significantly penetrate the g
surface(Johnson, 1990). Thus the sputtering yield increas
as the incident ion trajectory moves away from normal
cept whenn = 0, which applies roughly at very low veloc
ties or to surfaces that are very rough at the submicrosc
scale.Jurac et al. (2001)considered the change in inciden
angle dependence of the sputtering yield with ion energy
type in more detail for the sputtering of water ice grains
Saturn’s E-ring. In the following we usen = 0, 1 or 1.6.

Four cases are considered for the distribution in ang
which the sputter product leaves the grain surface. Th
distributions are not well measured for the materials of in
est. The most common distribution used, sometimes ca
the Knudsen cosine law(Sigmund, 1981), is independen
of incident ion angleθg,i , and has the highest probability
emission atθg,e = 0, the surface normal:

(3)f
(
cos(θg,e)

) ≈ 2 cos(θg,e),

where the subscript ‘g,e’ indicates measurement of theexit
angle with respect to the local surface normal on thegrain.
This independence is a reflection of either an extensive
cade of collisions or energy deposition that can be tre
as a “thermal” or “diffusive” spike(Johnson et al., 1989). In
these cases the “memory” of the incident ion momentum
lost(Johnson, 1990). Equation(3) is herein referred to as th

cosine law.

Two cases of forward-directed sputtering are considered,
where the sputter products preferentially leave the surface
a regolith 501

away from the incident beam direction. An example of su
a process is “single-collision” sputtering, where a parti
is directly ejected during the first few collisions followin
impact. The “memory” of the incident direction is not lo
(Betz and Wien, 1994). This situation results from som
combination of high target binding energy and low projec
momentum transfer, both of which inhibit the creation of
tensive collision cascades(Hofer, 1991). As an extreme case
we first approximate forward-directed sputtering as spe
lar:

(4)θg,e = θg,i, φg,e = φg,i + π.

Sputtering is more effectively at oblique incident angles
Eq. (2) with n = 1.6 is still used.Johnson (1989)also used
this as one approximation in his analytic model of rego
sputtering.

Surprisingly, large whole molecules ejected by fast he
ions are primarily forward directed(Johnson et al., 1989.
This is the “pressure pulse” regime of electronic sput
ing. The analytical model ofJohnson et al. (1989)pre-
dicts thatf (cos(θg,e)) will have two peaks, one forwar
directed and one backward directed. Molecular-dynam
simulations and experiments(Fenyö et al., 1990)show that
forward-directed sputter products dominate, so we use
forward-directed peak given by

(5)θg,e = π

4
− θg,i

2
, φg,e = φg,i + π.

The dependence of total sputtering yield on incident an
θg,i is again given by Eq.(2) with n = 1.6 (Johnson et al.
1989).

A third distribution applies when a molecular materia
highly dissociated. In this case the small fragments co
from depth and preferentially leave back along the incid
ion direction(Johnson et al., 1989).

In all cases, the energy distribution of sputtered partic
is assumed to be roughly independent of incident angl
exit angle. This is reasonable when the yield is large, as
for the sputtering of the icy surfaces on the jovian satell
by heavy ions(Johnson, 1990). This is also used frequentl
for small yield cases(Sigmund, 1981), although that is a
poor approximation.

After determining the sputter-product exit direction, sp
ter products are allowed to traverse the regolith until exit
the regolith surface or encountering another grain. Prod
encountering other grains may either permanently adhe
desorb. If they desorb, the exit-angle distribution with
spect to the local grain normal is approximated by the co
law [Eq. (3)] (Johnson, 2002; Hodges, 1980). The probabil-
ity that a particular sputter product will not desorb isS, the
sticking probability, a quantity that the describes the af
ity between an adsorbed sputter product and regolith gra

If S = 1 all sputter products that encounter a grain are per-
manently adsorbed onto that grain, andS = 0 implies that
sputter products never stick permanently.
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3. Results

We first discuss simulations with the parameterS = 1,
which restricts us to ejecta that leave the regolith with
encountering other grains. Then we assumeS < 1 to in-
clude sputter products that encounter grains before lea
the regolith. These sputter products have undergone ad
tion and desorption, and, in the process, have lost energy
memory of initial ejection direction. The difference in e
ergy distributions between directly-sputtered and deso
particles motivates this separation.

3.1. S = 1: Sputtering yield

The regolith sputtering yield,YR, is the average numbe
of sputter products per incident ion that escape from the
golith. Results are presented inTables 3 and 4as the scaled
sputtering yieldYR/YL(0), whereYL(0) is the yield at nor-
mal incidence on a “smooth” surface in Eq.(2). Definitions
for the various sputter-yield related quantities are provi
in Table 2.

In each calculation a distribution of incident ion ang
with respect to the regolith surface normal is assumed.
sults are given for a single flow direction, which here
always normal to the regolith surface (cos(θr,i) = 1), and
“uniform” bombardment or isotropic incidence. For a sph

Table 2
Definitions

YR Total yield from regolith
YR,des Total yield of desorbed product
YG Single-grain yield
YF Yield from a laboratory surface

Table 3
Scaled sputtering yieldsa: Cosine law emission andS = 1

n Incidence YF/YL(0) YG/YL(0) YR/YL(0) Percent retained

0.0 Normal 1.0 1.0 0.29 70%
1.0 Normal 1.0 1.7 0.45 73%
1.6 Normal 1.0 2.5 0.64 74%
0.0 Uniform 1.0 1.0 0.30 69%
1.0 Uniform 1.7 1.7 0.49 70%
1.6 Uniform 2.5 2.5 0.71 72%

a Computed with use of spherical grains and cosine law sputte
[Eq. (3)].

Table 4
Scaled sputtering yieldsa: Forward-directed sputtering andS = 1

Exit-angle dist. Incidence YF/YL(0) YR/YL(0) Percent retained

Specular Normal 1.0 0.19 92%
Specular Uniform 2.5 0.32 87%
Pressure-pulse Normal 1.0 0.52 79%
Pressure-pulse Uniform 2.5 0.63 75%
a Computed with use of the two forward-directed sputtering models
[specular: Eq.(4), pressure pulse: Eq.(5)] spherical grains andn = 1.6 in
Eq.(2).
rus 176 (2005) 499–507
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in a flux of parallel-velocity ions, the average distributi
of incident angles relative to the local surface normal is
same as for uniform bombardment:

f
(
cos(θr,i)

) = 2 cos(θr,i).

The percentage of sputter products that stick to other gr
is given in the column under “percent retained” inTables 3
and 4. The parametern, defined in Eq.(2) determines the en
hancement of the yield vs. incident angle as discussed ab

Two related results are given for comparison toYR/YL(0).
YF/YL(0) gives the scaled sputtering yield that would
found if, in place of a regolith, the incident angle distrib
tion impinges onto a flat “smooth” laboratory surface w
the same material properties as the regolith grains.YG/YL(0)

is the scaled sputtering yield from an single isolated gr
like those in the E-ring of Saturn. In both cases the per
retained is, of course, zero.

In Table 3the grains were assumed to be spherical,S = 1,
and cosine law sputtering was used in Eq.(3). The third row
of Table 3, for example, tells us that a regolith with the a
sumed properties and exposed to normally incident ion
would have a scaled sputtering yieldYR/YL(0) ≈ 0.64. Re-
moving adsorption due to regolith grains yieldsYG/YL(0) ≈
2.5. Comparing the two we find that 74% of the sputter pr
ucts are retained by the regolith. As mentioned above,
yield resulting from uniform incidence onto a flat surfa
is equivalent to the yield resulting from a flow of paralle
velocity ions onto a sphere. From the last row inTable 3it is
seen that, for uniform incidence, the yield from a flat smo
surface is about 2.5 times the yield for normal incidence.

Table 4presents results for specular sputtering [Eq.(4)],
again usingn = 1.6 in Eq. (2). It is seen, not surprisingly
that the effective yield from the regolith is further su
pressed. That is, the percentage of sputter products pe
nently adsorbed onto regolith grains increases from≈70%
to ≈90%.

We also carried out simulations assuming that the gr
were all cubes or all ellipsoids. The grain orientations w
randomized. We found that the results are not significa
altered by the change in grain shape. With use of cosine
sputtering, the yieldsYR/YL(0) for cubic grains are slightly
lower (at most 10%) and the percent retained is a slig
higher than for spherical-grain simulations (that otherw
use the same parameters). For forward-directed sputt
[Eqs. (4) and (5)], use of cubic grains results in slight
larger yields and slightly smaller percent retained as c
pared to the use of spherical grains.

The yields for prolate and oblate spheroid grains (a su
of ellipsoid shapes) depend on the ratio of the axial lengc
to the circular cross-section radiusa. For cosine law sput
tering, asc/a increases or decreases from unity (c/a = 1
corresponds to a sphere), the yield increases slightly.
yield from a regolith reaches a maximum of about 1

larger than the spherical-grain yields. Atc/a = 5 and 1/5,
YG/YL(0) = 3.1 and 2.7, respectively. For specular sput-
tering, use of oblate or prolate spheroids results in smaller
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yields (by about 30%). For pressure-pulse sputtering, us
spheroids results in slightly higher yields (about 10%).

For sputtering strongly peaked in the back direction
was assumed thatn = 0 in Eq.(2), although the sputter yiel
angular dependence has not been measured. The scaled
(YR/YL(0)) was found to be about 0.5, with 50% retaine
for all grain shapes and for both uniform and normal in
dence. Because the sputter product is ejected along the
of the incident ion, the distance a sputter product must tr
to exit the regolith is not affected by the ion incident an
(θr,i ) as it is for other types of sputtering.

3.2. S = 1: Exit-angle distributions

Fig. 2 shows the regolith exit-angle distributio
f (cos(θr,e)). Data sets inFig. 2 used cosine law sputte
ing [Eq.(3)] for the grain exit-angle distribution andn = 1.6
in Eq.(2). The smooth-surface distribution, which is just t
cosine law, is what would be found if a laboratory surfa

Fig. 2. The sputter-product exit-angle distributions from a regolith (d
points) as compared to the exit-angle distributions for a smooth su
(dotted line). All four distributions are normalized to unity. Cosine law sp
tering andn = 1.6 in Eq.(2) was used with combinations of cubic grain
spherical grains, uniform incidence, and normal incidence.

Fig. 3. Comparison of exit-angle distributions from a regolith with c
responding distributions due to a single grain (labeled “grain”). Sphe
grains and normal incidence were used for all cases. The cosine law

tering distribution is given by Eq.(3). Forward-directed specular sputtering
is given by Eq.(4). All four distributions are normalized to unity; the sin-
gle-grain yieldsYR/YL(0) are much larger than the regolith yields.
a regolith 503

ld

h

were used. It is seen that the regolith exit-angle distributi
are all, surprisingly, quite similar.

The curves labeled “grain” inFig. 3show exit-angle dis
tributions from a single spherical grain without adsorpt
or desorption, i.e. all sputter products have been give
free path to the vacuum. Comparing this to the distributi
from Fig. 2 demonstrates the effect of regolith absorpti
which is to filter the ‘single grain’ distribution. As a traje
tory within the regolith moves away from the regolith norm
(cos(θr,e) = 1), the sputter product must travel farther to e
the regolith, and thus is more likely to be adsorbed.

Fig. 3 also shows distributions produced using forwa
directed specular sputtering [Eq.(4)]. The regolith exit-angle
distribution is relatively broad compared to the cosine l
As above, filtering by the regolith is still in effect, but re
atively few sputter products are emitted toward the rego
normal. This is true of all three grain shapes, although
cubic grains and normal incidence the peak in the rego
normal direction (cos(θr,e) = 1) is stronger. The regolith an
gular distributions for pressure-pulse sputtering are simil
broad.

3.3. S < 1: Yields and angular distributions

We now consider sputter products that do not per
nently stick when encountering grains. We do this by cho
ing S, the sticking probability, to be less than one. The c
umn “YR,des/YL(0)” in Table 5shows the sputter yield du
to desorbed sputter products only. The total sputter yie
given by

(6)
YR

YL(0)
= YR,des

YL(0)
+ YR(S = 1)

YL(0)
,

whereYR/YL(0) is the net sputtering yield andYR(S = 1)/

YL(0) is the sputtering yield due only to products that esc
directly to the vacuum. The results inTable 5andFig. 4were
calculated using parameters from row 3 ofTable 3, but with
a varied sticking probabilityS. It is seen, not surprisingly
that the percent retained decreases asS decreases and th
Fig. 4. Plot of data fromTable 5: the average and median number of desorp-
tions undergone by sputter products that escape the regolith, as a function
of the sticking probabilityS.
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Table 5
Scaled sputtering yieldsa: Cosine law sputtering andS �= 1

S YR,des/YL(0) YR/YL(0) Percent retained

1.0 0.0 0.64 74%
0.5 0.16 0.80 68%
0.1 0.67 1.31 48%
0.01 1.35 1.99 21%
0.001 1.69 2.33 8%
0 1.86 2.5 0%

a Computed with use of normal incidence, spherical grains, cosine
sputtering [Eq.(3)], andn = 1.6 in Eq.(2).

the scaled yield increases asS decreases. AtS = 0 the to-
tal yield from the regolithYR/YL(0) becomes equal to th
single-grain yield discussed earlier.

ades is defined as the average number of desorptions
dergone by sputter products before leaving the regolith.mdes
is the median number of desorptions undergone. Kno
edge ofades andmdes is useful in understanding process
such as the transport of neutral argon across the lunar
face(Hodges, 1980). Hodges (1980)approximates diffusion
through a regolith as a random-walk process and shows
ades→ ∞ as S → 0. This divergence is suggested in o
simulations, and we found thatmdes → 5 as S → 0. At
low S, adesis skewed to large values since a few ejecta m
it deep into the regolith before finally surfacing, althou
a majority of sputter products escape after a few collisi
with grains.

These results forades andmdes are qualitatively similar
for other regolith grain shapes and grain exit-angle distr
tions. The reason being that, since the desorption exit-a
distribution is always given by Eq.(3), a sputter produc
that encounters a grain while traveling upwards through
regolith is most likely to be desorbed downwards and v
versa, irrespective of grain shape. This is true for any se
parameters.

It was also found that asS → 0, the regolith exit-angle
distributions approached the cosine law for any set of
rameters. However, the sputter-product energy distribut
will differ significantly from theS = 1 case as discussed b
low.

4. Comparisons

In (Johnson, 1989), the regolith sputter yield was est
mated using an analytic model based on equations tha
scribe light scattering in a regolith. The ‘single scatteri
limit for the light transport equations roughly corresponds
S = 1. The regolith was assumed to be composed of sp
ical grains andn = 1.6 in Eq. (2) was used. It was foun
that

(7)YR ≈ cYL(0),
where c is between 0.4 and 1.0 depending on the exit-
angle distribution.Tables 3 and 4give somewhat smaller
rus 176 (2005) 499–507
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yields, between 0.2 and 0.7. For the case ofTable 3,
row 6, YR/YL(0) = 0.71, whereas the analytical model
(Johnson, 1989)for roughly the same parameters gave
somewhat larger ratio,YR/YL(0) = 0.85. Similarly, forTa-
ble 4, row 2, YR/YL(0) = 0.32, while the analytic mode
gaveYR/YL(0) = 0.35.

Hapke and Cassidy (1978)experimentally compared th
total sputter yield from a macroscopic sphere and a p
der made of the same material (basalt). Both were exp
to the same flux of 2 keV hydrogen ions (to reproduce
lar wind exposure on Earth’s moon). The samples were
weighed to determine the sputter yield. They found that
sputter yield of the sphere was over ten times that of the p
der, leading to the conclusion that over 90% of the spu
products were retained by the “regolith.” Only the forwa
directed specular sputtering [Eq.(4)] can reproduce suc
results in the Monte Carlo simulation. This was also the c
for the analytic model(Johnson, 1989). All other models
evaluated here limit retention to around 80% (using pa
meters similar toTable 3). Because protons incident on
silicate have a low sputter yield, the ejecta are likely to
forward directed(Hofer, 1991).

5. Applications

5.1. Energy distributions

Sputtering on the lunar surface is of particular inter
to the authors, but energy distributions for relevant m
rials are sparse. The sputtering of Na2SO4, a componen
of Io’s surface, provides a decent analogue as it has a
sputtering yield, more akin to minerals than ices.Wiens et
al. (1997)measured the velocity distribution for a numb
of neutral sputter products resulting from the collision
cascade sputtering of Na2SO4 by 3.5 keV Ar+ ions. We
will use ejected Na as an example. Their results are wel
proximated by the “planar binding” sputter product ene
distribution(Johnson, 1990)given by

(8)fp(E) = 2UE

(E + U)3
,

whereE is the sputter product energy, and the binding
ergyU ≈ 0.24 eV, as found by a fit to their data. This ener
distribution is assumed to be independent of incident ion
rection and sputter-product exit angle(Wiens et al., 1997
Johnson, 1990).

As mentioned before, the regolith affects the energy
tribution because some sputter products hit grains be
leaving the regolith. We model this by assuming that
sputter products “fully accommodate” or thermalize on
golith grains, that is, they take on the Maxwell flux distrib
tion given by( )
(9)fm(E) = E/(kT )2 exp(−E/kT ),

whereT is the regolith temperature.



from

the
a-
tion
t the
the

ctly
-

s.
t-

ith
l

e

ring
im

and
luna
-

ine,
to b
igh
avy

low
f
dis-

d to

the

-
ium
l to
sur-
yer
ence
100

-
iva-
ar

ture

-
r
ea-
0 K

d.
stick-
on-
lith

po-

to
sine
e-
d two

red
in
0

hat
r

-

Sputtering

Fig. 5. The sputter-product energy distribution for various values of
sticking probabilityS. This distribution is a sum of two distributions; a me
sured distribution for sputter products and the Maxwell velocity distribu
for 400 K. The vertical line indicates the escape energy of sodium a
Moon. These distributions are not normalized to unity, but rather to
scaled sputtering yieldsYR/YL(0) at eachS.

The energy distribution is described as a sum of a dire
sputtered component [Eq.(8)] and a thermally accommo
dated component [Eq.(9)]:

(10)f (E) = A
[
YR,desfm(E) + YR(S = 1)fp(E)

]
,

whereA is a normalization constant.Fig. 5gives the result-
ing velocity distribution for various sticking probabilitie
The distributions inFig. 5are normalized to the scaled spu
tering yieldYR/YL(0) for eachS.

The relative contributionsYR,des andYR(S = 1) for fm
andfp were determined by the Monte Carlo program (w
results similar toTable 5). Uniform incidence, spherica
grains, cosine law sputtering, andn = 1.6 in Eq. (2) were
used in all cases.fm was calculated forT = 400 K, which is
approximately the maximum lunar temperature.

The distributionS = 1, described by the solid line, is th
distribution reported byWiens et al. (1997). It is due to sput-
ter products that escape the regolith without encounte
grains. The desorbed products are seen to increase in
portance asS decreases. Such a combination of thermal
suprathermal energy distributions has been seen in the
atmosphere(Sprague et al., 1992). Based on sodium’s en
ergy of escape on the Moon, indicated by the vertical l
the amount of sputtered sodium that escapes is seen
nearly independent of sticking probability, even at this h
temperature. For the sputtering of ices by energetic he
ions, the laboratory energy distributions peak at very
ejecta energies (e.g.,Johnson, 1990) so that the effect o
thermal accommodation in the regolith on the energy
tribution of the ejecta is smaller than it is inFig. 5.

5.2. Photon stimulated desorption of sodium

The Monte Carlo model described above was also use

calculate the effects of a regolith on the photon-stimulated
desorption (PSD) of sodium from the lunar surface. We cal-
culated the PSD yield from a porous regolith as a function of
a regolith 505

-

r

e

solar zenith angle at local noon. The zenith angle is just
photon incident angle, and is the value used forθr,i in our
model (seeTable 1).

Yakshinskiy and Madey (2003)experimented with a lu
nar basalt sample and found that the yield of neutral sod
atoms due to ultraviolet photons is roughly proportiona
the intensity of light reaching the grain surface and the
face concentration of sodium (for less than one monola
of coverage). The yield also has a temperature depend
that fits an Arrhenius form over a temperature range of
to 470 K,

(11)YPSD= CIX exp(−EA/kT ),

whereC is a constant,I is the intensity of ultraviolet pho
tons,X is the sodium surface concentration, and the act
tion energy,EA, was found to be about 20 meV for the lun
sample(Yakshinskiy and Madey, 2004).

Based on Clementine orbiter data, local noon tempera
as a function of solar zenith anglei was reported byLawson
et al. (2000)as

(12)T (i) ≈ 380
(
cos(i)

)(1/4) K

away from the poles(i < 80◦).
Yakshinskiy and Madey (2000)also measured the stick

ing probability of sodium onto SiO2, an analogue to luna
soil, as a function of temperature. Specifically, they m
sured the probability that a sodium atom adsorbed at 25
would later desorb when the SiO2 substrate was heate
We assume those measured values approximate the
ing probability in the present calculation, which is reas
able when the PSD products fully accommodate on rego
grains.Yakshinskiy and Madey (2000)measured the sodium
sticking probability at 3 temperatures, which were inter
lated for the present calculation. GivenT (i), the sticking
probability varies between 0.25 (at 0◦ zenith angle) and 0.5
(at 80◦ zenith angle).

The PSD product exit-angle distribution with respect
the local grain normal is assumed to be given by the co
distribution [Eq.(3)]. Since the photon incident-angle d
pendence of PSD has not been measured, we calculate
cases:n = 0 andn = 1 in Eq.(2), as examples.

Fig. 6compares the sodium yield from a regolith-cove
Moon to that of an imaginary smooth moon. The yield
Fig. 6 has been divided by the smooth surface yield at◦
solar zenith angle. The smooth-moon yield is given by

(13)Ysmooth(i) = Acos(i)YPSD
(
T (i)

)
,

wherei is the zenith angle andA is a constant and cos(i) is
proportional to the intensity of sunlight. It is assumed t
the surface concentration of sodium,X, is a constant ove
the lunar surface. For the present conditionsYPSD varies by
about 30% between 0◦ and 80◦ zenith angle. Thus the dom

inant variation inYsmooth(i) is given by cos(i).

The yield for the regolith-covered Moon can be thought
of as Ysmooth(i) times another factor that accounts for the
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Fig. 6. The yield of sodium resulting from photon-stimulated desorption
the Moon as a function of solar zenith angle (i). The data labeled “n = 0”
and “n = 1” were calculated for a regolith-covered Moon.n is a parameter
in Eq.(2). The smooth-moon yield is given by Eq.(13).

effect of a regolith,Yfilter(i). The regolith effects are de
termined by the sticking coefficient, which is a function
temperature, and photon incident angle. Forn = 0, Yfilter(i)

varies between 0.44 at 0◦ zenith angle and 0.35 at 80◦. Thus
the dominant variation in regolith-covered Moon PSD yi
is also cos(i) (seeFig. 6).

The neutral sodium column density can be estimate
[〈t〉(i)][Y(i)], where Y(i) is the PSD yield given abov
and 〈t〉(i) is the average time an ejected particle spe
above the Moon’s surface in a ballistic orbit(Johnson, 1990).
〈t〉(i) depends upon the distribution in energy, which
pends upon the fraction of PSD products that therma
on regolith grains. Thermalized ejecta are assumed to
the Maxwellian distribution for the energy [Eq.(9)], and
directly ejected PSD products have a “suprathermal” dist
ution, with the same average energy as a 900 K Maxwe
(Yakshinskiy and Madey, 2004). The column density wa
found to be roughly proportional to cos(i) for both n = 1
andn = 0 becauseY(i) varies as cos(i) (as shown above)
and〈t〉(i) is roughly constant over a wide range ofi.

Sprague et al. (1992)observed a cosine dependen
for the suprathermal component of the lunar sodium
mosphere. The observed sodium was, however, more
ergetic than the photon-desorbed sodium measured
Yakshinskiy and Madey (2004). Other observations sugge
that the column density of sodium in the lunar atmosph
varies as cos2(i) (Killen and Ip, 1999). Reproducing this
dependence may require that the sodium concentratio
the exposed layer varies withi (Potter et al., 2000), and
consideration of other sources such as impact vaporiza
(Sprague et al., 1998).

6. Conclusions

A considerable amount of laboratory data on the sp

tering of solids relevant to Solar System surfaces has been
accumulated. However, the application of this data to sput-
tering of objects in the Solar System is often not straight for-
rus 176 (2005) 499–507

-

ward. Here we consider the application to individual gra
such as those in Saturn’s E-ring(Jurac et al., 2001), and to
grains in a regolith on a planetary surface(Johnson, 1989).
We examine the effect of sticking of ejecta to neighbor
grains on the sputtering rate and on the angular distr
tion of the ejecta. We also consider the effect of ther
accommodation and subsequent desorption on the en
distribution of the ejecta. Because the sticking coefficie
can differ between species ejected from the same surfac
relative yields from a planetary surface can differ consid
ably from the relative laboratory yields. This is the case
the ejection of O2 (S ≈ 0) and H2O (S ≈ 1) from Europa’s
icy surface(Shematovich et al., 2003; Johnson et al., 200.
Assuming both yields are described byn ≈ 1.6 in Eq.(2)and
a cosine law exit angle distribution [Eq.(3)], the O2 yield is
from Table 5≈ 2.5 times that at normal incidence, where
the H2O yield from the regolith based onTable 3is ≈ 0.71
times the that at normal incidence. Therefore, the O2/H2O
ratio is about 3.5 times the laboratory ratio. In non-ice
gions this ratio can change and the oxygen might react on
grains(Shematovich et al., 2003). Therefore the regolith ca
significantly modify the relative populations of atmosphe
species and their spatial distributions across the surface.
must be accounted for in describing Europa’s atmosph
In a similar way the results inTables 3–5can also be use
to determine the effect of sticking in the regolith on spu
fractionation of a planetary surface.

Whereas the sputtering rate of an individual grain i
uniform plasma is, typically, enhanced relative to that
normal incidence on a laboratory surface, the yield from
porous regolith is often reduced. The size of the reduc
can be large but depends on the angular distribution of
ejecta from the surface of grains in the regolith, with
largest reductions occurring for forward-directed ejectio
Here we find somewhat larger reductions than those obta
from an earlier analytic model(Johnson, 1989). We also find
that the size of the reduction is not very sensitive to gr
shape and does not depend on the porosity as long a
expression in Eq.(1) applies over the penetration range
the incident radiation. The sputter-product exit-angle dis
bution is similarly insensitive, and is given by the cosine l
for a wide variety of model parameters.

The very large reduction in the yield found experime
tally by Hapke and Cassidy (1978)is shown to apply when
the ejecta is highly forward directed, which may be the c
for the sputtering of a silicate by keV protons(Betz and
Wien, 1994). The enhancement in the yield from a sing
grain (≈2.5 based onTable 3) is roughly consistent with th
calculations ofJurac et al. (2001)for ice grains. However
the procedure suggested earlier for ices(Johnson, 1989), in
which YR is assumed to be about equal toYL(0) underesti-
mates the regolith reduction unlessS ≈ 0.5 for the models
considered here. Finally, we calculated the column den

of PSD-derived neutral sodium in the lunar atmosphere as a
function of latitude, and found that including a regolith mod-
ifies the source strength but not the dependence on latitude.
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