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Asteroid and comet impacts on the Earth have received
much attention in recent decades as a threat to human civiliza-
tion. A number of strategies have been proposed to deflect or
destroy hazardous bodies. Among these, kinetic interception–
the impact of a smaller body on a hazardous target– is well-
recognized as a viable strategy for many hazard scenarios. The
usual scenario is one in which a solid (full density) impactor
is deployed in the target’s path, ramming and deflecting the
target by the momentum transfer of the collision.

A good introduction is the compilation of articles edited by
T. Gehrels (1994), in which all aspects of the entire topic are
discussed, including detailed discussion of kinetic, nuclear-
explosion, and other hazard mitigation strategies. Other dis-
cussions can be found in the United Nations conference pro-
ceedings edited by Remo (1997) and the review article by
Morrison et al. (2002).

Both impacts (as conventionally considered from a small
solid body) and explosions (generated from a point source such
as a bomb) run the risk of fragmenting the target, as noted by
Ahrens and Harris (1994). At present, the consensus view is
that km-scale asteroids are in general weakly-bound gravita-
tional aggregates or “rubble piles”, whose fragmentation on
impact by an interceptor might exacerbate the hazard rather
than reduce it.

Thus, it seems worthwhile to examine the possibilities of
a kinetic-intercept strategy in which the impactor is a low-
density object [e.g. a dispersed cloud of material (“dust”)],
rather than a single small object. A low-density impactor
might be made of a cloud of dust or larger rocks, or even gas,
deployed “just-in-time” against the target. This strategy offers
the possibility of momentum transfer in a more controlled and
“gentle” fashion over a large portion (up to the entire face)
of the hazardous body, potentially avoiding sharp gradients in
velocity and pressure in the target that would be likely to break
it up. On the other hand, the dispersed-impactor strategy
may be sub-optimal, for two reasons: 1) it may be difficult
to implement, and 2) it may be less efficient at transferring
momentum to the hazardous body.

We have attempted to assess the second concern by car-
rying out a number of hydrodynamic calculations to deter-
mine the efficiency of momentum transfer by the impact. We
used the ZEUS3D code (Stone and Norman 1992) to make
two-dimensional axisymmetric calculations of the impact of a
low-density dispersed object with an asteroid. ZEUS3D has
been used for a number of studies of asteroid and comet im-
pacts into planetary atmospheres (Mac Low and Zahnle 1994,
Zahnle and Mac Low 1994, Korycansky et al. 2000). Specif-
ically, we modeled the head-on collision of a 1 km-diameter
spherical asteroid target, of density ρT = 2.7 gm cm−3 with
an impactor of mass ratio mi/mT = 10−3 but varying den-
sity (10−3 ≤ ρi/ρT ≤ 1). The impact velocity is 15 km s−1.
We used the Tillotson equation of state (Melosh 1989) for

basalt for both impactor and target. The impactor material
was modeled as zero-pressure “dust” for densities ρ < ρT
with full Tillotson pressure for densities ρT and greater. That
is, a pressure cut-off was included for ρ < ρT to model frag-
mented material or low-temperature vapor as recommended by
Melosh (1989). Neither impactor nor target had any material
strength, and we neglected gravity, as it is unimportant for the
duration of the calculation, which is much less than the gravita-
tional timescale (Gρ)−1/2. We carried out calculations in the
center-of-momentum frame of the two bodies: mvi +mvT = 0
initially; total momentum is well conserved ≈ 0 until target or
impactor material leaves the computational domain. All the
momentum transfer takes place in the initial contact phase of
duration τ = di/vi ∼ 10−2 s, but we followed the calculation
for 2 s to monitor the behavior of impactor and target material.
We employed a resolution of 15 m in the central domain (6×3
km), with a geometrically expanding outer grid in some cases,
up to a maximum domain size of 40×20 km.

Two calculations for a full-density and dispersed impactor
(ρi/ρT = 1 and 0.001) are shown in Fig. 1, at times t = 0 s, 0.1
s, 0.5 s and 1.0 s. It is apparent that the full-density impactor
is much more effective at disrupting the target, whereas in the
dispersed case, much of the impactor material is blown off the
impact axis and around the target.

We are primarily interested in momentum transfer to the
target; it seems natural to characterize the efficiency of the
impact by monitoring the relative change in momentum ∆mvT
from before the impact to after the initial phase of the calcula-
tion: f = |∆mvT |/mvT . Values of f > 1 are possible, if target
ejecta are mobilized from the collision point and “jet” back
along the impactor’s path. (A completely elastic collision be-
tween two objects of equal momenta would also have f = 2.)
For this sequence of calculations, the velocity change of the
target is ∆VT = f (mi/mT )vi ∼ 10 m s−1.

Figure 2 shows the momentum transfer efficiency f for the
cases we have done, as a function of the density ratio ρi/ρT .
Note that f ≥ 1 for most of the range of ρi/ρT . Counter-
intuitively, f reaches its peak values for 0.01 < ρi/ρT < 0.1,
as opposed to ρi/ρT = 1 as might be expected. The momentum
transfer falls to values moderately less than 1 for the lowest-
density cases we ran. However, the drop-off in momentum
transfer is not large. Thus, the possible advantages of this mit-
igation strategy may outweigh the drawbacks of a somewhat
less efficient transfer of momentum.

The sequence of calculations depicted in Fig. 2 were
all made for mass ratios mi/mT = 10−3. It is of interest
to make calculations for different mass ratios as well. We
have made such calculations for several cases in the range
10−6 < mi/mT < 10−2, now keeping the radius of the impactor
ri equal to that of the target rT , so that ρi/ρT = mi/mT . We
find that f in such cases is approximately constant ≈ 0.72 for
10−6 < mi/mT < 10−3, rising to f = 0.81 for mi/mT = 10−2.
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Figure 1: Top: collision of an impactor of density ρi = 2.7 gm cm−3 with the target. Bottom: collision of an impactor of density
ρi = 2.7× 10−3 gm cm−3 with the target. The density color scale is logarithmic with 10−5 ≤ ρ ≤ 100.5 gm cm−3. The domain
size is 6×3 km.
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Figure 2: Momentum transfer efficiency f = |∆mvT |/mvT as a
function of impactor/target density ratio ρi/ρT for mass ratio
mi/mT = 10−3.

Combined with the previous result, this suggests that momen-
tum transfer is largely controlled by the geometry of the impact;

that is, for sufficiently low density, large impactors (ri ≈ rT )
lose some of their material as it “blows by” the target, some-
what reducing the efficiency of momentum transfer. More
calculations covering the complete range of parameter space
would be needed to verify this conclusion. Additional calcula-
tions exploring the influence of impactor shape on momentum
transfer may also be of interest.
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