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Introduction:  Although a few experimental stud-

ies of momentum transfer in hypervelocity impacts 
[e.g. 1-3] have been reported, the question of how the 
momentum exchange depends on the size scale of the 
impacting bodies, their target properties and relative 
speed is largely unknown.  This contribution presents 
new laboratory tests that are part of a combined exper-
imental, theoretical and numerical study of momentum 
transfer.  The results of this study have applications 
both to the mutual collisions of asteroids as well as to 
strategies for mitigating the threat of potentially haz-
ardous objects. 

Scaling:  The velocity increment ∆v given to a tar-
get body of mass M by the impact of a projectile of 
mass m at speed U is determined from conservation of 
momentum: M∆v=mU+pe, where pe is the component 
of ejecta momentum directed back along the line of 
impact.  Note that pe only includes ejecta that escape 
the body; ejecta that return to the surface do not 
change the remaining target’s momentum.  That can be 
written as M∆v/mU = 1 + pe/mU.  The left side of this 
expression is the ratio of the momentum change of the 
target to the impact momentum and is commonly de-
noted as β, the momentum multiplication factor.  If the 
impact is ‘perfectly plastic’ (projectile is absorbed; no 
ejecta are produced), then β = 1.  However, a high 
speed impact on an asteroid generally excavates a mass 
of material significantly greater than the mass of the 
projectile.  If much of that material escapes, β is con-
siderably larger than 1 and its value depends primarily 
on the mass and velocity of the ejecta.  Scaling laws 
for cratering and ejecta then predict relationships for β.  
The results here differ from those in our earlier report 
[4] because the earlier analysis did not account for the 
fact that momentum transfer arises only from the es-
caping ejecta.   

We represent the impactor by the point source 
measure aUµ!" , where a and δ are the projectile radi-
us and density [5].  The scaling exponent ν is ~0.4. 
The exponent µ must lie in the range of 1/3 to 2/3 and 
has been measured to be about 0.4 for sand and 0.55 
for rock.  

 Consider an impact whose outcome is determined 
by the strength Y of the target.  The ejecta momentum 
pe is a function of the point source measure, the target 
density, ρ, the escape speed, vesc, of the body and the 
strength Y.  A simple scaling analysis for the transmit-
ted momentum due to the ejecta then is used to obtain 

! = 1+ U / vesc( )3µ"1 f Y / #vesc2( )  (1) 

where the ratio of target and projectile densities is, for 
simplicity here, assumed constant.  Note that β-1 var-
ies as a power of the impact speed.  Therefore a log-
log plot of β-1 vs U should result in a straight line of 
slope 3µ-1.  Porous materials exhibit the smaller val-
ues of µ and should have the shallowest slope on the 
log-log plot.  In the limiting case of a perfectly porous 
material, µ=1/3 and β is independent of impact speed.  
At the other extreme, where  µ=2/3, β-1 is linearly 
dependent on U. 

For a gravity-dominated impact, a similar analysis 
gives  

! =1+ U / vesc( )3µ!1 f gRc / vesc
2( )  (2) 

where g is the surface gravity and Rc is the crater radi-
us produced in the impact.   

We have noted in our studies of ejecta [5,6] that 
ejection velocities are independent of both target 
strength and gravity for all material ejected in some 
central region, which contains the higher velocity ejec-
ta.  That is because shock pressures are large compared 
to both target strength and gravity forces in this region.  
If the escaping ejecta all originate from this region, 
then the momentum transferred to the target cannot 
depend on target strength or on gravity, except through 
the body’s escape velocity. In this case, Eqs. (1) and 
(2) both reduce to a simpler form: 

! =1+K U / vesc( )3µ!1  (3) 

where K is a constant (that may differ for the strength 
and gravity regimes).   Although the conditions under 
which Eq. (3) applies are still being investigated, it 
may be it is valid for all except the smallest asteroids. 

Experiments:  We have collected significantly 
more data since the time of our last report, both from 
experiments at the Boeing impact facility and at the 
NASA Ames Vertical Gun Range.  As before, the tar-
get container is suspended in an evacuated impact 
chamber by four steel springs whose attachment points 
are equally spaced around the perimeter of the bowl-
shaped container.  The target materials included dry 
sand and two types of rock: “river rock”, with densi-
ty=2.7 gm/cm3 and essentially zero porosity, and pum-
ice with density=0.87 gm/cm3 and ~70% porosity.  The 
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sand targets were made by slowly raining into the fix-
ture to obtain a density of 1.44 gm/cm3.  For rock tar-
gets, the rock was placed on foam peanuts inside the 
standard target container to mimic a free surface. 

The impacts occurred vertically, normal to the tar-
get surface.  The projectiles were either polyethylene 
cylinders or aluminum or nylon spheres.  The impact 
velocity ranged from 0.5 to 5.7 km/s. 

A high speed video camera recorded the oscilla-
tions of the target container after impact, then an anal-
ysis gave a frequency ω and amplitude H.  The im-
pulse delivered to the target is HωM/2, where M is the 
mass of the target. That impulse, divided by the initial 
projectile momentum, gives the value of β for the ex-
periment. 

Results:  The figure below shows the data from our 
experiments, as well as literature data for other materi-
als.   The results are distinguished by their porosity.  
The aluminum targets (blue points [1]), River Rock 
(green points, present study), and basalt (red squares 
from earlier Boeing tests; red triangles from [3]) all 
show a linear trend on the log-log plot with a slope 
consistent with µ=2/3. These different non-porous ma-
terials have different magnitudes because of their dif-
fering target strength.  The new results for sand (open 
diamonds are nylon projectiles; filled diamonds are 
aluminum projectiles) also show a power-law trend, 
with a shallower slope than the nonporous materials, as 
expected.  The slope is consistent with the value of 
µ=0.4 noted above for sand.  Finally, the single point 
for pumice (orange square) falls well below the other 
materials because that impact generated very little 
ejecta.  The dependence of β on impact speed is ex-

pected to be very weak for that material, and will be 
studied in future experiments.  

The yellow circles in the figure from [2] agree in 
some cases with the present results.  Their data for 
rock targets fall close to the red line in the figure.  
However, their results for highly porous icy materials 
have very large values of β, whereas porous materials 
are expected to have low ejecta velocities [4] and cor-
respondingly small values of β, much as shown by our 
pumice target.  We suspect that the large values of β 
for the porous materials reflect the fact that the con-
tainer was basically emptied in the impact .  However, 
this will be investigated in our future experiments.  

It is interesting to note that when extrapolated to 
impact speeds of ~10 km/s, rocky materials exhibit 
fairly large values of β, i.e. in the range of 4 to 10.  
Extrapolating further to, say, 30 km/s, could yield 
β~20.  Therefore, kinetic impact methods for diversion 
of potentially hazardous rocky bodies may be quite 
effective.  But that may not be true for more porous 
targets.  A body akin to sand would have β~3 at 30 
km/s, while a highly porous object may have β close to 
1. 
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