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Introduction: In July 2005, a 360 kg impactor will
collide with Comet 9P Tempel 1. While the mass and
velocity of the impactor are known, the impact angle at
the moment of impact and the nature of the upper 10m
to 30 m of the comet are not.  In preparation for the
range of possible consequences, a series of laboratory
experiments have been performed in order to assess a
range of possible scenarios with implications for real-
time analyses. These experiments are not designed to
simulate uniquely the Deep Impact (DI) impact in all
stages of growth. But late-stage crater growth, penetra-
tion depth, ejecta evolution, and final morphology (as
well as the initial thermal “flash”) all can be examined
using a wide range of target types in the laboratory.

Reference Crater:  Gravity-controlled growth even
on a small (6 km diameter), low-density (<0.5 g/cm3)
comet is possible provided that the peak shock pressure
exceeds the bonding forces at large distances.  Conse-
quently, a useful reference for crater size and shape
extrapolates empirically determined scaling relations in
the laboratory [1].  For the expected gravitational ac-
celeration (0.04 cm/s2), density of the upper tens of
meters (0.3 g/cm3), and impactor variables, the “appar-
ent” crater diameter (referenced to the pre-impact sur-
face) could approach 140 m (175 m rim-to-rim diame-
ter) with a depth of 35 m, taking ~300 seconds to form.

Smaller Crater (<50 m in diameter):  A crater
smaller than the nominal gravity-controlled case could
result if: a.) Surface strength plays a role; or b.) Large
pockets (>1 m) of highly porous (> 80%) and com-
pressible particulates result in a deep rather than wide
crater.  Even if strength limits crater diameter, the ex-
pected low density will result in deep penetration [2].
Distinguishing between strength and poros-
ity/compressibility may be possible through combined
observations of both the flash (peak intensity and de-
cay) and evolution of the ejecta plume.  Figure 1 illus-
trates the first 0.8 milliseconds of penetration for hy-
pervelocity impacts into sand and perlite using quarter-
space experiments.  Low-density particulate targets
(e.g., fine sand) produce an exposed thermal plume
with impactor material lining the growing crater floor
(Figure 1a).  Under-dense particulate targets (e.g., per-
lite) initially result in a deep funnel, a hidden “flash”,
with impactor debris penetrating below the crater floor
(Figure 1b-d).  With time, the crater “blooms” as the
crater widens.  In laboratory experiments, the high ter-
restrial gravity (and less-than-optimal depth of en-
ergy/momentum transfer) results in a deep transient
crater diameter with a highly unstable profile

(D/d=3/2) at high impact angles.  Material motions in
quarter-space experiments, however, indicate the po-
tential for continued crater widening under much lower
gravity.  Low-angle impacts transfer their en-
ergy/momentum at a much shallower depth and pro-
duce larger craters (i.e., a more optimum effective
depth of burst).

A highly porous (and compressible) comet should be
identifiable by a short-duration flash and high-angle
ejecta plume.  If the near-surface materials exhibit little
post shock strength, then the high-angle (70-90˚) plume
will be surrounded by a widening ejecta curtain.  If
competent, the curtain will not develop or will be trun-
cated.

Larger Crater:  Three scenarios could result in
larger than expected crater dimensions. First, backpres-
sures created by vapor expansion may augment crater
growth, particularly if deep penetration occurs. Exo-
thermic reactions may contribute if metastable compo-
nents (C, H, N, O) at cold conditions react under high
temperatures or if latent heat is released at depth due to
phase changes.  In this case, the classic ejecta curtain
may not develop due to rapid expansion and dissipation
of the vapor phases.  The crater then may continue to
“feed” exposed volatiles to the coma as the thermal
wave penetrates more deeply into the comet. Second,
an extremely low density cometary surface (0.1 g/cm3

down to a depth of < 50 m depth) could produce a
much larger than expected crater since cratering effi-
ciency reflects mass, not volume. And third, energy
scaling may apply at the higher velocities of DI,
thereby producing a much larger crater [3].

Composite Crater: A layered comet structure with
weak, low-density surface (1-10 m deep) over a com-
petent layer will result in a large but shallow crater
with a central penetration pit.  The diameter of the
outer crater will constrain the density of the surface
layer.  A two-component ejecta curtain should be evi-
dent: a vertical plume surrounded by a thin (less
opaque) advancing curtain. Alternatively, a layered
comet structure with a strong surface layer over a low-
density substrate would result in an irregularly shaped
crater with radial and concentric fractures, large ejecta
spalls and rayed ejecta.  The crater rim could be very ill
defined and bulbous due to under-thrusting and upward
displacement followed by collapse.

Ejecta Curtain Evolution: If gravity constrains the
maximum crater diameter, then empirically derived
scaling equations can be used. [e.g., 1]. More recent
analyses reveal that such scaling equations depend on
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projectile/target density contrast and impact angle [4, 5,
6].  Large spall fragments or incandescent ejecta
clumps may allow tracking trajectories through time.
The advance of the ejecta curtain across the surface,
however, will provide more accessible data, for inter-
preting the gravitational acceleration on the surface
(hence comet mass) and inferrences about target prop-
erties [7].  Laser sheets used in 3D-PIV studies slice
the ejection curtain and provide a unique view of the
advancing wall of particles.  Figure 2a shows the di-
ameter of the ring of ejecta illuminated by the laser (~9
cm above the pre-impact target surface, just over a
crater radius) as a function of time after impact (t)
scaled by the total time of crater formation (T).  (Note
that time after impact is the ejection time plus the bal-
listic travel time for the ejecta to reach the height of the
laser plane.)  The diameter of the curtain at any given
time reflects where the ejecta left the surface (stage of
growth), ejection angle, and ejection velocity.  Conse-
quently, curtain diameter will not follow a simple rela-
tionship for different impact angles very early in crater
growth but will converge at later times.  For oblique
impacts (30° and 60°), curtain diameter is taken trans-
verse to the trajectory.

The expansion velocity of the curtain with scaled
time is shown in Figure 2b.  Curtain velocity is now
normalized to gravity-scaled ejecta velocity and reveals
that this strategy accommodates a wide range of impact
speeds and impact angles. At launch, ejecta speeds de-
crease with scaled time raised to an exponent of - γ
where γ = 0.70 for low-velocity impacts into sand. This
exponent is higher for hypervelocity impacts when the
projectile completely fragments at impact and ap-
proaches energy scaling [3, 6]. Curtain velocities pro-
gressively decrease with time but then increase after
the crater finishes forming, as higher speed ejecta com-
prise the curtain at a given height above the surface.
Values for gravity-controlled 141 m-diameter crater
produced by the DI collision are also shown in Figure
2b. Specific values on the ordinate to the right will in-
crease by 21/2 for a surface gravity twice as high.  If
gravity limits crater growth, the minimum outward
curtain velocity will be greater when t/Tc=1.  Unusual
target properties such as under-dense materials will
affect specific values by increasing ejection angles and
changing crater growth rates.
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Figure 1.  Comparison of initial energy/momentum-transfer
process revealed in quarter-space experiments using high-
speed imaging (0.17 ms inter-frame time): (a) 60˚ impact into
sand; (b) 90˚ into perlite; (c) 60˚ into perlite; (d) 30˚ into
perlite.

Figures 2a and 2b. Outward expansion (Fig 2a) and speed
(Fig 2b) of the ejecta curtain as a function of time (scaled by
the total time for crater formation). Speeds (upper abscissa)
for specific times (ordinate to the right) are shown for the DI
collision with the assumption of gravity-controlled crater
scaling. symbols in graph correspond to: 0.318cm diameter
aluminum spheres at ~ 5.5 km/s (circles for 90˚; squares for
30˚); 0.635cm diameter spheres at ~ 1 km/s (upside-down
triangle for 90˚; triangles for 60˚).

a.

b.

Lunar and Planetary Science XXXVI (2005) 1926.pdf


