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Introduction: The Lunar CRater Observation and
Sensing Satellite (LCROSS) mission will use the sec-
ond stage of the LRO/LCROSS launch vehicle as a
kinetic probe to excavate H-bearing materials (specifi-
cally in the form of water-ice) from a permanently shad-
owed region on one of the poles of the moon. In or-
der for the ejected material to be studied, however, a
thorough understanding of the ejecta dynamics is nec-
essary. Prior studies have explored the thermal plume[1]
and mass/velocity distribution[2] through computational
modeling, and general ejecta dynamics through the use
of scaling laws[3, 4]. At very early times, however, when
the ejecta is moving the fastest, these models and scaling
laws break down. Here we present experimental results
from the early-time regime as applied to the LCROSS
impact event.

Experimental Studies: The impactor, named the
Earth-Departure-Upper-Stage (EDUS), will impact the
surface at∼2.5km/s at an angle of∼60◦ from horizontal.
The trailing Shepherding Spacecraft (SSc) will record
the impact and take measurements of the ejecta. As part
of a study to understand the effect of impact parame-
ters on the early-stage ejecta distribution, a series of im-
pact experiments were performed at NASA Ames Verti-
cal Gun Range (AVGR). The series of experiments used
12.7mm aluminum projectiles to impact the target sur-
face (#20-30 sand) at ∼2 km/s at an angle of 60◦ from
horizontal. The EDUS impactor is a hollow cylinder
with a low relative density. To study the effect of under-
dense projectiles, hollow 12.7mm diameter Aluminum
spheres were used in addition to solid spheres; the hol-
low nature of these impactors decreases their relative
density by a factor of ∼4. The velocity of the ejecta is
measured using two noninvasive imaging techniques: 3-
dimensional particle imaging velocimetry (3D-PIV) and
particle tracking velocimetry (PTV) of the ejecta curtain
profile. The 3D-PIV technique allows characterization of
the non-axisymmetric ejecta flow field that results from
oblique impacts, while the PTV enables the determina-
tion of very high ejection velocities over a wider range
of ejection angles. The 3D-PIV and PTV data sets were
recorded at high speeds (10,000 and ∼11,000 frames per
second, respectively), thereby allowing for time-resolved
examination of ejecta flow field.

Analysis and Results: The scaled velocity distribu-
tions of the hollow and solid projectiles are closely

matched at early stages of the cratering process; the
downrange results (representing the ejecta with the high-
est speed) are presented here (see Fig.1). The upturn of
the slope of the velocity at early stages indicates a depar-
ture from main-stage power-law excavation flow. This
initial high-speed component, composed of mostly fine
material, is characterized by a fairly small amount of
mass relative to the total ejected volume. The ejection
angles of this early-time component sweep upward about
10◦ to the nominal ejection angle of ∼45◦ for sand (see
Fig.2) for the solid projectile. The hollow projectile ex-
hibits lower ejection angles, consistent with a shallower
coupling depth[5]. Lunar stimulant (JSC-1a) displays
even lower ejection angles under the same conditions.

These non-dimensional results can be scaled to the
size of the LCROSS event to find the ejecta curtain ra-
dius at various heights above the impact (Fig.3). Since
the impact will occur in a shadowed area, the ejecta will
not be visible until it attains a sufficient height to be il-
luminated by the sun (i.e. above a crater rim). The cur-
tain radius is thus considered as a function of time after
impact (TAI), where TAI=tlaunch+tballistic, the sum of the
time between impact and ejecta launch and the ballistic
time of flight. The delay in arrival time of the ejecta at
various heights can be measured in the tens of seconds.

Conclusions: Based on comparisons with sand, the
initial stage of the EDUS impact will generate a low
mass, low angle, high velocity component at early stages.
Similar impacts into JSC-1a yield even lower ejection an-
gles than the sand target. These results affect extrapola-
tions based on standard ejecta scaling during the early
stages of growth. These experiments into sand are a first
step in understanding the ejecta velocity distribution of
the LCROSS mission. Extension to other materials, such
as JSC-1a, is essential for a more complete picture of
the impact event. Coupling the velocity with the time-
resolved mass ejected will yield the mass-velocity distri-
bution.
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Figure 1: Dimensionless velocity vs. time. Downrange com-
ponent. Both the hollow and solid Al spheres display an aug-
mented ejection speed very early on in the cratering process
before evolving into main-stage power-law growth as predicted
by dimensional analysis[6]. Ejection velocity (right axis) and
time(top axis) have been scaled to the LCROSS event for com-
parison. Dashed line approximates time of Ve=300m/s.

●
●
●●●
●
●

●

●

●●

●
●
●
●●●
●
●●
●●
●

●
●●
●●

●
●●●●●●●●
●●●●●●●
●
●●
●
●●

●
●●
●

●
●●●●
●●
●●

●●● ● ●

10-3 10-2

10-4 10-3 10-2 10-1 100

20

25

30

35

40

45

50

55

60

t/Tc

Ej
ec

tio
n 

A
ng

le
 (D

eg
re

es
) 

!
  Solid
  Hollow

t LCROSS (sec)

Figure 2: Ejection Angles. Data presented is downrange
component of ejecta curtain. Ejection angles start out low,
then sweep upward to the ∼45◦ angle predicted for impacts in
sand[6]. Ejection angles from hollow sphere are more chaotic
in the early stages due to the failure of the projectile, and are
characteristically lower than the solid sphere. These measure-
ments were taken of the leading edge (and thus the lowest ejec-
tion angle) of the curtain using the PTV technique. Dashed line
approximates time of Ve=300m/s.
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Figure 3: LCROSS Predicted Curtain Radius. Semilog plot.
The ejecta curtain radius is scaled to the LCROSS event as-
suming a crater radius of 17m, calculated for different heights
above the impact surface. Dots correspond to first light for bal-
listic ejecta rising above the shadow line for each curve. The
delay between impact and first arrival of ejecta at each height
is ∝
√

height.
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Figure 4: Comparison of ejecta profiles with varying pro-
jectile density. Two sets of images (at ∼0.350 and ∼32 msec
after impact) of the downrange portion of the ejecta curtain pro-
file (perpendicular to impact vector) for the solid (left) and hol-
low (right) projectiles at 2.0 km/s at 60◦ into #20-30 sand. Im-
ages of the impact of the hollow projectile are reflected along
the vertical axis to emphasize symmetry.
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