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Abstract 

A nanolander (CALICUT1) with a total mass of about 10 kg was proposed in response to the 

CNSA (China National Space Administration) Announcement of Opportunity (AO) for an 

Asteroid Exploration Mission (AEM) by a joint European-Chinese team to operate on an active 

asteroid in the main belt. CALICUT is a further development of the MASCOT lander that flew 

on the HAYABUSA2 mission to asteroid Ryugu. The nanolander was designed with mobility and 

autonomy capabilities. It will be able to operate for at least 6 weeks to measure the physical, 

morphological and compositional properties of the target. The data can be used to derive 

answers to scientific questions, such as what drives activity on active asteroids, and similarities 

and differences with inactive asteroids and classical comets. CALICUT carries a payload of four 

scientific instruments with a total mass of about 2 kg to provide unique measurements that 

can only be done directly on the surface. 

                                                           
1 CALICUT (Comet and Asteroid Landing Instrument for Characterizing and Understanding the Target) is named after Zheng He, the great 

Chinese mariner and explorer who arrived in Calicut (India) in 1405, during his first sea voyage. 
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Nomenclature 

AA Active Asteroid LED Light Emitting Diode 
AC Alternating Current LM  Lander Moule 
AEM Asteroid Exploration Mission LTMM Long-Term Monitoring Mode 
AIM  Asteroid Impact Mission MARA MASCOT Radiometer 
ARM Asteroid Redirect Misson MASCam MASCOT Camera 
(M)AM (MASCOT) Autonomy Manager MASCOT Mobile Asteroid Surface Scout 
AO Announcement of Opportunity MASMag MASCOT Magnetometer 
ASUC Application-Specific Integrated Circuit MB Main Belt 
AU Astronomical Unit MESS Mechanical and Electrical Support 

System 
CALICUT Comet and Asteroid Landing Instrument 

for Characterizing and Understanding 
the Target 

MLI Multi-Layer Insulation  

CBE Common Backend Electronics MSP Multi-Sensor Package 
CMOS Complementary Metal-Oxide 

Semiconductor 
-ACC MSP Accelerometer 

CNSA Chinese National Space Administration -EFS MSP Electric Field Sensor 
Comms Communication System -NDG MSP Neutral Density Gauge 
COTS Commercial off-the-shelf -MAG MSP Magnetometer 
DC Direct Current -RAD MSP Radiometer 
DSM Deep Sounding Mode NASA National Aeronautics and Space 

Administration 
E-Box Electronic Box NEA Near-Earth Asteroid 
ESA European Space Agency NEO Near-Earth Object 
FEE Front End Electronics OBC Onboard Computer 
FMCW Frequency Modulated Continuous Wave OPS Operations Pl 
FPGA Field-Programmable Gate Array PCB Printed Circuit Board 
GRD Gamma-Ray Detector PMT Photon Multiplier Tube 
GRS Gamma Ray Spectrometer PWR Power 
JAXA Japan Aerospace Exploration Agency RF Radio Frequency 
HK Housekeeping SDL Separation Descent Landing 
HRM High-Resolution Mode TC Telecommands 
AA Active Asteroid UHF Ultra-High Frequency 
LCC Lander Control Center W-GPR Wideband Ground-Penetrating Radar 

 

 

1 Introduction 

An Asteroid Exploration Mission (AEM) in the frame of China's deep space exploration 

program envisions a scenario with two goals: A sample return from a near-Earth asteroid 

(NEA) and a rendezvous with an active asteroid (AA) in the main-belt through one single 

launch. This Chinese space project, originally called ZhengHe [1] with NEA (469219) 

Kamoʻoalewa and 133P/Elst-Pizzaro as targets, is now under preparation as TianWen-2 

mission with the same NEA target but with the active asteroid 311P/PANSTARRS instead of 

https://doi.org/10.1016/j.actaastro.2022.12.035


133P. For several reasons, the proposed CALICUT (Comet and Asteroid Landing Instrument for 

Characterizing and Understanding the Target) lander for the ZhengHe mission to explore an 

AA is not being solicited by CNSA for the TianWen-2 mission to 311/P. However, CALICUT, with 

its powerful suite of science instruments, is an attractive concept for all future mission 

opportunities to active asteroids/comets. It allows to extend their science objectives with an 

autonomous scientific in-situ payload. Its basic design and performance are described in the 

paper.  

Three different reservoirs of objects in the solar system that show activity in the sense of gas 

and/or dust escaping to the space are discussed in the literature: Oort cloud comets, Kuiper 

belt comets and active asteroids in the main belt [2]. The latter objects are dynamically 

classified as asteroids but display a recurring dust coma and/or tail as would be expected from 

a comet. While the driver of cometary activity is the sublimation of ices, the cause of activity 

of AA is still unclear in most cases. Therefore, the term ‘main belt comet (MBC)’ as it is 

sometimes used may be misleading. It implies sublimation as driver and should be reserved 

to objects with proven comet-like ice content. 

Growing consensus in the planetary science community is that Jupiter Family Comets (JFCs) 

that are originating from the Kuiper belt and that are rich in volatiles, cannot be the main 

source of water on Earth because the deuterium to hydrogen ratios (D/H) are incompatible 

[3], [4]. However, a considerable part (about 22%) of the noble gas Xenon in Earth atmosphere 

seems to originate from comets [5]. Such results from space missions (e.g. JAXA’s HAYABUSA 

and HAYABUSA2, NASA’s STARDUST, DAWN and OSIRIS-REX, ESA’S ROSETTA) together with ground-

based spectroscopy in the last decade challenge existing paradigms of material transport in 

the early Solar System. Hot topics in this discussion are the description of grow processes 

through the classical hierarchical agglomeration or through gravitational collapse of pebble 

swarms formed by streaming instabilities and the radial material mixing in protoplanetary 

disks.  STARDUST samples have proven a strong radial mixing in the early solar system; [6], [7] 

and [8] give an overview of the changing view and open questions on the evolution in the solar 

nebula and the primordial disk towards the formation of planetesimals based on the results 

of small bodies’ space missions. New measurements and concepts are required to answer the 

open questions about planet formation, origin of water on Earth, and the development of life. 

The nanolander CALICUT was proposed in response to the AO of CNSA of onboard 

opportunities for in-situ characterization of an active asteroid by operating on the surface of 

the target. It is hosting a scientific payload with strong heritage from the HAYABUSA2 MASCOT 

contribution but was adapted to the specific environment of a main belt object. The payload 

of the nanolander consists of a camera, a Multi-Sensor Package (MPS), a Gamma-Ray-

Spectrometer (GRS) and a Ground Penetrating Radar (W-GPR), see section 4, to characterize 

an active asteroid for the first time by measuring important chemical and physical properties 

(see next sections) in order to better understand this specific. AA belong to a class of small 

bodies whose evolution and activity triggers are still poorly understood.  



All of the planned in-situ measurements can be performed as stand-alone investigations or in 

combination with orbiter measurements. They provide a scientifically valuable extension of 

the objectives and complement the experiments on the main spacecraft. CALICUT with a total 

mass of < 10 kg is technologically advanced, allowing mobility and some autonomy during 

long-term measurements in a cold environment at about 3 AU distance from Sun. 

Landing on an active object is a risky maneuver [9] and must be well prepared. So far, the only 

landing on a comet has been performed by PHILAE, the ROSETTA Lander, on comet 

67P/Churyumov-Gerasimenko, in November 2014 [10], [11].  In the following sections we 

describe the science objectives for the exploration of an active asteroid, focusing on in-situ 

science, our CALICUT lander and its payload concept, and specific challenging technical 

developments for the long-term operation of such a nanolander in deep space. This is followed 

by a detailed description of the instrument suite, its capabilities and science objectives, and 

an overview on their operational concept.  

2 Scientific objectives of the exploration of active asteroids 

2.1 Current understanding of active asteroids 

The objects in the asteroid main belt (MB), located between the orbits of Mars and Jupiter, 

have been the target of numerous ground-based observation campaigns (see e.g. [12], [13], 

[14], [15]) and space missions to or through the MB [16], [17], [18], [19], [20]; [21], [22].  

In the year 2000, about 100,000 asteroids were known. Today, that number has grown to 

more than 1.2 million. The current total mass in the MB is estimated to be about 4x10-4 Earth 

masses [23]. Morbidelli et al. [24] suggest that this mass is only a small fraction of the original 

one in the belt that the authors extrapolated to 0.6 Earth masses at the early stage of solar 

system evolution. According to the “Grand Tack” model [25], the strong depletion was caused 

by the  migration of Jupiter and Saturn across the MB, Later on, the giant planets’ orbital 

instability, driven by the interaction of the planets with a massive disk of planetesimals 

together with resonance effects [24] caused a further mass loss. Although this model 

describes many of the properties of the MB well, it is still a matter of critical debate [26], [27] 

and also other planet migration models have been developed [28]. New observations are 

needed for better constraining different models. 

Some of the MB objects have a recurring dust coma, as would be expected of a comet. 

However, unlike comets,  such active asteroids have dynamically stable orbits over long time 

scales [29]  and low eccentricities. While for comets the driver of gas and dust activity is the 

sublimation of ices (e.g. water, CO2, CO), the mechanism of asteroidal activity is still under 

discussion. There are multiple theories including the sublimation of ices, impact driven 

material ejection, electrostatic levitation of dust particles, ejection by thermal cracking or 

rotational bursting [30], [31] and references therein. There is some observational indication 

that activity depends on heliocentric distance and seasonal effects, which are  best described 

by assuming sublimating gas as the trigger [32]. Recent observations with the James Webb 

Space Telescope (JWST) show spectroscopic evidence of a coma of water molecules on the 



active asteroid 238P/Read, but no significant coma of CO2 [33]. These findings demonstrate 

that the activity of the object is driven by water-ice sublimation. However, 238P/Read shows 

a fundamentally different coma composition compared to the general cometary population. 

Other mechanisms to trigger activity cannot be excluded and it is possible that different 

drivers may be present at different active asteroids. Thus, the cause of the activity can only be 

determined via in situ exploration.  

The first detected and best-known active asteroid is 133P/Elst-Pizarro. Its tail was observed in 

1996 and it was subsequently classified as main belt comet because there is a strong indication 

that its activity is caused by sublimating ices [34]. With a diameter of about 3.8 km and a 

perihelion at 2.65 AU, 133P may be a fragment from the icy mantle of the Themis parent body 

[35] . It has been active in every orbit since its discovery, but its activity behavior is only poorly 

understood.  

Another interesting active asteroid is 311P/ PANSTARRS, the target of TianWen-2. It was 

discovered in 2013, has a diameter of about 380 m and a perihelion at 1.94 AU. Its density is 

given with about 2700 kg/m3 , its spin period with P  ≥ 5.4 h [36]. 311P is an intermittent source 

of dust. 

Asteroids that contain considerable amounts of organics and water in hydrated minerals could 

have delivered substantial amounts of these ingredients of life to the young Earth [31], [37], 

[38]. C-type asteroids match well the D/H ratio of Earth water [39] . Therefore, active asteroids 

such as 133P/Elst-Pizarro are particularly interesting to characterize, as they are among the 

members of the asteroid population that may have a high water content. Martin et al. [40] 

conclude from model calculations that all surface water on Earth could have been delivered 

after its formation by impacts of asteroids. Also, measured D/H ratios in meteorites are 

consistent with an asteroidal origin of water on Earth [41], [42] . 

2.2 Main scientific objectives of a nanolander 

To study an active asteroid, several space missions have been proposed with different 

concepts and goals. For the M3 call of ESA, Jones et al. [43] investigated the CAROLINE mission 

concept to 133P with the main goal to investigate possible sources of primordial delivery of 

water to Earth and of increase our understanding of the compositional and temperature 

structure of the protosolar disk. Caroline was not selected by ESA.  

Snodgrass et al. [37] proposed the Castalia mission to 133P/Elst-Pizarro to the ESA M4 and M5 

Calls within the Cosmic Vision program. They planned to measure critical isotopic ratios to test 

if MBCs are a viable source for Earth’s water, to determine plasma and dust properties and to 

map possible ice sources in the interior by a radar system. The backup target was 238P/Read. 

However, Castalia was not selected by ESA. Castalia was proposed for the M7 Call of ESA again 

but not selected for Phase-2.   

A future space mission project is the AEM of CNSA (see Section 0) to NEA (469219) 

Kamoʻoalewa(469219) and to the active asteroid 311P/PANSTARRS. The scientific objectives 

https://de.wikipedia.org/wiki/(469219)_Kamo%CA%BBoalewa
https://de.wikipedia.org/wiki/(469219)_Kamo%CA%BBoalewa


are 1) to determine the physical properties of small bodies; 2) to understand the evolution 

mechanisms of small bodies; 3) to determine pristine materials; 4) to study the interaction of 

solar wind upon small bodies; and (5) to draw conclusions about the evolution of the solar 

system. 

DESTINY+ is an upcoming JAXA Epsilon medium-class mission to 3200 Phaethon. This Apollo 

asteroid is not located in the main belt but also shows signs of activity [44]. 

A nanolander can make a significant contribution to a space mission to an active asteroid by 

enhancing the study of the target body with an in-situ instrument suite. The advantage of the 

nanolander is that it can complement the main spacecraft objectives by operating on the 

surface to collect ground truth and/or additional data about the object that cannot be 

obtained by instruments on an orbiter. Table 1 summarizes the main scientific objectives that 

the proposed nanolander could address as part of a space mission to an active asteroid and 

includes specific measurements that can be done. These objectives are described in more 

detail as follows:  

(1) Characterize physical and geophysical properties 

Whereas an orbiter will study the shape, morphology, and composition of the target on a 

global scale with the goal to deduce the object’s mass, density, gravity field, inner structure, 

and mechanical properties, the nanolander will provide ground truth for spacecraft 

experiments by direct access to physical parameters measured on the surface at specific 

locations.  

The surface texture is observed by the CALICUT camera (see Section 4.1) with a resolution that 

is orders of magnitude higher than that of the spacecraft camera. High resolution images allow 

the derivation of particle size distributions down to the submillimeter scale [45]. Knowledge 

of the small-scale surface roughness is important input to interpret infrared orbiter data [7]  

and the mobility of the lander will additionally enable the generation of stereo images. 

The Multi-Sensor Package (MSP) with its magnetometer, electric field sensors, a mini-

penetrators/darts system, infrared radiometer, and a neutral density gauge (see Section 4.2) 

determines physical parameters, including surface temperature, thermal conductivity, 

compressive strength, magnetization, electrical conductivity and permittivity from direct 

measurements on the surface. These measurements support the main spacecraft instruments 

with ground truth data and contribute to the mission scientific goals such as the understanding 

of the puzzling nature of activity by detecting volatiles. 

The structure of the subsurface material (layering, porosity gradient) will be measured by the 

Ground-Penetrating Radar (W-GPR, see Section 4.3) at much higher resolution than this could 

be done by the orbiter. Those properties will be interpreted in terms of the evolution of the 

target. For example, significant macro-porosity would be indicative for a rubble-pile structure, 

a remarkable regolith layer for a strong impact history [46]. 



 

Table 1: Main scientific objectives and specific measurements of the proposed nanolander 

Scientific objective Measurement of Instrument (see section 4) 

(1) Characterize physical and 
geophysical 
properties on a higher spatial resolution 
(i.e. mm to cm-range) and over long 
times scale/full rotation cycle of the 
same region and thus providing ground 
truth to measurements from orbit  
 

texture, albedo 
gravity field (for density) 
 
electric and magnetic 
properties 
 
strength of surface 
material 
 
thermal properties 
 
internal structure 
(layering, porosity) 
 

Camera 
 
descending lander 
 
Multi-Sensor-Package (MSP) 
 
 
MSP 
 
 
MSP 
 
Wideband Ground-
Penetrating Radar (W-GPR) 

(2) Determine the surface composition 
with higher sensitivity and accurate 
localisation of the ground/site 

electric permittivity as 
tracer of ices 
 
chemical composition, 
incl. volatiles 

MSP 
 
 
Gamma-Ray Spectrometer 
(GRS), MSP 

(3) Constrain the driver of activity by 
local high-resolution measurements over 
long time scales 

thermal properties 
 
observation of dust 
emission 
 
mechanical and electric 
properties 
 
chemical composition 
 
gas density 
 
internal structure 
 

MSP 
 
Camera 
 
 
MSP, Camera, W-GPR 
 
 
GRS 
 
MSP 
 
W-GPR 

(4) Studying the plasma environment 
and space weathering effects close to 
the surface 

magnetic properties 
 
composition 
 
gas density 
 
albedo and spectral slope 

MSP 
 
GRS 
MSP 
 
Camera 
 

(5) Conclusions to the evolution of the 
Solar System 

magnetization 
 
gravity (for density) 
 
composition 

MSP 
 
descending lander 
 
GRS 



(2) Determine the surface composition 

To investigate the surface composition of the target, the lander is equipped with a synergetic 

set of instruments consisting of a camera, a gamma spectrometer and the MSP electric field 

measurement (see section 4). The use of three different in-situ data sets with very high spatial 

resolution allows a more precise determination of the surface composition of the asteroid. 

The multispectral camera helps to constrain the surface composition at small spatial scales 

[45], the gamma ray instrument detects relative elemental abundances, and the MSP will 

investigate the ice and mineral content of the surface. 

This would support the global spectral measurements on the orbiter, which will most likely 

rely on spectrometers operating in the visible and near-infrared.  

(3) Constrain the driver of activity 

The release of gas and dust is the defining characteristics of comets. However, even after the 

ROSETTA mission, it is not fully understood how this process works on a microscopic scale. It is 

still not understood yet how the weak cometary gas drag lifts off dust particles against the 

strong binding forces [47]. The background of asteroid activity asteroids in the main belt is 

even more puzzling, and several mechanisms are being discussed (see section 2.1).  

ROSETTA demonstrated that activity cannot be understood from an orbiter alone [48]. Due to 

the dynamic nature of the physical processes involved, it is of paramount importance to have 

a vantage point on the surface from which activity can be characterized over a long period of 

time. This can only be achieved with a lander.  

The possible content of water ice near the surface as one potential source of activity can be 

constrained by measurements of the GRS (elemental composition), the MPS (dielectric 

permittivity, gas detection) and W-GPR (high-frequency dielectric permittivity, see section 

4.4). 

The GRS data give a quantitative estimate of the presence of water ice if hydrogen is inferred 

from 2.223 MeV gamma rays. 

Other potential sources of activity as impact driven material ejection, electrostatic levitation 

of dust particles or ejection by thermal cracking can also be constrained by the nanolander 

payload by camera observations of local features [49] and electric field measurements. 

 (4) Plasma environment and space weathering 

The magnetic field as a function of distance from the active asteroid and gas density 

measurements obtained by the MSP are indicative of the activity of the comet and its 

interaction with the solar wind as a major source of space weathering. Multi-point 

measurements are needed to monitor and interpret the interaction processes. For example, 

important properties of low-frequency plasma waves, such as wavelength and amplitude, can 

only be estimated from a combination of orbiter and lander data, as it was done at comet 67P 



[50] . While these waves do not allow any specific conclusions about the target itself, they can 

be used as a rough indicator of its activity. As the activity increases, so does the energy density 

of the waves. 

The camera provides information on the effects of space weathering. Space weathered 

material on the surface has weaker absorption bands, a greater spectral slope at longer 

wavelengths (reddening) and lower reflectance values for all wavelength ranges (darkening) 

compared to fresh material with short exposure times to solar wind, cosmic radiation, solar 

heating and micrometeorites bombardment [51]. 

 

 (5) Conclusions to the evolution of the solar system 
 

Cometary composition [7] and remnant magnetization [52] are indicative of the conditions in 

the early solar system and set constraints to evolution models.  Also surface structure and 

porosity of the target reflect the formation and impact history of the target [53]. 

Magnetization is different also in meteorites and their asteroidal mother bodies and gives 

reference to their evolution [54]. CALICUT will investigate all these topics (see (1) and (2) in 

this section). 

Specifically, element ratios measured by the GRS instrument as K/Th and K/U are very 

different among different types of asteroids and different groups of meteorites, because they 

are very sensitive to events of volatiles loss during the accretion and differentiation phases. 

Whereas potassium (K) is a slightly volatile element, uranium (U) and thorium (Th) are highly 

refractory elements. K/Th and K/U ratios can depend on the distance from the Sun at their 

formation and their further thermal evolution [55]. Thus, knowing these ratios of the main 

belt asteroid, one can not only reveal genetic links to other known asteroid/meteorite types 

but also shed light on its birthplace and on further thermal evolution. 

3 The Nanolander (CALICUT) 

3.1 Small Bodies Lander Heritage 

The proposed CALICUT lander design is based on MASCOT (Mobile Asteroid Surface sCOuT), a 

lander of similar size which that was part of JAXA’s HAYABUSA2 mission to asteroid (162173) 

Ryugu [56], [57]. The platform leveraged the experience gained with the ROSETTA Lander PHILAE 

[58], [59] , the first ever comet lander, through a design evolution that pursues the philosophy 

of balanced re-use and new designed elements into a broad set of follow-on MASCOT 

nanolander studies.  

PHILAE was developed by an international consortium under the lead of DLR and part of the 

ESA ROSETTA mission to comet 67P/Churyumov-Gerasimenko. It was delivered to the comet in 

November 2014 and supposed to anchor to the surface at touchdown.  Unfortunately, the 

anchoring harpoons did not work and PHILAE bounced and came to rest about one kilometre 

from the planned landing site at an area of very low illumination [10].  Nevertheless, the lander 

could be operated for about 60 h mostly on the battery charge it brought along after 



separation from the ROSETTA spacecraft. All instruments were activated and a wealth of 

scientific data could be obtained. However, long-term measurements based on the power 

provided by the solar generator could not be made [11], although some later activations of 

photovoltaic power occurred [60]. 

While PHILAE is a very complex and demanding lander with ten scientific instruments and a 

separated mass of about 94.3 kg, MASCOT is much smaller with a separated mass of only 9.66 

kg. It is less demanding in operations due to its simple on-board autonomy, and because of 

these characteristics, it can be considered as an instrument of typical size for its carrier 

mission. Its design is closer to the type of surface package sought by the Chinese Asteroid 

Exploration Mission for its scientific instrument payload concept. 

CALICUT, see also Figure 1, shares with PHILAE the concept of using a solar generator 

(photovoltaic system) and re-chargeable batteries to allow long term operations on the 

surface of the active asteroid, in this case at least six weeks.  

 

Figure 1: The dimension of MASCOT in comparison with the currently estimated dimensions of 
CALICUT (indicated in italic and underlined) on a preliminary CAD accommodation (left). The new 

MESS design footprint based on the MASCOT2 MESS concept (right). 

At DLR, together with international partners, various small bodies lander designs were 

studied, making use of existing experience with flight hardware and adapting to mission 

constraints.  The range extends from small designs of the order of 10 kg, e.g. [61], [62] with 

limited payload, to large, complex lander concepts similar to PHILAE.  Even sample-return 

capabilities have been studied for the JAXA mission OKEANOS to the Jupiter Trojans [63], [64]. 

The MASCOT design is very versatile and can be adapted to various targets and mission designs 

[61]. MASCOT derivates were studied in detail for several missions, including NASA’s ARM 

(Asteroid Redirect Mission) mission and ESA’s AIM (Asteroid Impact Mission) [65], which was 

envisaged to deploy a MASCOT2 to Dimorphos, the small moonlet of binary NEA (65803) 

Didymos [66].  



MASCOT can be seen as the immediate precursor of CALICUT, as it is a nano-size surface 

science package with a mass of about 10 kg and a size of 28 cm x 29 cm x 21 cm [56]. As part 

of the HAYABUSA2 Asteroid Sample Return Mission, and it was deployed as an in situ payload 

on the surface of asteroid Ryugu in October 2018  [57]. After separation from the mother 

spacecraft at an altitude of 41 m, the small lander was free-falling to the surface without 

attitude control.  It first touched the surface about six minutes after release and came to rest 

after several bounces about 15 minutes later.  After this, as foreseen for CALICUT, the lander 

had to upright itself by means of an internal torquer (mobility mechanism) and using optical 

proximity sensors and photoelectric cell sensors for attitude determination.  

MASCOT was powered by primary batteries of the same technology as used on PHILAE and 

operated successfully for > 17 hours after separation from the main spacecraft, allowing day-

night measurements and even relocations using its mobility mechanism. Unlike CALICUT, no 

recharging of the batteries with a photovoltaic system was implemented. 

Communications with Earth, after separation, was established via relay by the HAYABUSA2 

spacecraft. Because of the short duration of surface operations, the amount of direct 

housekeeping (HK) or status telemetry to Earth and control commands from Earth was 

extremely limited, requiring considerable lander autonomy. This required a detailed planning 

of the on-surface operation considering various contingencies managed by a dedicated 

software function, i.e. MASCOT Autonomy Manager (MAM), as part of the onboard software 

in cooperation with the attitude control sensors of the MASCOT lander [67]. Control, 

housekeeping, autonomy, data handling and local processing power are provided by the on-

board computer (OBC).  

Once arrived on the surface of NEA Ryugu, MASCOT obtained high-resolution information on 

the surface properties of rocks ranging in size from ten to one meter (Figure 4 in section 4). 

These had different morphologies [45], and certain rock type showed bright inclusions similar 

to meteorites analogs found on Earth [68], [69]. In addition, fine regolith seemed to be absent 

on Ryugu’s surface seen by the MASCam images and confirmed by the MARA measurements 

[70]. A global magnetic field was not detected by the magnetometer of MASCOT (MASMag) 

as summarized by [71]. The MicrOmega IR Hyperspectral Imager was activated and operated 

as planned. However, due to the very rough surface of Ryugu, MicrOmega was unable to 

acquire any meaningful spectra [72]. At the locations where MASCOT came to rest on Ruygu, 

the instrument’s line of sight was over a deep depression due to the very rough terrain. As a 

result, the surface in MicrOmega's field of view was far too distant to be illuminated and 

imaged, preventing direct characterization of the asteroid.  

Table 2 shows a comparison of instruments aboard PHILAE, MASCOT and proposed for 

MASCOT2 and CALICUT, as described in this paper. Indeed, some instruments aboard CALICUT 

benefit from direct heritage of instruments aboard PHILAE or/and MASCOT. Detailed 

information on the CALICUT payloads is described in section 4. 



Table 2: Instruments for Philae and MASCOT landers and for the proposed MASCOT2 and CALICUT 
concepts. Instruments on CALICUT benefitting from design heritage are indicated by asterisks. Note: 

MSP = Multi-Sensor Package, GRS = Gamma Ray Spectrometer, W-GPR = Wideband Ground 
Penetrating Radar. Detailed description of these instruments is in section 4. 

 PHILAE MASCOT MASCOT2 CALICUT 

CAMERA CIVA, ROLIS MASCam CAM Camera* 

EVOLVED GAS ANALYSER 
(MSGC) 

COSAC, Ptolemy    

GAS DENSITY ANALYSER    MSP-NDG* 

GAMMA RAY 
SPECTROMETER 

   GRS* 

RADAR CONSERT  LFR W-GPR* 

MAGNETOMETER ROMAP MASMag  MSP-MAG* 

RADIOMETER MUPUS-TM MARA MARA MSP-RAD* 

IR SPECTROMETER CIVA-M MicrOmega   

GEOTECHNICAL 
INSTRUMENTS 

SESAME, MUPUS, 
(SD²) 

 DACC MSP-DRT, MSP-
ACC*, MSP-EFS 

ALPHA/X-RAY 
SPECTROMETER 

APX    
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3.2 Nanolander CALICUT System Design 

The nanolander system as it was designed for the Chinese Asteroid Exploration mission, is 

based on common requirements with the MASCOT system, as well as unique, modified or new 

mission specific requirements. Table 3 gives a list of the requirements of CALICUT driving 

changes in the nanolander system design as compared to MASCOT on board the HAYABUSA2 

spacecraft.  

Since the CALICUT concept is based mainly on the MASCOT lander [56], the following design 

illustrations focus primarily on the subsystems that underwent changes as a result of the new 

requirements as presented in Table 3. 

The CALICUT’s configuration is based on two main components, see Figure 1: 

1. The Landing Module (LM), which is actually the nanolander itself housing the 

scientific instruments as well as all avionic subsystems (onboard data handling 

system, power supply, communication), the thermal control system, the mobility 

system and the associated attitude control system  

2. The MESS, i.e. the Mechanical and Electrical Support System which is the 

interfacing part to the main spacecraft. It will also carry the calibration target of 

the camera and radiometer instruments (see section 4)   

The Landing Module’s baseline structural design (Figure 1, on the left) follows closely the 

MASCOT structure concept. To optimize the solar power collection capability of the system, 

the lander’s volume has to grow to ≈270 % of MASCOT to allow the accommodation of a 

sufficiently large active area of photovoltaic cells and more instruments.  

The accommodation of the instruments and subsystems follows the concept of MASCOT. 

CALICUT is divided into a warm (for the avionic systems) and cold compartment (for the 

scientific instruments).  The so-called “warm” compartment/section of CALICUT houses like 

MASCOT a common aluminum electronics box (E-Box) which contains all the bus electronics 

and several of the instrument backend electronics (except for the camera and the gamma ray 

spectrometer). The E-Box carries the communication subsystem (transceiver) and the battery 

which are mounted directly on the E-Box like the mobility system. The E-Box further holds. 

Due to the very cold condition on the AA, the warm compartment is enveloped with a 

substantial package of MLI. The MESS (Figure 1, on the right) underwent a design change 

which is simpler than that of MASCOT to increase the reliability of the separation process and 

decrease mass. It follows the approach of the MASCOT2 study for the AIM mission (see 

previous section), in particular minimizing the mass remaining attached to the carrier 

spacecraft [66]. This updated MESS concept, which is also proposed for the CALICUT lander, 

was developed for the rover on JAXA’s MMX Mission [73], [74]. This modified design allows 

the integration of a spacecraft-side interface unit for power supply, wired data link and radio 

communications in the MESS, as well as the mounting of an antenna on, at or near the MESS. 
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Table 3: Top-Level requirements of the CALICUT nanolander driving the design changes of the 
MASCOT concept. 

REQ. STATEMENT RATIONALE/JUSTIFICATION MASCOT REQ. ON 
HY2 

REQ-1 The lander mass should not exceed 

9.8 kg 

Design Goal The maximum mass 
of the lander module 
and the MESS was 11 
kg 

REQ-2 Payload mass should not exceed 2 

kg (incl. margin)  

Follows from Req-1, to 

allow the accommodation 

of all subsystems within the 

remaining available budget 

based on the MASCOT 

heritage.  

The maximum 
payload mass should 
not exceed 2 kg (incl. 
margin) 

REQ-3 The mission design shall allow at 

least 6 weeks of surface operations 

and shall at least covers 3 sites.  

Maximize the scientific 

observations to gain a 

comprehensive 

understanding of the 

asteroid/comet by visiting 

several different locations.  

Operation duration 
for at least two 
asteroid rotations 

REQ-4 The mission design shall ensure a 

touchdown velocity not exceeding 

vesc/e, where vesc is the escape 

velocity of the AA and e is the 

maximum coefficient of restitution 

(by nanolander design and surface)  

The lander must stay on the 

surface. Locations of 

interest can be reached by 

its built-in Mobility 

Mechanism. 

See requirement 
below 
 

REQ-5 Impact velocity of the lander shall 

be <1 m/s (preferably <0.5 m/s). 

Separation altitude should 

be between 50 m and 500m 

to avoid the nano-lander to 

escape from the AA’s 

surface during Separation 

Descent and Landing (SDL). 

Vimpact < 50% then 
asteroid escape 

velocity ( 32 cm/s) 
 

 

To achieve the required mission lifetime of at least 6 weeks, the nanolander requires 

photovoltaic energy generation and a rechargeable battery for energy storage at night and 

while in topographical shadow. The photovoltaic energy input determines the long-term 

available average power, though peak power can be much higher when provided by the 

battery. The power subsystem has the following modes of operation: 

• Cruise mode: power for battery recharging and cruise operations is supplied by the 

main spacecraft; photovoltaic input on the nanolander can be used but some 

functions are controlled or modified by being attached to the main spacecraft 
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• Flight mode: the nanolander is powered by its own power subsystem at and after 

separation, including all autonomous regulation and safety functions  

• Survival mode: in case of ending up in a cold dark hole (e.g. Philae), the 

nanolander’s power subsystem autonomously reduces the power consumption in 

several steps to avert deep discharge of the battery, then maintains battery 

temperature so that charging is possible. The nanolander directs all photovoltaic 

energy to warm up and charge the battery first. When the battery has regained a 

sufficient charge level again, it will attempt to cyclically restart of the higher-level 

systems. 

Power is provided from a switched output of the main spacecraft power subsystem to the 

nanolander. The power interface should supply up to 50 W to the lander to cover 

simultaneous check-out of all instruments and the mobility mechanism at limited power, e.g. 

for validation of new and updated operation sequences during cruise. However, most of the 

expected active in-cruise operations of the nanolander require much less than 10 W. These 

include single or sequential instrument activities such as regular cruise check-outs and 

calibrations or radio communication subsystem checks, and typically less than 1 W for OBC-

only operations such as software updates or housekeeping monitoring. The main spacecraft 

uses a nominal bus voltage of 23 to 29 V that is directly switched to the nanolander. The 

nanolander power interface will be designed to operate at all nominal as well as possible off-

nominal bus voltage levels and current limitations.  

Photovoltaic cells tightly cover all otherwise unused surfaces of the nanolander. An advanced 

multiple-junction cell type suitable or selected for low insolation low temperature (LILT) 

operation will be used and arranged for maximum area coverage, minimum per event power 

loss upon damage (e.g. by bouncing of the nanolander), and maximum net energy intake (e.g. 

string & converter grouping, maximum power point tracking (MPPT)). 

All remaining subsystems of CALICUT should make use of either commercial off-the-shelf 

(COTS) technologies or subsystems developed for MASCOT. As a representative example for 

the first category, a COTS communication system operating via UHF or S-band will be selected. 

During cruise, the communication between the CALICUT lander and the carrier spacecraft will 

be transmitted mainly via the umbilical cable, but radio link during cruise is considered for 

redundancy. Once the lander is separated, it will communicate with a shared communication 

system for payloads onboard the main spacecraft.  To allow the nanolander to move and self-

right on the active asteroid’s surface at a location which provides enough photovoltaic and 

solar-thermal energy for survival, CALICUT is equipped with the same mobility mechanism as 

MASCOT. This allows the lander: 

• to self-right if it happens to rest on a side that is not favorable for payload operations 

(i.e. the gamma ray spectrometer not facing towards the regolith) 

• to relocate or hop after completion of the science measurements at one landing site, 

or in case of unfavorable operating conditions at the first landing site. 
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The attitude of the lander is determined by a combination of simple sensors such as an 

omnidirectional coarse Sun sensor, a set of optical proximity sensors to detect the contact of 

the lander with the surface [56], [57], and an accelerometer [66].  

3.2.1 Accommodation of science instruments and system budgets 

As explained in the previous section, the accommodation of the subsystems and scientific 

payload within the structure of CALICUT follows a similar approach as for the MASCOT lander. 

The lander is divided into two sections, a warm and a cold one.  Most scientific payloads are 

installed inside the “cold” section/compartment, see Figure 2, with the GRS pointing towards 

the bottom plate for direct view on the surface. The special operational requirement of the E-

field sensors requires them to be deployed to allow direct contact with the surface.  

 

Figure 2: Accommodation of the scientific instruments inside in the CALICUT. 

Table 4 summarizes the consolidated budget/resources of the CALICUT system and its 

scientific payloads.  Looking more closely at this table, a few observations stand out: first, the 

extremely large variation between average net continuous power available at aphelion, ≥1.5 

W regulated, and the maximum peak power available from battery, ≈150 W for the relocation 

mode2, and second, the large mass fraction of the power subsystem (approx. 3.5 kg, see Table 

4), exceeding 35% of the overall mass of the lander module. (Note: The power subsystem of 

MASCOT was approx. 1.8 kg.) The latter is partially explained by the very large photovoltaic 

energy collection area which is sized for reasonable worst-case operation conditions, i.e. the 

                                                           
2 The maximum peak power of about 150W is what the battery can provide and is mainly for the relocation 
mode. This value differs from the value of 130.5 W in Table 4, which describes the maximum possible demand 
of the lander (i.e. subsystems and payloads), which must be less than what the battery can provide. 
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lander horizontal at an equinox location with an azimuth orientation that illuminates only the 

top and smaller side panels, with the smallest turned to the sunrise direction.  

Table 4: The budget of the CALICUT system and its scientific payload.  

 Mass 
[kg] 

Dimension 
[mm x mm x mm] 

Avg. 
power 

[W] 

Peak 
power 

[W]  

Data volume Remarks 

Camera 0.40 77 x 96 x 114 1.5 6.4 ≤2 Mbyte/img  

MSP-CBE 0.34 100 x 100 x 40   8 byte/s H 

MSP-MAG 0.05 Ø50 x 50 0.8 0.8 50 byte/s H 

MSP-RAD 0.05 Ø60 x 40 1.6 2.6 0.5 Mbyte/loc.day H 

MSP-EFS (4) 0.10 Ø60 x 10 m+ arm 0.5 1.0 1 Kbyte/sweep H 

MSP-DRT (2) 0.11 Ø20 x 130 3.0 5.0 8 byte/s  

MSP-NDG 0.11 Ø50 x 50 2.5 2.5   

MSP-ACC 0.05 41 tetraeder 0.1 0.16 20 Kbyte/s  

GRS 0.38 100 x 100 x 300 3.0 3.0 4 Kbytes/min  

W-GPR 0.31 280 x 180 x 4 + 100 x 
80 x 20 7.0 14.0 

57.6 Kbyte/meas. 
500 Kbyte/s 

 

Instruments total 1.90  ≥0.9 ≥21.1 
≥320 Mbytes in 
nominal mission F, Q 

OBC 0.15 109 x 94 x 72 0.1 1.3   

Comm 0.50 105 x 99 x 10 1.0 3.0   

GNC (6) 0.20 32 x 27 x 14 0.1 2.7   

Mobility 0.45 Ø161 x 25 1.3 102.3   

PWR/Batteries 3.50 109 x 94 x 54/227 0.1 0.1   

Harness 0.60  - - -  

Mechanisms 0.10  0.0 30.0   

Thermal 0.20  - -  M 

Structure 2.20 378 x 392 x 308 - - -  

Bus total 7.90  0.6 109.4  F 

Lander Module 
total 

9.80 378 x 392 x 308 ≥1.5 130.5  F 

MESS structure 0.80 489 x 467 x 22 - - -  

Umbilical 0.08  - - - L 

RF elements 0.05  - - - K 

bolts to s/c 0.08  - - -  

Push-Off Mech. 0.05 Ø40 x 40 - - -  

Thermal 0.05  - - -  

MSP CalTarget 0.10  - - - J 

MESS Module 
total 

1.21 489 x 467 x 22 - - -  

System total 11.01 489 x 467 x 338 ≤5.0 ≤50.0  N 

Remarks: The mass of the instruments includes sensors as well their backend and/or frontend electronics, 

however the given volume is attributed to the sensors, only, since the backend electronic boards are integrated 

into the common electronic box (E-Box). H – CBE power included in MSP-MAG or -RAD operation, and including 

passive sensors; F – average regulated power available at 133P aphelion, maximum total peak power at 

relocation action; Q – nominal mission total science data volume; M – passive thermal control after separation, 

cruise thermal control by carrier spacecraft depends on accommodation; L – power, data, separation and auxiliary 

telemetry harness in MESS; K – antenna and harness, only (communication module similar to the lander’s may be 

carried on MESS inside); J – CalTarget power included in MSP-RAD peak power; N – cruise check-out and thermal 

control power levels. Note1: The above denominations are MSP-CBE = Common Backend Electronics, MSP-MAG 

= Magnetometer, MSP-RAD = Radiometer, MSP-EFS = E-Field Sensors, MSP-DRT = Darts, MSP-NDG = Neutral 

Density Gauge, MSP-ACC = Accelerometer, Comms = Communication System, PWR= Power, RF= Radio Frequency. 
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Note 2: The system total in the bottom line is the long-term (i.e., thermal timescales) average (5W) and power 

line peak (50W) power allocated for CALICUT in the Zheng He mission concept. The difference between 50W to 

the maximum possible peak power of 130.5 W would have to be supplied by the lander battery during cruise 

checkouts. The MESS does not consume any electrical power, except for the one-time separation pulse which is 

passed through to the release actuator in the lander [124]. 

The battery is the other major contributor to the mass of the power subsystem because it is 

the nexus of electrical power and thermal design, as well as science operations and 

operational robustness considerations. During the separation, descent and landing (SDL) 

phase, it requires sufficient pre-charged capacity to support minimal science operations in the 

event of catastrophic damage to the lander’s photovoltaic skin. It must also last well beyond 

a local day and subsequent maximum-power relocation attempts in case the lander finds itself 

in a cold, dark hole after coming to rest – a lesson painfully learned from PHILAE’s lost extended 

mission [11]. Then, after nominal operation is established at a tolerable location, the battery 

must be able to support repeated extended runs of the high-power consumption science 

instruments, i.e. cycles of operation lasting hours to a few local days, alternating with net 

charging periods of low activity for several local days [66]. Further, it must operate at relatively 

low temperatures to reduce the heat loss from the center of the system, while maintaining 

very high energy efficiency during the charge cycle. Therefore, the warm compartment has to 

be kept as warm as possible during operation because these parameters are closely linked to 

the battery temperature and the power demand. It has to have a much larger capacity reserve 

than is typical in power subsystem design to enable continuous maximum power point 

operation of the photovoltaics. In this way, the maximum amount of energy can be harvested 

with a given system and distributed throughout the entire nanolander system. This allows the 

battery to keep itself sufficiently warm throughout the nominal mission and possible extended 

operations through aphelion of the target object. All these very different and sometimes 

apparently diverging requirements converge on having a relatively large battery for such a 

rather small spacecraft which operates at a very low per-cell load in terms of power level and 

energy cycling, and at relatively cool temperatures for battery operation, i.e. closer to 0 °C 

than the typical room temperature.  

It is clear that the long-term part of the mission is critically dependent on photovoltaic power 

input. Experience with Rosetta’s Philae lander has shown that photovoltaic power generation 

could be maintained for a long period of time in the likely similarly dusty environment of 67P/ 

C-G. Although the total daily energy input was insufficient to continue operations due to 

topographical shading, Philae did wake up several times and telemetry showed that 

autonomous activity had occurred sufficiently in the meantime to fill the data buffer. Also, the 

uncontrolled and completely unplanned bouncing across the surface of 67P/C-G did not 

appear to damage photovoltaic cells or cause them to be covered by dust. As far as its short 

17-hour mission allows, this observation also applies to MASCOT’s GNC sensors (i.e. 

Photoelectric Cell, PEC), which consist of tailored-size triple-junction Azur 3G28 photovoltaic 

cells with cover glass. Although beyond the scope of this paper and to be reported in future 
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work, initial studies on minimizing the impact of damage to photovoltaic arrays during mobile 

phases of operation were already made for MASCOT and extended for MASCOT2.  

Also beyond the scope of this paper, future work will report on the evolutionary studies of the 

MASCOT thermal control system, which is based on a semi-passive concept of insulation and 

heat pipes with inherent control properties. It will show that a MASCOT-like nanolander 

equipped with thick thermal insulation of similar properties to that used on Philae can keep 

its battery warm enough to operate out to Jupiter-Trojan distances with an average internal 

dissipation of only 2 to 3 W, as long as it can collect enough solar energy to maintain this. 

Intermittent operation of high power instruments is still possible because heat pipes allow the 

excess dissipation to (almost literally) boil over to the radiator and keep the interior from 

overheating, again usually driven by the temperature limits of the battery. 

All four science instruments on CALICUT can be accommodated within the available space, as 

CALICUT is about 35% larger in volume than MASCOT. A detailed analysis of the system 

budget, e.g. in terms of mass, volume and power, will be studied in the future, as suggested 

above, but may require a prioritization of the instruments. However, the ranking of 

instruments depends strongly on the scientific objectives of the main mission. Therefore, 

distinguishing between mandatory and optional instruments in the case of system constraints 

requires an assessment of what kind of scientific objectives the nanolander must contribute 

to those of the main mission. 

3.3 Mission Phases 

The Chinese Asteroid Exploration mission for which CALICUT was proposed as payload 

element with a launch in 2024. Its targets were Near-Earth-Asteroid (469219) Kamoʻoalewa 

and main belt comet (MBC) 133P/Elst-Pizarro. Note: Meanwhile, the mission concept was 

changed (see Introduction). The mission concept has changed with an updated launch (2025) 

and another main belt asteroid (311P instead of 133P). However, the paper is based on the 

study for the original Chinese Asteroid Exploration Mission ZengHe. 

Table 5: Main characteristics of 133/Elst-Pizzaro. 

Semi-major axis 3.16 AU 

Eccentricity 0.16 

Inclination 1.39° 

Perihelion distance 2.65 AU 

Rotation period 3.471 h 

Orbital period 5.62 years 

Equivalent circular radius 2.2 ± 0.4 km 

Axis ratio ≈ 1.5 : 1 

Albedo 0.05 ± 0.02 

 

The mission would have taken approximately 10 years and is divided into 2 main cruise phases. 

Phase 1 (about 3 years) comprises the travel to, the rendezvous, remote sensing, in-situ 

analysis and sample return operations at the (469219) Kamoʻoalewa. Phase 2 would have last 
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roughly 7 years and is dedicated to the active asteroid investigation. It covers gravity assist 

maneuvers at Earth and Mars as well as the arrival and operations at the target 133P/Elst-

Pizarro. Table 5 summarizes some properties of the target. The proposed nanolander shall be 

deployed about 2-3 months after arrival at the AA, at a landing site that will be selected after 

trading system requirements, such as illumination and smooth terrain with scientific 

relevance. The relevant mission phases from the nanolander perspective are summarized in 

Table 6. During separation from the main spacecraft and landing on the comet, the lander and 

some of its scientific instruments such as the magnetometer (MSP-MAG), accelerometer 

(MSP-ACC) and camera will be switched on. The aim is to obtain information about the 

physical properties of the AA, but also about the morphology of the surface. This will provide 

relevant data for context science.  The required separation altitude of CALICUT (see also Table 

3, Req-4 and Req-5) is on the order of 50 m – 500 m to allow an impact velocity of the lander 

of less than 1 m/s. Since CALICUT, like MASCOT, is a passive lander with no active landing 

systems, lower separation altitude leading to target impact velocities <0.5 m/s are preferred. 

Target impact velocities in this range appear acceptable, assuming highly porous and very 

friable surface mechanical properties similar to Ryugu [70]. However, for 133P and other AA, 

these properties remain unknown before exploration and therefore constitute a risk when 

used as a design assumption; cf. the expectations for Ryugu before the arrival of HAYABUSA2 

[75].  

Table 6: Anticipated mission phases of the CALICUT nanolander based on the Chinese AEM concept. 

MISSION PHASE DURATION LOCATION  MAIN EVENTS  

LAUNCH weeks to 
months 

Launch Pad Occasional battery check & short functional tests in case of 
long ground storage duration > 3 months 

LEOP (LAUNCH AND 
EARLY ORBIT PHASE) 

minutes to a 
few hours 

Ascent trajectory No operations 

COMMISSIONING several hours 
over a few 
days 

Earth escape 
trajectory 

Commissioning 

CRUISE PHASE 1 3 years Interplanetary 
(Earth-NEA-Earth) 

Hibernation with periodical health check (once every 6 
months) and instruments calibration 
Mission & science support observations (similar to PHILAE 
observations of deployed ROSETTA solar panels and Mars fly-
by), during fly-bys and at (469219) Kamoʻoalewa 

CRUISE PHASE 2 7 years Interplanetary 
(Earth Flyby – 
Mars Flyby – AA) 

Hibernation with periodical health check (once every 6 
months) and instruments calibration 
Mission & science support observations during fly-bys and 
at the target before separation 

PROXIMITY 
OPERATIONS 

2-3 months Locked to main s/c 
in AA system’s 
orbit  

Lander performing pre-descent operations, instruments 
calibration if required 

SEPARATION, 
DESCENT AND 
LANDING 

0.4 - 1.1 hours3 On the surface of 
AA 

Separation of the lander, traversing to the asteroid surface, 
possibly bouncing, ends with resting state 

ORIENTATION AND 
RELOCATION 

1st and 2nd local 
days 

On the surface of 
AA, at drop point 

Determination of location and attitude, relocation from 
landing site, possibly bouncing, ends with rest at an 
operational landing site, correct side to regolith 

                                                           
3 The duration of the SDL Phase (i.e. from separation until final rest position) was derived by assuming the size 
of 133P/E-P as indicated in Table 5 and a density range of 550 ... 1300 g/cm3 
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CONTINGENCY 
SCIENCE 

battery lifetime 
w/o 
recharging4 

On the surface of 
AA, near drop 
point 

Minimum science operations, MSP Dart contingency 
operation option in time for data transmission  

ON-SURFACE 
OPERATION 

 6 weeks On the surface of 
AA, primary 
science location(s) 

Performing science operations 

• Longer stay at primary science location 
o Operate Camera, GRS, W-GPR and 

Multi-Sensor Package  
o Possibility: Deployment of Dart 

electrodes & Cutting probe leads (tbc) 
o Hopping & Relocation 

• Second mobile phase  

• Location hopping (cycles of move & measure) 
EXTENDED MISSION Carrier s/c still 

in the vicinity5 
for data link 

On the surface of 
AA 

Wider exploration of the surface or/and long-term 
measurements at a favorable selected location  

DISPOSAL remaining 
functional 
lifetime 

On the surface of 
AA, long-term 
favorable location 

Transition from scheduled transmissions mode to listening 
mode until End of Life by natural degradation 

 

In order to enhance the survivability of CALICUT during landing on an active asteroid in the 

main belt, a crushable shell can be added to the baseline design to help protect it at a very 

small increase in mass, [76]. This would allow a higher separation altitude and thus would add 

robustness to the separation, descent and landing phase of the lander. This option will be 

addressed in a future mission study.  

Similar to MASCOT and depending on the surface mechanical characteristics of 133P, a certain 

bouncing phase of CALICUT is expected before the nanolander will come to rest. Once landed, 

all scientific instruments will be turned on to perform a pre-defined science measurement 

cycle that can be operated entirely from battery power in case of extremely adverse 

illumination conditions or (temporary) loss of the telecommand link. The scientific 

measurements should be repeated as often as necessary by varying parameters and 

increasing integration time of the GRS instrument until the system has reached the end of its 

life. The lander is designed to operate its instruments for at least 6 weeks on the active 

asteroid. 

4 Proposed Scientific Payload 

 

4.1 Camera 

4.1.1 Scientific objectives 

The lander camera will provide ground truth imaging for the orbiter remote sensing 

observations of the AA, and geological context for measurements by the other lander 

instruments. Analysis of the descent and surface images will allow the characterization of 

surface geology, morphology and physical properties, e.g. rock and regolith particle size 

                                                           
4 The battery lifetime w/o recharging is designed for approx. three asteroid days. The duration of one asteroid 
day is listed in Table 5 
5 Depending on the main mission operation the main spacecraft still orbits the AA or hovers at a certain 
distance to the AA. 
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distributions. During the day, clear filter images will be acquired. During the night, illumination 

of the dark surface by means of an illumination device (consisting of at least four arrays of 

monochromatic light emitting diodes (LED) working in 4 spectral bands) will permit multiband 

color imaging. As a baseline we choose the same proven spectral bands as the MASCOT 

camera used. The four colors of the LEDs (see 4.1.2) will give information about the mineral 

composition of the surface.  Example images from MASCOT observations [45] are given in 

Figure 4. 

  
Figure 3: Left: MASCam images taken with LED light during a night on Ryugu.. Right: Rock 

morphologies present on Ryugu from MASCam observations during descent and hopping. The 
analysis on the rocks and their inclusions are performed [45]. Credit: MASCOT/DLR/JAXA.  

Such multi-band imaging allows not only the acquisition of color (RGB) images and the 

derivation of spectral slopes, but also the extraction of some rough information about the 

composition of the surface through the interpretation of spectral features ([45] with Figure 4 

therein). Olivine enrichment leads to an increase of the  blue spectral slope in the visible for 

bright inclusions in the Murchison meteorite [77]. Reddish spectra give hint at the presence 

of phyllosilicates, Fe-rich oxides, or spinel [78], [77]. The detection of ices is a primary mission 

of the payload. To identify ice in a dust/ice mixture may be a challenge. Under specific 

conditions (sufficient amount of ice that is not too coarse-grained) on the surface it can be 

found by measuring the reflectance as lab results demonstrate [79]. 

Continued imaging on the surface at different Sun angles over the course of an asteroid’s day 

will also contribute to the physical characterization of the asteroid surface properties. This will 

enable investigating time-dependent processes and the photometric properties of the 

regolith. Combined orbiter and lander camera observations will cover a wide range of 

observational scales. The descent sequence and close-up images will reveal surface features 

over a wide range of scales, from a resolution of 5 cm/px at 50 m (possible separation altitude 

of the nanolander from the spacecraft) to 150 micron/px at the surface, allowing an 

assessment of surface diversity and complementing orbital observations with in-situ, on-
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surface ground truth data. In summary the camera will contribute to major scientific goals of 

the lander part of the mission (see Table 1): 

• Provide ground truth and accomplish ‘context science’ by complementing remote 

sensing observations from the orbiter 

• Characterize the albedo and spectral slope of the surface to obtain information about 

its composition, compositional heterogeneity, and space weathering effects;  

• Observing dust emissions to constrain drivers of activity 

• Determine the morphology, structure, and texture of the surface including the rock 

size distribution and small-scale particle size distribution. 

4.1.2 Instrument description 

The nanolander camera is a compact wide-angle CMOS (Complementary Metal-Oxide 

Semiconductor) camera and is based on the highly successful MASCOT camera MASCam [80], 

which again has heritage from the camera ROLIS aboard PHILAE [81]. Figure 3 shows the flight 

model of MASCam in the laboratory and mounted inside MASCOT. It was designed to image 

the surface of asteroid Ryugu, see Figure 4 and in [80].   

The camera covers a large part of the surface in front of the lander. For this purpose, it is 

mounted inside the lander slightly tilted, such that the center of its approx. 55° square field-

of-view is aimed at the surface at an angle of 22° with respect to the surface plane. This is to 

ensure that both the surface close to the lander and the horizon are observable, when the 

lander rests on an even surface6. The camera optics are designed according to the Scheimpflug 

principle, so that the entire scene is in focus along the camera’s depth of field (150 mm to 

infinity). The camera utilizes a 1024 × 1024-pixel CMOS sensor sensitive in the 400–1000 nm 

wavelength range, peaking at 600–700 nm. Together with the f/16 optics, this yields a nominal 

ground resolution of 150 micron/px at 150 mm distance (diffraction limited). In order to 

capture color or multiband images of the surface, MASCam is equipped with 4x36 LEDs in 4 

wavelengths (red, green, blue, infrared). As for the MASCOT’s mission on Ryugu, the bands 

are centered at B:470nm, G: 530nm, R: 624nm, IR: 805nm.   

                                                           
6 For an instructive impression as well as comparison with images from Ryugu, the resulting perspective is 
similar to placing your chin on a table while being seated at it on a chair, and then looking ahead horizontally 
with one eye, only. 
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Figure 4: Flight model of the MASCam lander camera inside the MASCOT lander (left) and in the lab 
(right), with LED plate visible beneath blue lens assembly 

To fit in the limited payload mass allocation for the lander, the camera optical head including 

illumination unit and electronics is designed as a highly compact camera with a low mass of 

403 g. The nominal power consumption (panchromatic imaging in daylight) is 1.5 W, the 

maximum power consumption is 6.4 W (multiband night-time imaging) for the very brief 

illumination interval ≤3 s.  

Optional additional multi-colour or single-colour LED plates can be installed near the camera 

as well as at other locations on the instrument side of CALICUT, and operated in synch by the 

bus’s power subsystem. This enables the use of more LED colours within the sensor’s 

sensitivity range as well as stereoscopic illumination with varying baselines in two dimensions, 

and variable illumination intensity. The additional mass of ≈17 g per LED unit is very small, and 

the energy budget impact negligible because of the short activation time. 

4.2 Multi-Sensor Package 

The Multi-Sensor Package (MSP) includes several experiments such as a magnetometer (MSP-

MAG) with direct heritage from ROMAP and MASMag [82], [83]  as well as a radiometer (MSP-

RAD), with direct heritage from MARA [84]. In addition, there are mini-penetrometers (MSP-

DRT) including accelerometers (MSP-ACC) to measure the compressive surface strength and 

the electric field sensors (MSP-EFS) to investigate the electrical permittivity of the AA’s 

surface.  Finally, the MSP includes a neutral density gauge (MSP-NDG) instrument to measure 

the ambient gas pressure on the AA. It has heritage from the ROSETTA ROSINA instrument that 

included the COmet Pressure Sensor - COPS, consisting of two pressure gauges, based on the 

extractor-type ionization gauge principle, providing density and velocity measurements of the 

cometary gas [85]. 
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4.2.1 Scientific objectives 

This specific combination of the MSP instruments was selected to cover a wide range of 

physical and chemical measurements while keeping the hardware mass low. It collects data 

on thermal, mechanical, electrical and magnetic properties at the landing site that provide a 

context for formation and evolution of an active asteroid. Measurements of frequency 

dependent electrical permittivity will allow estimation of the mineral and frozen water ice 

content near the surface [86], [87], [88]. The presence of water ice could be a major driver of 

activity. 

The magnetometer (MSP-MAG) measures the three spatial components of the vector 

magnetic field, during descent as well as stationary after landing. The main purpose is to 

estimate magnetization, with fundamental insights into the magnetization of primitive bodies, 

which constrains evolution models of the solar system, e.g. [89]. More specifically, from a 

detailed analysis of the magnetic field acquired during descent, considering the specific 

trajectory, it will be possible to derive scales at which a potential magnetization is spatially 

coherent. The spatial coherence can then be related to the spatial scales of the asteroid-

forming processes. If no significant magnetization can be measured, upper thresholds for the 

magnetization can be derived, e.g. [52].  

Recent magnetic measurements on samples returned from the Hayabusa 2 mission have 

shown that the dust found in pristine asteroids, and possibly even comets, contains a 

significant proportion of magnetic grains [90]. Samples from Ryugu exhibit characteristics of 

framboidal magnetite, which is the primary carrier of remanence within the middle-coercivity 

range. These observations suggest the existence of a strong magnetic field within the 

protoplanetary disk when framboidal magnetite precipitated from the aqueous fluid. 

However, Hercik et al. [71] have used magnetic field measurements from MASCOT to show 

that the field within the protoplanetary disk was either insufficient or no longer present for 

the formation of a detrital remanent magnetization, as described by [89] on the decimeter 

scale. 

The combination with spacecraft magnetic field measurements, or with electric field 

measurements offers the opportunity to estimate electrical conductivity on a global (target) 

scale, which will allow to constrain the mineral composition and the relative volumes in the 

rock/ice mixture [91], [92].  

With the electric field sensor experiment (MSP-EFS) measurements to the frequency-

dependent electrical permittivity in the frequency range between 100 Hz and 200 kHz will be 

performed. The permittivity is usually expressed in terms of the dimensionless relative 

permittivity (i.e. the total value normalized by the vacuum permittivity), sometimes referred 

to as the dielectric constant. The permittivity is determined from the impedance of an 

electrical quadrupole configuration, using the darts of the mini-penetrometer-experiment, 

and additionally deployed plates as electrodes, as will be described in more detail below. In 

the measured frequency range, the electrical permittivity of water ice exhibits a characteristic 
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behavior, decreasing from values of at approximately 80 at low frequencies to 3 at high 

frequencies, e.g. [93]. This frequency dependence dominates the bulk permittivity of the body 

even if the bulk porosity is high, because the permittivity of constituents other than ice (air, 

mineral grains and possibly residual liquid water), can be assumed to have no significant 

frequency dependence. Therefore, using a quantitative model, in which the bulk permittivity 

is described as a weighted average of the permittivities of the constituents, the content of 

frozen water can be estimated [94], [95]. 

In addition, the high-frequency limit of permittivity is sensitive to mineral content and porosity 

[86], [96]. By exploiting all information contained in the frequency-dependent permittivity, we 

aim to constrain the type of minerals from the high-frequency values. Compared to the W-

GPR instrument (see section 4.4), which measures permittivity in a range 130 MHz to 3 GHz, 

the frequency band is significantly lower. Therefore, important synergy between the two 

instruments is obtained which gives a complete overall picture. 

The mini-penetrometers (MSP-DRT) will consist of darts that will be shot into the surface of 

the target. The darts also serve as current electrodes for the MSP-EFS experiment. In 

combination with the accelerometer (MSP-ACC) data, the trajectory and deceleration of the 

darts can be reconstructed. From the known initial momentum and the penetration depth, 

the compressive surface strength will be investigated. Following the ideas of [97] and [98] who 

constrained the compressive strength of comet 67P/C-G based on the footprint of the lander, 

we will use a combination of numerical simulation and laboratory experiments to derive the 

compressive strength from the penetration of the darts. The compressive strength is an 

essential parameter, because it constrains the formation history and on the evolution of the 

nucleus [99]. 

The infrared radiometer (MSP-RAD) determines surface brightness temperatures at the 

landing site using thermopile sensors by measuring the radiative flux emitted in the thermal 

infrared wavelength range. Such radiometers have been flown on a variety of lander missions 

including the ROSETTA PHILAE lander [100], [101] , the INSIGHT Mars lander [102], [103], as well 

as the HAYABUSA2 MASCOT lander [84], [70]. Radiometric measurements will provide 

important constraints on the surface thermophysical properties. In particular, the surface 

thermal inertia can be derived [101], [104], [105], [70], [106], thus providing an estimate of 

the surface material’s thermal conductivity. Thermal inertia estimates are best performed 

based on nighttime measurements, as these do not suffer from the ambiguities associated 

with surface roughness effects. For granular material, thermal conductivity is intimately 

connected to grain size, and porosity can be derived if image data resolving individual grains 

is available [107]. In case of consolidated or sintered material, thermal properties can be 

linked to porosity directly [70], [108] as the grain-to-grain contacts that provide strength to 

the material also act as pathways for heat transport. Overall, the thermal measurements to 

be performed by the radiometer as well as the derived mechanical properties will help to 

constrain material deposition and modification processes on the surface of the active asteroid.  
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The neutral density gauge (MSP-NDG) will operate continuously and measure the total neutral 

gas density in situ around CALICUT. First, the gas density in the coma will be obtained to 

characterize the volatile environment around the active asteroid as the lander approaches its 

target. This forms the basis for studying the neutral gas activity of the mission target, provided 

that the activity is driven by outgassing. While descending to the surface, the MSP-NDG will 

measure a vertical profile of the neutral gas density which is expected to increase towards the 

nucleus. In the simplest case, the density is inversely proportional to the square of the distance 

to the target. Deviations from such a profile will allow the study of a number of physical 

processes, including non-uniform activity across the local surface, likely coupled with 

illumination conditions, and gas acceleration/expansion in the near-nucleus region. After 

arriving on the surface, the MSP-NDG will monitor local densities during the rotation of the 

asteroid and therefore provide important information of the diurnal cycle. Repositioning of 

the lander on the surface will extend the spatial coverage of these measurements. The MSP-

NDG measures the volatiles escaping from the surface which is a tracer of activity. The 

observations can be linked to the spacecraft instruments measuring the volatiles in the coma. 

Similar to the situation at comet 67P/C-G [109], the NDG is suited to detect evaporating icy 

grains should they get near the gauge. Depending on CALICUT’s location, such observations 

may even shed light on the diurnal cycle of such grains, from being lifted, transported, and 

possibly redeposited on the surface of the active asteroid. The operational density range 

covers 104 to 1013 cm-3. For a target like the active asteroid 133P, with an equivalent radius of 

𝑟𝑁 = 2.2 𝑘𝑚 and assuming uniform outgassing and a neutral gas velocity of 𝑣 = 800 𝑚/𝑠, 

this corresponds to a gas production rate as low as 𝑄𝑚𝑖𝑛~ 4 𝜋 𝑟𝑁
2 𝑛𝑚𝑖𝑛 𝑣 = 5 ∙ 1020 𝑠−1 that 

can be detected. This is substantially lower compared to current upper limits on the order of 

1.4 ∙ 1023 𝑠−1 derived from thermophysical considerations [34]. The MSP-NDG is also well 

suited to monitor gas abundances in the range of the recently confirmed water activity of 

main-belt comet 238P/Read. From 𝑄~1025 𝑠−1 [33], combined with the equivalent radius of 

𝑟𝑁 = 0.24 𝑘𝑚 [110] and the same assumptions on uniform outgassing and velocity as above, 

follows an averaged surface density on the order of 1010 𝑐𝑚−3. More relevant than the global 

gas production rate, however, is the local gas activity at the position of CALICUT for which the 

minimum detectable surface flux corresponds to 𝑓𝑚𝑖𝑛~
𝑄𝑚𝑖𝑛

4 𝜋 𝑟𝑁
2 =  𝑛𝑚𝑖𝑛 𝑣 = 8 ∙ 1012 𝑚−2𝑠−1. 

Therefore, gas activity may also be detected in an active area of a non-homogeneously 

outgassing asteroid of much lower overall activity. 

4.2.2 Instrument description 

The magnetometer (MSP-MAG) is a vector-compensated three-axis fluxgate magnetometer 

consisting of sensor head and digital electronics. The sensor head is characterized by a 

feedback Helmholtz coil system (Figure 5) that ensures high sensitivity and allows resolution 

in the order of 2 pT. The same type of instrument has successfully been used on many space 

missions, including the PHILAE and MASCOT landers [52], [83]. The magnetometer will measure 

three components of a magnetic field with a 10 Hz sampling rate. It will reside in the payload 

compartment.  
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Figure 5: Picture of the three-axis vector compensated fluxgate magnetometer. Further information 
on the compensation functionality are described in [82], [83]. 

 

Two darts of the mini-penetrometers experiment (MSP-DRT) will be shot sequentially into the 

surface of the active asteroid by a release mechanism based on a spring (Figure 6). When the 

springs are released, a counter-mass will be ejected that keeps the net momentum on the 

lander close to zero. The darts will be equipped with accelerometers (MSP-ACC), and coils that 

allow transmission of an electric current. The coils are used to generate a magnetic AC 

signature (with a minimum magnetic moment of 10mAm²) in order to localize the rest position 

magnetically (distance and orientation vs. lander magnetometer). The coil in the darts will also 

be used for heating, which will, together with the radiometer (Figure 8) allow for the thermal 

properties to be estimated. The penetrated darts will have a metallic surface. Therefore, they 

will have good electrical contact to the surface and will serve as electrodes for the active 

electric field experiment. The ejected counter-mass will be observed by the camera in order 

to reconstruct their trajectory. The dart electrodes will be ejected from the top of the payload 

compartment downwards at angles of approx. 45 degrees which will result in an electrode 

distance of a little less than 1 m. The exact dart location, which needs to be known to calculate 

the electrical parameters, will be reconstructed from the accelerometer data and from the 

magnetic field data recording the field of the coils in the darts.  

In order to achieve a sufficient distance between the different electrodes, the dart must be 

able to penetrate up to one meter into the surface. The maximum depth is constrained by the 

harness length which can be stored in the container. This depth will most likely be reached if 

the AA has a compressive strength similar to that of comet 67P/C-G (~10 Pa), [97],  [98]. 

However, even if the surface has mechanical properties similar to the lunar regolith, the darts 

should penetrate deep enough to be completely covered by the surface material in order to 

study its thermal properties. The maximum dart velocity is limited by technical constraints 

such as the maximum applicable spring force and the need to prevent the lander from lifting-

off by compensating for the dart impulse. To accelerate a 20 g dart to an impact speed of up 

to 10 m/s, a spring force of 100 N (e.g. with spring displacement of 20 mm) is required. 
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Assuming a 20% error in balancing the release of the dart and its counter mass, the remaining 

impulse for the lander is 0.04 Ns. Assuming a gravity constant for the AA of 0.0005 m/s² (i.e. a 

sphere with 4 km diameter and density of 1 g/cm³), the lift-off of the 10 kg lander will be less 

than 5 mm. 

 

Figure 6: Sketch of the dart assembly before release. Spring loaded dart and counter mass are stored 
in a cylinder. Both springs are locked by a dynema rope which will be melted by heating a resistor. 

This guarantees the synchronous release of both, dart and counter mass. The dart consists of a 
metallic surface, used as electrode, a temperature sensor, an accelerometer and a coil for generating 
a magnetic AC signal in order to determine the dart location and orientation in its rest position. The 
coil will also be used for heating up the dart.  Measuring the temperature of the dart during heating 
as well as measuring the impact of heating at the surface shall be used to characterize the thermal 

conductivity of the surface material. 

For nighttime observation by navigation cameras on both elements, the orbiter and the 

lander, the counter mass must be actively illuminated. Assuming parameters similar to that of 

the dart (i.e. a mass of 20 g and an initial speed of 10 m/s), a battery with a capacity of 2 Wh 

(AAA size) can be accommodated inside the counter mass. This allows to operate LEDs with a 

light output of 100 lm over 2 hours. The light power is sufficient to observe the counter mass 

up to 5 km distance with a relative magnitude of 1,94 corresponding to that of the polar star, 

for example. For the assumed parameters, the flight trajectory (max. height 100 km, flight 

time up to 11 hours) will not constrain the measurement. Thus, the counter mass can be 

adjusted by increasing the mass and battery capacity and by a reduced spring force according 

to the AA properties. 

The darts and the related electrodes of the active field experiment are not designed to be 

retractable, and they would hinder subsequent relocation activities. Consequently, these 

measurements can be taken only at the end of the mission at the final site. The active electric 

field experiment (MSP-EFS) consists of four electrodes arranged in a quadrupolar array, two 

of which inject current, and two of which measure the potential difference [87]. A sketch of 

the experiment is shown in Figure 7. The darts of the MSP-DRT experiment are assumed to 
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have good electrical contact to the ground and are used as the electrodes injecting current. 

The potential electrodes (E-field sensors) will consist of thin metallic plates attached at the 

ends of thin arms at the corners of the payload compartment. They will be deployed after 

landing and ideally have direct contact with the surface (Figure 2 & Figure 7).  It is optimal 

when the dipoles formed by the two injection electrodes and the two potential electrodes are 

parallel to each other for the strongest possible signal. In the worst case of perpendicular 

dipoles and otherwise perfectly symmetrical conditions, the signal would disappear. Since the 

final position of the darts forming the transmitting dipole is difficult to predict, at least three 

of the four potential electrodes will be deployed, two of which are combined to form the 

receiving dipole. This ensures that at least one combination of two potential electrodes is not 

perpendicular to the transmitting dipole. The lander itself must be vertical, as shown in Figure 

7. Otherwise the orientation does not matter. 

 

Figure 7: Scientific operational Configuration of CALICUT with the E-field sensors and the Dart 
electrodes deployed on the surface. 

The potential electrodes should ideally touch the ground in order to have good electrical 

contact. Whether they do or not can be assessed from the received voltage itself. In principle, 

a measurement is also possible with a distance of up to a few mm, because the electrodes are 

also capacitively coupled [111]. However, the sensitivity to the properties of the body 

decreases as the electrode distance increases, and distortions from the lander itself become 

more important. Quantitative estimates of sensitivities depend on many parameters and are 

difficult to derive without exact knowledge of the geometry.  However, even under non-ideal 

conditions, information on the electrical permittivity of the body can be derived using a full 

numerical simulation including the electrode geometry and the lander itself, as was shown by 

[88] for the case of comet 67P/C-G.  

The three potential electrodes will have also a distance in a range a little less than 1 m. 

According to common estimates of static electrical measurements, a 1 m scale corresponds to 

approx. 20 cm depth of investigation.  

An alternating current in the frequency range between 100 Hz and 200 kHz will be injected 

through the current electrodes. The current strength will depend on the contact impedance 
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which is difficult to estimate, because it depends not only on the contact area, but also on the 

resistivity of the ice/mineral mixture, which may vary within several orders of magnitude. 

Using rough estimates that include capacitive coupling as suggested by [111], we assume that 

the contact impedance can be kept in the range of 1 MΩ. With a supply voltage of 20 V, this 

will lead to currents in the order of several μA, which will generate sufficient signal strength 

to be measured by the electric field sensors.  

The radiometer (MSP-RAD) will use thermopile sensors to measure radiative flux emitted by 

the surface and each sensor can be equipped with an individual infrared filter. Sensors will be 

housed in a temperature-controlled sensor head, which will be thermally decoupled from the 

lander structure to maximize temperature homogeneity while at the same time minimizing 

the heating power needed to keep the instrument at the operational temperature setpoint. A 

sketch and cross section of the sensor head design are given in Figure 8. The sensor head will 

be mounted outside the lander structure and temperature readings can be taken at a 

minimum cadence of 1 Hz, providing sufficient time resolution to capture even fast 

illumination changes on the surface. The choice of infrared filters depends on the expected 

surface temperature range, and the primary science goal of the radiometric measurements is 

a determination of the surface brightness temperature over a full diurnal cycle. Due to the 

expected low temperatures of < 100 K during the night, the primary filter of the radiometer 

will be chosen to be broad-band, and should be sensitive to radiative flux up to a wavelength 

of least 50 µm. In this way, temperature uncertainties around 5 K at target temperatures of 

100 K can be achieved (compare [105], for the performance of the MUPUS radiometer on 

ROSETTA PHILAE). 

 

 

Figure 8: Left: Sketch of the radiometer sensorhead showing the apertures of the thermopile sensors. 
A radiation shield is included to minimize thermal interaction with the environment and to 

homogenize temperatures across the sensor head. Heaters and temperature sensors for thermal 
control of the sensor head are included in the design and temperature will be controlled by the 

package’s common electronics. Right: Cross-section view of the sensor head showing three 
thermopile sensors. 

The MSP-NDG is an extractor-type ionization gauge based on the ROSINA COPS (ROSETTA 

Orbiter Spectrometer for Ion and Neutral Analysis/COmet Pressure Sensor) Nude Gauge 

instrument [85] that was successfully operated on ESA’s ROSETTA spacecraft at comet 67P/C-G 

[112]. Figure 9 shows a sketch of the ROSINA COPS Nude Gauge with the main components of 
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the sensor. The instrument is surrounded by an outer grid at -12 V, also called electron 

repeller, which keeps external coma electrons out and traps electrons emitted from a hot 

filament at +28 V mounted within. The electrons are accelerated towards a wide-meshed grid 

at +180 V. This inner grid defines the potential of the ionization volume and prevents external 

ions from entering. Inside, the ≈150 eV electrons ionize the neutral gas. Newly formed ions 

are then accelerated towards the base plate at 0 V on the bottom of the ionization volume 

and guided by a hemispherical reflector at +110 V to the ion collector at 0 V. The current of 

ions arriving on the collector electrode is finally measured by a sensitive electrometer. The 

ratio of the collected ion current to the emitted electron current is proportional to the neutral 

gas density inside the ionization volume. The proportionality constant, i.e., the sensitivity of 

the MSP-NDG, is obtained through a dedicated calibration campaign in the laboratory. The 

gauge can be operated before and during descent and on the surface. The MSP-NDG is 

recessed from the edge of the lander and open to two sides of the lander to ensure venting 

independent of the attitude of CALICUT and hence remains functional after repositioning of 

the lander. The MSP-NDG will be switched off before landing and during reorientation or 

repositioning of the lander for protection of the filament from excavated material. Along the 

paths of the ions and electrons the surfaces are either gold plated or gold sputtered wherever 

possible to reduce contamination and to reach uniform potentials. Furthermore, to support 

the former, all materials are selected for their low outgassing properties. 

 

Figure 9: The ROSINA COPS N Gauge with the main components: a) hot filament, b) outer grid, c) 
inner grid, d) base plate, e) hemispherical reflector, and f) the ion collector. 

To optimize the volume and mass of the lander, all MSP instruments share a common back-

end electronics board (MSP-CBE), whose budget is listed separately in Table 4. As described in 

section 3.2 the E-Box of CALICUT will house the MSP-CBE. 

4.3 Gamma-Ray Spectrometer 

4.3.1 Scientific objectives 

When exposed to cosmic rays, chemical elements in the surface and subsurface of bodies with 

little or no intervening atmosphere (e. g. Mercury, the Moon and small bodies) emit uniquely 
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identifiable signatures of energy in the form of gamma rays. In addition to the gamma rays 

being emitted by this process, natural radioisotopes in the 232Th and 238U decay chain and 40K 

also generate gamma ray lines. Gamma rays are highly penetrating and are sensitive to 

subsurface composition from the near-surface to a depth of approx. one meter [113]. The 

Gamma-Ray Spectrometer (GRS) onboard CALICUT is an instrument measuring the 

distribution of the intensity of gamma radiation versus the energy of each photon. The energy 

and intensity of the lines represent the species of elements and their abundance in the surface 

and subsurface regolith of the AA, respectively. Therefore, GRS will quantitatively identify 

surface and subsurface elements of the AA, such as H, O, Mg, Al, Si, K, Ca, Ti, Fe and Th with 

projected abundance accuracies for these species of 5-15% which is dependent on the 

integration time of the measurement. Usually, the required integration time for GRS onboard 

the lander is several hours. This information will reveal the elemental composition of the 

target which can be used to constrain  its origin and evolution history, i.e. formation location 

and migration with time, the volatile loss events that it may have experienced [114], [115].  

In addition, the presence of water ice (>0.5%) can be confirmed by observing 2.223 MeV 

gamma rays induced by hydrogen [55]. Correlation of the GRS data with other lander data 

(MSP) and with remote sensing data obtained by the spacecraft will provide geological and 

mineralogical context to the elemental analysis.  

4.3.2 Instrument description 

The Gamma Ray Spectrometer (GRS) aboard CALICUT is a contribution from the Chinese 

Academy of Science (CAS) and based on the CHANG´E-2 GRS aboard the Chinese CHANG´E-2 

mission [116], which was operated in Lunar orbit and eventually targeted towards a fast and 

extremely close fly-by of asteroid (4179) Toutatis [117].The detector unit is sub-unit level 

heritage, while the electronic unit and the data processing unit are design-level heritage. 

The CALICUT GRS consists of two subsystems, the gamma-ray detector (GRD) and electronics 

that are housed in the same compact unit (Figure 10, left). The GRD includes a CeBr3 crystal, a 

photon multiplier tube (PMT) and a base circuit closely associated with the PMT. The front-

end electronics (FEE), data processing unit and the high-voltage circuit constitute the 

electronics of the GRS. Gamma-rays produce photons in the CeBr3 scintillator, and the photon 

signals from the PMT are received by the PMT base circuit and converted into a pulse height 

spectrum by an Application-Specific Integrated Circuit (ASIC) chip and a Field-Programmable 

Gate Array (FPGA). At present, a prototype GRD has been completed (Figure 10, right) and the 

FEE and data processing unit are being tested in the lab. A major improvement with respect 

to the CHANG’E-2 instrument is that a CeBr3 crystal is used as the primary gamma-ray sensing 

element to improve the sensitivity of the instrument. Tests of the gamma ray spectrometer 

for the BEPI-COLOMBO mission demonstrated that CeBr3 provide superior detection systems 

over HPGe if constrained by spacecraft resources and has higher sensitivities at lower gamma 

fluxes than LaBr3(Ce3+) [118]. 
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The CALICUT GRS will be turned on to characterize the background spectrum during descent. 

Once it is turned on, GRS can work continuously and autonomously. When GRS is landed and 

working on the surface of the active asteroid, it will acquire a new pulse height spectrum and 

transfer it to the lander every 60 s. Measurement can be performed when CALICUT is moving. 

Data transmission is asynchronous with data collection. The ideal total integration time is 10 

hours in order to get high precision data which is a goal for the initial contingency science 

phase.  CALICUT has a total lifetime of 6 weeks and should investigate preferable at least 3 

sites. The duration of a scientific investigation at a site can last more than 10 hours. Therefore, 

the results of GRS measurements maintain high fidelity. 

The total mass of the CALICUT GRS is 450 g with an estimated uncertainty of about 10%. Its 

size is 10 cm x 10 cm x 30 cm, which could be further reduced to 6 cm x 6 cm x 15 cm by 

integrating the data processing unit into the lander, as is commonly done for MASCOT style 

nanolander designs. 

4.4 Wideband Ground Penetrating Radar 

4.4.1 Scientific objectives 

The Wideband Ground Penetrating Radar (W-GPR) is a Frequency Modulated Continuous 

Wave (FMCW) radar designed to probe the surface and shallow subsurface profile of the AA 

at centimetric vertical resolution.  

The W-GPR will primarily contribute to the understanding of the geomorphology 

(stratification, voids) inside the target near the lander by measuring the surface and 

subsurface structure and dielectric permittivity at different depths. This allows constraining 

material properties linked to the material type, presence of (water-) ice, ice fraction and 

porosity that is a key parameter for density, asteroid formation process and thermal 

properties. Furthermore, the W-GPR features additional operational modes that can provide 

 

Figure 10: Design concept of the Gamma-ray spectrometer (left) and the prototype of the GRD 
including a CeBr3 crystal and a PMT (right). 

 

 

Figure 4.3.1Fig.  Design concept of the Gamma-ray spectrometer (left) and the prototype of GRD 

including a CeBr3 crystal and a PMT (right). 
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insight into the global structure of the target and diurnal variations of the internal structure 

and the dielectric permittivity (in the frequency range between 150 MHz and 3 GHz) 

associated with heating and cooling. With its broadband, high-resolution measurements, W-

GPR will complement the permittivity measurements of the MSP (Section 4.2). Combining the 

W-GPR measurements with the measurements of a potential radar instrument aboard the 

carrier spacecraft would make it possible to cover different scales of target’s structure, ranging 

from centimeters to hundreds of meters. Add-on science can be achieved by performing 

cooperative or synchronized measurements with a potential spacecraft radar instrument. The 

two instruments could be operated together in a "quasi-bistatic" measurement setup (i.e., 

passively listening to the carrier spacecraft/orbiter radar and measuring signal attenuation 

and propagation delay) to provide further information on interior composition. 

Further studies could be performed by radio occultation measurements together with large 

terrestrial radio telescopes such as the new Five-hundred-meter Aperture Spherical radio 

Telescope (FAST) or other planned large radio telescope concepts such as the Square 

Kilometer Arrays (SKA). Due to the rotation of the asteroid, the W-GPR signal could be received 

by a terrestrial telescope with a continuously changing portion of the signal propagating 

through the interior of the asteroid. By placing a special receiver in the telescope on Earth, a 

comparison of the line-of-sight link with the link through different parts of the asteroid will 

provide information about the average permittivity distribution along the propagation path 

inside the asteroid. Depending on signal attenuation and coverage, this information can be 

used to reconstruct parts of the shallow and possibly deeper subsurface structures, as well as 

the rotation rate. This option will be studied in depth for a final mission design selected target 

and could support the understanding of the internal structure of the asteroid. 

The success of the W-GPR instrument is defined by the coverage of features of interest and a 

number of measurements during the descent to the target and at various locations on the 

surface. Measurements can also be taken while moving the lander to another location on the 

surface. During descent and when CALICUT is changing the position on the surface, the W-GPR 

measures not only the reflections from the subsurface but also the distance to the surface. 

Due to the antenna pattern, which is broad in free space but direction-dependent (Figure 11), 

the radar echoes are modulated by the change in the orientation of the lander to the surface. 

These modulated radar echoes provide important information for reconstructing the 

trajectory, rotation rate and attitude of the lander during the flight phases. 

4.4.2 Instrument description 

The W-GPR has some heritage from CONSERT [119] but is rather a development based on the 

WISDOM Radar, which is part of the ExoMars-Rover payload of the 2020 ESA-ExoMars Mission 

[120]. 

The W-GPR is a wideband FMCW Ground Penetrating Radar. It emits electromagnetic waves 

with a transmit power of 5 W in a frequency range from 150 MHz up to 3 GHz. The transmitted 

frequency-modulated signal is reflected on the surface and on interfaces of inhomogeneities 
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in the subsurface. The coherently received Radar echoes are pre-processed by the instrument. 

The W-GPR offers a dynamic range of more than 150 dB. Subsurface imaging and a 

quantitative estimation of the permittivity profile is achieved using calibration and post-

processing.  

The W-GPR consists of an electronics board (including the RF-frontend, the digital signal 

processing electronics and the serial interface) and at least one linear polarized planar 

antipodal Vivaldi antenna element. A bi-static setup with dedicated TX and RX antennas is 

possible and results in improved sounding performance.  

Table 7: Perfomances of W-GPR in different modes. 

Mode Frequenc
y Range 
[MHz] 

Sounding 
Duration 

[ms] 

Resolution 

[m] 

Soundings/ 
Measurement 

Measurement 
Duration (2 

Antenna Mode) 
[s] 

Energy/ 
Measurement 

(2 Antenna 
Mode) [J] 

Data/ 
Measurement 

(2 Antenna 
Mode) [kByte] 

HRM 150-3000 500 <0,03 10 1 (2) 10.5 (21) 10 (20) 

DSM 150-500 75 <1 8 1 (2) 11.2 (22.4) 14.8 (29.6) 

LTMM 150-3000 175 <0,03 up to 
10, <1 up to 

100 

10 2.5 (5) 26.25 (52.5) 24.8 (57.6) 

 

The mass of the W-GPR printed circuit board with electronic components (PCB) is 150 g +/- 

20%. Additional 40 g per RF cable to the antenna(s) (+-30%, depending on the 

accommodation) and 120 g per antenna (+-20%) are considered. The size of W-GPR PCB is 100 

mm x 80 mm x 20 mm. The antennas, which are attached to the opposite short sides of the 

CALICUT frame, consist of thin, lightweight blades to which an electrically effective structure 

in the form of a thin metal layer is applied. The antenna blades are GRP-reinforced attached 

to the CALICUT frame at a small distance. Thus, on the one hand, the antennas are firmly and 

robustly attached so that they do not interfere with the change in position of the lander and 

do not suffer any damage in the process. The size of the antenna blade plus GFK-

reinforcement is 365 mm x 210 mm x 20 mm (Figure 11). The antenna is preferably attached 

to the front or/and rear of the lander (Figure 1). 

One measurement consists of multiple soundings. Depending on the selected operational 

mode, the duration of a measurement depends on the adjustable time for one sounding and 

on the number of sounding repetitions within one measurement (Table 7). The maximum 

energy required for a single measurement is estimated to be less than 30 Joules.  

The instrument can operate in three different scientific operation modes (see Table 7 for 

details): 

1. Deep Sounding Mode (DSM) 
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2. High-Resolution Mode (HRM) 

3. Long-Term Monitoring Mode (LTMM)  

The deep sounding mode (DSM) enables characterization of the subsurface down to a depth 

of 100 m with a minimum resolution of 1 m (assuming a basal reflectivity of 0.1). Due to the 

higher penetration depth of low frequency signals, the DSM operates with a narrow 

bandwidth limited to the lower frequency range.  Longer sweep times improve the ambiguity 

range, and the DSM's preferred mode with a spatially separated transmit and receive 

antennas increases the instrument's depth sensitivity. The scientific goal of zonal depth 

sounding is to determine the depth-dependent internal structure and nature of the asteroid. 

This allows comparison of the near-surface regions of the asteroid, which are likely to have 

been heavily modified by external influences during the evolutionary history, with the deep 

regions, which are still largely unchanged and likely composed of pristine material. The zonal 

depth profile can contribute to the study of depth-dependent structure, density, and material 

composition and may allow, for instance, conclusions about the distribution of stratification, 

inclusions in the form of rock structures or cavities, and may provide information about the 

formation mechanisms of active regions. 

The high-resolution mode (HRM) performs sounding of the shallow subsurface down to a 

depth of 10m with a resolution <3 cm. Permittivity mapping of the surface is also possible in 

this mode. The HRM utilizes the full bandwidth of the instrument and can be operated in single 

or dual antenna mode. With only one antenna to transmit and receive, the surface directly 

below the antenna and the areas immediately below the surface can be scanned with high 

resolution. Comparing single and dual antenna measurements provides additional 

information, such as the nature of the layers. In particular, the HRM can be used to investigate 

scientific questions about the surface, its material properties, and questions about the nature 

and depth distribution of, for example, fine regolith layers, grain sizes of the material, and 

depth-dependent permittivity contrast profiles. These parameters also help to to draw 

conclusions about the recent evolutionary history of the asteroid.    

In the long-term monitoring mode (LTMM), a global characterization of the interior and a 

measurement of seasonal variations can be performed at individual positions. In particular, at 

the final CALICUT position, diurnal and possibly seasonal variations can be measured over the 

remaining life of CALICUT. Depending on the dwell time at each CALICUT position, multiple 

measurements of diurnal or seasonal variations in surface and near-surface subsurface 

structures can be made at full resolution bandwidth with increased probing time. The number 

of measurements is performed according to a predefined schedule. Of interest here is, for 

example, the depth difference between diurnal and seasonal variations and their comparison 

at different sites. That is, to what depth do variations in permittivity, density, and structure 

extend at the different CALICUT sites? This zonal long-term observation could provide clues 

to the origin of active zones and active events, as well as to long-term evolutionary processes. 
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Figure 11: W-GPR electronics and low power RF front end PCB (100 mm x 80 mm) and antenna blade 
(365 mm x 210 mm), antenna accommodation and radiation diagram at 1GHz for the antenna blade 

attached to CULICUT Lander in free space and on the surface (homogeneous half space, ’r=5.6). 

5 Science Operations Concept 

The operation concept of CALICUT at the AA foresees to turn on all subsystems and specific 

scientific payloads such as the magnetometer (MSP-MAG), the accelerometer (MSP-ACC), the 

W-GPR and camera shortly before the nanolander separates from the carrier spacecraft. This 

allows the instruments to perform measurements during descent and provide context science 

such as global magnetic field measurements or sequential imaging of “approaching” asteroid’s 

surface.  The MSP-ACC only records the impact accelerations (range 40 g) and has low power 

consumption. The data from the MSP-ACC is processed by the MSP-CBE, like the ones of MSP-

MAG, and stored in the OBC mass memory. Sampling stops when the mass memory is full. 

Only a subset of the data is uplinked in real time to the ascending S/C and the experiment is 

switched off. The remaining data will be uplinked later.   

Once the lander reaches its first resting point after a certain bounce phase, all science 

instruments are turned on to perform a predefined first science measurement cycle. The 

baseline science operation concept is to operate autonomously by the lander’s Autonomy 

Manager. There are two main modes; the “motion” mode which includes self-righting and 

relocation and the “science” mode which includes all science operations. Depending on the 

day-night transition, these modes are triggered in a predictable manner by decision making 

algorithms, i.e. the Autonomy Manager, as part of the on-board computer software. While 
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self-righting must be performed autonomously (due to long signal travel times), the re-

location can (and would) be carefully planned in advance on the ground. 

The Autonomy Manager (AM) is programmed as a nominal state machine with internal state 

and transition logic. The possible states of the nanolander are defined by combining the 

signals of all attitude sensors. As a baseline, each detected event triggers a pre-defined 

command sequence which is time-tagged relative to the event detection [121], [56]. For 

CALICUT the method used by MASCOT is expanded by using a larger set of sensors (i.e. sun 

sensors, optical proximity sensors and accelerometer). As a failsafe, more autonomy is 

implemented based on the MASCOT autonomy concept as described in detail in [67] and 

activated in off-nominal situations, e.g., when communication with the carrier spacecraft or 

sunlight fail for more than a certain number of rotation periods of the target body.  Pre-

defined states by identifying different possible exception situations and combining them with 

the signals of the set of sensors (i.e. sun sensors, optical proximity sensors and accelerometer) 

allow the AM to prioritize activities in off nominal situation. 

The scientific measurements, i.e., multiple scientific measurement cycles, should be repeated 

as often as necessary, either by changing the location, by changing the parameters, and 

extending the integration time of the GRS instrument until the system reaches the end of its 

lifetime (see also Table 6). Based on the MASCOT experience, various operating modes and 

contingency measures were studied and worked out before launch and during the flight based 

on previous ground based observations and modelling of asteroid Ryugu [122], [67]. As 

Hayabusa2 approached Ryugu and provided detailed data, the science operations were 

refined. Unlike MASCOT, which required a short response time (i.e., a lifetime of only 2 

asteroid days), CALICUT will have a lifetime of 6 weeks. This will allow the science operations 

team to respond via ground loops and adjust the predefined sequences/templates for surface 

operation, contingency operation and also extended mission operation (i.e. relocation in case 

of an unfavorable orientation, adjustment of integration time, etc.) according to the “real 

state” of and on the target body. One of the most important cases in which contingency 

actions are taken is when the lander ends up in a cold and/or dark "hole" where it cannot 

communicate or recharge its battery. For this case, the science operation is designed so that 

the lander attempts to perform minimal science operation (see Table 6) and spend its 

resources to move itself out of its predicament (i.e. by hopping).A challenging scientific 

operation would be the deployment of the darts (MSP-DRT) and the electric field sensors 

(MSP-EFS). As described in section 4.2, the current design does not consider them to be 

retractable. Thus, it is planned to deploy them once all other science instruments have 

completed their science objectives and the final site has been reached which is currently plan 

at the end of the on-surface operation/beginning of the extended mission phase (see Table 

6).  In the case of a CALICUT mission implementation, further studies will be conducted to 

investigate the possibility of “cutting-off” these sensors to enable later relocation.   

After the darts are shot, their resting position is measured by activating the coils inside the 

darts with an AC current while the magnetometer in the lander measures the field induced by 
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the coils. In a second step, the e-field sensors are deployed by opening the locking mechanism. 

The camera takes images of the new setup with the sensor deployed. In this configuration, 

the frequency sweep is activated in different electric field sensor configurations. Finally, the 

darts are heated up by activating a DC current in the same coil that was previously used for 

orientation determination. The thermal behavior of the darts is measured by internal 

temperature sensors, and the heat wave at the surface is measured by the radiometer. Before 

moving to the next position, the dart harness must be cut (see Figure 6 for description), while 

the E-field sensors should remain deployed. The risk of e-field sensors being damaged during 

the landing/bouncing to a subsequent landing position is partially mitigated by using a 

redundant sensor.  

Science operations for the nanolander would be conducted by a dedicated Lander Control 

Center (LCC), as was successfully done for the PHILAE and MASCOT missions [123], [11], [67]. 

Lander operations are very different from those of an orbiting spacecraft and the concept of 

having a dedicated lander control center has proven to be an efficient approach. The LCC has 

a direct telemetry/telecommand link to the main spacecraft control center; the latter relays 

telecommands (TC) to the spacecraft and main spacecraft telemetry that is relevant to the 

lander (lander telemetry and HK, especially relevant main spacecraft HK during cruise) to the 

LCC. The science operations planning of the lander is divided into 2 categories, namely long-

term and short-term planning. Long-term planning includes the global mission strategy. It is 

the preliminary operations plan (OPS) that covers the entire lander mission. It is prepared well 

in advance of the OPS execution, and is supplemented and updated as new relevant 

information is added. Short-term planning is included into long-term planning, where 

operations are refined for actual execution and adapted to the actual situation (e.g., 

illumination conditions) or recent telemetry from housekeeping or science instruments. 

Baseline is one command uplink slot to the main spacecraft each Earth day. 

The frequency of commanding depends on the activity, status of the vehicle, landing site, orbit 

geometry of the main spacecraft, and complexity of the actual operations planning. 

During critical phases (separation, descent, landing), a “lander authority” (LA) will be present 

24/7 at the main spacecraft control center to make immediate decisions if necessary. The LA, 

however, in a nominal situation, will be in permanent contact with the LCC. 

6 Summary & Outlook 

Landers as a payload element of planetary missions are valuable for the exploration of small 

solar system bodies as shown for Philae [11] and MASCOT [57]. They provide important in-situ 

information for the overall understanding of the target body by supporting the remote sensing 

instruments aboard the carrier spacecraft with ground truth data, high resolution capabilities, 

and measurements at the same site over some time. In addition, landers allow the in-situ 

investigation of undisturbed surface material and determination of its physical and chemical 

properties. 
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Following in the footsteps of MASCOT aboard HAYABUSA2, we present the CALICUT mobile 

nanolander concept and describe how a scientifically sophisticated instrument package can 

be efficiently accommodated even at large heliocentric distances in the main belt, despite 

strong mass and volume limitations. The key features of CALICUT - highly flexible and efficient 

on-board data handling, autonomy software, communications, and power supply solutions - 

enable multiple relocations to provide suitable observation conditions at specific sites of 

interest and the option to try again. 

We demonstrate that even at 3 AU photovoltaic-powered in-situ and scouting operations in 

support of a carrier spacecraft mission as well as long-term on surface monitoring of selected 

experiments are possible with a “shoebox-sized” 10 kg nanolander when being operated on a 

time-shared, intermittent basis with low-power multi-topical instruments. With its carefully 

selected complementary payload this lander can provide valuable scientific results to 

fundamental planetary science questions in addition to the observations of the carrier 

spacecraft.  

Because of the high scientific relevance of the main belt as a tracer of early planetary 

migration, as a source of NEOs and of water on Earth it can be expected that space agencies 

will select exploration missions to this region of the solar system also in the future. A lander 

should be part of such a mission and the proposed CALICUT concept would be a scientifically 

highly valuable solution.   
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