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Introduction

Much effort in experiments and theory has gone into the
study of the motion of sometimes vaporized, molten and
solid matter during the formation of hypervelocity im-
pact craters [1]. Except for large impact basins, the ma-
jority of ejecta is in the form of solid debris. The most
obvious feature outside the growing cavity is the forma-
tion of an ejecta curtain [1]. Whereas inside the form-
ing crater the flow has been studied using so-called hy-
drocodes, [2, 3], these techniques are not well suited to
describe the phenomenon of dusty ejecta flow nor is the
computational region large enough in space and time, so
more simple methods have to be used [7]. The limit
of applicability of the analytical solution is eventually
reached when the drag between solid debris and gas leads
to two-fluid interactions which necessarily have to be
treated numerically [8].

Model

Following Cintala et al. [5], the solution of Newton’s
equation for the trajectory in cylindrical coordinates is

r = r0 + vejt cos β, (1)

z = vejt sinβ − g

2
t2, (2)

where the surface is atz = 0, the launch angle isβ, the
ejection velocityvej = vej(r0) andg the surface gravity
[5]. Eliminating time, the equation of the trajectory is
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whereL can be identified with final radius of the tran-
sient cavity e.g. Cintala et al. [5] did not evaluate the
density inside the ejecta curtain, to derive it write the last
equation asΩ(r, z, r0) = 0 and regard the complete dif-
ferential
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Now multiply equ.(4) byr Lvej/ cos β and apply the ex-
terior derivatived a second time, so
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= 0. (5)

Figure 1: Ejecta curtain, analytical solution for density.
Parameters:L = 50 km, Z = 2.5, β = 45 deg, lunar
gravity. Up: t = 150 s, mid: t = 250 s, low: t = 400 s
(transient cavity belowz = 0, not shown).

Expanding the one-formd(r∂Ω/∂r0) and equating the
coefficients of the two-formdr ∧ dz
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where it has been used thatβ andvej are functions ofr0

only. This shows that the functionJ := (r∂Ω/∂r0)−1

satisfies the continuity equation in the stationary veloc-
ity field (vr, vz). The solution is not unique: it may be
multiplied by an arbitrary function of ground-zero dis-
tance1 f(r0). To draw the velocity field and density at
an arbitrary point in space one has to know the particu-
lar r0 of the trajectory passing through that point. This
can be found easily from the trajectory equation (3), with
the help of Newton’s method, using the partial deriva-
tive (∂Ω/∂r0). The solution obtained so far is station-
ary, but the domain of existence is bounded by a lead-
ing and trailing front or isochrone. The time of flight
tof (r0) is known at any point in space, so the condi-
tion is that at ’observation time’t the leading isochrone
passed but the not the trailing isochrone. The latter is
described by the same solution of Newton’s equation of
motion (1,2), with the replacementt → t − t0 where
thet0 is the local excavation time depending onr0. The
time it takes to flow along a streamline until it emerges
at the free surface at distancer0 from ground zero is
t0 = r0/(Z +1)/(vej cos β) in theZ model [6], see also
equ.(5.5.12) of [1]. Particles on the leading isochrone
start at somets(r0) when the shock wave has passed, this
may be not be neglected for very large craters where one
has to replacet→ t−ts in eqns.(1,2). As illustration the
ejecta curtain developement is shown in fig.1 for a lunar
crater of100 km diameter (of the transient cavity).

I will also show how to include drag in the presence
of a planetary atmosphere. Then a characteristic param-
eter is the ratio of drag to gravitational force

ΠD =
CDAρgv

2
ej

2mg
=

3CDLρg

4rsρs(Z + 1)2C2 cos2 β0

(
L

r0

)2Z

, (7)

whereρg is the atmospheric density,CD the drag coef-
ficient, rs andρs denote the density and radius of solid
ejecta, assuming particles as spherical and a Stokes drag
regime. The second identity resulting form scaling laws
[4], or in theZ model [7] shows that for gravity scaling
g drops out and the flow becomes self-similar. Densities
for different particle sizesrs have to be overlain. A pro-
cedure analogous to that above can be applied to obtain
the evolution of the density, thenΩ in equ.(6) is given by
Ω = vz(∂r/∂r0)u − vr(∂z/∂r0)u whereu is a function
of β, andv(u) can be found explicitely.

1such a function is an integral of motion

Consequences

A semi-analytical model of the density in an evolving
ejecta curtain has been developed. Some form of drag
force can be modeled, although only in a homogeneous
atmosphere. An analytical solution for the ejecta curtain
easily allows to derive other interesting quantities like the
thickness of ejecta layers and allows comparison with a
fully numerical treatment. The case of a spatially varying
gravity fieldg ∝ r−2 is solvable as well.

There are caveats of such a ’test-particle’ picture:
it may underestimate ballistic range. If two-fluid or
’swarm’ phenomena develop, the hydrodynamic state of
gas near to the dust concentrations is modified, creating
a boundary layer, possibly allowing solid ejecta to pen-
etrate towards larger distances, despite of a dense atmo-
sphere. Frictional energy and heat transfer will occur,
and dusty ejecta act as a heat reservoir. This can only be
studied with numerical simulations using a similar ap-
proach as in [8]; the analytical solution obtained here is
helpful as a test case. In a two-fluid picture there are
implications for the depth of penetration of meteorite de-
bris into the atmosphere. Similiar effects have been hy-
pothesized for the unusual Peruvian Carancas meteorite
structure recently [9].
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