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  Introduction: The cumulative mass M(>ve) of impact
ejecta with velocities higher than ve (hereafter we call
this cumulative mass-velocity (CMV) distribution) is one
of the most important parameters for understanding
quantitatively the morphology of ejecta blankets around
craters or the surface evolution of planetary bodies. A
scaling law on CMV distribution has been formulated
based on the data measured by vertical impact
experiments [1,2,3,4]. However, the impact angle
dependence on the scaling law on CMV distribution is
unclear. This is because there are few data on CMV
distribution for oblique impacts, especially for the low-
velocity ejecta (ve< a few m/s). In this study, we
measured M(>ve) for the ejecta with ve of a few m/s for
various impact angles, and studied the impact angle
dependence on the scaling law on CMV distribution.
  Experiments: Polycarbonate projectiles with mass of
0.49 g and diameter of 10 mm were accelerated by a
single-stage light-gas gun. Impact velocity of the
projectile was 192±5 m/s. We can tilt the gas gun at
various angles (θ=15°, 30°, 45°, 60°, and 90° to the
target), so that we can do oblique impacts. We prepared
soda-lime glass spheres with mean diameter of 220µm as
the target material. A stainless basin (40 cm diameter and
15 cm depth) filled by the glass spheres was placed in a
vacuum chamber with the ambient pressure < 90 Pa.
  We measured CMV distribution M(>ve) in a way of the
collector method [e.g., 2,5], which is as follows: After
experiment, we measured the mass of the glass spheres
deposited in glass cylindrical collectors (2.7 cm diameter
and 4.6 cm height) set around the glass sphere target.
Then we can derive the total mass M(>r) of the glass
spheres deposited beyond the distance r from the impact
site. In order to estimate the ejection velocities ve from
the distance r, we need to know the ejection angle α and
the launch position L for each ejecta. However, it is
difficult experimentally to determine α and L for each
ejecta. Therefore, we assumed constant values for α and
L for all ejecta: We measured that the angle of ejecta
curtain ranged from 45° to 60°, irrespective of θ. We can
consider the case with α=60° and L=0 as the maximum
ejection velocities ve1 and α=45° and L=R (R is the
apparent crater radius) as the minimum ejection
velocities ve2, respectively. Then we defined the ejection
velocity as ve=(ve1+ ve2)/2. From M(>r) and ve, we can
estimate CMV distribution.
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Figure 1: The total mass M(>r) of the glass spheres
deposited beyond the distance r from the impact site.
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Figure 2: The cumulative mass-velocity distribution.
The dotted lines represent the least-squares fit to the data
for each impact angle.

Results: In Fig. 1 is plotted M(>r) against r for various
impact angles θ. It is clear that M(>r) decreases with
increasing r. We can also see that M(>r) value for θ= 30°
is slightly smaller that those for θ≥45°, but M(>r) value
for θ=15° is much smaller than for θ≥30°; M(>r) values
for θ≤45° decrease with decreasing θ, while M(>r)
values for θ≥45° do not depend on θ.
In Fig. 2 is plotted M(>ve) against ve. The maximum

and minimum errors in the horizontal error bar for each
data correspond to ve1 and ve2, respectively. It is clearly
shown that M(>ve) decreases with increasing ve.
Assuming the power-law distribution, the slopes of
M(>ve) at θ=15°, 30°, 45°, 60°, and 90° are estimated to
be –2.3, -2.3, -2.1, -2.3, and –2.2 (dotted lines),
respectively. There is no clear impact angle dependence
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in the slope. We can also see that M(>ve) value for θ=30°
is slightly smaller than those for θ≥45°, and M(>ve) value
for θ=15° is much smaller than those for θ≥30°. M(>ve)
values for θ≤45° decrease with decreasing θ, while
M(>ve) values for θ≥45° do not show any clear
dependency on θ.
  Scaling law on M(>ve): We applied our data to Pi-
group scaling [1], which has been used for a scaling law
on M(>ve). In this scaling, M(>ve) and ve values are
scaled by apparent crater radius R, and two
nondimensional parameters such as the normalized ejecta
volume Πvol (= M(>ve)/ρR3) and the normalized ejection
velocity Πev (=ve/(gR)1/2) can be defined, where ρ is
target bulk density and g is gravitational acceleration. In
Fig. 3 M(>ve) are plotted in a Πvol-Πev diagram. It is clear
that the present data show a good correlation with the
Πvol-Πev relation; there is no significant difference in Πvol

amongst various impact angles. Assuming a power-law
relation between Πvol and Πev, the least-square fit gives
Πvol=(0.31±0.02)Πev

-1.99±0.11 (dotted line). It is therefore
suggested that Πvol value for the low-velocity ejecta does
not depend on the impact angle.
  We then compared the present results with other
experimental data; this is shown in the Πvol-Πev diagram
in Fig. 4. Our results for oblique impacts are consistent
with the other experimental results for θ=90° [1,3].
However, this coincidence is only for the low-velocity
ejecta; this is different for the high-velocity ejecta [4]. As
shown in Fig. 4, Πvol values for the high-velocity ejecta
(Πev>100) depend on the impact angles. It is thus
proposed that the impact angle dependences on the Πvol-
Πev relation are different between the low- and high-
velocity ejecta.
  Discussion: The present study showed that Πvol for the
high-velocity ejecta depends on the impact angle, but not
for the low-velocity ejecta. This might be interrupted as
follows: The nondimensional parameters Πvol and Πev are
derived based on the late-stage equivalence [e.g. 6]. The
late-stage equivalence may be valid for the ejection
process of the low-velocity ejecta even for oblique
impacts; the low-velocity ejecta may be ejected from the
region far from the impact site, where the excavation
flow may be similar for both the vertical and oblique
impacts. This may be the reason why the data for the
low-velocity ejecta does not show any impact angle
dependence in the Πvol-Πev diagram. On the contrary, the
high-velocity ejecta is probably ejected at the region near
the impact site [4], where the effect of individual
parameters of impactor (such as impact velocity or

impact angle) is dominant. In this case, the late-stage
equivalence is not applicable. Then the data for the high-
velocity ejecta may show the impact angle dependence in
the Πvol-Πev diagram.
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Figure 3: The nondimensional ejecta volume Πvol is
plotted against the nondimensional ejection velocity Πev

for various impact angles. The dotted line represents the
least-squares fit to all the data: Πvol=(0.31±0.02)Πev

-

1.99±0.11.

10
-7

10
-6

10
-5

10
-4

10
-3

10
-2

10
-1

10
0

Π
vo

l=
M

(>
v e

)/ρ
R3

1 10 100
Πev= ve /(gR)0.5

This work
θ=15o

θ=30o

θ=45o

θ=60o

θ=90o
θ=30o

θ=45o

θ=15o

θ=60o

θ=90o

Vertical impact (θ=90o)
 Housen et al. [1]
 Yamamoto et al. [3]

High-velocity ejecta [4]

Figure 4: Πvol is plotted against Πev for all the
experimental data including this work.

References: [1] Housen K.R. et al., (1983) JGR, 88,
2485-2499. [2] Hartmann W.K., (1985) Icarus, 63, 69-98.
[3] Yamamoto S. et al. (2005), LPSC 36th, #1600. [4]
Yamamoto S., et al., (2005), Icarus, 178, 264-273. [5]
Stöffler et al. (1975) JGR, 80, 4062-4077. [6] Holsapple
K.A. (1993) Annu. Rev. Earth Planet. Sci., 21, 333-373.

Lunar and Planetary Science XXXVII (2006) 1164.pdf


