
 

Permanent link to this version 

http://hdl.handle.net/11311/1174283 
 
 

 
RE.PUBLIC@POLIMI 
Research Publications at Politecnico di Milano 
 

  
  

 
 
Post-Print 
 
 
 
This is the accepted version of: 
 
 
E. Dotto, V. Della Corte, M. Amoroso, I. Bertini, J.R. Brucato, A. Capannolo, B. Cotugno, G. 
Cremonese, V. Di Tana, I. Gai, S. Ieva, G. Impresario, S.L. Ivanovski, M. Lavagna, A. 
Lucchetti, E. Mazzotta Epifani, A. Meneghin, F. Miglioretti, D. Modenini, M. Pajola, P. 
Palumbo, D. Perna, S. Pirrotta, G. Poggiali, A. Rossi, E. Simioni, S. Simonetti, P. Tortora, M. 
Zannoni, G. Zanotti, A. Zinzi, A.F. Cheng, A.S. Rivkin, E.Y. Adams, E.L. Reynolds, K. Fretz 
LICIACube - The Light Italian Cubesat for Imaging of Asteroids In support of the NASA 
DART mission towards asteroid (65803) Didymos 
Planetary and Space Science, Vol. 199, 2021, 105185 (12 pages) 
doi:10.1016/j.pss.2021.105185 
 
 
 
 
 
The final publication is available at https://doi.org/10.1016/j.pss.2021.105185 
 
Access to the published version may require subscription. 
 
 
 
 
When citing this work, cite the original published paper. 
 
 
 
 
© 2021. This manuscript version is made available under the CC-BY-NC-ND 4.0 license 
http://creativecommons.org/licenses/by-nc-nd/4.0/  



1 
 

LICIACube - the Light Italian Cubesat for Imaging of Asteroids  

In support of the NASA DART mission towards asteroid (65803) Didymos 

 

Dotto, E.
1
, Della Corte, V.

2
, Amoroso, M.

3
, Bertini, I.

4,2
, Brucato, J.R.

5
, Capannolo, A.

6
, Cotugno, B.

7
, 

Cremonese, G.
8
, Di Tana, V.

7
, Gai, I.

9
, Ieva, S.

1
, Impresario G.

3
, Ivanovski, S.L.

10
, Lavagna, M.

6
, Lucchetti, A.

8
, 

Mazzotta Epifani, E.
1
, Meneghin, A.

5
, Miglioretti, F.

7
, Modenini, D.

9
, Pajola, M.

8
, Palumbo, P.

4,2
, Perna, D.

1
, 

Pirrotta, S.
3
, Poggiali, G.

5,11
, Rossi, A.

12
, Simioni, E.

8
, Simonetti, S.

7
, Tortora, P.

9
, Zannoni, M.

9
, Zanotti, G.

6
, 

Zinzi, A.
13,3

, Cheng, A.F.
14

, Rivkin, A.S.
14

,  Adams, E.Y.
14

, Reynolds E.L.
14

, Fretz K.
14 

 

1
INAF Osservatorio Astronomico di Roma, via Frascati 33, 00078 Monte Porzio Catone (Roma), Italy. 

2
INAF Istituto di Astrofisica e Planetologia Spaziali, via Fosso del Cavaliere 100, 00133 Roma, Italy. 

3
Agenzia Spaziale Italiana, via del Politecnico, 00133 Roma, Italy. 

4
Università degli Studi di Napoli "Parthenope", Dipartimento di Scienze & Tecnologie , Centro Direzionale, Isola C4, 

80143 Napoli, Italy. 

5
INAF Osservatorio Astrofisico di Arcetri, Largo Enrico Fermi 5, 50125 Firenze, Italy. 

6
Politecnico di Milano - Bovisa Campus, Dipartimento di Scienze e Tecnologie Aerospaziali, via La Masa 34, 20156 

Milano, Italy.  

7
 Argotec, via Cervino, 52, 10155 Torino, Italy. 

8
 INAF Osservatorio Astronomico di Padova, Vicolo Osservatorio 5, 35122 Padova, Italy. 

9
Università di Bologna, DIN, viale Risorgimento 2, 40136 Bologna, Italy.  

10
INAF Osservatorio Astronomico di Trieste, via G.B. Tiepolo, 11 34143 Trieste, Italy.  

11
Università di Firenze, Dipartimento di Fisica e Astronomia, via Sansone 1, 50019 Sesto Fiorentino (Firenze), Italy

 

12
CNR Istituto di Fis ica Applicata “Nello Carrara”, via Madonna del Piano 10, 50019 Sesto Fiorentino (Firenze), Italy.  

13
Space Science Data Center-ASI, via del Politecnico, 00133 Roma, Italy. 

14 JHU/APL, 11100 Johns Hopkins Road, MS 200-E254, Laurel, MD 20723, USA 

 



2 
 

Keywords: kinetic impactor; NEA; binary asteroids; 65803 Didymos Dimorphos; planetary defense; asteroid impact 

hazards 

 

Abstract  1 

“LICIACube – the Light Italian Cubesat for Imaging of Asteroids” is managed by the Italian Space Agency 2 

(ASI) and will be part of the NASA DART mission, with the aim of i) documenting the DART impact’s effects 3 

on the secondary member of the (65803) Didymos binary asteroid system, ii) characterizing the shape of the 4 

target, and iii) performing dedicated scientific investigations on it. DART probe will be launched in mid 2021 5 

and LICIACube will be hosted as piggyback during the 15 months of interplanetary cruise, then released 10 6 

days before the impact, and autonomously guided along its fly-by trajectory. The LICIACube payload is 7 

composed by LEIA,  a narrow FoV camera, and LUKE, a wide FoV imager with an RGB Bayer pattern filter, 8 

that will collect and transmit to Earth several unique images of the effects of the DART impact on the asteroid, 9 

such as the formation and the development of the plume potentially determined by the impact.  10 

LICIACube will be the first deep space mission developed and autonomously managed by an Italian team: the 11 

design, integration and test of the CubeSat have been assigned by ASI to the aerospace company Argotec, while 12 

the LICIACube Ground Segment has a complex architecture based on the Argotec Mission Control Centre, 13 

antennas of the NASA Deep Space Network and data archiving and processing, managed at the ASI Space 14 

Science Data Center. The LICIACube team includes a wide Italian scientific community, involved in the 15 

definition of all the aspects of the mission: trajectory design; mission definition (and real-time orbit 16 

determination during operations); impact, plume and imaging simulation and modelling, in preparation of a 17 

suitable framework for the analysis and interpretation of in-situ data. The major technological mission 18 

challenge, i.e. the autonomous targeting and imaging of such a small body during a fast fly-by, to be 19 

accomplished with the limited resources of a CubeSat, is affordable thanks to a strong synergy of all the 20 

mentioned teams in support of the engineering tasks. 21 

 22 
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Introduction 23 

Besides being objects of great scientific interest, Near-Earth Asteroids (NEAs) also represent a potential threat 24 

to human life and civilization (for a review of such topics, see e.g. Perna et al., 2013). 25 

Several space mission concepts have been proposed to prevent the collision of a NEA on course towards Earth, 26 

most of them aiming to slightly deflect it from its catastrophic orbit. Among them, the so-called “kinetic 27 

impactor” is currently considered the most mature one (e.g., Rathke and Izzo, 2007). This technique is based on 28 

a momentum transfer imparted via an impactor spacecraft launched into an interplanetary intercept trajectory 29 

that crashes onto the asteroid at high velocity, changing its orbit. The NASA Deep Impact mission (A’Hearn et 30 

al., 2005) already demonstrated the technological capability to impact a small body at high velocity (10.3 km/s). 31 

However, no deflection of the heliocentric orbit could be measured in that case, also because of the very small 32 

impactor spacecraft (370 kg) with respect to the target comet Tempel 1 (equivalent diameter of about 6 km). 33 

The NASA Double Asteroid Redirection Test (DART) will be the first mission demonstrating the applicability 34 

of the kinetic impactor method for planetary defense (Cheng et al., 2018). After being launched in 2021, the 35 

DART spacecraft will impact Dimorphos, the secondary member of the (65803) Didymos binary asteroid, in 36 

autumn 2022. With a mass of 650 kg and an impact velocity of about 6.6 km/s, DART is expected to change the 37 

binary orbital period of the 160-m Dimorphos by about 10 minutes, an effect that can be easily measured by 38 

ground-based telescopes.  39 

The DART mission will carry the ASI Light Italian Cubesat for Imaging of Asteroid (LICIACube) as a 40 

piggyback (Figure 1): the 6U CubeSat will be released in the proximity of the target and will perform an 41 

autonomous fly-by of the Didymos system probing the DART impact and reaching several scientific goals, as 42 

described in the following sections. LICIACube will downlink images directly to Earth after the Didymos fly-43 

by. 44 

In the framework of the Asteroid Impact & Deflection Assessment (AIDA) collaboration, the data obtained by 45 

DART and LICIACube will be combined with those obtained by the ESA Hera mission, that will be launched in 46 
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2024 and will rendez-vous with Didymos in 2027 for a deeper characterization of the binary system and of the 47 

effects of the DART impact. 48 

Fig. 1. Logo of LICIACube 49 

 50 

1. Target 51 

The target of LICIACube is the (65803) Didymos system (provisional designation 1996 GT), discovered on 52 

1996 April 11 by the University of Arizona Steward Observatory's Spacewatch survey using its 0.9-meter 53 

telescope at Kitt Peak Observatory, Arizona. At epoch 2458959.5 (April 20, 2020), Didymos has the orbital 54 

parameters reported in Table 1 (based on the JPL Small-Body Database Browser) and it is classified as 55 

potentially hazardous asteroid (PHA). 56 

 57 

Table 1 58 

Orbital parameters of Didymos at epoch 2458959.5 - April 20 2020 (JPL Small-Body Database Browser) 59 

Semimajor axis 1.6446 au 

Eccentricity 0.383 

Orbital inclination 3.408° 

Orbital period 2.1 years (770.33 days) 

 60 
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Didymos is a binary system, as estimated for about 15% of the NEA population (e.g. Pravec et al., 2006). The 61 

presence of the secondary Dimorphos was confirmed with optical lightcurve analysis and Arecibo radar imaging 62 

in 2003 (Pravec et al., 2003), and the condition of low obliquity and retrograde rotator was later confirmed 63 

(Scheirich and Pravec, 2009; Osip et al., 2016; Rivkin et al., 2017; Thomas et al., 2018). The system’s  physical 64 

parameters are  reported in Table 2. 65 

 66 

Table 2 67 

Physical parameters of Didymos and Dimorphos (Fang and Margot, 2012; Michel et al., 2016; Cheng et al., 68 

2018; Pravec et al., 2006; 2012 ; 2016). 69 

Didymos rotation period Prot = 2.2600 ± 0.0001 hours 

Dimorphos orbital period Porb = 11.920 +0.004/-0.006 hours 

Distance between the center of Didymos and Dimorphos aorb = 1.18 +0.04/-0.02 km 

Total mass of the system  Mtot = (5.28 ± 0.54) × 10
11

 kg 

Mean absolute magnitude H = 18.16 ± 0.04 

Geometric Albedo 0.15 ± 0.04 

Diameter of Didymos DDidymos = 0.780 km (± 10%) 

Bulk density of Didymos  ρ = 2104 kg m
-3

 (± 30%) 

Shape of Didymos Spinning top 

Diameter of Dimorphos DDimorphos = 0.163 ± 0.018 km 

Bulk density Dimorphos Not known 

Assumed shape elongation of Dimorphos a/b = 1.3 ± 0.2 

Assumed shape of Dimorphos Egg-shaped 

 70 

The bulk density of the primary is compatible with known bulk density range for S-type objects (2000 – 2700 71 

kg m
-3

), and the S-type classification was recently confirmed (De León et al., 2010). Dunn et al. (2013) showed 72 
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that it is spectroscopically most consistent with ordinary chondrites, with an affinity for L/LL-type meteorites. 73 

The bulk density of the secondary is not known: models of asteroid satellite formation predict that moons should 74 

have similar or smaller densities than their primary body (Richardson and Walsh, 2006; Walsh et al., 2012), so, 75 

even if Dimorphos may be a rubble pile, it should be relatively compact and with a density close to Didymos. 76 

The rotation state of Dimorphos is not constrained by observations and may be unstable (tumbling). 77 

Using recent models of the Near Earth Objects (NEO) population (Granvik et al., 2015; 2016), Richardson et al. 78 

(2016) suggested some hypothesis about the dynamical origin of Didymos. The most probable is that the 79 

asteroid reached its current orbit by exiting the inner main belt near or within the ν6 resonance between 2.1–2.5 80 

au. Didymos likely originated from a high-albedo family (Nesvorny et al., 2015): its geometric albedo matches 81 

the mean albedo of the prominent Baptistina family in that zone, but its exact origin is still not clear, as several 82 

other families can be considered as plausible parents (e.g., Flora, Nysa, Massalia, Lucienne). For what concerns 83 

physical origin of Didymos, Walsh et al. (2008) showed that small binary asteroids are created by the slow 84 

spinup of a ‘rubble pile’ asteroid by means of the thermal YORP (Yarkovsky–O’Keefe–Radzievskii–Paddack) 85 

effect, but Didymos belongs to the special class of binary asteroids, whose primaries are at risk of rotational  86 

disruption.  87 

A mission to Didymos has therefore an importance per se, allowing us to investigate nature and origin of such a 88 

weird object.  Moreover, Didymos is an ideal test target for a Planetary Defense mission, since it poses no actual 89 

threat to Earth in the near-future, and the momentum transferred by DART is not high enough to change 90 

significantly the orbit of the binary system around the Sun; still, measuring the variation of the Dimorphos orbit 91 

about the primary body can be used as a demonstration of our capability to deflect the heliocentric orbit of a 92 

potential impactor threat, when this will be necessary.  93 

 94 

 95 

2. LICIACube: Science Objectives 96 
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DART and LICIACube will analyze for the first time the physical properties of a binary NEA, giving us the 97 

unique opportunity to investigate and understand its nature, and have hints on its formation and evolution. 98 

In particular, the images acquired by LICIACube will allow to study the structure and evolution of the ejecta 99 

plume produced by the impact, a fundamental task for the determination of the momentum transfer obtained by 100 

DART. LICIACube will also see both impact and non-impact sides of Dimorphos, performing observations of 101 

critical importance for modeling the outcome of the DART impact in terms of planetary defense science. 102 

The scientific objectives of LICIACube are: 103 

  Testify the DART impact; 104 

 Obtain multiple (at least 3) images of the ejecta plume taken over a span of time and phase angle, that, 105 

with reasonable expectations concerning the ejecta mass and particle size distribution, can potentially:  106 

o Allow measurement of the motion of the slow (< 5 m/s) ejecta: this requirement is intended as 107 

the possibility to acquire images at spatial scale better than 5 m/pixel, with the possibility to 108 

distinguish the movements of the slowest particles of the plume by the sequence of images. 109 

o Allow estimation of the structure of the plume, measuring the evolution of the dust distribution; 110 

 Obtain multiple (at least 3) images of the DART impact site with a sufficient resolution to allow 111 

measurements of the size and morphology of the crater. These images will be taken sufficiently late 112 

after the impact that the plume can be reasonably expected to have cleared; 113 

 Obtain multiple (at least 3) images of Dimorphos showing the non-impact hemisphere, hence increasing 114 

the accuracy of the shape and volume determination. 115 

 116 

3. Spacecraft Overview 117 

The LICIACube spacecraft design is based on a 6U CubeSat platform (i.e. HAWK), developed by Argotec in 118 

the framework of the ArgoMoon mission (Di Tana et al., 2018; 2019; Amoroso et al., 2019) for the Italian 119 

Space Agency (ASI), and customized to the LICIACube mission to achieve the specific mission objectives. 120 
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 121 

Fig. 2. 3D view (also with deployed Solar Array, top) of the LICIACube spacecraft, with the two payloads 122 

LEIA and LUKE onboard (see text). 123 

 124 

The satellite design has been optimized in order to fulfill the LICIACube scientific objectives: scientific payload 125 

has been therefore upgraded and adapted to the LICIACube mission profile in order to be able to acquire images 126 

of relatively distant celestial bodies (close approach  at ~55 km) with a spatial scale close to 1.4 m/px (at the 127 

minimum distance) and at the same time able to acquire images aimed at investigating the plume evolution; the 128 

Attitude Determination and Control Subsystem (ADCS) has been improved, due to the needs of more powerful 129 

actuators; a high-performance Propulsion System (PS) has been included in the design, in order to allow the 130 

satellite to perform the requested orbital maneuvers. 131 

 132 
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Table 3 133 

Design parameters of LEIA and LUKE 134 

  Focal length 
(mm) 

FoV 
(°) 

IFoV 
(μrad/px) 

Spatial scale at 55.3 km 
(m/px) 

LEIA 220 ± 2.06 25 1.38 

LUKE 70.55 ±5 78 4.31 

With a weight of approximately 14 kg, LICIACube spacecraft - represented in Figure 2 - is equipped with the 135 

following subsystems: 136 

 Payload, composed by two optical cameras (narrow and wide FoV) that allow acquiring significant 137 

images and evidence of the DART mission fulfillment (Figure 2). The primary instrument, named LEIA 138 

(Liciacube Explorer Imaging for Asteroid), is a catadioptric camera composed of two reflective elements 139 

and three refractive elements with a FoV of ± 2.06° on the sensor diagonal (see Table 3). The optic is 140 

designed to work in focus between 25 km and infinity and the detector is a CMOS sensor with 2048x2048 141 

pixel. The latter is equipped with a Panchromatic filter centered at 650nm±250nm. The primary camera 142 

will acquire pictures from a high distance providing high level of details of the frame field. 143 

The secondary instrument, named LUKE (Liciacube Unit Key Explorer), is the Gecko imager from SCS 144 

space, a camera with an RGB Bayer pattern filter (see Table 3), designed to work in focus between 400 m 145 

to infinity. The sensor unit is designed to contain the image sensor and interface with a NanoCU, and the 146 

optics consists of a ruggedized, mission configurable aperture, lens and required spectral filters. 147 

Moreover, the hardware is capable of directly integrating the image data to the integrated mass storage. 148 

 Structure Subsystem (SS), that provides the necessary physical support to place the hardware and to 149 

withstand all the loads that LICIACube will experience during the mission (e.g. launch, deployment, 150 

operational mechanical loads). The LICIACube structure was designed to minimize mass and maximize 151 

usable volume and offering the highest possible reliability at the same time, made of aluminum alloy 152 

7075-T651. Since it shall ensure that the satellite is able to withstand the mechanical environment and 153 

space operational one, the SS can be subdivided into:  154 

o A primary structure, that provides the interface for all the satellite’s subsystems;  155 
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o A secondary structure, that provides support to the internal subsystems.  156 

The two structure parts are linked by means of a set of 3x0.5 countersunk screws, leading to an easy 157 

structure assembly and dismount process. 158 

 Thermal Control Subsystem (TCS), that is in charge to keep all the subsystems within the thermal 159 

requirements during the overall mission according to the changing thermal loads and environment. The 160 

TCS exploits a completely passive architecture due to the very compact configuration and the absence of 161 

eclipses. Thus, thermal paint is applied on the external part of the structure to lower the absorption 162 

coefficient and to increase the emissivity to the deep space sink. In addition, gap fillers and thermal 163 

spreaders are inserted.  164 

 Electrical Power Subsystem (EPS), that provides, converts and conditions the power to all the 165 

subsystems. It includes the Battery (BAT), the Solar Panel Array (SPA) and the Power Conversions and 166 

Distribution Unit (PCDU), which is in charge to convert and distribute the power coming from the SPA to 167 

each subsystem, or store it in the BAT. Using three regulated voltages, the primary power source is 168 

provided by two wings of solar panels and the BAT will store enough energy to face events like eclipses 169 

or increased energy demand from the subsystems. The PCDU extracts the maximum electrical power 170 

available from the SPA, converting it in order to distribute the energy to the subsystems, protecting them 171 

from overcurrent.  172 

 On-Board Computer and Data Handling (OBC&DH), that provides communication among all the 173 

subsystems allowing their interaction. It represents the core of the satellite since it runs the On-Board 174 

Software (OSW) in order to monitor and control the LICIACube satellite. In addition, the OBC&DH 175 

interfaces the payload and the platform subsystems for Telemetry and Telecommand to properly manage 176 

the satellite and acts as the satellite mass-memory. 177 

 OSW, that is hosted in the OBC&DH, manages the system commands and telemetries and drives the 178 

autonomous navigation of the satellite. One of its main parts is represented by the Imaging System (IS) 179 

(see below).  180 
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 Attitude Determination and Control Subsystem (ADCS), that is able to determine and control the 181 

satellite’s attitude, in order to properly orient it. The ADCS main function is to stabilize and direct 182 

LICIACube in the desired direction despite the external torques acting on it. Three-axis control is 183 

necessary to correct the execution of the photographic shooting and the relative maneuvers in the 184 

proximity of Dimorphos. Such a technique allows to achieve a very accurate pointing and stability in 185 

order not to deteriorate the acquired images. The LICIACube ADCS is composed of a star tracker, 186 

Inertial Measurement Unit (IMU) and two sun sensors, that provide their input to the Attitude 187 

Determination Block, whose task is to reconstruct the satellite’s attitude. That block also feeds the 188 

Momentum Control Block, which maintains the spacecraft’s momentum within a safe dead band for the 189 

Reaction Wheels (RWs). RWs are able to control and modify the satellite’s attitude by providing a 190 

maximum spin rate of approximately 18 deg/s, considering the mass of 14 kg of the 6U CubeSat. If the 191 

limit is exceeded, the Propulsion Subsystem is required to desaturate the wheels. 192 

 Propulsion Subsystem (PS), which provides orbital maneuvers and corrections, station keeping and RWs 193 

desaturation. The PS is also required since LICIACube will have to perform both braking and correction 194 

maneuvers to reach the nominal baseline, approach the impact scene and perform the scientific phase 195 

during the asteroid’s fly-by. Thus, a cold gas PS will be embarked on LICIACube; it has four double 196 

canted thrusters for attitude control and two axial thrusters for orbital maneuver.  197 

 Telemetry Tracking & Command (TT&C), which is constituted by an X-Band Transponder connected to 198 

a Solid-State Power Amplifier (SSPA) and to a Low Noise Amplifier (LNA), providing power and signal 199 

to the 4 patch antennas. They are located on two opposite sides of the satellite (i.e. SPA side and radiator 200 

side), to provide the following information:  201 

o Telemetry and remote-control data (e.g. health and status, in-orbit corrections);  202 

o Payload data (i.e. scientific data);  203 

o Ranging (i.e. pure tones for phase-based distance estimation).  204 

 Harness (HNS), that is an assembly of electrical wires required to connect the subsystems, to transmit 205 

signals or electrical power. 206 
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The ArgoMoon Imaging System (IS), which has been developed to perform the proximity flight around the 207 

Interim Cryogenic Propulsion Stage (ICPS) by means of autonomous imaging and tracking subsystem (Di Tana 208 

et al., 2018), has been also customized and improved for the LICIACube mission. The LICIACube IS will 209 

process the pictures acquired with the primary camera to recognize multiple objects in the Field of View (FoV), 210 

this will allow to provide the target identification, recognition and pointing to autonomously support trajectory 211 

adjustment and to drive the LICIACube autonomous navigation. The identification of the asteroid will allow to 212 

track the target and to maintain it in the center of the FoV. 213 

The LICIACube IS is based on a series of two algorithms that cooperate to acquire the framed objects. The first 214 

algorithm will provide a visual confirmation that the object is in view, while the second one is able to ensure the 215 

level of the required pointing by exploiting a Multiple Target Identification (MTI) algorithm. The latter is 216 

capable of identifying multiple targets, label them and calculate their estimated centers of area and dispersion 217 

(Amoroso et al., 2019). 218 

 219 

4. Asteroid proximity operations  220 

The LICIACube nominal mission in shown in Figure 3.  221 

After the release from the DART spacecraft, LICIACube will be autonomously guided to the target, reaching a 222 

minimum distance of about 55 km (Close Approach, C/A), and will acquire several images of the target impact 223 

and non-impact sides, as well as of the plume produced by the DART impact.   224 

The asteroid proximity operation and image acquisition have been scheduled on the basis of the trajectory 225 

design and orbit determination constraints. 226 
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227 
Fig. 3. Sketch of the LICIACube nominal mission phases. 228 

 229 

4.1 Trajectory Design 230 

The LICIACube trajectory has been designed taking into account constraints coming from the scientific 231 

objectives, described in Section 2, and additional restrictions due to both environmental and platform 232 

limitations.  233 

The close approach distance 𝑑𝐶/𝐴 and the delay time 𝑡𝑑𝑒𝑙𝑎𝑦 drive baseline trajectory design. The former is 234 

defined as the LICIACube to Dimorphos minimum distance, while the latter represents the epoch of C/A 235 

occurrence, computed from the DART impact event.  236 

The 𝑑𝐶/𝐴 distance is directly connected to the best resolution obtained for the acquisition of images, for which 237 

the closer the CubeSat is, the better. However, reducing 𝑑𝐶/𝐴 increases the instantaneous angular rate required 238 

to aim the target, overloading the ADCS equipment.  239 
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Given the scientific objectives of Section 2, and the payload characteristics described in Section 3, the following 240 

close approach distance limits are derived: 241 

 𝑑𝐶/𝐴 < 200 𝑘𝑚 for low speed particles imaging 242 

 𝑑𝐶/𝐴 < 40 𝑘𝑚 for crater imaging 243 

 𝑑𝐶/𝐴 < 80 𝑘𝑚 for Dimorphos non-impact side imaging 244 

The variation of the delay time mainly reflects to the expansion state of the ejecta plume, which in an optimal 245 

scenario shall be spread enough to clear the crater’s view at the C/A. Nevertheless, attention shall be paid in 246 

containing the delay time as far as it may lead to a too dispersed particles scene, making unfeasible their 247 

detection. The quantification of a correct value for such quantity is inherently dependent on a proper modelling 248 

of the ejecta formations. To address this, the widely used scaling laws (Housen and Holsapple, 2011) have been 249 

employed after a cross-validation with numerical simulations performed with Smooth Particle Hydrodynamics 250 

methods (Zanotti, 2019).   251 

The admissible delay time range for the scientific objectives are: 252 

 𝑡𝑑𝑒𝑙𝑎𝑦 < 200 𝑠 for ejecta imaging 253 

 𝑡𝑑𝑒𝑙𝑎𝑦 > 340 𝑠 for crater imaging 254 

The conflicting time requirements forced to give priority to one of the two objectives. In particular, higher 255 

importance is given to the ejecta imaging, and related scientific requirements are considered for trajectory 256 

design. Nevertheless, crater imaging would still be performed, although a reduced quality of the images is 257 

expected. 258 

An additional relevant constraint, connected to the platform safety during the flyby, is derived from the 259 

combined effect of 𝑑𝐶/𝐴 and 𝑡𝑑𝑒𝑙𝑎𝑦. In a scenario characterized by a short 𝑑𝐶/𝐴, and a high delay time, the 260 

probability of ejected particles impacts on LICIACube becomes high. The minimum distance directly correlates 261 

the delay time to the 𝑑𝐶/𝐴, such that: 262 

 min(𝑡𝑑𝑒𝑙𝑎𝑦) = 0 s , min(𝑑𝐶/𝐴) = 0 km 263 
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 max(𝑡𝑑𝑒𝑙𝑎𝑦) = 200 s , min(𝑑𝐶/𝐴) ~ 48.3 km 264 

In a simplified model, developed from the scaling laws for spacecraft safety simulations, a monolithic basalt 265 

structure has been assumed for the asteroid as a worst-case scenario (particles speed up to 325 m/s, ejecta cone 266 

angle around 45-50 degrees). Considering a constant target pointing, the close approach distance will affect the 267 

spin rate of the CubeSat and, hence, the load on attitude control subsystem. Ideally, a maximum spin rate of 18 268 

deg/s is allowed (Section 3), constraining the C/A to be at a distance larger than 20-21 km. In practice, curves of 269 

the real behavior of control actuators, and update frequency of the control commands, will require a further 270 

distance margin. 271 

The final allowed ranges for the design of the trajectory are: 272 

 0 s < 𝑡𝑑𝑒𝑙𝑎𝑦 < 200 s 273 

 (from 21 km to 48.3 km) < 𝑑𝐶/𝐴 < 80 km  (allowed minimum distance depends on the delay time) 274 

In practice, the actual trajectory is subjected to several uncertainties from platform and dynamics model, 275 

therefore a robustness analysis is carried out, and the baseline shall be such that the 3-sigma value of the close 276 

approach distance shift is within the range. 277 

The designed trajectory foresees the following operations sequence: 278 

 release from DART  279 

 Commissioning 280 

 Braking maneuver (OM1) 281 

 Coasting (CP1) 282 

 Corrective maneuver (OM2) 283 

 Coasting (CP2) 284 

 Corrective maneuver (OM3) 285 

 Coasting (CP3) 286 

 Science phase (Target observation) 287 

 End of Mission 288 
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The presence of two corrective maneuvers is the result of several iterations intended to minimize the final 289 

dispersion at close approach, respecting the time windows availability for maneuvers execution (according to 290 

the operations timeline). The release is planned to be 10 days before the DART impact. The time of deployment 291 

was driven by both the need for DART of easing the operations in the latest phase of the mission, and to provide 292 

a sufficient time range for LICIACube to adapt to potential contingency scenarios. 293 

In order to obtain the desired flyby performance, an attitude maneuver is performed after release to OM1 burn 294 

direction (expressed as spherical angles in EMO2000 frame). 295 

The final release and OM1 parameters are presented in Table 4. The corresponding performances of the nominal 296 

flyby are reported in Table 5. 297 

 298 

Table 4 299 

Parameters for LICIACube release and braking maneuver: T0 represents the DART impact time: for the current 300 

baseline, the expected impact date is 30 September 2022 (19:55:58 UTC). Az (Azimuth) and El (Elevation) 301 

angles are defined in the EMO2000 reference frame and are respectively in-plane and out-of-plane angles. Az is 302 

defined from 0° to 360°, while El is defined from -90° to 90°. 303 

Release OM1 

Epoch 

[days] 

Az 

[deg] 

El 

[deg] 

Epoch 

[hours] 

DeltaV 

[m/s] 

Az 

[deg] 

El 

[deg] 

T0-10 158.07 57.97 T0-188.91 1.248 117.11 -38.45 

 304 

 305 

The flyby distance and delay time have been set close to the upper limit, to reduce the load on attitude control 306 

system, and to increase the chance of visibility for the crater. At the same time, 𝑑𝐶/𝐴 has been limited not to lose 307 

performance in terms of imaging resolution achievable. 308 

 309 
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Table 5  310 

Nominal flyby characteristics
 311 

C/A distance 

[km] 

Delay time 

[s] 

Time for science
(*)

 

[s] 

Max. spatial scale 

[m/px] 

Max. slew rate 

[deg/s] 

55.2 165.4 38.1 1.38 6.808 

(*)
Time range in which operations are devoted solely to science acquisition. 312 

 313 

The time of science is defined as the time between the first ejecta image at acceptable distance and spatial scale 314 

(about 5 m/px, at 200 km), and the last acceptable image of the back side at the end of the flyby (about 2 m/px, 315 

at 80 km), and respects the time requirements for scientific observations (Section 4.3). This value represents a 316 

lower boundary, since images of the non-impact side at larger distances will be taken, thus increasing the overall 317 

science time. 318 

OM2 and OM3 are corrective  maneuvers, introduced to minimize the effect of perturbations on the final flyby 319 

location and time. Their magnitude and direction are directly dependent on the deviation of the real CubeSat’s 320 

trajectory with respect to the nominal one, therefore such quantities are represented as probability distribution 321 

functions rather than fixed numbers. The basic idea is to perform a correction as lately as possible, to minimize 322 

the effect of perturbation after the correction maneuver, and to allow the longest DSN tracking possible to 323 

enhance orbit determination accuracy. At the same time, it is required to have some time between correction 324 

maneuver and flyby to be able to cope with contingencies.  Furthermore, an excessive delay in the corrective 325 

maneuver leads to a high Δ𝑉, exacerbating the effects of maneuver errors on the final flyby uncertainties.  A 326 

trade-off is found by placing two sequential corrective maneuvers, at T-53h 45m and T-21h respectively: the 327 

first maneuver corrects most of the accumulated deviation from the deployment, while  the second provides a 328 

finer correction, leveraging the longer tracking time and higher OD accuracy. As a result, the final deviation at 329 

the flyby results to be smaller, while keeping the correction costs low. 330 
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A possible mission extension to visit a second NEA, according to resource availability and potential targets’ 331 

orbital and physical properties, is currently under evaluation. Analyses are presently ongoing and include also 332 

the possibility of executing one or more maneuvers after the Didymos flyby. 333 

 334 

4.2 Orbit Determination 335 

The LICIACube navigation activities are performed using JPL’s orbit determination program MONTE (Evans 336 

et al., 2018), currently used for the operations of several NASA deep space missions and for past radio science 337 

data analysis (Tortora et al., 2016; Zannoni et al., 2020). 338 

Four different phases are planned: 339 

 During the pre-launch phase several simulations were performed to support Mission Analysis and 340 

Platform Design, such as link budget definition, tracking schedule and maneuver execution plan. The 341 

expected performances of trajectory reconstruction and prediction are assessed through numerical 342 

simulations and a realistic model for observables generation (Zannoni et al., 2018). The simulated data 343 

considers a conservative level of noise based on available SNR of the platforms at the allocated band. 344 

 During operations, a quasi-real-time OD of LICIACube with respect to Didymos will be performed. 345 

This also involves the propagation of the estimated trajectory, along with associated uncertainty, and the 346 

assessment of possible Orbit Trim Maneuvers (OTM). 347 

 During DART post-impact phase, when LICIACube is leaving the Didymos system, OD will be limited 348 

to the heliocentric trajectory reconstruction to ensure the DSN pointing capability to the spacecraft and 349 

allow data downlink. 350 

 Activities after mission include a complete a-posteriori OD of LICIACube. Although this is not a 351 

primary task, it would be useful to combine all the data available, possibly including also the optical 352 

observables collected during the science phase, to determine some scientific parameters of interest of 353 

Didymos, such as the Didymos/Dimorphos mass ratio, and the Dimorphos orbit around Didymos. 354 
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To ensure the safety of the probe and the capability of achieving the mission objectives, some requirements have 355 

been set on the attainable OD accuracy. Most of them are set at the C/A of the encounter with Dimorphos, 356 

which represents the most critical event. For the LICIACube mission, the following OD requirements were 357 

identified: 358 

Req 1. The 𝑑𝐶/𝐴 from Dimorphos shall be between 41.4 km (ejecta impact risk area at selected C/A delay) and 359 

80 km (loss of ground resolution), with a confidence of 3-sigma or higher.  360 

Req 2. The Dimorphos pointing accuracy due to only LICIACube position uncertainty shall ensure the 361 

capability of having Dimorphos inside LEIA FoV at LEIA target locking (about 200s before the impact) 362 

with a confidence of 3-sigma or higher. 363 

Req 3. The pointing accuracy to DSN Ground Station (G/S) due to only LICIACube position uncertainty shall 364 

always ensure the capability of establish a radio link. In particular, the antenna pointing uncertainty shall be 365 

lower than 0.017 deg with a confidence of 3-sigma
1
. 366 

 367 

To perform a fly-by of a body with relatively large ephemeris uncertainty, during the approach phase optical 368 

navigation (OPNAV) plays a crucial role in reducing the uncertainty in the LICIACube relative position 369 

(Flanigan et al., 2016). To be conservative, the navigation requirements must be satisfied using only the 370 

classical radiometric observables. Optical measurements can be used to enhance the a-posteriori orbit 371 

reconstruction, given the small gravitational acceleration induced by the Didymos binary system (Lasagni 372 

Manghi et al., 2018; Modenini et al., 2018). The radiometric observable data includes both ranging and Doppler 373 

data acquired by the spacecraft telecommunications subsystem, which supports a standard two-way X/X (7.2-374 

8.4 GHz) link. The expected levels of noise were evaluated using the most recent models available in literature 375 

(Iess et al., 2012) of all the main noise sources, including solar plasma effects, tropospheric noise, and probe and 376 

G/S electronics. 377 

                                                                 
1 DSN Telecommunications Link Design Handbook, 101 70-m Subnet Telecommunications Interfaces, DSN 
No. 810-005, 101, Rev. G, September 04, 2019, Jet Propulsion Laboratory - California Institute of Technology 
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The approach phase schedule is characterized by two daily 1h30min tracking passes (TRK) separated by a 378 

minimum of 6h30min of Sun Pointing (SPO), to recharge the batteries. Moreover, the maneuvers have been 379 

accommodated in correspondence of a TRK to provide a better reconstruction of the burns.  380 

No tracking is assumed during the science phase, which will last from 20 min before up to few minutes after the 381 

DART impact. 382 

During the leaving from the asteroid system, the TRK schedule is more relaxed due to loosen navigation 383 

requirements, thus 1.5h of TRK are separated by 24 h of SPO. 384 

The dynamical model used in the simulation includes the gravitational acceleration induced by the Solar System 385 

planets, the Moon, and the Didymos asteroid. All the maneuvers have been modelled as impulsive at this first 386 

stage of the mission. Moreover, a preliminary analysis has been carried out based on a rough trajectory in order 387 

to assess the perturbations’ order of magnitude. The results highlighted that Solar Radiation Pressure (SRP) is 388 

higher than any other perturbation by at least 1 order of magnitude, thus it is the only non-gravitational force 389 

considered.  390 

The expected formal uncertainty in the estimation of a set of parameters were obtained using a weighted least-391 

squares batch filter (Bierman, 1977). 392 

In this work, the estimated parameters include: LICIACube state at release from DART; Didymos system 393 

heliocentric state at impact time; Dimorphos state with respect Didymos at impact time; release maneuver from 394 

DART; orbital maneuver OM1; correction maneuver OM2; correction maneuver OM3; SRP attitude-dependent 395 

stochastic correction factors. 396 

Although several flyby conditions are actually under investigation, the results are reported for the most probable 397 

one, considering DART trajectory for a retrograde impact on Dimorphos. 398 

Figure 4 provides the expected uncertainty in the LICIACube position at C/A, in the Dimorphos-relative B-399 

plane (Sergeyevsky and Snyder, 1983), assuming different Data Cut-off (DCO) times. The last eligible DCO 400 
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analyzed has been set 48h before DART scheduled impact epoch, i.e. more than 24h before OM3, to ensure the 401 

minimum time required for the OD procedures.  402 

 403 

404 
Fig. 4. LICIACube position uncertainty (3-sigma) at C/A in the Dimorphos-relative B-plane. The uncertainty is 405 

reported as an in-plane contribution provided by an ellipse centered in the probe nominal position and an 406 

extension expressed by 3 parameters: semi-major axis, semi-minor axis, and a rotation angle. The out-of-plane 407 

contribution is given as the Differential Time of Flight (DTF), which represents the uncertainty about the epoch 408 

of the flyby to occur. This time uncertainty was converted as an approximated distance by multiplying for the 409 

LICIACube relative speed of 6.58 km/s. 410 
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The safety requirement Req 1 is satisfied whenever the risk impact area (grey circle) falls completely outside the 411 

uncertainty ellipse. Thus, it is possible to select a minimum value for the DCO which satisfies this condition: 412 

this would provide at least T0-7days (considering 3 days of tracking data). Using last DCO the obtained 413 

uncertainty ellipse semi-axes are 9.7 and 5.6 km (3-sigma), while the DTF uncertainty is about 6.4 s (3-sigma). 414 

Notice that the largest axis is almost perpendicular to Dimorphos direction, thus the uncertainty in the distance 415 

to Dimorphos is less than 6 km (3-sigma). 416 

Considering the maximum shift of the delay time (171.6 seconds), the minimum allowed distance to avoid 417 

ejecta would be 41.4 km. Therefore the 3-sigma value of close approach distance is within the margins, and the 418 

trajectory can be considered safe. 419 

Dimorphos pointing requirement set by Req 2 has been assessed considering only the LICIACube position 420 

uncertainty, assuming different DCO times. The result shows that at least 3 days of data are necessary to 421 

guarantee both the angular uncertainty to be below the limit set by camera half FoV. It is interesting to note that 422 

Dimorphos pointing place a stronger requirement on DCO, needing more tracking data to be satisfied with 423 

respect to the B-plane uncertainty (Req 1). 424 

Finally, the pointing between DSN G/S and the LICIACube has been verified for the entire mission to ensure 425 

that the radio link can always be established. As a result, the maximum value reached by the pointing 426 

uncertainty is 1 mdeg, one order of magnitude below the threshold provided by the beamwidth of the G/S 427 

antennas (17 mdeg set from Req 3). 428 

 429 

4.3 Image Acquisition 430 

The high demanding science objectives constrain the operations of the LICIACube scientific payloads in order 431 

to:  432 

• have data acquisition redundancy;  433 

• cover the possible uncertainty on the real brightness of the objects in the field of view of the cameras;  434 
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• increase the dynamic range of the detectors on board the payloads; 435 

As a general approach each planned observation will be formed by a sequence of three images acquired at the 436 

maximum frame rate possible with different integration times. 437 

Fig. 5. Scientific observation phases timeline: T0 is the nominal DART impact time, the red bar is the time 438 

interval dedicated to testify the DART impact; the yellow bar identifies the time interval focused on the 439 

expanding plume observation; the blue bar is the time period dedicated to the surface High resolution imaging 440 

of the Didymos system; the green bar is the observation phase dedicated to the non-impact hemisphere; the 441 

violet bar is the observation time dedicated to the Plume observation at high phase angle.   442 

 443 

The imaging acquisition phases (Figure 5) are here presented: 444 

 445 

DART impact observation 446 

LEIA: will presumably witness the impact as an increase of the target luminosity by comparing images of 447 

Dimorphos taken before and after the impact. We plan to acquire about 5 «images» before and about 5 448 

«images» after the impact. 449 

Given the relatively limited dynamics of the sensor (FW 13000 e-) each «image» will be composed by different 450 

images acquired at different integration times. 451 

The expected impact time has to be known with a precision of at least 30 s, in order to be sure that at least 1 452 

image will be acquired before the impact (with 3 different integration times).  453 

LUKE: Will be not operative.  454 

 455 
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Ejecta observation  456 

In this phase LEIA and LUKE shall work simultaneously.  457 

LEIA will observe the plume developed after the DART impact. It will acquire several images (each composed 458 

by different images acquired at different integration time). 459 

LUKE, due to its larger FoV, will have a better view of the plume global expansion. 460 

Likely, LUKE could start observations even before the start of LEIA plume observation, and could continue into 461 

the following phases. 462 

 463 

High resolution (surface properties, crater) observation 464 

In this phase LEIA and LUKE shall work simultaneously.  465 

LEIA will reach the best spatial resolution. It shall work at highest frame rate. 466 

LUKE will continue to operate and acquire «images» (each composed by different images with different 467 

integration times) of the plume and possibly of the Dimorphos surface.  468 

 469 

Non-impact hemisphere observation 470 

Also in this phase LEIA and LUKE should work simultaneously. 471 

LEIA could reach the goal to observe the non-impact hemisphere (part of the images taken after the C/A 472 

passage). 473 

LUKE, due to the use of an RGB detector, will add some physical information on the surface properties of 474 

Dimorphos. In addition, due to its wider FoV, under good illumination conditions, it could provide further 475 

observations of the plume. 476 

 477 

Plume evolution in forward scattering 478 

Also in this phase LEIA and LUKE will work simultaneously. 479 

LEIA could reach the goal to observe the plume evolution in a different observation condition. 480 

LUKE, by using the RGB detector, will add some physical information on the plume. 481 
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 482 

 483 

5. Scientific Return 484 

The main scientific returns of LICIACube will be exploited in the more general framework of the DART 485 

collaboration and they will also contribute to the more general goals of the Planetary Defense initiative. Several 486 

activities, including ground-based observations, laboratory experiments, and space data reduction and 487 

modelling, are planned to maximize the scientific return of the mission. 488 

 489 

5.1 Ground-based observations 490 

Earth-based optical observations will support LICIACube both pre- and post- DART impact. 491 

Pre-impact observations are needed to correctly interpret and optimise the exploitation of data from impact 492 

epoch, by understanding the baseline, unperturbed dynamical and physical properties of the system. Photometric 493 

lightcurve measurements will be obtained in perihelion lunations before impact time (January-March 2021, 494 

when Didymos will reach a peak V-mag = 18.9, and possibly again in July-September 2022, with peak V-mag ~ 495 

15), in order to derive important constraints on the actual satellite orbital inclination and whether it is in 496 

synchronous rotation with its orbit around Didymos, and moreover on the whole system dynamics such as the 497 

BYORP effect on satellite orbit (Cuk and Burns, 2005). All the above issues are related to the formation and 498 

evolutionary status of this binary system, and more specifically will be strictly linked to post-impact 499 

measurements of changes induced by DART impact.  500 

Impact and immediately post-impact observations will be potentially used to observe the luminosity increase 501 

due to the ejection of a presumably large volume of particulate ejecta – ideally, the formation and evolution of a 502 

coma or an ejecta tail could be observable with ground-based telescopes. Cheng et al. (2016) gave an estimation 503 

of the potential change in Didymos luminosity with respect to possible surface composition (and resulting mass 504 

release after impact). 505 
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Post impact lightcurve observations will be crucial to measure the change in satellite’s orbit induced by DART 506 

impact: changes in period, eccentricity and inclination are strictly dependent on the orbit phase at which the 507 

impact occurs. For the DART case the mission has been designed in order to maximise both period and 508 

eccentricity change (and minimise the inclination change). It is estimated that the DART impact will produce a 509 

binary orbit period change ΔP of minutes, assuming that the incident momentum from the impactor is simply 510 

transferred to the target without enhancement (Cheng et al., 2018). This change should be determined to 10% 511 

accuracy starting from a week after the impact and then through the following months, since it will result also in 512 

a shift of mutual events that accumulates linearly with time. 513 

Ground-based rotationally-resolved visible (and possibly NIR) spectroscopic data will be obtained before and 514 

possibly after the impact, in order to investigate the system’s surface composition and allow a context 515 

interpretation of data gathered in-situ (see below, section 5.4). 516 

 517 

5.2 Impact: simulation and analysis  518 

In order to help fulfilling the scientific objectives of LICIACube, a numerical model of the DART impact is 519 

necessary. This can be possible through the use of hydrocodes as the iSALE (impact Simplified Arbitrary 520 

Lagrangian Eulerian) shock physics code, which is a multi-material, multi-rheology extension of the SALE 521 

hydrocode (Amsden et al., 1980) developed to simulate high-speed impact processes (Melosh et al., 1992; 522 

Ivanov et al., 1997; Collins et al., 2004; 2010; Wunnemann et al., 2006; Raducan et al., 2019). The primary 523 

scope of impact simulations is to obtain the distribution of ejecta, which is necessary to understand the plume’s 524 

structure and evolution that will be measured and observed by LICIACube. The numerical simulations set 525 

impactor properties appropriate for the DART spacecraft and variable target material properties (e.g. the 526 

cohesional strength, porosity or coefficient of internal friction, the layer thickness or the porosity gradient 527 

profile) due to the current poor understanding of DART’s target, Dimorphos. The main outcomes of the 528 

numerical models will be both the impact crater morphology and an accurate description of the ejecta by 529 
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recording their tracks in impact simulations. Hence, the ejecta properties can be constrained and used in plume 530 

evolution models useful to simulate what LICIACube is expected to observe during the impact. Moreover, 531 

images of the DART impact crater that will be acquired by LICIACube will allow the measurement of the size 532 

and morphology of the crater inferring the subsurface structure of Dimorphos and providing robust validation of 533 

impact simulations. 534 

The observations performed by DART and LICIACube will allow also the determination of momentum transfer 535 

efficiency β. This parameter is of fundamental importance in Planetary Defence, since it allows us to understand 536 

and model the effectiveness of the kinetic impact deflection. Since the ejecta produced by the impact will carry 537 

out momentum in the direction opposite to the DART approach direction, a value of β > 1 is expected. The 538 

momentum transfer efficiency β depends on impact conditions, as well as on internal structure of the target, its 539 

strength, porosity and on the presence of boulders. DART and LICIACube will acquire information on the 540 

impact conditions and the physical parameters of the target and, using the results of numerical simulation and 541 

hypervelocity impact simulations, will estimate the value of the momentum transfer efficiency β  (Cheng et al., 542 

2020 and references therein).  543 

 544 

5.3 Plume and ejecta analysis. 545 

Understanding the dynamics of the plume will help the interpretation of the LICIACube data. To this purpose a 546 

full model for the propagation of the plume ejecta under the influence of the relevant perturbations is developed.  547 

The main effects considered (Rossi et al. 1999) are the Dimorphos gravity field, computed from the polyhedral 548 

model of the small body, the third body tidal attraction from Didymos and the Solar radiation pressure (SRP). 549 

This model will be applied to several simulated impact clouds obtained with hydrocode simulations providing 550 

the initial conditions in terms of initial position and velocity of the test particles. 551 

The dynamical simulations shall explore a timescale ranging from a few minutes to several days after the 552 

impact. First, it is necessary to perform a thorough sensitivity analysis to identify and characterize the level of 553 
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detail and the accuracy of the models required to capture the correct dynamics of the ejecta. E.g., the needed 554 

detail in the Dimorphos gravity field representation, also in relation to the size of the particles and their distance 555 

from the body (e.g., from a given distance a simple spherical harmonics representation might be enough), the 556 

requirements over the Didymos gravity modeling (especially for longer timespans), the definition of the ejecta 557 

particles size and shape for the correct modelling of the SRP effects, etc.  558 

Later on, the calibrated model shall be used to simulate several impact scenarios assuming, e.g., different impact 559 

locations, different physical parameters for Dimorphos (in terms of shape, mass and density) and different ejecta 560 

particles size. These simulations will help in the interpretation of the LICIACube images linking the different 561 

sizes, shapes and evolution patterns of the ejecta cloud to the actual composition and physical characteristics of 562 

Dimorphos. 563 

Among the scientific objectives of the LICIACube is the investigation of the plume density structure and 564 

evolution. Modelling dynamics of the dust plume expansion will allow to predict and constrain the physical and 565 

dynamical properties of the expanding ejecta after the impact as well as to provide information on the physical 566 

properties on the surface (see e.g. Cheng et al. 2020 and Ivanovski et al. 2020). Using a modified version of a 567 

3D+t non-spherical dust model (Ivanovski et al., 2017) and considering free-collisional dust regime we will 568 

study different shapes, initial particle orientation, initial velocities and torque of ejected particles. We are able to 569 

compute particles velocities, the distance and time at which they reach the upper limit of 5 m/s, as a function of 570 

their physical properties. In addition, we also determine the distance at which the acceleration region expands, 571 

and the time needed to reach its boundary.  572 

One of the main physical properties of the plume is its optical thickness. The particle non-sphericity can 573 

significantly change the optical thickness of a plume assumed to be composed only by spherical particles. It is 574 

not only due to the particle size distribution but also due to possible particles rotation or the initial orientation of 575 

non-rotating ones. Moreover, if a particle has initial torque and rotate during the plume evolution then its 576 

velocity will be different than the non-rotating one of the same mass, shape and size.  577 
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Dust plume modelling with LICIACube plume images can further constrain the ejecta momentum and therefore 578 

add information on the momentum transfer efficiency parameter β that measures the additional momentum in a 579 

kinetic impact. 580 

RGB images of the plume obtained by LUKE, in synergy with the asteroid surface color analysis (see next 581 

section), could also be used to investigate the regolith properties and potential heterogeneity (e.g., Perna et al., 582 

2017). 583 

 584 

5.4 Surface analysis  585 

At C/A, LEIA will image the surface of Dimorphos at the best resolution, whereas LUKE will allow us to obtain 586 

images in RGB filters of both the impact and the non-impact hemisphere of Dimorphos.  587 

Spectrophotometric analyses will be used to investigate the surface composition of Dimorphos:  multi-color data 588 

will allow the LICIACube team to derive the surface heterogeneity at the observed scale and to map the surface 589 

composition of the object, also looking for the possible presence of exogenous materials on the target surface, as 590 

recently discovered on the surface of Bennu, the target of the ongoing mission OSIRIS-REx (Howell et al., 591 

2019). For such kind of analysis, multivariate statistical clustering has already proven to be a powerful tool in 592 

evidencing small local variations in the spectrophotometry of small bodies’ surfaces, even when the spatial 593 

and/or magnitude scale of these variations is negligible in the global context (e.g., Perna et al., 2017). 594 

By comparing the impact and non-impact sides it will also be possible to investigate the effects, on the asteroid 595 

surface materials, due to the shock and separate them from those due to space weathering (cf. the recent 596 

Hayabusa2’s Small Carry-on Impactor experiment; Arakawa et al., 2020). Potentially, subtle color differences 597 

between Didymos and Dimorphos could also be indicative of different levels of space weathering originated by 598 

the binary system formation.    599 
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Laboratory studies will be carried out during each phase of the mission to support the interpretation of the data 600 

collected by the LICIACube payload. Such analyses are indeed an essential tool to characterize the physical 601 

nature of the Didymos system, providing constraints on albedo, mineralogical composition of both objects and 602 

the physical properties of the dust plume ejecta compared to what is observed on the surface. Furthermore, the 603 

spectroscopic analysis made in laboratory will help the interpretation of ground-based observations that are 604 

planned in the near future. Two lines of research will be carried out in laboratory within the mission 605 

development and operational phases: first, we will build a database of albedo vs. grain size with the aim to help 606 

the interpretation of the images of the plume and the impact site; second, we will compare the LICIACube 607 

LUKE data with features of laboratory spectra. 608 

High-resolution images will also allow us to study the surface morphology and the presence of boulders/large 609 

blocks. On asteroids, boulders and blocks are mainly interpreted as produced by fragmentation of the target or 610 

its parent body in high-velocity impact processes (Melosh, 1984; Michikami et al., 2008; 2019). Indeed, they are 611 

the largest fragments excavated during an impact and are typically located within the crater or in its closest 612 

proximity, because they have not reached the escape velocity (Thomas et al., 2001; Küppers et al., 2012). As 613 

retained ejecta fragments, these blocks provide information on impact cratering processes on low gravity bodies 614 

(Lee et al. 1986), and their size-frequency distribution (SFD) fitting indices are related both to boulder 615 

formation and/or degradation processes (Turcotte, 1997; Mazrouei et al., 2014; Pajola et al., 2016a). 616 

Deriving boulder SFD and the corresponding power/exponential-law indices has been an important scientific 617 

topic addressed in several fly-by and orbital missions to minor bodies (e.g. Geissler et al., 1996; Pajola et al., 618 

2015; 2016b; DellaGiustina et al., 2019); this will be accomplished on the (65803) Didymos binary system as 619 

well, both with the LICIACube cameras and the DRACO instrument onboard DART (Fletcher et al. , 2016). One 620 

of the main goals of LICIACube is indeed to get multiple images of the DART impact site to measure the size 621 

and morphology of the crater: through the use of this same dataset it will be possible to get both the boulders 622 

SFD and provide geological context of the impact event. 623 
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 624 

Fig. 6. Two images of the S-type asteroid (25143) Itokawa taken with the Hayabusa/AMICA camera (Ishiguro 625 

et al., 2010), at a spatial scale of about 1.4 m/pixel. The images’ resolution is similar to the one that LICIACube 626 

high-resolution channel will take of Dimorphos, at closest approach. Multiple boulders are well discernible in 627 

the two views. 628 

 629 

At C/A, LEIA will image the surface of Dimorphos at about 1.4 m/px (Figure 6). If the DART generated crater 630 

will be observed through LICIACube (the crater may be close to the limb of the asteroid during LICIACube 631 

C/A, hence the challenging imaging conditions), it will be possible to identify the boulders ≥ 4.0-7.0 m located 632 

on the impact side of Dimorphos, discerning those that have been generated/fragmented/moved after the DART 633 

impact from the ones previously imaged by DRACO. 634 

By comparing both the pre- and post-impact surface areas we will have the unique opportunity to witness how 635 

the boulders SFD and densities/m
2
 will change as a result of the well characterized, high-velocity DART impact 636 

(Cheng et al., 2018). We will therefore test if the generation of a crater results in a different boulders SFD than 637 

the one observed on other S-type asteroids, such as (433) Eros and (25143) Itokawa (Lee et al., 1986; 638 
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Michikami et al., 2008), as well as on recently observed carbonaceous asteroids (101955) Bennu (DellaGiustina 639 

et al., 2019) and (162173) Ryugu (Watanabe et al., 2019). 640 

 641 

5.5 Shape determination  642 

Under optimal observing in-situ conditions, DRACO, LEIA and LUKE images could even supply the 643 

possibility for the 3D reconstruction of the body using the “shape from silhouette” method. This method is 644 

based on the close range observations of an object and it is similar to the tomography used in other applications 645 

(Simioni et al., 2011). It allows to generate the not concave version of the shape of the asteroid starting from the 646 

images acquired from different points of view during the flyby. Photogrammetric calculations may support this 647 

shape determination, according to the surface characteristics and to the angular range of the observations. 648 

 649 

5.6 Advanced data exploitation 650 

A great part of the scientific analysis detailed in the above could benefit by the utilization of the SSDC (Space 651 

Science Data Center) infrastructure, in particular for what regards the data management, organization and 652 

exploitation. 653 

Since SSDC is deeply involved in the LICIACube Ground Segment, modification to the MATISSE tool (Zinzi 654 

et al., 2016) in order to ingest data from LEIA and LUKE, together with other relevant data and simulations, 655 

will be planned, thus allowing dedicated advanced ways of data visualization and analysis. 656 

Indeed, in order to correctly interpret the irregular shapes of minor bodies, it is generally required to project and 657 

visualize the data directly on the three-dimensional shape models of the objects and across their surrounding 658 

neighborhoods (e.g., coma and ejecta), as also shown by Zinzi et al. (2018). 659 
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The MATISSE tool has been specifically designed to cope with this kind of observations, starting from VIRTIS-660 

Rosetta ones, and the dedicated modifications planned would thus make it possible to better integrate the 661 

different space- and laboratory-based data acquired to study the Didymos system by the LICIACube team. 662 

As an example, part of the MATISSE software built to generate 3D visualizations has been already modified 663 

and used to produce simulated images of the C/A sequence (Figure 7) and, albeit these modifications are now 664 

intended to be used to test the autonomous navigation software, they can be even adapted to fulfill more 665 

scientific issues. 666 

 667 

Fig. 7. Image simulating the LEIA observation at C/A, generated by SSDC software derived from the 668 

MATISSE one. The shapes of Didymos and Dimorphos have been obtained by adequately rescaling those of 669 

Ryugu (Watanabe et al., 2019) and Eros (Gaskell, 2008), respectively. 670 

 671 

6. Summary 672 

The ASI LICIACube, first purely Italian spacecraft to be operated in deep space, is under development by a 673 

large team of engineers and scientists, under the ASI coordination, with the aim to contribute in the NASA 674 
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DART Planetary Defence objective. The LICIACube payloads, LEIA (a narrow FoV camera) and LUKE (a 675 

wide FoV imager with an RGB Bayer pattern filter), will offer the opportunity to perform a unique science, 676 

investigating for the first time the nature of a binary NEA.  LICIACube will analyze the output of the first 677 

kinetic impact test at a realistic scale: the comparison between the impact and non-impact regions, as well as the 678 

study of the nature and the evolution of the produced dust plume, will allow to deeply investigate the 679 

composition and the structure of the material composing a small NEA. 680 
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