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Abstract

Since the Moon has no atmosphere it is possible to fly over the surface at very low altitudes without experiencing drag forces. If a
spacecraft flying at a low altitude were to fire a projectile into the lunar surface, a second trailing spacecraft could capture material from
the resulting cloud of ejecta. This procedure could be repeated over many sites on the Moon with a fresh collector for each location.
Eventually, the collector spacecraft would seal its cargo in a reentry vehicle and return to Earth with the samples. Compared with a
robotic lander, the advantage of this architecture is the ability to sample locations over the entire Moon, wherever the topography will
permit such maneuvers. Our crater ejecta models show that 1–10 g of material can be collected from the ejecta curtain of a 2 m radius
crater at an altitude of 150 m, assuming a collector surface area of 1 square meter. We studied numerous means of creating these craters
and developed two scenarios: a reduced velocity explosive excavator (EE), and a higher velocity impact excavator (IE).
� 2007 Published by Elsevier Ltd on behalf of COSPAR.
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1. Introduction

1.1. Concept background

The recently successful NASA Deep Impact mission
used a copper projectile to reveal the interior of the comet
Tempel-1 (A’Hearn et al., 2005). The NASA Stardust mis-
sion recently flew by the comet Wild-2 and successfully col-
lected small particles in the coma (Brownlee et al., 2006). In
our mission concept we combine these two missions: we use
an orbiting spacecraft to launch an artificial projectile
towards the Moon to create a cloud of ejecta, which we
capture with a second spacecraft flying very low above
the surface. The collector spacecraft returns to a higher,
safer parking orbit after sample collection. The major
advantage of this architecture is that the process can be
repeated at unique locations all over the Moon with a fresh
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collector for each site. After conceiving this mission con-
cept we found related concepts for Mars (Walker et al.,
2004) and its satellites (Pieters et al., 1999), but not for
the Moon. Since low altitude flight represents the greatest
difficulty in our mission, improved topography and gravity
from the upcoming NASA Lunar Reconnaissance Orbiter
will be important in making this mission feasible (Smith
and Zuber, 2005). Around the time of completion of our
study, NASA announced a precision impactor mission to
the lunar poles, suggesting our mission concept may not
be too far away in terms of technology. The goal of this
paper is to present some of the major issues associated with
our mission.

1.2. Example target: lunar far side volcanic materials

Our baseline objective will be to sample basaltic regolith
and tiny pyroclastic glasses from multiple mare locations
on the lunar far side. Example targets include mare Mos-
coviense, mare within the crater Tsiolkovsky, and mare
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inside the South Pole-Aitken basin (SP-A), including mare
Ingenii, mare in the crater Leibnitz, mare in the Poincaré
basin, and mare in the Apollo basin. To illustrate our con-
cept, we will specifically examine sampling material from
the central mare of the Apollo basin. Sampling material
from anywhere on the far side of the Moon would provide
insight into the major geochemical and geologic dichoto-
mies between the far side and near side. Some questions
we seek to answer include, why is the near side enriched
in thorium and other heat-producing elements, and why
is volcanism limited primarily to the near side? Additional-
ly, are some SP-A mare deposits truly devoid of thorium as
orbital measurements imply (Hagerty et al., 2006a), and
what are the implications for the differentiation of the far
side? We note that pyroclastic glasses offer a particularly
unique view of the deep interior, and are likely the closest
approximation to a primary mantle melt (Delano, 1986).
Do far side volcanic glasses contain similar radioactive ele-
ment and volatile concentrations as those on the near side?
Also, what was the timing of the far side volcanic events,
and did it coincide with any major near side volcanism?
Are there large differences in titanium, iron, and aluminum
content in far side basalts, and can these materials be
linked to similar basalt groupings on the near side? How
do inferences from remote sensing of the far side compare
with results from actual samples? Lastly, the relatively
smooth topography of mare terrain may make the sam-
pling process less risky.

How much material should be collected? The Stardust
mission returned on the order of 1 mg of material from
the comet Wild-2, but lunar science objectives require
more material. One past SP-A sample return study pro-
posed �1 kg of regolith fragments >2 mm (Jolliff et al.,
2003), and Duke (2003) suggested 750 g of coarse fines
(2–4 mm) and 250 g of bulk regolith. During the 1970s
three robotic Soviet missions returned sample cores of
30, 101, and 170 g. We will explore the possibility of col-
lecting up to 10 g of regolith per site, using a 1 m2 col-
lector. Using the regolith grain distribution from
Apollo 17 mare soil 71061, 1 (‘‘a typical Apollo 17 mare
regolith’’ (Heiken, 1975)), a grain density of 2800 kg/m3,
and the mean 1 · 3 prolate ellipsoid volume for each
grain size bin (Heywood, 1971), 10 g of bulk material
yields over 10,000 fragments 100–250 lm in diameter,
about 2000 fragments 250–500 lm in diameter, about
130 fragments 500–1000 lm in diameter, and about 25
fragments greater than 1 mm. Of the grains greater than
250 lm in 71061, 1, about half were identifiable as equi-
granular basaltic rocks (Heiken, 1975). No large pyro-
clastic deposits have been remotely identified in the
Apollo basin central mare (Gaddis et al., 2003), but it
is likely that some pyroclastic glasses would be present,
since such glasses were identified at all Apollo sites (Del-
ano, 1986). We assume that the grain size distribution
below �2 mm remains constant during the crater excava-
tion and ejection process, since we have not found data
in the literature that would suggest otherwise.
It can be difficult to determine the petrology of lunar
rocks smaller than about 250 lm, a value which depends
on the characteristic size of crystals in the rock (Heiken
et al., 1991). However, as reviewed in chapter 7 of Heiken
et al. (1991), insights into the basement rock type can be
made using mostly monomineralic fragments (Bence and
Papike, 1972; Smith, 1974; Smith and Steele, 1974; Steele
and Smith, 1976; Vaniman et al., 1979). This type of anal-
ysis could supplement the results obtained from the larger
grain size fractions returned. Determination of petrology
and geochemistry has been achieved for lithic (rock) frag-
ments smaller than 250 lm (Ma et al., 1978; Coish and
Taylor, 1978), and in the range of 250–500 lm (Taylor
et al., 1978). Geochemistry of pyroclastic spherules
(�200 lm) continues to return insights into the composi-
tion of the lunar mantle (Hagerty et al., 2006b). As for geo-
chronology, both small fragments of rock (�1 mg)
(Burgess and Turner, 1998; Cohen et al., 2001), and
�200 lm glass spherules (Culler et al., 2000), can be dated
using the 40Ar/39Ar technique (assuming sufficient native
potassium). In sum, while it may be more difficult to obtain
meaningful results from small rock samples, it is not impos-
sible. Shearer and Borg (2006) have recently advocated the
benefits of using small samples to study the Moon. We are
encouraged by the 30 years of instrument development and
general advancements in lunar science since most of the
work on lunar soils.

1.3. Global scale sample return

The interior highlands terrain of SP-A is a valuable sam-
ple target for geochemistry and geochronology of the SP-A
basin. A few other locations that could benefit from a
small, limited sample, include the high-thorium Hansteen
Alpha region (Lawrence et al., 2005), the thorium anoma-
lies east of mare Ingenii (Garrick-Bethell and Zuber, 2005),
the widespread low albedo swirls on mare surfaces, and the
Aristarchus plateau. An ambitious, single mission to all of
the above targets, including far side basalts, could provide
a diverse global-scale dataset. In the future, water or
hydrogen may be sampled on the lunar poles, albeit with
the increased complexity of sampling a cloud of volatile
material.

2. Crater ejecta models

2.1. Ejecta production model A

We must first estimate the amount of solid material
ejected from a small crater produced by an impactor. The
evolution of this material as a function of time and height
will determine our orbit and maneuvering requirements.
For a gravity dominated excavation process, which is the
case for lunar regolith, the volume of ejecta V with a veloc-
ity of ejection ve greater than a specified velocity v, can be
written
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V ðve > vÞ ¼ 0:32R3 v=
ffiffiffiffiffiffi
gR

p� ��1:22

; ð1aÞ
where R is the final crater radius, and g = �1.62 m/s2 is the
lunar gravitational acceleration (Housen et al., 1983; Me-
losh, 1989). Eq. (1a) is derived from explosion crater data
(Andrews, 1975), and closely approximates experimental
projectile data (Stöffler et al., 1975) and first-principles
based numerical studies (Wada et al., 2006). The equation
is valid for 0:6 < v=

ffiffiffiffiffiffi
gR
p

< 10. As we will mostly be inter-
ested in material for which 10 6 v=

ffiffiffiffiffiffi
gR
p

< 40, we derive a
similar function valid for this region using data from sim-
ulations of Wada et al. (2006),

V ðve > vÞ ¼ 6:0R3 v=
ffiffiffiffiffiffi
gR

p� ��2:45

: ð1bÞ
Due to uncertainties in modeling the impact process at
higher velocities, Eq. (1b) may be less accurate than Eq.
(1a), perhaps by a factor of two. Eqs. (1a) and (1b) are
the basis of ejecta production model A.

We will calculate the amount of material in a 1-m-tall
layer in the ejecta curtain at a given height h in the z-axis,
at a given time t, Fig. 1. We then calculate the two vertical
velocities that will deliver material to the top and bottom of
the layer, for any given t, using z ¼ ve;zt þ 1

2
gt2, where ve,z is

the vertical velocity component of the ejecta,
h
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Fig. 1. Diagram showing parameters used in the crater ejecta models and cra
expanding cone with an average initial ejection angle of 45�, but the instantan
gravity. The spacecraft path through the cone centerline is shown intercepting
ve;z;bottom ¼
1

t
h� 1

2
gt2

� �
ð2aÞ

ve;z;top ¼
1

t
ðhþ 1 mÞ � 1

2
gt2

� �
: ð2bÞ

Assuming the mean ejection angle is 45� (Anderson et al.,
2003; Melosh, 1989), we multiply Eq. (2) by

ffiffiffi
2
p

and obtain
the maximum and minimum net velocities, ve,top and
ve,bottom. The volume of material ejected between the top
and bottom of the 1-m layer is then given by Eq. (1):
Vlayer = V(ve,bottom) � V(ve,top). The ejecta forms an
expanding inverted cone, and the area density (kg/m2) of
the 1-m layer at height h in this cone is then

r ¼ qV layer=ðpD� 1 mÞ; ð3Þ

where q is regolith density, and D is the cone
diameter = 2ðve=

ffiffiffi
2
p
Þt.

Repeating the above process for multiple times, heights,
and crater radii, we produce Fig. 2 over the valid values of
ve, assuming a regolith density of 1800 kg/m3 (Heiken
et al., 1991). The spacecraft will fly rapidly through the
1-m layer, encountering both curtain walls, therefore we
multiply r by two. The minimum mass collected occurs
when the spacecraft travels through the ejecta cone center-
line (Eq. (3), Fig. 2), and the amount increases several fold
as the spacecraft’s path approaches the cone edge. Fig. 2
shows that with a 1 m2 collector, intercepting a minimum
of 1 g requires flying at 150 m, �8 s after formation of a
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ter shape model (not to scale). The ejecta of the crater forms an inverted
eous velocity vector of a given parcel of ejecta changes with time due to
the ejecta curtain twice.
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R = 2.0 m, h = 100 m

R = 2.5 m, h = 150 m

R = 2.5 m, h = 100 m

Fig. 2. Ejecta cone surface densities r (g/m2) from model A for various heights h and crater radius R (Eq. (3)), multiplied by two to account for the
collector passing through the curtain twice. A 1 m2 collector will intercept these amounts if it passes exactly through the cone centerline, but will collect
more if it intercepts material nearer the curtain edge. In the flat portion of the right side of the curve, the function inflects when the rain-out of higher ejecta
starts to contribute to the surface density. Also plotted are results from model B for the case h = 150 m, R = 2 m.
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2 m radius crater. Cone diameter at this height and time is
380 m.
2.2. Ejecta production model B

Alternatively, according to an approach that we shall
call model B, the ejecta curtain density can be estimated
by calculating the expansion of a cylindrical shell of mate-
rial initially inside the unexcavated crater, and following its
evolution during excavation and flight. We start with a well
known result from p-group scaling,

ve ¼ b
r
R

� ��c ffiffiffiffiffiffi
gR

p
; ð4Þ

where ve corresponds to the velocity of material excavated
at a distance r from the crater center during crater growth
(Housen et al., 1983), and ve;z ¼ ve;x ¼ ve=

ffiffiffi
2
p

(again assum-
ing a mean ejection angle of 45�). A fit to results by Pieku-
towski (1980), as derived by Housen et al. (1983), gives
b = 0.62 and c = 2.55 for sand. This dependence of ejection
velocity upon r means that a vertical spreading occurs over
time between particles initially located at different radial
positions inside the crater. That is, suppose that material
excavated from radius r will have been launched to a height
z at time t, then material excavated from r + or will reach a
height z + oz instead (where oz would be negative for
or > 0). We may calculate this spreading Dz along the ver-
tical direction by substituting Eq. (4) for ve,z in
z ¼ ve;zt þ 1
2
gt2 and differentiating with respect to r. This

gives:

Dz ¼ oz
or;or>0

¼ 1ffiffiffi
2
p cb

R
r
R

� ��ðcþ1Þ ffiffiffiffiffiffi
gR

p� �
t: ð5aÞ

Spreading also occurs along the circumferential direction
as the ejecta curtain expands. If 2pve,xt is the ejecta curtain
circumference at time t, and 2pr is the circumference of a
cylindrical shell of ejected material initially at radial posi-
tion r, then the circumferential spreading Ds is given by
the ratio of ejecta curtain and excavation radii,

Ds ¼ ve;xt
r
¼ b

r
r
R

� ��c ffiffiffiffiffiffi
gR

p� �
t: ð5bÞ

Eqs. (5a) and (5b) give the net expansion or dilation
over time of a cylindrical shell of material initially in-
side the unexcavated crater. While the excavation veloc-
ity is a function of radius and circumferential position,
the model (and Eq. (4)) assume that it is constant with
respect to depth inside the shell, and also that the entire
excavation is instantaneous. Since Eq. (4) is only valid
for r greater than �0.2R, we are ignoring contributions
to the density from material ejected in this part of the
crater volume (i.e., the earliest times). We also assume
that the excavated volume from 0.2R to 0.3R (where
the majority of material sampled at 150 m originates)
is approximately cylindrical in shape (i.e., has a flat
bottom).
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The volume and circumferential area of infinitesimally
thin cylindrical shells (of yet unexcavated crater material)
increases as a linear function of radius. Therefore, the sur-
face mass density of each cylindrical shell is constant with
respect to r, and is effectively equal to the bulk volumetric
density (1800 kg/m3) projected onto the cylinder’s surface
(1800 kg/m2). For a shell of radius r, we calculate the time
t1 required to reach a given height h. We then use Eqs. (5a)
and (5b) to calculate the dilation DzDs at t1. Finally, we
divide the initial surface density (1800 kg/m2) by DzDs to
obtain the surface density at height h, and then repeat this
calculation for a range of shell radii (and times), as plotted
in Fig. 2.

Generally, model B predicts values higher than model A
by about a factor of ten; at h = 150 m with R = 2 m, we
obtain 10 g at 5 s after multiplying by two (Fig. 2). For
the remainder of the paper we assume R = 2 m, and
h = 150 m, yielding a mass between 1 and 10 g at the ejec-
ta-cone centerline. Higher masses can be obtained either by
increasing the crater radius, or collecting the sample at a
lower altitude. For example, to collect 10 g using the pre-
dictions of model A, one would use R = 2.5 m and
h = 100 m (Fig. 2), or R = 2.0 and h = 75 m (not shown).
Until experimental verifications of these results can be
obtained, we stress that they are only approximations. It
is because of this uncertainty that we chose to present
two different models of ejecta curtain density.

2.3. Oblique impacts and the use of explosives

The speed of a satellite in a circular lunar orbit is
approximately 1.7 km/s at altitudes between zero and
50 km. If projectiles are given small downwards velocities
so that they impact the surface, the angle of impact will
be low. Impacts between 20� and 45� from the horizontal
create asymmetric ejecta curtains with less material
uprange of the crater, creating what is known as a ‘‘forbid-
den zone’’ (Anderson et al., 2003; Gault and Wedekind,
1978; Melosh, 1989). Impacts below 20� start to show
another forbidden zone developing downrange of the cra-
ter. The development of either of these forbidden zones
could reduce collected mass along the crater centerline.
Therefore, if we strive for at least a 45� impact we must
impart a downwards velocity of 1.7 km/s on the projectile.
To be conservative, for a 45� impact the spacecraft would
have to pass through the limb of the ejecta curtain, where
the ejecta would be concentrated. This requirement increas-
es the chance of missing the ejecta curtain altogether, and
also makes our ejecta model less applicable. In addition,
the mass of the propellant required to obtain 1.7 km/s
velocities (Dv) is substantial. The possibility of using obli-
que (20–45�) impacts should be examined more carefully
in the future, but we will now turn to an alternative
approach.

We can avoid the problem of asymmetric ejecta and
high Dv by creating a crater with explosives buried in the
regolith by an obliquely penetrating projectile. Generally,
buried explosives produce craters with symmetric ejecta
curtains similar to vertical-impact craters when the chemi-
cal energy of the explosive matches the kinetic energy of a
projectile, provided that an appropriate burial depth is
used (Oberbeck, 1971). We may estimate the energy, W,
to produce a crater of radius R using

R ¼ 0:125q1=6
p q�1=2

t W 0:29 sinðhÞ1=3
; ð6Þ

where q is density, h is the angle of impact from the hori-
zontal (90� for this estimate) and t and p here refer to target
and penetrator, respectively (Gault, 1974; Melosh, 1989).
For R = 2 m, qp = 1820 kg/m3 (below), and qt = 1800 kg/
m3, we obtain W = 77.8 MJ. The required 77.8 MJ can
be provided by 12.3 kg of the explosive cyclotrimethylene-
trinitramine (RDX), with density 1820 kg/m3 and heat of
explosion of 6.3 MJ/kg (Köhler et al., 2002).

We now estimate the required depth of burial and simul-
taneously obtain a second estimate of required explosive
mass. Both crater radius and depth of burial for different
explosion craters can be related by scaling by W1/3, e.g.
ðR=W 1=3Þ ¼ ðRo=W 1=3

o Þ (Melosh, 1989). For Ro and Wo,
we take the smallest set of crater radii, Ro � 1.1 m, pro-
duced by 0.6-m-deep 3.6 kg TNT explosions in a playa lake
(Vortman, 1969), providing explosive energy
Wo = 16.2 MJ, assuming a TNT heat of explosion of
4.5 MJ/kg (Köhler et al., 2002). For a crater radius of
R = 2 m, the above data and scaling relationships predict
W = 97 MJ and a required depth of burial of 1.1 m. This
energy amounts to 15.4 kg of RDX, which we average with
the first estimate to obtain 13.9 kg, with a volume of 7.7 L.
Since we chose a low reference density for Eq. (6), and used
the smallest craters in Vortman (1969), this mass is proba-
bly conservative. In fact, applying the same rules to other
explosion craters in Vortman (1969) usually overestimates
the explosive mass.

Finally, we add that if our crater is instead due to the
energy of an impact at 45� without explosives (IE scenario),
from Eq. (6) we obtain a mass of 16.1 kg (1.8 L volume),
assuming a copper projectile (à la Deep Impact (A’Hearn
et al., 2005)) with density 8960 kg/m3, and a velocity of
2.4 km/s (

ffiffiffi
2
p
� 1:7 km=s). We will keep the IE scenario

in mind, but explore the explosive excavator (EE) more
extensively since it involves less mass, and is a more intrigu-
ing problem.
2.4. Upper limit on impact velocity for the EE scenario

Objects that strike the surface near 1.7 km/s start to inter-
act with the surface material as if it were strengthless and
responding hydrodynamically (Anderson et al., 1999a).
The surface material effectively provides a ram pressure on
the projectile given by P ¼ 1

2
qtv

2. When these pressures
exceed the yield strength of the projectile, Y, the projectile
will erode or deform. If the explosive device is timed to burst
after sufficient burial, it must survive penetration. If we
assume a casing made of steel, Y = 1 GPa, we find a maxi-
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mum penetration velocity of about m = (2Y/qt)
1/2 = 1 km/s.

Experiments in concrete validate this prediction (Nelson,
2002). We could not find published soil penetration experi-
ments at speeds near 1.7 km/s, but evidence of erosion in
2 km/s rod impacts in water (Anderson et al., 1999b) and
the predictions from Anderson et al. (1999a) suggests
1.7 km/s is too high (their Figs. 14 and 15). Until further
work we must assume a 1 km/s limit for the EE scenario,
which will require a braking burn (see below).
3. Spacecraft orbits and maneuvering requirements

3.1. Tandem spacecraft

Since the spacecraft is moving rapidly at a very low alti-
tude, it is difficult to shoot a projectile at the surface and
still leave 4–10 s (Fig. 2) for the ejected material to rise
up and reach the planned spacecraft altitude of 150 m (Sec-
tion 2.3). Before �4 s, the required ejecta velocities to reach
spacecraft altitudes of 150 m are beyond the limits of valid-
ity of Eq. (1b), and ejecta mass would be very low. For the
IE scenario, shooting very far in front of the spacecraft to
achieve the necessary delay would make the oblique-impact
problem worse (Section 2.3), and for the EE scenario, the
impact velocity would exceed 1 km/s (Section 2.4). There-
fore, we propose using two spacecraft in a coplanar tandem
orbit: the leading spacecraft fires the projectile from a high-
Fig. 3. Example of sample return from mare within the Apollo basin in the SP-
line representing the launch spacecraft. The backwards-launched EE scenario
spacecraft to enter and leave the low altitude sequence. The collector spacecra
Additional burns are required for both spacecraft to leave and return to their p
a transect across 208�E, with the collection point at (36.0�S, 208.0�E). The ma
Section 3.3).
er altitude and the trailing collector spacecraft passes
through the ejecta curtain at 150 m. Collection timing is
prescribed by the along-track spacecraft separation, allow-
ing for arbitrary velocities to be imparted to the projectiles.
The tandem spacecraft design also permits the leading
higher-orbit launch spacecraft to radar scan for topogra-
phy anomalies that may endanger the lower collector
spacecraft.
3.2. EE scenario in the Apollo basin mare

We used a 4th order Runge–Kutta integrator to find
optimal parameters for the EE scenario in the Apollo
basin central mare, with a collection point at (36.0�S,
208.0�E), Fig. 3. We assumed instantaneous velocity
changes, which is sufficient because the spacecraft only
makes changes on the order of 20–50 m/s, and our exam-
ple scenario in the Apollo basin illustrates what is per-
haps the Moon’s most challenging topography (0.25
pixel/degree data from Smith et al., 1997). Our best solu-
tion suggests launching an EE projectile backwards from
a lead spacecraft at 5 km altitude, with velocity of
1000 m/s at an angle of 20� below the orbit tangent. Fir-
ing slightly downwards reduces the time spent in flight,
minimizing the cross-track error of the projectile. The
impactor lands with a velocity 27� from the horizontal
at 835 m/s, after 30 s of flight, and traversing 23 km of
A basin. The straight lines represent spacecraft trajectories, with the higher
is shown (dashed line). A total Dv of 64 m/s is required for the collector

ft spends 56 s over the mare, and all burns are idealized as instantaneous.
arking orbits (not shown, outside the figure bounds). Topography data are
re surface topography is not known to the level implied in the figure (see
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ground. At 27� steel projectiles with velocities near
800 m/s do not ricochet in soils (unpublished data, US
Army, Aberdeen Proving Ground), although this value
depends on the relative densities between the target and
surface material. Assuming the EE scenario outlined
above, at 27� a 1.1 m depth of burial requires moving
through 2.4 m of regolith. This appears feasible given
that penetration depths of �6 m are achieved in soil at
300 m/s (Forrestal and Luk, 1992).
Fig. 4. Laser shots from the Clementine laser altimeter over the Apollo
basin central mare. The shots were fired over longitude 207.0�E, from
37.7�S (leftmost point) to 35.5�S. The ordinate is the topographic elevation
in meters, relative to the mean lunar radius of 1738 km.

1 This mass is not used in the copper projectile mass estimate for a crater
of radius 2 m (Section 2.3), since it encapsulates the propellant volume,
giving it a low net density. It is also likely to fracture apart on impact. At
any rate, not including this mass makes our estimate conservative.
3.3. General orbit design, topography, and error

In both the IE and EE cases, both spacecraft descend
from a high parking orbit to a lower approach altitude
(Fig. 3). Based on simulations using GEODYN (Pavlis
et al., 2006), a circular parking orbit altitude would have
to be greater than about 25 km for the spacecraft to have
a lifetime above 7 km altitude of more than 7 ± 4 days.
For comparison, the Apollo 15 command module/lunar
module pair used an elliptical descent orbit prior to the
lunar module separation and landing. At descent orbit
insertion, the paired spacecraft orbit had an initial apocen-
ter altitude of 108 km, and a pericenter altitude of 17.6 km,
which fell to 13.9 km after 12 h. In our mission, both space-
craft are brought from the parking orbit to a temporary
5 km altitude above the mean lunar radius. The lead space-
craft is brought to this low altitude to minimize the down-
ward flight-time of the projectile, thereby reducing the
projectile cross-track distance errors. Placing both space-
craft on the same temporary 5 km trajectory also allows
some time for a final check of cross-track orbit drift.

During the 5 km approach the capture spacecraft is
brought to the final altitude of 150 m just prior to the
crater-forming event. The 150 m altitude is sustained
for 56 s in this model, covering a distance of 95 km,
which is about the diameter of the Apollo basin mare
deposit. A 150 m rise over 95 km corresponds to a 0.1�
slope. If the slope of the local terrain over 95 km is ris-
ing and is higher than 0.1�, a collision could occur.
High-resolution topography is unavailable at Apollo,
but Fig. 4 shows 13 laser shots from the Clementine laser
altimeter (Smith et al., 1997), along longitude 207.0�E,
from 35.5�S to 37.8�S. The radial errors are of the order
100 m, but even the slope from the lowest to the highest
point, over 70 km, is only 0.1�. Short-wavelength topog-
raphy anomalies will come primarily from raised crater
rims, but surface images show most mare surfaces
(including central Apollo) have �100 km paths where
there are no craters larger than �2 km. Even craters of
4 km diameter have raised rims of only 150 m, based
on scaling laws of Pike (1977). Finally, there are several
other factors that can improve the success of such a low
altitude flight: (1) fly-by times shorter than 56 s, (2)
improved gravity and topography data from upcoming
missions, (3) real time mapping of topography
using the lead spacecraft, (4) collector spacecraft
ground-pointing radar that helps determine velocity cor-
rections during the approach and fly-by.

To reduce the chance that cross-track errors will cause
the trailing spacecraft to miss the ejecta curtain (�380 m
wide at 8 s), two projectiles can be fired from the lead
spacecraft at small and opposite angles from the vertical.
The above EE scenario allows 1.0� in cross-track projectile
launch error, assuming a double impact. If a known miss
occurs, the leading spacecraft can be used as an extra pro-
jectile at the end of the mission. After sample collection
both spacecraft must return to the parking orbit
(�25 km) to avoid large gravity perturbations, and of
course, topography. Fortunately, tandem spacecraft will
experience similar gravity perturbations, minimizing their
cross-track drift.

4. Mass and hardware design considerations

4.1. EE and IE penetrators

We estimate the penetrator rocket propellant mass, mp,
required for the EE scenario using the rocket equation:

mp ¼ mf eðDv=gIspÞ � 1
� �

ð7Þ

where mf is the dry mass after the braking burn and Isp is
the specific impulse, e.g. equation 17–7 in Wertz and Lar-
son (1999). Assuming a solid rocket motor with Isp = 250 s,
for a launch Dv = 1000 m/s, a dry mass estimate of 15 kg
(steel casing and motor), and 13.9 kg of RDX, we obtain
14.6 kg of propellant, totaling 43.5 kg. For the IE scenario,
with Dv = 1700 m/s, 16.1 kg of dense inert mass and 15 kg
for the motor mass,1 we obtain 31.1 kg of propellant, total-



634 I. Garrick-Bethell et al. / Advances in Space Research 39 (2007) 627–635
ing 62.2 kg. Therefore, from a mass perspective, the EE
scenario may be advantageous. Finally, we note that for
the EE scenario, after a backwards-pointing launch, the
projectile’s long-axis must be aligned with its velocity vec-
tor to ensure penetration. This can be accomplished by
building the projectile pre-oriented, and thrusting through
its center of mass, provided this imparts minimal post-burn
angular rates.

4.2. Sample collector and additional concerns

The capture mechanism may be aerogel or a roll-up fabric
collector as proposed by Pieters et al. (1999), depending on
the capacity of these materials to absorb many grams of
ejected grains. Materials collected at �2 km/s with aerogel
are predicted to have shock pressures lower than 1 GPa (Kit-
azawa et al., 1999). RDX has a detonation velocity of
8750 m/s, and will have a spike shock pressure of 34 GPa
(via equation 2 0d in Köhler et al., 2002), but the fraction of
material shocked at these values would be limited. Chemical
contamination of samples would be minimal, since RDX
contains primarily oxygen, nitrogen, and carbon, and could
be prepared in a clean environment for the mission. High-
speed video cameras on the spacecraft would be useful for
imaging the crater event, as would high-resolution multi-
band imaging of the crater area. For protecting the space-
craft from debris, we note Stardust carried a Whipple
shield designed for 1 cm particles at 6 km/s (Ishiguro et al.,
2003).

5. Conclusion

A leading spacecraft loaded with projectiles, equipped
either with explosives (�44 kg each) or an inert copper mass
(�62 kg each), could produce ejecta curtains with cross sec-
tional densities of 1–10 g/m2 at heights of 150 m, 4–10 s after
impact. A trailing spacecraft could intercept this mass,
return to a safe altitude, repeat the process at other sites,
and return to Earth. A higher mass could be collected by fly-
ing at lower altitudes or increasing the size of the crater. The
inert impact excavator scenario could be the simpler
approach if oblique impacts can be accommodated. These
results are offered to provide scientists and engineers with a
sense of the requirements and trades of such a mission.
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