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The DART Mission:  The Double Asteroid Redi-

rection Test (DART) is NASA’s first planetary defense 
mission. The DART mission will launch in 2021 and tar-
get the binary system 65803 Didymos to provide a full-
scale test of a kinetic impactor for asteroid deflection 
[1]. The spacecraft  (Fig. 1) will impact the secondary of 
the Didymos system (Didymos-B) in October 2022 at ~6  
km/s. Earth-based measurements of the period change 
will provide a means to estimate the momentum en-
hancement factor, b, to determine the efficacy of deflec-
tion. The Didymos system provides an ideal case study 
for a kinetic impactor test because Didymos is an eclips-
ing binary, which enables accurate determination of 
small period changes by ground-based light curve meas-
urements [2]. Didymos-B is also at a realistic scale for 
planetary defense, with a diameter of ~160 m. Objects 
this size could cause regional destruction if they were to 
impact Earth.  

 
Figure 1. DART in its stowed (a) and deployed (b) configura-
tions. Dimensions of the deployed spacecraft are 2.1m (W) x 
18.9m (L) x 2.6m (H), including 22 m2 of roll-out solar arrays. 

 
The DART mission represents one half of the inter-

national Asteroid Impact and Deflection Assessment 
(AIDA) collaboration. AIDA is a collaborative effort 
between NASA and ESA comprised of independent, but 
mutually supportive, missions: DART and Hera. DART 
is a NASA-mission, while Hera [3] will be designed and 
flown by ESA. Hera will rendezvous with the Didymos 
system after the DART impact, make detailed measure-
ments of the system, and attempt to identify and visual-
ize the impact crater left by DART. 

An important part of DART mission development is 
determining the expected outcome of the impact, includ-
ing crater formation and momentum enhancement (b) 
from the impact. Impact modeling is an important tool 

for interpreting the results of the kinetic impact deflec-
tion, to infer the physical properties of the target aster-
oid, and to advance our understanding of impact pro-
cesses on asteroids. Here, we summarize efforts to 
model the effects of projectile structure on momentum 
enhancement. 

Introduction To Models: The DART Impact Mod-
eling Working Group is an international team providing 
modeling support to the DART mission. The team mem-
bers utilize shock physics hydrocodes to model the 
DART impact and to provide predictions for ejecta gen-
erated and potential deflection magnitude.  Several nu-
merical models are currently in use to model the DART 
impact, including CTH [4], iSALE [5,6], and adaptive 
SPH [7-12]. These codes have the ability to consider 
multiple materials and rheologies using a wide variety 
of material models and equations of state (EOS). 

Spacecraft Geometry Considerations:  Laboratory 
experiments suggest that impactor geometry can have an 
effect on the ejecta generation and momentum enhance-
ment from a kinetic impactor [13]. A priori knowledge 
of the DART spacecraft design and materials provides a 
partially constrained problem for numerical simulations. 
However, the nature of the spacecraft design (e.g., a 
large, under dense body with small pockets of higher-
density material), and the large solar arrays, make the 
projectile unlike the compact projectile (solid sphere or 
cylinder) that is normally modeled in experiments or nu-
merical simulations. Therefore, here we focus on mod-
eling the effects of an irregularly shaped impactor. 

2D Simulations: Two-dimensional simulations pro-
vide a method for building up intuition about spacecraft 
geometry effects without expending significant compu-
tational resources. To this end, a suite of 2D simulations 
was performed using CTH, Spheral, and iSALE to better 
understand the effects of projectile geometry on crater 
shape and momentum enhancement following a kinetic 
impact. A variety of simple shapes were chosen to rep-
resent the DART spacecraft: a solid sphere, a solid cyl-
inder, a thin-walled hollow cylinder, and a thin-walled 
hollow cylinder with a circumscribed thin-walled hol-
low sphere (to represent fuel tanks). 

Results of 2D simulations suggest that projectile 
shape has little effect on final momentum enhancement 
factor, b. Using iSALE, for example, a difference of 3-
7% in final b was calculated between the various projec-
tile shapes. In general, more compact and symmetric 

The DART observation timeline at Didymos can be split into three
phases:

a) Long-range phase: The long-range phase begins when the Didymos
system is first acquired by DRACO, ~30 days before impact, and
extends until the terminal phase begins. During this phase, DRACO
acquires a long-range suite of observations where the Didymos system
is mostly not resolvable. Light curve information complementary to
ground-based observations will be extracted from these images.

b) Terminal phase: The terminal phase begins with the initiation of
DART's autonomous navigation, ~4 h prior to impact, and extends
until the final phase begins. During this phase, the separation be-
tween Didymos A and B can be resolved, and DRACO images support
both autonomous navigation and characterization of Didymos A and
B.

c) Final phase: The final phase comprises the last ~2min of the DART
mission. During this phase, all DRACO images will be devoted to
characterization of Didymos B, as autonomous navigation will have
been completed. At ~17 s prior to impact, DRACO achieves its
requirement to image Didymos B at a pixel scale of !50 cm (with
2" 2 binned pixels). Higher-resolution images will continue to be
acquired in the final seconds of the mission. Planned real-time DSN
coverage enables downlink of these images to Earth, including all
images acquired 5 s before impact (down to ~15 cm 2" 2 binned
pixel scale) and earlier, and possibly including images acquired dur-
ing the final 5 s.

The imaging data collected by DRACO will address three main
objectives of the DART investigation team: (1) to refine pre-encounter
estimates of the Didymos A rotation rate and Didymos B orbit and
search for additional system members; (2) to characterize the global
shape and surface geology of Didymos A and B; and (3) to characterize
the local surface properties and slope of the DART impact site on
Didymos B. These objectives are described in more detail below. The
DRACO observation sequence will also be exercised during the flyby of
2001 CB21, seven months before the Didymos encounter (see Table 3).

4.1. Observe Didymos a rotation rate and didymos B orbit; search for
additional bodies

DRACO collects long-range images on approach, before the Didymos
system is resolvable. These images are needed for optical navigation to
the system, and together will be used to obtain light curve information at
viewing geometries complementary to those obtainable by ground-based
telescopes. Using approaches employed by previous studies (Pravec et al.,
2006; Viikinkoski et al., 2015; Weaver et al., 2016), these lightcurves will
tighten constraints on the rotation rate and shape of Didymos A, and the
orbital period and shape of Didymos B. In addition, these long-range
images will be used to search for any additional satellites.

4.2. Characterize the global shape and surface geology of Didymos A and B

In the current imaging plan, about 45min before the DART impact,
Didymos B becomes a resolved object in DRACO images. Images con-
taining both Didymos A and B are planned to continue until ~4min prior
to impact, when the 2" 2 binned pixel scale is 7 m. After this time,
portions of Didymos A will extend beyond the DRACO field of view as the
DART spacecraft continues to advance toward Didymos B. The final
planned images containing small portions of Didymos A will be acquired
~2min prior to impact, with a pixel scale of 3.5 m.

Shape models of Didymos A and B will be produced from the images
using stereophotoclinometry (SPC) (Gaskell et al., 2008). SPC combines
traditional stereo techniques with photoclinometry to estimate the
heights across small patches of the surface (called maplets) frommultiple
images acquired during approach. The impact trajectory limits stereo
information for the high-resolution images, but limbs will be incorpo-
rated to constrain maplet positions. The DART teamwill further constrain
the shapes of both Didymos A and B, in particular the portions not
observed by DRACO in high-resolution images, by incorporating light
curve data collected both during the long-range phase and by
ground-based observations. The shape modeling effort will also take
advantage of changes in surface illumination observed as Didymos A
rotates and Didymos B orbits for the ~1 h of resolved imaging when the
pixel scale is too large to contribute to maplets topography. SPC has been
successfully used to construct shape models from small body flybys (e.g.,
Steins, Lutetia, Phoebe), and Sierks et al. (2011b) demonstrate that for
Lutetia, the combination of constraints on rotation axis, ground-based
lightcurves, and an SPC-derived shape model produced a derived vol-
ume with less than 10% error.

Resolved images that contain both Didymos A and B will allow
characterization of the shapes and large-scale geological properties of
both bodies, and will be sufficient to map and measure features such as
craters and large blocks, and to assess the distribution of smooth versus
rough terrain and albedo variations. The images will enable comparisons
between the two bodies, which will be important to interpret the origin
and evolution of the binary system. In addition, the images will allow
comparisons to similarly sized asteroids that have been (or will have
been) visited by spacecraft: Itokawa (visited by Hayabusa); Ryugu and
Bennu (the targets of Hayabusa2 and OSIRIS-REx, respectively). The
radar shapemodel of Didymos A is similar to the top-like shapes of Bennu
and the 1999 KW4 (66391) primary. These shapes may result from a
common spin-up mechanism driven by thermal YORP (Walsh et al.,
2008; Jacobson and Scheeres, 2011) whichmay lead to binary formation.

The surface of Itokawa was revealed to have few craters, but
numerous blocks (Fujiwara et al., 2006). In this case, the size-frequency
distribution of craters provides a broad range of possible surface ages
(Michel et al., 2009). On very small objects like Didymos A and B, blocks
are likely to be more numerous than craters, andmay serve as better tools
to assess the surface processes on these asteroids. Assessments of block
shapes (e.g., Michikami et al., 2010, 2016; Noguchi et al., 2010; Marshall
and Rizk, 2015) and size-frequency distributions (e.g., Michikami et al.,
2008; Mazrouei et al., 2014; Noviello et al., 2014; Tancredi et al., 2015)

Fig. 4. DART in its stowed (a) and deployed (b) configurations. In both con-
figurations the gimballed NEXT thruster is at top and the DRACO imager is at
bottom (hidden). Dimensions of the spacecraft box are
1.14m" 1.24m" 1.32m, where the edge closest to the viewer in panel (a) is
1.24m. The edge closest to viewer in panel (b) is 1.14m. DART has 22m2 roll-
out solar arrays, 12 hydrazine thrusters, a radial-line-slot array high-gain an-
tenna, two low-gain antennas, a star tracker, and 5 Sun sensors.
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impactors provided better coupling to the target and re-
sulted in higher b, though the effect is small. In contrast, 
the projectile shape did affect early ejecta behavior and 
crater size. The amount of early ejecta and the ejection 
angle vary significantly with impactor geometry, even 
in simplified 2D simulations. Again, more compact pro-
jectile resulted in more symmetric craters. This was seen 
across all simulations. 

3D Simulations: While 2D models provide im-
portant intuition, the actual DART impact is inherently 
a 3-dimensional problem. The spacecraft is not symmet-
ric (Fig. 1) and will (most likely) not impact Didymos-
B at a 90-degree angle. Therefore, 3D models are neces-
sary to fully understand the effects of the spacecraft ge-
ometry on the DART impact. 

Effects on b.  While there is not a large difference, 
simulations suggest a trend for more compact impactors 
to liberate more mass and momentum (Fig. 2). Because 
b is a function of the ejecta momentum, this could affect 
the overall measure of momentum enhancement. The in-
itial simulations considered here, however, show that the 
difference in ejecta behavior is not large and thus it has 
only a small effect on b. 

 
Fig. 2. Results of Spheral simulations for three different pro-
jectile geometries: a solid sphere, a solid cube, and a simplified 
DART spacecraft.  

Effects on Crater Shape.  Initial simulations includ-
ing realistic spacecraft geometries show effects on crater 
shape and size at early times (Fig. 3, 4); these effects 
tend to become more measured at late times. In all cases, 
when solar panels are included, the final crater is more 
asymmetric than when a compact sphere or cube is used 
as the projectile (Fig. 3). The asymmetric interior struc-
ture of the DART spacecraft has significant effects on 
the early-time evolution and shock wave structure fol-
lowing impact (Fig. 4). Simulations suggest the final 
crater floor will likely be somewhat affected by the roll-
angle of the spacecraft at impact. 

Discussion: Spacecraft geometry affects ejection an-
gle in both experiments [13] and numerical simulations, 
which could have implications for the expected momen-
tum enhancement. Initial simulations in support of 
DART suggest that spacecraft geometry and impact 

conditions will affect crater shape and depth more than 
momentum enhancement, though. 2D simulations found 
<6% change in momentum enhancement when a variety 
of impactor geometries were considered. 3D modeling 
is ongoing, but initial simulations suggest that the effect 
will be significant at early times and in early ejecta be-
havior, but that these effects may lessen at late times. 

 
Figure 3. Spheral simulations showing effects on spacecraft 
geometry for oblique impacts. Large solar arrays lead to asym-
metric craters, especially for oblique impacts. For high-angle 
impacts, this asymmetry largely disappears at late times. (top) 
3D views of the crater growth, (bottom) slice through the mid-
dle of the target, showing crater shape. 

 
Figure 4. CTH simulations showing effects of DART space-
craft geometry on crater formation. (a) Simulation showing 
fracturing of spacecraft upon impact. (b) Slice through the cen-
ter of the impact, showing asymmetric excavation and shock 
wave at early times; (c) later time evolution of crater shape. 
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