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Abstract

The NASA Double Asteroid Redirection Test (DART) spacecraft impacted the moon Dimorphos of the [65803]
Didymos binary system and changed the binary orbit period, demonstrating asteroid deflection by a kinetic impact
and indicating that more momentum was transferred to Dimorphos by escaping impact ejecta than was incident
with DART. Images of the DART impact ejecta plume were obtained by the Light Italian cubesat for Imaging of
Asteroids (LICIACube) in the first few minutes after the DART impact. The ejecta plume imaged by LICIACube
158 s after the DART impact prior to closest approach shows no evidence for plume clearing at low altitude. The
ejecta plume imaged 175 s after the DART impact is optically thick up to projected altitudes of 200 m above the
surface of Dimorphos. These observations are compared with models of the impact ejecta plume optical depth,
structure, and evolution, which are developed from point-source scaling models fitted to numerical simulations of
the DART impact into a rubble pile Dimorphos with different material strengths. The observations of the impact
plume optical depth and the high momentum transfer from the DART impact are not consistent with impact and
ejecta plume models assuming the Dimorphos cohesive strength to be as high as 5000 Pa. Models with 5 and 50 Pa
Dimorphos cohesive strength provide the overall best consistency with plume opacity observations and high
momentum transfer.

Unified Astronomy Thesaurus concepts: Asteroid satellites (2207); Asteroid surfaces (2209); Near-Earth
objects (1092)

1. Introduction

The NASA Double Asteroid Redirection Test (DART)
mission impacted the moon Dimorphos of the [65803]
Didymos binary asteroid system (Daly et al. 2023) on 2022
September 26, changing the secondary’s orbit by kinetic
impact. Ground-based telescopic observations showed that the
DART impact caused a reduction of the binary orbit period by
33± 1 minutes (at 3σ; Thomas et al. 2023). The momentum
transfer to Dimorphos from the DART impact was enhanced by
a factor β over the momentum incident with DART in the
direction of the net ejecta momentum (Cheng et al. 2023 and
Appendix A), where b s= -

+3.61 10.25
0.19 ( ) at the nominal

Dimorphos density of 2400 kg m−3 (Daly et al. 2023). This
β indicates that more momentum was transferred to Dimorphos

from escaping impact ejecta than was incident with DART
(Cheng et al. 2023).
Light Italian cubesat for Imaging of Asteroids (LICIACube),

a 6U cubesat contributed to DART by the Italian Space Agency
(ASI), made a flyby of Didymos with the closest approach time
delayed by 167 s from the DART impact in order to image the
impact ejecta plume and study its evolution (Dotto et al. 2024).
The ejecta plume structure, as imaged at a given time, is
determined by the amount of ejecta that has reached the
required distances from Dimorphos. Hence, the ejecta plume
images can distinguish differences in plume structure and
evolution resulting from different ejecta mass versus velocity
distributions from targets of different strength and porosity
(Cheng et al. 2020, 2022). LICIACube plume images can
distinguish, for example, a porous target case with 4.4 kPa
strength leading to a DART impact in the strength regime from
a porous target case with a much lower 1 Pa strength for which
the impact would have been in the gravity regime (Cheng et al.
2022). The different impact ejecta plume structures in the
strength and gravity regimes are described by crater scaling
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relations (Housen & Holsapple 2011; see Appendix B). In the
strength regime, crater growth in late-stage evolution is arrested
by target strength, and the observational signature of strength-
regime cratering is the clearing of plume opacity immediately
above the target surface, also described as ejecta plume
detachment from the target surface. Hence, in the strength
regime late-stage ejecta plume images show a plume detach-
ment, but in the gravity regime such images would not display
plume detachment.

The present work will apply the method of Cheng et al.
(2022) to calculate ejecta plume optical depth profiles, using
point-source scaling models of impact ejecta, for comparison
with LICIACube plume images in order to characterize the
ejecta mass versus velocity distribution and thereby constrain
Dimorphos material properties, principally strength. This
information is important, first because the DART measure-
ments of the Didymos binary orbital period change from the
DART impact (Thomas et al. 2023), and second because the
corresponding momentum enhancement factor β (Cheng et al.
2023) did not determine the strength or the density of
Dimorphos. Moreover, numerical simulations (Raducan &
Jutzi 2022; Raducan et al. 2022) show that the DART impact
can cause a global-scale deformation, or a reshaping of
Dimorphos, if the strength of Dimorphos is low, 10 Pa, and
the mass fraction of boulders is low, 30%. If the Dimorphos
strength is higher, 10 Pa, or if the mass fraction of boulders is
higher, >30%, then DART impact simulations predict forma-
tion of a crater (Raducan et al. 2022; Stickle et al. 2022).

The strength that is constrained in present work by ejecta
plume imaging is the strength Y in point-source crater scaling

relations (see Appendix B) fitted to the ejecta mass versus
velocity distributions calculated from numerical simulations of
the DART impact into a rubble pile model of Dimorphos
(Raducan et al. 2024). In these numerical simulations the
strength is the cohesion (zero-pressure shear strength), which
takes values 0–500 Pa in the matrix, while in the embedded
boulders the strength and fracture model is such that tensile
strength is ∼10MPa.

2. DART Impact Ejecta Plume as Observed by LICIACube

The LICIACube flyby trajectory and the viewing geometry for
plume images acquired by LICIACube are sketched in Figure 1.
The ejecta plume optical depth along lines of sight (LOSs) from
LICIACube is calculated by the method of Cheng et al. (2022).
Orthogonal directions xb and z are defined in the plane of sky at
Dimorphos as seen from LICIACube (see Figure 1). The xb axis
points from the impact site to the intersection of the LICIACube
trajectory with the plane of sky; yb is also nearly parallel to the
incident velocity direction of DART projected into the plane of
sky (because the DART and LICIACube velocities are nearly
parallel). The present work calculates plume optical depth profiles
versus distance b along arbitrary image lines at fixed z= z0 (see
Figure 1). The parameters z0 and b are projected distances in the
plane of sky and directly convert to pixel distances as seen in
LICIACube plume images.
Figure 1 shows the viewing geometry for plume imaging by

LICIACube from its flyby trajectory, in distant approach. In the
model of Cheng et al. (2022) and in the present model, the
ejecta form a hollow cone, where the cone walls are considered
to have negligible thickness. Placing ejecta trajectories on a

Figure 1. DART impact on Dimorphos is at the origin of Cartesian coordinates x–y–z. LICIACube trajectory is shown by the dashed blue line in the x–y plane. The
LICIACube position is (xs, ys, 0) in distant approach. The LOS from LICIACube to the Dimorphos impact site defines the yb axis. The plane of sky at Dimorphos seen
from LICIACube is the xb–z plane (shaded), which is rotated around z from x–z. Optical depth profiles in the plane of sky calculated by Cheng et al. (2020) are at
constant z = 0. Optical depth profiles at arbitrary z = z0 are given here. The DART impact ejecta cone, shown in yellow, is a hollow cone with negligibly thin walls.
The cone axis is y, with ejecta angle α. The ejecta cone crossing and closest approach indicated by c/a of the LICIACube trajectory are indicated by blue circles.
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thin, hollow cone is a good approximation for the purpose of
calculating plume optical depth versus projected distance from
the impact site and versus time after the impact, neglecting
complex fine structures in the plume (Dotto et al. 2024). The
DART impact site is at the coordinate origin, and the DART
incident direction, which is also the axis of the ejecta cone,
defines the y-axis. LICIACube is at position x y, , 0s s( ) on a
flyby trajectory in the x–y plane such that xs= 58 km and ys
decreases with time. As sketched in Figure 1, if the cone is
extended to infinity, above altitudes that may actually be
reached by ejecta at the time of image acquisition, the
intersection of the LICIACube trajectory with the ejecta cone
occurs at the point labeled “cone crossing.” That is,
LICIACube passes through the ejecta cone at cone crossing.

With LICIACube on distant approach viewing Dimorphos
(before closest approach, with range to target ?58 km), the
LOS is roughly along the plume axis at a solar phase angle near
60°. These approach images will be said to be obtained from
inside the ejecta cone. In these approach images, each LOS
through the plume intersects the cone once.

LICIACube passes through cone crossing before it reaches
closest approach at time 167.3 s after the DART impact, 58 km
from Dimorphos. After cone crossing and near closest
approach, LICIACube images would be obtained from outside
the cone, at close range looking nearly perpendicular to the
plume axis. However, no such images were obtained, because
LICIACube tracked Didymos through closest approach, but
Dimorphos and the ejecta plume moved outside the camera
field of view ∼161 s after the DART impact, about 6 s before
closest approach. The ejecta plume was not reacquired until
∼175 s after the impact, about 8 s after closest approach.
LICIACube did not obtain any plume images from outside the
ejecta cone near closest approach.

After the ejecta plume was reacquired, the plume images
obtained on departure show Dimorphos in front of and
obscuring the lowest portion of the plume. That is, the impact
site is behind the limb of Dimorphos, and only the plume
portion above the limb is imaged. The distant departure images
are again viewing roughly along the plume axis, but now at a
solar phase angle of about 120° (Pajola et al. 2022).

2.1. Point-source Scaling Models of DART Impact

In previous work, the point-source scaling relations of
Housen & Holsapple (2011) were used to make predictions of
the DART impact ejecta plume optical depth versus distance
from Dimorphos and time after impact (Cheng et al.
2020, 2022), in order to infer physical properties of Dimorphos
from LICIACube imaging of the ejecta plume. The point-
source scaling relations were previously used by Cheng et al.
(2016) to predict momentum transfer from the DART impact
and to predict changes in the binary orbit period, eccentricity,
and inclination. The point-source scaling relations were also
used successfully to describe crater scaling for the SCI impact
onto Ryugu (Jutzi et al. 2022).

The previous ejecta plume models (Cheng et al. 2020, 2022)
used the point-source scaling relations of Housen & Holsapple
(2011), which were fitted to measured ejecta mass and velocity
distributions from laboratory impact experiments. However, all
of the ejecta plume models considered by Cheng et al. (2022)
predicted momentum enhancement factors β that were too low,
inconsistent with the DART determination of β (Cheng et al.
2023). In the present work, new ejecta plume models are used,

with Housen & Holsapple (2011) impact scaling relations fitted
to numerical simulations of the DART impact into a rubble pile
Dimorphos (Raducan et al. 2024) that do reproduce the DART
impact β. The Housen & Holsapple (2011) scaling relations
and the scaling parameters derived from fitting to numerical
simulations of Raducan et al. (2024) are summarized in
Appendix B. The strength parameter Y in the impact scaling
relations is assumed to be equal to the matrix cohesion in the
simulation model, an assumption that holds well for low-
cohesion granular targets: asteroid Ryugu cratered by the Small
Carry-on Impactor (Jutzi et al. 2022) and sand with small
boulders (Ormö et al. 2022). The assumption is not valid for
higher-strength and higher-cohesion targets (Güldemeister
et al. 2015; Prieur et al. 2017).
The Raducan et al. (2024) numerical simulations of the

DART impact used the Bern smoothed particle hydrodynamics
(SPH) shock physics code with a fast time integration scheme
to describe late-stage evolution (Jutzi et al. 2022), by making a
transition to model a material with low bulk modulus, after
passage of the initial shock and when flow is low velocity only
(at transition times of 0.5, 20, 500 s). This numerical approach
with the fast time integration scheme was used to model
successfully the Hayabusa 2 SCI impact on the asteroid Ryugu
(Jutzi et al. 2022). The Bern SPH simulations of the DART
impact used a rubble pile model of Dimorphos. In this rubble
pile model, a boulder population is embedded within a matrix,
where the boulder configuration is obtained as the result of a
gravitational collapse calculated by an n-body dynamical
simulation using pkdgrav (Richardson et al. 2000), for a
boulder size distribution consistent with the measured size–
frequency distribution on the surface of Dimorphos (Pajola
et al. 2023). Some boulders are removed and replaced by a
matrix, in order to vary the volume fraction occupied by
boulders. Three boulders at the impact site are modeled
explicitly, using the global digital terrain model from Daly
et al. (2023). For the Bern SPH simulations used in the present
work to determine point-source scaling relations for the DART
impact, the rubble pile model of Dimorphos had a volume
fraction of boulders of 30%, and the bulk density was
2350 kg m−3. The boulders had 10 MPa tensile strength and
microporosity 10%, while the matrix had cohesive strength in
the range 0–500 Pa and porosity 45%. The coefficient of
internal friction was f= 0.55. The Bern SPH numerical
simulations and results are described by Raducan et al.
(2024), and more information on the point-source scaling of
the DART impact is given in Appendix B.

2.2. Ejecta Plume Optical Depth

The ejecta plume optical depth along LOSs from LICIACube
is calculated by the method of Cheng et al. (2022). The DART
impact ejecta are modeled as moving from the impact point on
the surface of a cone as sketched in Figure 1, within a small
range of ejection angles α measured to the target surface, that
is, within the range a a da+,( ). The ejection angle α= 25°,
so the cone opening angle is 130° full width, consistent with
the Hubble Space Telescope (HST) measured opening angle
125° ± 10° (Li et al. 2023) and the LICIACube observation
140° ± 4° (Deshapriya et al. 2023; Dotto et al. 2024). For
ejecta imaged within a few kilometers of the impact site, ejecta
are considered to be released on rectilinear trajectories at
constant speed. If, at the time t relative to the DART impact
time, the LOS for an image pixel intersects the ejecta cone at
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radial distance r from the impact site, then those ejecta were
released at velocity v= r/t. This approximation considers
ejecta always to be released from the origin at the impact
site and thereby neglects the size and depth of the impact
excavation or deformation compared to the radial distance r.
At the intersection of the LOS with the ejecta cone, the annular
volume element is written as p a d da= r rvolume 2 cos2 ,
and the path length through the intersection is written as
path= γ r δα, where γ> 1 accounts for obliquity. The ejecta
mass within the annular volume element is d =rmass in

drdM v

dr
ej( )

, which is found from numerical differentiation of

the cumulative mass distribution Mej(v). An LOS integration
gives the optical depth contribution from the intersection
(Cheng et al. 2020, 2022)

t
d g da

p ad da

g

p a

=

=

r r

r r
Q

r
Q

optical depth
2 cos

2 cos
, 1

dM v

dr

dM v

dr

2
area

mass

area

mass

ej

ej

( )

( ) ( )

( )

( )

where the factor area

mass( ) is the total geometric cross section per
unit mass of ejecta. The factor Q is the scattering or extinction
efficiency, relating the geometric cross-section area to the
scattering or extinction cross section, respectively. Here we
simply adopt an extinction efficiency Q= 2 for ejecta particles
large compared to the wavelength (Hansen & Travis 1974;
Cheng et al. 2022). The obliquity γ is found using the normal
vector to the ejecta cone at the intersection of the LOS with the
cone (Cheng et al. 2022).

The total geometric cross section per unit mass area

mass( ) is
calculated from the ejecta particle size distribution. Previous
work (Cheng et al. 2020, 2022) assumed an Itokawa size
distribution (Mazrouei et al. 2014; Tancredi et al. 2015), but
the present work adopts a broken power-law size distribution
consistent with HST observations of the DART ejecta (Li
et al. 2023). Namely, the differential number of particles is
n(s)= n0 s

−3.9 in the diameter range from s1= 2 m to s2=
0.001 m, and it is n(s)= 3.981× 103n0 s

−2.7 in the diameter range
from s2= 0.001 m to s3= 3× 10−5 m. The area of particles is

ò p=A ds s n s 4d s

s 2

3

1 ( ) , and the volume is ò p=V ds s n s 6d s

s 3

3

1 ( ) ,

yielding = =
r

0.1007A

V

area

mass
d

g d
( ) m2 kg−1 for an assumed particle

density ρg= 3000 kgm−3.

3. LICIACube LUKE Images of Ejecta Plume

This work will analyze LICIACube plume images obtained
by the LICIACube Unit Key Explorer (LUKE) camera. The
LUKE camera (Dotto et al. 2021) is a multispectral visible
imager at f/5 with an RGB Bayer pattern filter on the focal
array. The instantaneous field of view is 78 μrad pixel−1, for a
ground sampling distance of 4.5 m at 58 km range. The full
image field of view is 9°.2× 4°.9.

Figure 2 shows the image liciacube_luke_l2_1664234222_
00002_01, acquired 158 s after the DART impact, written as T
+158 s. This is the R-plane of the RGB LUKE image (Dotto
et al. 2024). It is a 0.2 ms exposure obtained at a range to
Dimorphos of 82 km from inside the ejecta cone. The pixel
scale is 6.4 m pixel–1. Figure 2 is annotated to show the b and z
directions (b is in the direction of xb in Figure 1). The DART

incident direction is 44°.8 from the image plane of sky (a vector
from the impact site to DART points out of the page). The
direction to the Sun is 47°.4 from the plane of sky (also out of
the page), with the solar phase angle 43°.2.
Figure 3 shows brightness profiles (labeled a–c) across the

sunlit limb and the terminator on Didymos without the ejecta
plume, for comparison with profiles across Dimorphos and the
ejecta plume, where the ejecta plume is seen in front of the
terminator and limb. In profile a, the steep rise and fall of
brightness at the Didymos terminator and the sunlit limb,
respectively, are contrasted with the more extended and
gradually sloping brightness rise and fall in the corresponding
profile d, indicating that the terminator and the sunlit limb of
Dimorphos are not visible but are completely obscured by the
optically thick ejecta plume. Likewise, comparison of profiles b
and e shows a steep rise and fall of brightness at the terminator
and limb of Didymos (profile b), versus a more gradually
sloping brightness profile at Dimorphos (profile e), indicating
that the limb and terminator are both completely obscured by
an optically thick plume. Profile b above pixel distance 163 at
Didymos shows evidence of an emission region (marked
“glare”) near the subsolar point (Mazzotta Epifani et al. 2023),
as well as the steep drop in brightness above pixel distance 158
at the sunlit limb at Didymos. Profile f at Dimorphos, above
pixel distance 167, shows a similarly steep dropoff to those at
the sunlit limb of Didymos in profiles b and c, indicating that
the sunlit limb of Dimorphos is seen in profile f, partly
obscured by ejecta above pixel distance 170.
The brightness profiles d–f in Figure 3 provide evidence that

the ejecta plume is optically thick at low altitudes <200 m
above Dimorphos. Additional evidence is found in the
maximum brightness (∼0.7 DN) seen in the ejecta plume
(profiles d and e), which is similar to the peak brightness values
seen on Didymos in profiles a–c, suggesting high optical
thickness in the low-altitude ejecta plume. The highest
Didymos brightness values, in profiles b and c near pixel
distances 150–160, occur on sunward-facing slopes and are
similar to the highest brightness values seen on Dimorphos
(profile f, pixel distances 163–168).
Figure 3 provides further evidence for an optically thick

plume in the form of plume shadow regions, which are
shadowed from the Sun by more sunward plume material. A
Z-shaped dark region is seen in the T+158 s plume image,
where the DART incident velocity direction (close to the ejecta
cone axis) and the solar direction are such that the Z-shaped
dark regions are shadowed by more sunward ejecta in the cone.
Profile d encounters the Z-shaped plume shadow three times,
causing sharp drops in brightness (near pixel distances 167,
175, and 181), and profile e encounters the plume shadow once
near pixel distance 164. The appearance of the plume shadow
region is similar to the shadow regions seen on Didymos
caused by topographic features (e.g., in profile b near pixel
distances 91 and 115).
Figure 4 shows the departure image liciacube_luke_l2_

1664234239_01003_01 acquired at T+175 s, with annotations
to indicate the b and z directions (b is in the direction of xb in
Figure 1) and to show a 200 m scale bar at the distance of
Dimorphos. Figure 4 shows the R-plane of the RGB LUKE
image (Dotto et al. 2024). This was a short-exposure, 0.3 ms
image acquired at a range to Dimorphos of 74.5 km, showing
Dimorphos in front of the ejecta plume. The pixel scale is
5.8 m pixel−1. In this image, the DART incident direction is
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−38°.2 from the plane of sky (direction to DART is into the
page). The direction to the Sun is 6° from the plane of sky (out
of page), with the solar phase angle 85°.

The T= 175 s image in Figure 5 shows an annular dark
region around Dimorphos, identified as a plume shadow (Dotto
et al. 2024), where the low-altitude plume is shadowed by more
sunward plume material. This shadowing is possible on the
near side of the ejecta cone closer to LICIACube, with the solar
direction only 6° out of the plane of sky and with the DART
velocity 38°.2 outward from the sky plane. The dark annular
region around Dimorphos cannot be an empty void region,
because if it were empty, the other side of the ejecta cone
(farther from LICIACube) should be visible and would appear
bright. The same annular region was imaged only 17 s earlier at
T+158 s (in Figure 3), and optically thick plume material is
seen there. With the annular region both shadowed and
optically thick, it would appear dark as in the T+175 image.

Figure 5 shows brightness profiles (labeled a–b) across the
sunlit limb and the terminator on Didymos without the ejecta
plume, for comparison with profiles (labeled c–d) across
Dimorphos and the ejecta plume, with Dimorphos in front of,
and partly obscuring, the ejecta plume. The profiles are oriented
in the projected solar direction to study limb and terminator
brightness. Profile a shows a steep rise and fall of brightness at
the sunlit limb and the terminator of Didymos, respectively,
along with sharp brightness dips in the shadow regions of
craters. These features are compared with those in profile d
through the ejecta plume (pixel distance <60), then the shadow
around Dimorphos (pixel distance ∼68), and finally across the
sunlit limb (pixel distance ∼71) and terminator (pixel distance
∼81) on Dimorphos. The steepness of the brightness drop
entering the plume shadow (slope near pixel distance 64 in
profile d) is similar to that seen for topographic shadows on
Didymos (e.g., in profile a, near pixel distances 81 and 115).
The plume shadowing indicates that the plume is optically

thick. The similar peak brightness of the ejecta plume and of
Dimorphos in profile d also supports an optically thick plume.
The brightness profile c indicates that the peak brightness seen
in the plume (pixel distance ∼112) exceeds that seen on
Dimorphos. Profile c, which is on the plume only, also crosses
a plume terminator (pixel distance ∼117). This plume
terminator is parallel to the Dimorphos terminator and is
sharply defined up to ∼200 m from Dimorphos. It is inferred
that the ejecta plume at T+175 s is optically thick up to plane-
of-sky distance ∼200 m from Dimorphos.

4. Ejecta Plume Optical Depth Profiles

Figure 6 shows the DART impact ejecta mass–velocity
distributions M(v) from point-source scaling for four target
cases, in which the strength Y takes four values from 5 Pa to
5 kPa, with other scaling parameters and target properties held
constant. The strength–gravity transition for the DART impact
onto Dimorphos is at strength Y= 4 Pa (Raducan et al. 2024;
see also Appendix B). The DART impact is in the strength
regime in all four cases, but the Y= 5 Pa case is near the
strength–gravity transition.
Figures 7 and 8 show extinction optical depth profiles of τ

versus the distance b, calculated for four positive values of z0.
The plume optical depth model is symmetric in±z, so that
t t= -b z b z, ,0 0( ) ( ). The optical depth profiles are calculated
using the point-source scaling Mej(v) distributions of Figure 6.
Figure 7 shows optical depth profiles for the two low-

strength target cases, 5 and 50 Pa, at the two image times T
+158 s and T+175 s. In both target cases the DART impact
would be in the strength regime, although the 5 Pa case is close
to the strength–gravity transition. The profiles for the 5 and
50 Pa target cases are very similar, showing small decreases in
τ, on the order of 10%, going from 5 to 50 Pa strength, with
larger decreases occurring closer to Dimorphos. This is

Figure 2. Left: LUKE image at T+158 s, before closest approach. LICIACube is inside the ejecta cone. Didymos is the larger body at upper left, with Dimorphos and
the ejecta plume at bottom. The scale bar at the distance of Dimorphos and directions of b and z axes are shown. Right: projected north celestial pole direction
indicated by NCP. The solar illumination direction is indicated by the solar symbol (solar direction is 47°. 4 out of the page). Viewing direction from HST is indicated
by HST. The dotted red line is the DART incident trajectory (incident velocity vector directed 44°. 8 into the page). The orbit of Dimorphos is shown in blue, as is
positive rotation and orbital pole. The orange bar shows the direction of Dimorphos orbital motion.
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expected given the similar Mej(v) in Figure 6 for the 5 and
50 Pa cases. There is only a subtle decrease in Mej(v) at the
lowest velocities going from 5 to 50 Pa. In both target cases,
this decrease leads to small dips in the optical depth τ occurring
near the origin b= 0 at T+175 s, but these small dips are not
observable because Dimorphos is in front of the plume.

Figure 8 shows optical depth profiles for the two higher-
strength target cases, 500 and 5000 Pa, at the two image times
T+158 s and T+175 s. Both of these target cases lead to a
strength-controlled DART impact, where the increased target
strength leads to more pronounced dips in optical depth near
the origin at both T+158 s and T+175 s. The dip in τ within
∼40 m of the origin at T+158 s, for the 5 kPa target case, is an
observable feature and should have been seen in Figure 2 as a
clearing of the plume at low altitude or a plume detachment
from Dimorphos. On the other hand, the dip in τ near the origin
at T+158 s for the 500 Pa target is not an observable feature, as
it is barely resolved (∼3 pixels in extent), and the plume
remains optically thick despite the dip.

At T+175 s in the 500 Pa target case in Figure 8, the optical
depth profiles indicate an optically thick plume, meaning τ 1,

out to ∼200 m from the origin, for both positive and negative b.
This is consistent with the observations of terminators and
plume shadows in Figure 4. However, at T+175 s in the
5000 Pa case, the optical depth drops to values τ 0.4, no
longer optically thick, near b≈−200 m. Hence, the optical
depth profiles in the 5000 Pa case are inconsistent with the
observations of terminators and plume shadows in Figure 4,
which indicate an optically thick plume out to ∼200 m from the
origin.
Thus, the plume optical depth profiles for 5, 50, and 500 Pa

are all very similar, with the two-order-of-magnitude increase
in target strength leading to less than a factor of 2 decrease in
plume optical depth at b=±100 m. However, the further
increase in target strength by only one order of magnitude, to
5000 Pa, leads to another factor of 3 decrease in optical depth at
b=±100. This more dramatic decrease in plume optical
thickness can be understood from comparing the Mej(v) curves
shown in Figure 6, where the effect of increased target strength
on Mej(v) is seen. Namely, in these strength-controlled cases,
the target strength arrests the growth of the crater, so that no
more ejecta are released below a cutoff velocity, which is

Figure 3. Brightness profiles across limbs and terminators of Dimorphos and Didymos, showing DN radiance in arbitrary units vs. pixel distance measured from top to
bottom along image lines marked a–f. Profiles a–c are across the terminator (lower pixel distance) and sunlit limb (higher pixel distance) of Didymos, without ejecta
plume. Profiles d–f are across the ejecta plume and/or Dimorphos. Dimorphos is partly obscured by the ejecta plume. Profile b above pixel distance 160 shows glare,
indicating an excess emission region above the subsolar limb of Didymos. Profiles d and e pass through a Z-shaped plume shadow, in the T+158 s image, between
pixel distances 160 and 180. The distance 200 m is 31 pixels.
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Figure 4. Left: LUKE image acquired at 175 s after DART impact, after closest approach. LICIACube is on departure trajectory. Dimorphos is in front of the ejecta
plume. Annotations and scale bar are as in Figure 2. The solar direction is 6° out of the page. The DART incident velocity is directed 38°. 2 out of the page.

Figure 5. Brightness profiles across limbs and terminators of Dimorphos and Didymos, showing DN vs. pixel distance measured from left to right along image lines
marked a–d. Profiles a–b are across the terminator and sunlit limb of Didymos, without ejecta plume. Profiles c–d are across the ejecta plume and/or Dimorphos.
Dimorphos is in front of the ejecta plume. Profile b below pixel distance 50 shows glare, indicating an excess emission region above the subsolar limb of Didymos.
The arrow marks the extent of the sharply defined terminator, ∼200 km above Dimorphos. The distance 200 m is 34.5 pixels.
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∼10 cm s–1 at 50 Pa but is ∼1 m s–1 at 5000 Pa. The total
ejected mass also decreases for the higher-strength cases (see
Table 1). There is about a factor of 5 decrease in total ejected
mass going from 5 to 500 Pa, but there is another factor of ∼5
decrease going from 500 to 5000 Pa.

The predicted crater radius and momentum enhancement
factor β, for the DART impact into Dimorphos in the scaling
law model with these four target cases, is summarized in
Table 1. The crater radius is obtained from Equation (B2), the
total ejected mass is the mass Mej released above 10 cm s−1,
and β is calculated by numerical integration over the ejecta
mass–velocity distribution (Cheng et al. 2016). In the case of
5 Pa target strength, a weak target for which the DART impact
is strength controlled, a large crater radius is predicted, large
enough that target curvature is important (crater diameter is
comparable to target body radius). In this case, the result of the
DART impact is not a well-defined crater but a global
deformation and reshaping of Dimorphos (Raducan &
Jutzi 2022; Raducan et al. 2022, 2024). In the higher-strength
cases 50–5000 Pa, a strength-controlled DART impact would
lead to a cratering event.

5. Discussion and Conclusions

A high momentum enhancement factor β for asteroid
deflection by kinetic impact was demonstrated by the DART
impact on Dimorphos, where β was found to range from 2.2 to
4.9, scaling with the density for a Dimorphos density range of
1500–3300 kg m−3 (Cheng et al. 2023). However, numerical
studies have shown that the value of β does not uniquely
determine target material properties (like strength or bulk
density) or structural properties (like mass fraction of boulders
vs. matrix in the interior), but different combinations of these
properties can yield the same β for a kinetic impact (Raducan
et al. 2019, 2020; Stickle et al. 2022 and references therein). It
is important to constrain target material properties and
structural properties, in order to understand kinetic impact

processes and to make kinetic impact a reliable mitigation
technique for planetary defense.
The DART impact and impact ejecta were monitored by the

LICIACube spacecraft, which flew by the Didymos system
with closest approach time delayed by 167 s from the DART
impact time (Dotto et al. 2021, 2024). Point-source scaling
models of the ejecta plume structure and temporal evolution as
imaged by LICIACube can be used to constrain target physical
properties like strength and porosity (Cheng et al. 2020, 2022).
In these models, the ejecta plume structure as it evolves over
time is determined by the ejecta mass versus velocity
distribution Mej(v), which is strongly dependent on target
material properties like strength and porosity, making the
LICIACube ejecta plume images a powerful diagnostic of the
DART impact.
Images of the impact ejecta plume obtained by LICIACube

LUKE are compared to models of the ejecta plume optical
depth calculated by the method of Cheng et al. (2022), with
two significant modifications. The first modification is that
DART impact ejecta are described using new point-source
scaling relations that are derived from fitting of results from
Bern SPH numerical simulations (Raducan et al. 2024; see
Appendix B) of the DART impact into rubble pile asteroid
models. These numerically derived scaling relations replaced
those used in earlier work that were fitted to results of
laboratory experiments (Housen & Holsapple 2011). The
scaling relations proposed by Cheng et al. (2022) for a
gravity-controlled DART impact into a sand target, with
strength Y= 1 Pa, predicted β= 1.62, far below the nominal
value b s= -

+3.61 10.25
0.19 ( ) found for the DART impact (Cheng

et al. 2023). The second modification to the method of Cheng
et al. (2022) is that the plume optical depth model is calculated
using a broken power-law ejecta particle size distribution
derived from HST observations of the dust tail from the DART
impact (Li et al. 2023), replacing the single power-law, Itokawa
particle size distribution used in earlier work. The broken

Figure 6. Cumulative mass M vej( ) ejected above velocity v, for four target cases with strength from 5 Pa to 5 kPa. The ejecta cumulative mass curves for these cases
appear in order of increasing strength from top to bottom at the lowest velocities under 1 m s−1. That is, M vej( ) is greatest for the lowest target strength case and least
for the highest-strength case. The total ejected mass is similarly greatest for the lowest-strength case.
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power-law ejecta size distribution in the present work assumes
no velocity dependence of the size distribution.

The point-source scaling models of the impact ejecta plume
optical depth evolution are used to distinguish the Dimorphos
strength consistent with the high momentum transfer efficiency
of the DART impact and with LICIACube ejecta plume
imaging. Two of the highest-resolution LICIACube LUKE
images of the impact ejecta plume are analyzed in this way,
those acquired at T+158 s, 9 s before LICIACube closest
approach, and at T+175 s, 8 s after closest approach. The T
+158 s image shows no evidence for plume detachment, or
clearing of plume opacity at low altitude above Dimorphos. Of
the plume optical depth profiles shown in Figures 7 and 8,
those at 5, 50, and 500 Pa are consistent with this observation,
but the 5000 Pa profiles in Figure 8 are not consistent, due to
the sharp decrease in τ near the origin. The T+175 s image
shows terminators and shadows in the ejecta plume, indicating
that the plume is optically thick up to ∼200 m from
Dimorphos. The plume optical depth profiles at 5 and 50 Pa in

Figures 7 and 8 are consistent with this observation, and the
500 Pa profiles are marginally consistent, but the 5000 Pa
profile in Figure 8 is not consistent.
On the basis of the LICIACube LUKE imaging of the impact

plume, the 5000 Pa target strength case is excluded, but the
lower-strength cases at 5, 50, and 500 Pa are not. The same
point-source scaling models of the ejecta plume also determine
the momentum enhancement factor β, the crater radius, and the
total ejected mass, which are shown in Table 1. The β values
for the 5 and 50 Pa cases in Table 1 are close to the nominal
value b s= -

+3.61 10.25
0.19 ( ) reported by Cheng et al. (2023),

while the β= 2.74 in Table 1 for the 500 Pa case would
be marginally consistent for a low-density Dimorphos
(∼1700 kg m−3). The 5000 Pa case in Table 1 is again
excluded because the β value is too low. Consideration of
the total ejected mass values in Table 1 leads to a similar
conclusion. From ground-based telescopic observations of
DART impact ejecta in the visible, Graykowski et al. (2023)
estimated a total ejected mass of (1.3–2.2)× 107 kg. From

Figure 7. Extinction optical depth profiles for 5 and 50 Pa target cases, at image times T+158 s and T+175 s. Image resolutions are indicated. The plume optical depth
model is symmetric in z. Top row: profiles for the 5 Pa case at T+158 s and T+175 s. Bottom row: profiles for the 50 Pa case at the same two times. The peak optical
depth value is greatest at z0 = 0 and takes lower values for larger z0.
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Atacama Large Millimeter/submillimeter Array millimeter-
and submillimeter-wave observations of the DART impact
ejecta, Roth et al. (2023) estimated a total ejected mass of
(0.9–5.2)× 107 kg. The total ejected mass Mej in Table 1 for
the 5 and 50 Pa cases is fully consistent with these
observational results, while the Mej for the 500 Pa case is
marginally too low, and the Mej for the 5000 Pa case is an order
of magnitude too low and is inconsistent with observations.

In conclusion, the observations of the impact ejecta,
including both ground-based observations and LICIACube
in situ observations, and the high momentum transfer
efficiency, determined from the orbital period change, are
consistent with models of the impact ejecta from the DART
impact into a rubble pile Dimorphos, whose impact strength is
less than or equal to ∼500 Pa. The 5 and 50 Pa target cases
provide the overall best fit to observations, with similar

Figure 8. Extinction optical depth profiles for 500 and 5000 Pa target cases, at image times T+158 s and T+175 s. Image resolutions are indicated. Top row: profiles
for the 500 Pa case at T+158 s and T+175 s. Bottom row: profiles for the 5000 Pa case at T+158 s and T+175 s. The peak optical depth value is greatest at z0 = 0 and
takes lower values for larger z0.

Table 1
DART Impact Outcomes from Point-source Scaling

Target Strength Y 5 Pa 50 Pa 500 Pa 5000 Pa

Crater radius R 40.74 ma 24.27 m 14.45 m 8.61 m
Total ejected mass Mej 4.06 × 107 kg 2.34 × 107 kg 6.48 × 106 kg 1.39 × 106 kg
Momentum enhancement factor β 3.925 3.444 2.740 2.144

Note.
a From strength scaling, but global deformation is expected (Raducan & Jutzi 2022).
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predictions for plume optical depth profiles, β and Mej.
However, these cases make dramatically different predictions
for crater radius as shown in Table 1. Namely, the 50 Pa target
case predicts a crater radius of 24.27 m, while the 5 Pa target
case predicts an even larger crater radius, such that a global
deformation and reshaping of Dimorphos are expected instead
of crater formation (Raducan & Jutzi 2022; Raducan et al.
2022).

The European Space Agency Hera mission will rendezvous
with the Didymos system in late 2026 (Michel et al. 2022).
Hera will measure the mass of Dimorphos and determine its
density, thereby determining β from the DART impact, and it
will search for and measure the DART impact crater if it can be
identified. In so doing, Hera may infer a Dimorphos strength as
low as 10 Pa from the crater radius and morphology formation
(Raducan & Jutzi 2022; Raducan et al. 2022). Alternatively,
Hera will characterize the reshaping of Dimorphos, possibly
determining an even lower strength for Dimorphos, which may
be as low as strength 1 Pa. In that case, the strength of
Dimorphos would be similar to the strengths inferred for
asteroids Ryugu (Arakawa et al. 2020) and Bennu (Barnouin
et al. 2022; Jutzi et al. 2022; Zhang et al. 2022). Hera may
resolve whether the S-type asteroid Dimorphos has similar
strength to C-type Ryugu and B-type Bennu, or is significantly
stronger.
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Appendix A
Momentum Transfer Efficiency

When a kinetic impactor of mass m strikes a target at a
velocityU, the momentum transferred to the target of mass M,
written as MΔv, can exceed the incident momentum mU
because of momentum carried away backward by impact
ejecta. In general, the vector momentum transfer MΔv is not
collinear with the incident momentum vector mU because the
ejecta momentum vector is not antiparallel to the incident
direction. The momentum enhancement factor β is defined by
the momentum balance of the kinetic impact (Feldhacker et al.
2017)

bD = + -v U E U EM m m 1 , A1( )( · ) ( ) 

where the first term on the right-hand side is the incident
momentum and the second term is the net momentum of
escaping impact ejecta, which is along the unit vector E. This
definition of β can be reexpressed as the ratio of the
components along E of both the momentum transfer and the

incident momentum vectors, or

b =
DE v

E U

M

m
. A2

( · )
( · )

( )



Appendix B
Point-source Scaling Model of DART Impact

The ejecta plume model is based on point-source impact
scaling laws of Housen & Holsapple (2011) as applied by
Cheng et al. (2016, 2020, 2022) to the DART impact. A
spherical projectile of mass m and radius a impacts a half-space
target at velocity U and at normal incidence. The crater radius
R is nondimensionalized by target density ρ and projectile mass
m, such that the crater radius R, in the gravity-controlled
regime, is
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where the projectile density is δ, and where μ, ν, H1 are
dimensionless constant scaling parameters.
In the strength-controlled regime, the crater radius R is given

by
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where Y is the target strength. The scaling parameter μ depends
on target porosity and lies in the range 1/3< μ< 2/3, where
μ= 1/3 is the momentum scaling limit and μ= 2/3 is the
energy scaling limit. The scaling parameter ν enters via the
ratio of target to projectile densities r

d
, and ν is empirically

about 0.4 for any target material. The normalization of crater
size is given by H1 or H2 for gravity or strength scaling,
respectively. The transition between the gravity-controlled and
strength-controlled regimes occurs where Equations (B1) and
(B2) predict the same crater radius.
The ejecta plume mass versus velocity distribution is

described following Housen & Holsapple (2011). The
cumulative ejecta mass distribution Mej(v) is given parame-
trically in terms of the ejecta release radius x measured
horizontally from the impact point in the target surface. The
speed of ejecta v that are released at radial distance x from the
central point of impact, when nondimensionalized by the
incident velocity U, is
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with additional scaling constants C1 and p. The mass Mej

ejected from within x, which is also the mass ejected above the
corresponding speed according to Equation (B3), is
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The ejecta mass versus velocity distribution Mej(v) is defined
implicitly by Equations (B3) and (B4) and has a cutoff at high
ejecta velocity, corresponding to the cutoff at small x= n1a in
Equation (B4), and additionally a cutoff at low ejecta velocity
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corresponding to large x= n2R from Equation (B3). The
scaling parameters C1 and k normalize ejecta velocities and
ejecta mass, respectively.

Empirical values for the scaling parameters μ, ν, H1, H2, C1, k,
and p are derived from fitting the scaling relations to ejecta mass
and velocity distributions from laboratory experiments (Housen
& Holsapple 2011). However, the range of target materials that
can be tested in laboratory experiments is limited, and their
material properties cannot be varied independently. Numerical
simulations can be used to derive the scaling parameters for
impact conditions and target material properties for which
laboratory experimental results are not available (Prieur et al.
2017). Raducan et al. (2019, 2020) used iSALE-2D simulations
of the DART impact to derive the scaling parameters for a range
of target cases varying the cohesion (shear strength at zero
pressure) Y, coefficients of internal friction f, and porosity f.

Here we use point-source scaling parameters derived from the
shock physics code Bern SPH simulations of the DART impact
onto a rubble pile model of Dimorphos (Raducan et al. 2024).
These numerical simulations used a fast time integration scheme
to describe late-stage evolution, transitioning after passage of the
initial shock to modeling a material with low bulk modulus and
low sound speed. The projectile for the DART impact model is
modeled as a sphere of radius 0.517 m and density 1000 kg m−3

at mass 579.4 kg of the DART spacecraft, incident on the target
at 6145m s−1. The target bulk density is 2350 kgm−3.
Numerical resolution was such that simulations used 5.6× 106

SPH particles and 14.5× 106 SPH particles. The Tillotson
equation of state for basalt was used for the matrix and boulders.
The matrix response to shear was treated by a Lundborg

pressure-dependent strength model, with cohesion in the matrix
taking values in the range 0–500 Pa. The porosity model was a
P-α model. Boulders were explicitly modeled in the
SPH simulation down to a size of 2.5 m, and the boulder
volume fill fraction was 30%. Boulder tensile strength was 10
MPa. The coefficient of internal friction was f= 0.55 . The
strength–gravity transition occurred at Y0= 4 Pa.
The point-source scaling parameters obtained from fitting to

the Bern SPH simulations are shown in Table 2. The strength–
gravity transition occurs at Y= 4 Pa, the same as for the Bern
SPH simulation models.
Figure 9 shows the ejecta cumulative mass versus velocity

distribution Mej(v), calculated from the point-source scaling
parameters of Table 2 with target strength Y= 5 Pa. This
distribution was fitted to the distributions Mej(v) calculated from
Bern SPH models of the DART impact with two values for
target cohesion, Y0= 5 Pa and Y0= 50 Pa. The fit in Figure 9 is
best fit to the cumulative mass distribution at low velocities up to
v/U∼ 10−4, because the ejecta released at these low velocities
are responsible for forming the optically thick plume at low
altitude in the images studied in this work. The ejecta released at
much higher velocity up to v/U∼ 10−1, where the fit is off by a
factor ∼2, are ejecta seen at much higher altitudes or ejecta not
seen at all because they are outside the image field of view.
The parameter μ= 0.45± 0.02 in Table 2 is similar to the

value derived by Prieur et al. (2017), who found μ∼ 0.43 for
porous targets (porosity ∼30%) for cratering in the lunar
environment. Raducan et al. (2019) derived the same μ value
for ∼30% porosity for a DART-like impact but with target
material properties similar to those assumed by Prieur et al.
(2017). In addition, the benchmarking study of Luther et al.
(2022), comparing fits to the mass–velocity distribution from
three different simulations of the DART impact, found μ
∼ 0.41 for ∼30% porosity, which is slightly smaller than the
value found by Raducan et al. (2019), as would be expected
from the larger coefficient of friction considered by Luther
et al. (2022).

Figure 9. Cumulative distributions of ejected mass Mej(>v) vs. velocity v, where Mej(>v) is scaled by projectile mass and v is scaled by impact velocity. Orange and
blue curves show Bern SPH simulations with target cohesion Y0 = 5 Pa and 50 Pa, respectively. The dashed curve shows point-source scaling relations at cratering
strength Y = 5 Pa.

Table 2
Point-source Scaling Parameters for DART Impact Ejecta

υ μ n1 k H1 H2 n2 C1 p

0.4 0.45 ± 0.02 0.6 0.42 0.396 0.34 1.3 0.47 0.3
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The momentum enhancement factors β for the DART impact
calculated from the Bern SPH models (Raducan et al. 2024) are
as follows: at 5 Pa cohesion, β= 3.04; at 50 Pa cohesion,
β= 2.72. Table 1 shows for comparison the β factors from
point-source scaling using the scaling parameters of Table 2: at
5 Pa cohesion, β= 3.925; at 50 Pa cohesion, β= 3.444. The β
from the Bern SPH simulations is about ∼22% lower than the β
from the point-source scaling models, which is reasonable
considering that the SPH models included target curvature and
non-normal incidence angle effects, whereas point-source
scaling models did not (Raducan et al. 2024).
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