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Cosmic Vision Question

How does the Solar system work?
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Global Spectral Properties
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Caelus Science Case

reflectance

0.4
S-Type
03
0.2 D-Type
C-Type
01 F
| ]
O pum 1 um 2 um
wavelength

Data from Burbine et al. 2024

What we know and why it is important

Science Goal

What causes the spectral diversity across
the asteroids of the main belt?

Mission Objectives

Using measurements of the and
morphology and composition of

at least 5 MBAs, we investigate their
and and link

our findings to meteorite samples.



Mission Overview

Using a single spacecraft,
we will investigate
multiple bodies in the
Main Asteroid Belt

Final Rendezvous

subsurface investigation

—

impactor deployment

Simple overview xr’

Surface investigation

¥.JO, _

First Rendezvous




Mission Overview Simple overview €

subsurface investigation

—

We will investigate a
minimum of 5 bodies,
maximizing the number of
different spectral classes,
visiting at least 2 asteroids
classes

impactor deployment

Surface investigation
N _Q, .

Final Rendezvous

First Rendezvous 10



M i SS i on OVG rVi ew Simple overview

subsurface investigation I

In Rendezvous, we will
investigate the surface
and subsurface
composition, morphology
and internal structure of
each body.

Surface investigation

impactor deployment
N | O, R,

Final Rendezvous

First Rendezvous 11



M i SS i on OVG rVi ew Simple overview

subsurface investigation

—

Targets of interest are

e [/D-typespectral similar
to comets'

e M-type potentially cores
of differentiated bodies?

o E/M/P-type similar
spectra, probably distinct
composition3

impactor deployment Surface investigation

¥.Q, v

Final Rendezvous

"Vernazzaetal. 2021 2Margot and Brown2003 3Fornasieretal. 2021

First Rendezvous 12



Science Motivation
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' Science Question

3 iHat causes the spectral diversity across the
i asteroids of the main belt?
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SC i ence O bj ectives Scientific Requirements €

CCD/CMOS- WAC
based camera \




SCience ObjeCtiveS Scientific Requirements

microbolometer




Requirements document

Short

ID
Descriptor

Asteroid shape

Shape model
computation
method

Requirement Text

The volume shall be measured with an accuracy
sufficient to reach density accuracy
<10% together with mass accuracy

The shape model shall be computed using a
combination stereo and photoclinometry

Scientific Requirements

Justification

Low-density bodies may vary in their density on the
order of ~10%, which shall be resolved (Carry 2012)

This method was employed successfully by multiple
mission, resulting in high-accuracy shape models (Al
Asad 2021)

Parent

Imaging data for
high-resolution
shape model

For the high-resolution shape model, imaging
data covering the entire asteroid shall be used
with a resolution of 0.75 m/px. The high-
resolution shape model shall be generated using
the medium-resolution imaging data, whereas
the high-resolution imaging data will be used for
investigation of surface features on cm scale

This resolution is expected to be sufficient to
determine the asteroid volume to within less than 5
% (Al Asad 2021)




Requirements document

ID

Short
Descriptor

Shape model camera
spatial resolution

Requirement Text

To achieve a spatial resolution of 0.75 m/px on the
asteroid surface, the camerarequires aniFoV of 0.75 mrad
at an orbital altitude of 1km. For higher higher orbits, a
smalleriFoV is required.

Scientific Requirements

Justification

The spatial resolution of an optical systemis defined by
the working distance and the iFoV (instantaneous field of
view) (Valenzuela et al. 2024)

Parent

Shape model camera
spectral range

To collect sufficient spectral radiance reflected from the
asteroid surface for an accurate mapping of the surface
morphology, a panchromatic camera with QE>=0.7 ata
spectral range of 500 to 800 nm shall be used

The spectral range of 500 to 800 nm covers about 95%
of the reflected photons from solar radiation using a
typical albedos of 4.5 % observed for Ryugu (Sugita et
al.2019)

Shape model camera
SNR

Datareduction
redundancies high-
resolution shape
model

The camera shall make use of at least 90 % of the available
dynamic range at the expected largest heliocentric
distance of ~3 AU (TBC)

The acquired medium-resolutionimages from which the
high-resolution shape model will be generated shall be
filtered on-board to remove redundant information.

High dynamic range is needed to differentiate between
surface features.

This step reduced requirements to GSE and thus
operational mission cost

Data reduction pixel
binning high-
resolution shape
model

The acquired medium-resolutionimages from which the
high-resolution shape model will be generated shall be
binned on-board to a spatial resolution of 0.75 m/px to
reduce the data volume that needs to be transmitted

This step reduced requirements to GSE and thus
operational mission cost




SC i ence O bj ectives Scientific Requirements €

doppler shift of carrier wave




SC i ence O bj ectives Scientific Requirements €

CCD/CMOS- WAC
based camera \




SCience ObjeCtiveS Scientific Requirements

microbolometer
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SC i ence O bj ectives Scientific Requirements €

mineral
reflectance
spectrometer




SCience ObjeCtiveS Scientific Requirements

cosmic
radiation

scattering
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CCD/CMOS- WAC
based camera \




Instrument selection

Simple overview €%

Instrument Number of related scientific requirements
Hyperspectral camera 4
Wide angle camera 3
Narrow angle camera 3
Thermal infrared imager 3
Radio science antenna 1
Impactor 1
Gamma-ray and Neutron detector 1

Minimum mission success criteria:

Receiving hyperspectral data, shape model and mass of at least three asteroids of different classes

25




Target selection - target size Simple overview €GB

Diameter <5 km

Higher chance of dust free boulder impacting measurement
Larger crater size increases chance of reaching
Faster surface mapping decreases required

| ess data volume decreases

26



Target selection

Plan A
Survey to
Target
Plan B
Start with below
Search for further reachable

larger number of known bodies < 5 km

ENES

Asteroid name Spectral class (Tholen) Diameter [km]
2048 Dwornik (1973 QA) E 2.6
1920 Sarmiento (1971VO) X* 2.9
2491 Tvashtri (1977 CB) X* 3.3
96177 (1984 BC) D 3.4
2001 Einstein (1973 EB) X* 4.0
1355 Magoeba (1935 HE) X* 43

*Currently without

known albedo
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&
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Simple overview %
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" Mission Design
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Mission Design - Timeline Mission Design

1. Launch and

: : 2. Mars Fly-By 3. Arrival to first asteroid
transferinsertion  +oF 4755 days TOF 1910.3 days
O O @® 3May2048
24 Oct 2041 8 Feb 2043
TOS
5 Endof TOS TOS TOS TOS
FI\’X,‘m_arV O I I I @ 11A0ut2048
ISSION
TOF TOF TOF TOF i
7 Jun 2051 4. End of first

asteroid visit

Main Asteroid Belt
Distance from Sun: 2.1-3.3 AU

Time of Flight (TOF) Time of Science
- days (TOS) - days

150 100

29



Mission Design - DV Budget

Mission Sequence 438 B AR DI EEE ?'zlctz;‘e,d Type of
9 S/C [kg] used [kg ] P Propulsion
[m/s]
Interplanetary Transfer AV =1 my I
Earth - Mars 4812 315.4 2660 Electric = my golSp
Mars - Einstein 4496.6 1261.6 12921 Electric
Asteroid Hopping
Transfer (all 4) 3235 1000 10569 Electric
Dry mass: 1493 k
Asteroid Visit Y &
V., = 3582 m/s
Approach Phase 2235 12 12 Chemical © /
(all 5)
Orbital Phase (all .
5) 2223 160 260 Chemical Margln for the
Total launch window
End of Primary 2063 2749 26422
Mission

30



Mission Design - Interplanetary Transfer wissionpesien i

} 0.75 0.75

- 0.50
- 025  -1] "
- 0.00 0.25
P=r2D 0 0.00 - p—
F~0.50 -
F—0.75
L -0.50

e Unitsarein AU

e The trajectory segments are when the
thrusters are used




Mission Design - Asteroid Hopping Mission Design

Asteroid Sequence Generation:
First Target: Einstein
>equence: TBD Static Analysis

Asteroid Densﬁy - Static Asteroids Density - Dynamical
2001 Einstein (1973 EB)

—_
o
@ 2
e
c
82
©
=
©
L=

Semi-major axis (AU)

Potential targets = 4000 32




Mission Design - Asteroid Hopping Mission Design

Asteroid Sequence Generation:
First Target: Einstein

>equence: TBD Dynamical Analysis

Asteroids Density - Dynamical (Restricted)

Angular momentum based = s
Searched —

—

H=7Xv

Potential targets = 200

33



Mission Design - Asteroid Visit

Departure Phase

Once all the scientific
objectives are met (or

[

other critical reason).
Leaving the target to the
next one

Orbital Phase

Stable orbit and scientific
operations during proximity

operations. Duration of
~100 days

Mission Design

Arrival Phase

Inbound trajectory to the
target. Need to slow down
and enter the proximity
operations mode.

Approach Phase

Hyperbolic arcs to
characterize the shape of the
objects using the cameras
and compute the gravity field
of the asteroids

34




Mission Design - Orbital Phase Analysis missionesigr

Einstein Asteroid
D =3.975 km

X class
Revolution period: 5.49 hrs

Retrograde Orbit at 10000.0 m over 130 days
10000.0 m

Retrograde Orbit at 9000.0 m over 130 days

Retrograde Orbit at 7000.0 m over 130 days
— 7000.0 m — 9000.0 m

8000
6000
4000 £
é%ﬁ% 2%?0.,
—2000 N
20000 =
5688
20000
15000

~120000
~100000
~80000 X
5000 80000
¥
K %ifagy) SO0 ~15000
20000  _—20000

0
20000140000




Mission Design - End Of Life Analysis  missionDesign

Safe disposal orbit (DRO) vs Impact trajectory compliant with (SD-OP-03)

Passivation Phase (SD-DE-08)

propellant and pressurants

completely and ensure lowest

internal energy.

Eurocode Space Debris
36
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Spacecraft Model

Xenon pressurized
tank

Batteries (with




Spacecraft Model




Stru Ctu re Spacecraft ‘

Cube-shaped 2 x 2 x 2 m with a central load-bearing 0.55 m diameter tube.

6 panels of sandwich structure material CFRP 3.5 mm thickness
(CFRP facesheets + 20 mm AI5052-H39 central tube (M55] +
honeycomb core) cyanite ester resin; 30

orientated plies)

Hera asteroid spacecraft
assembled (2023)

Sanadwich panels with aluminium honeycomb core and
CFRP skins used in vehicles’ body 41



Propulsion System

Nominal power per unit | 4650 W
Nominal thrust per unit | 168 mN
!\lommal specific 4000 <
impulse

Manufacturer ArianeGroup

Power Processing Unit

2x Thales PPU Mk3 cross-

(PPU) strapped
Mass of 4 thrusters + 2 _
PPUs< ~35kg +~37kg=~72kg

Propellant

Xenon in five 60L tanks

\

Spacecraft

PPU Mk3 RIT-2X

Bourguignon and Fraselle (2079) GIESEPP

42



Thermal Control System Spacecraft W

Active Thermal Control

Heaters used for: Power Amplifier{ - rsi (xbsm)
[ 1 Hyperspectral Cam
Batteries (included in the COTS Propellant (Xenon) | = TIR Imager
[ Star Tracker
. Batteries{ =1 mMiMu
batte”eS) [ 1 Memory Module
Memory Module{ == Batteries
. [ Propellant (Xenon)
EIECtr0n|CS MIMU{ —— Power Amplifier
Payload instrumentation (WAC, Star Tracker
NAC) TIR Imager oNominal: -173°C

Hyperspectral Cam oNominal: -163°C

Passive Thermal Control RS! (X.DST)

MLI -150 -100 -50 0 50
Operating Temperature (°C)

Passive radiators
Louvers

43



Hot case: Radiators in Transfer Mode Spacecraft W) -

Spacecraft Radiator Area & Mass vs Operating Temperature
(Total Heat Load: 4827 W, Safety Factor: 1.05, Al 6061 - 2mm thick)

Black anodized Al (¢=0.85)
White paint (e=0.90)
Anodized Al (e=0.80)
Mass (Al 6061, €=0.85)

|

1

|

|

|

|

1

o

lo
~ Iy
S ™
o 8 el
< 1 p  Surface: 12.5 m? for
_ [«] .
2 & < black anodized Al
© "l =
© —
< Al Mass:67.2k
- .2 ass: 67.2 kg
E (1)
.5 m
(o}
Q
o'

150
Temperature (°C)
44

Transfer mode (highest power consumption)



Hot case: Radiators in orbit
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Spacecraft & Camera Temperatures vs Radiator Area (AT = 50-80K)

Spacecraft Radiator Temperature
Camera Temperature Range (SC-50K to SC-80K)
== 12 m? Radiator

15 20
Radiator Area (m?)

Science mode in orbit: instruments low temperature restrictions

Spacecraft ‘

Spacecraft - Instruments
AT assumption: 50-80 K

1. Separateradiatoron
the instruments and
extra MLI and
isolation for 100K
operational
temperature

Louver:
compensation for
the different
environments




EPS: Solar Array Design

Heritage JUICE / Europa Clipper
Solar array area (2 wings) | 90 m?

Total weight ~350 kg

Panel dimensions ~3.5x~2.5m
Deployed wing length ~12.4m

Solar cells Azure 3G28
Efficiency BOL/EOL 28% / ~17%
Power BOL/EOL @1 AU 34 kW /23 kW
Power BOL/EOL @2.1AU | 7.7kW /5.2 kW
Power BOL/EOL @ 2.8 AU | 4.3 kW /2.9kW
Power BOL/EOL @ 3.3 AU |3.1kW /2.1kW

Spacecraft ‘ -

AIRBUS

PCDU: AIRBUS PSR 100V MKII with a power
capability of 11 kW.

Battery pack: 2 x Li-ion with 144Ah (=9 kWh
@ 48 V) each. 46




EPS: Solar Array Degradation
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Beginning of Life (BOL)

Degradation Factor = 1.0 (No degradation)

27.781 kW
)

12.347 kW

BOL Specifications:
« Efficiency: 28%

» Degradation: 0%

» Panel area: 90 m?

* Packing factor: 90%

BOL Power Output

6.945 kW
®

4.445 kW
®

End of Life (EOL) - 10 Years

Degradation Factor = 0.776330 (22.3670% total degradation)

30 4

Power Output (kW)

21.567 kW

9.585 kW

3.087 kw

1.00 1.25

1.50

175 2.00 2.25
Distance from Sun (AU)

5.392 kw
EOL Specifications:

* Panel area: 90 m?

» Efficiency: 28%

» Packing factor: 90%

* Mission: 10 years

*» Degradation: 2.5%/year

» Total degradation: 22.3670%

EOL Power Qutput

3.451 kW

1.00

1.25 1.50 1.75 2.00 2.25
Distance from Sun (AU)

2.50

2.75

2.396 kW




Attitude Determination and Control System Spacecraft WO

3-axis control is achieved with:

RW Pyramid
Actuators Sensors
4x Reaction Wheels 2x Star Trackers
12x Thrusters for 6x Sun Sensors
desaturation 1x MIMU

(Miniature Inertial

Measurement Unit,
RLG)

48



Pointing

(& parts of —_—____*
nominal) ‘,

- _, . N _*

49



On-board computer (OBC) Spacecrat WY

Processor Mass storage
(Based on) GR-SBC- 10x UT8TINDQ512G8T
GR740 board by SSDs=40TB
Frontgrade Radiation-hardened
Radiation-hardened Enough to keep all
200 Mbps links data before computer
GR740 processorison chooses what to
European Preferred downlink
Parts List, flown in Drive failure
missions redundancy -y
1-out-of-2 redundancy e
Main SW requirement: steer autonomously for ey

>1.5 hours (back and forth communication time)

UT8INDQ572G8T SSD, Frontgrade

50



Communication Spacecraft W

(gimbaled)

Diameter: 3 m

Band: X and Ka

Gain: ~58 dB

Use:

Heritage: Mars Reconnaissance Orbiter

(steerable) i R
Diameter: 0.5 m | o
Band: X and Ka 21 e | -= A 'A\ ¢ %
Gain: ~50dB e .. N
Use: v o, | R ."\\ -
Heritage: JU ICE Mars Reconnaissance Orbiter JUICE’s Medium Gain Antenna

Subsystem (MGAMA)

51
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Mass Budget sudgets WY -

Total D
Subsystem| EPS | AOCS | OBC |COMMS |Propulsion| TCS | ST I
Mass [kg] | 490 249 21 108 137 110 311 67 1493

EPS: Electric propulsion system | AOCS: Altitude and orbit control system | OBC: On-board computer | COMMS: Communication
system | Propulsion: Thrusters + PPU | TCS: Thermal control system | ST: Structure | P/L: Payload

Total Wet Mass = 3693 kg Total Dry Mass = 1493 kg

® Total Dry Mass pL ==

® Propellant Mass ot 4

TCS

Propulsion

COMMS

53



Power Budget Budgets WY

Nominal power per mode (W)

| Nominalpowerpermode(W) |
Subsystem " Tm | M [ scM [ sm [ Dm | cm | Am
EPS |80 8o 8o 32 |so |32 80
OBC 195 195 195 |78 195 |78 [195
COMMS [87.6 876 [756 24 292 |0 1120

Legend
ransfer Mode
dle Mode
Science Mode
Safe Mode
Downlink Mode
ommissioning Mode
pproach Mode

<
_l

Propulsion 9320 0 0o o Jo o |
stTc o o o s ho e J1o |
TCS 1007 1007 [1007 |604 |1007 o [100.7 |

PL 0 o o o o |
Power (W)

Q)

M
ScM |
M|
DM |
AM

>
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Data Budget

o Downlink is limiting, storage is not

o Estimate =Surfacearea-
proportion imaged - required bits
per cm?/ compression

o 3levels
o quick low res model for
decisions

o medium res global model
o highresinteresting features
o Assumptions

o asteroid diameter =7 km

o downlink speed 1.3 GB/hat 8
h/day

o lossless compression with 2.5:1
ratio

Budgets ‘ '

preliminary WAC, HS cam 1 52.88 21.15 2.03
WAC, HS cam,
lobal TIRimager, 1 170.95 68.38
& spectrometer, RS ) |
antenna

36.92

local NAC, HScamhi- |5 | 39447 | 15779

=
NAC, H hi-
post-impact G HScamhi 0.2 394.47 157.79

res

39 days to downlink, 100+ days between asteroids v

55




Link BUdget Budgets ‘ '

Distance:1.2 auto 4 au

Transmission loss
~ -280 dB (X-band)
-292 dB (Ka-band)

Q

Ka-band

0.18 0.036

X-band 0.006 0.0011

0.0058

0.0009

Uplink Downlink

56



Data Budget sudgets WY -

Downlink of low

resolution data (21.15 GB) Impact
and GS intervention (2

days)

Collected

Data 68.38 GB 157.79 GB 157.79 GB
Collection

Time 20-25 days 5-8 days

5-8 days

Detailed mapping of the Areas of interest Impact Area

full surface (WAC, TIR, (10-20%) with NAC, observation (NAC,

Hyperspectral Camera) TIR, Hyperspectral TIR, Hyperspectral)
Camera

High resolution Data Downlink (36.92 days in total) 57
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S u m m a ry Measurements and Instruments O

Hyperspectral ) MIRS
Cam 10.2 17 53’000 7 (MMX)
TIR Imager 3.9 16 12’600 7 TIRI (Hera)
RSI (X-DST) 3.2 12.5-19.5 4 7 ) SOINGEE))
Gamma Ray

and Neutron 10.5 12 3.1 6 ?DRaavl\:ln[;
Spectrometer

WAC 5.5 17 16’000 6 FC (Dawn)
NAC 2.89 5 56’000 6 JANUS (JUICE)
Impactor 20.2 8 - 3 Hayabusa 2

59



I N Stru me ntS -e&Xadam p | es Measurements and Instruments ’%‘

Payload instruments will be better defined during phase Bof the mission, following our
instrument requirements
There are instruments in literature which show that the requirements can be fulfilled:

(regolith size and

distribution, boulder surface) Spatial resolution: 9.3 cm/px at 1

Spatial resolution: 2.5 cm/px km distance The instrument shall be able to
at1km distance FC (Dawn) detect velocity changes smaller
JANUS (JUICE) or equal to 3 pm/s over 1000 s

X-DST (Hera)

Small Deep-Space Transponder (SDST)
Reliable X-Band and Ka-Band Deep Space
The JANUS (Jovis Amorum ac Natorum Undique Transmission

Scrutator) VIS-NIR Multi-Band Imager for the
JUICE Mission The Dawn Framing Camera

60



I N Stru me ntS -e&Xadam p | es Measurements and Instruments ‘

Payload instruments will be better defined during phase Bof the mission, following our
instrument requirements
There are instruments in literature which show that the requirements can be fulfilled:

Determine (regolith size and Detect important
distribution, boulder surface) (including
Temperature range 80-350 K, H, K, Si, O, Mg, Al, Ca, Fe, C, Cl)
Spectral range 0.9-3.4 pm, spectral temperature resolution <1K, spatial Resolution of 1.5 times the orbital height
resolution 20 nm, spatial resolution resolution of 12.8 cm/px GRaND (Dawn)
12.8 Cm/px TIR/ (Hera)
MIRS (MMX)

. £ . -
. & -

Design and performance of MIRS infrared imaging Thermal InfraRed multiband Imager TIRI for Dawn’s Gamma Ray and Neutron

spectrometer onboard MMX mission ESA Hera, mission to Didymos binary asteroid Detector o1



I m pa Cto r Measurements and Instruments ‘

EJECTION
that 6 hollow marbles (redundancy) SCI-type (Hayabusa2) (
generate a 20 cm depth of zirconium 6 ejectors: ejection plate, -
crater with a radius , conical liner, internal
affectance of 0.75 m 0.04 m radius electronics.
from a 1km distance. . 15.7g of HMX per impact
2.5 mm thickness . . _
of Blast shielding, electrical =~ “*A™® Vo
270 g mass safe device, thermal and
the spacecraft pressure-resistant casing
with the 450 m/s impact VElOCity case
. ere o AR TR R S ollow zirconium
scientific instruments < ;1?';: E ‘j‘--\.‘p" s A
ESA-qualified ) . A N _
components

(mainly the explosive) back

interface

explosive
Pictures confirm Hayabusa2 made a crater charge

in asteroid Ryugu

front interface

concave liner
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CONOPS

Departure Mode

End of life

A

v

Commissioning
Mode

>

Transfer Mode

—> Approaching Mode

In orbit

»  Safe Mode

Downlink Mode
(HGA)
,y;l_i I

Science Mode

“Sompontags (pointing to the

» Ssunpoining® L5 gyface of the

housekeeping with surfae of the

MGA) . )

v

e3> Diiagniostics Mode

64



Mission
Timeline

CO N O PS Operations

5. End of
Primary
Mission

2. Fly-by to Mars 4. End.of fir-st
asteroid visit

1. Launch and
transferinsertion 3. Arrival to first asteroid

Transfer mode Transfer mode In-orbit

(Y B

Commissioning Approaching
mode mode

65



: '(;:'o;mm'iss:iSn_ipg % CONOPS | Op'ergtions .

mode
5. End of
Solar Panels Deployment B S A . Prir:ar;)
Dt E e i transfer insertion 3. Arrival to first asteroid e
2. Fly-by to Mars 4. End.of fir.st
asteroid visit
Transfer mode Transfer mode In-orbit
Commissioning Approaching Departure

mode mode T



- e

;Tra'ﬁsfer'mode 2

Thrusters open
Housekeeping (MGA)

Sun Pointing

C O N O PS . Op'erations

5. End of
1F Launch and . : : . Primary
transferinsertion 3. Arrival to first asteroid e

2. Fly-by to Mars 4. End.of fir.st
asteroid visit
Transfer mode Transfer mode In-orbit
Commissioning Approaching Departure

mode mode Mode



. ‘Approa'cf‘lil‘!g : CONOPS _ Op'ergtions

mode

5. End of
1F Launch and . : : . Primary
transferinsertion 3. Arrival to first asteroid e
e el m
asteroid. 2. Fly-by to Mars 4. End of first

asteroid visit

. Transfer mode Transfer mode In-orbit
Commissioning Approaching Departure

mode mode Mode



“In orbit -

Main modes: Science
mode and Idle mode.

C O N O PS ‘ ODErations .

1. Launch and _
transferinsertion 3. Arrival to first asteroid

® o e o0

2. Fly=by to Mars 4. End.of fifSt
asteroid visit

Transfer mode Transfer mode In-orbit

Commissioning Approaching
mode mode

|dle mode |dle mode

L 4

Science Mode Downlink
mode )
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Mass calculation (HGA)

~ Inor it iz

C O N O P S - _ Op'e.rations ’ w

1. Launch and

transferinsertion 3. Arrival to first asteroid
| 2. Fly=by to Mars * End.of fir.st
asteroid visit
Transfer mode Transfer mode In-orbit
Commissioning Approaching
mode mode
Idle mode Idle mode

‘.

In-orbit

Science Mode Downlink
mode 70

HGA
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“In or'bit- :

Primary experiment

Instruments usage

CO N O PS . Op'e'r‘ations

1. Launch and .
transferinsertion 3. Arrival to first asteroid

| 2. Fly=by to Mars 4. End of first

asteroid visit

Transfer mode Transfer mode In-orbit

Commissioning Approaching
mode mode

|ldle mode Idle mode
®

v

Science Mode Downlink
mode 71
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“Inorbit -
£ Post
Detailed impact
surface investig
investigation ation

Impact

Science Mode

CO N O PS , Op'evrlations

1. Launch and

transferinsertion 3. Arrival to first asteroid
| 2. Fly=by to Mars 4. End of first

asteroid visit

Transfer mode Transfer mode In-orbit
Commissioning Approaching
mode mode
ldle mode Idle mode Q
’
Science Mode Downlink
mode 72



“In orbit -

During the detailed
surface investigation,
NAC, WAC,
Hyperspectral Camera
and TIR will be used.

Detailed Post

surface !mpacfc

investigation Investig
' ation

Impact

Science Mode

CO N O PS , Op'evrlations

1. Launch and .
transferinsertion 3. Arrival to first asteroid

' 4. End of first

2. Fly=by to Mars s
asteroid visit

Transfer mode Transfer mode In-orbit
Commissioning Approaching
mode mode
ldle mode Idle mode
Science Mode Downlink
mode 73



R « CO N O PS ' Op'e'rlations

“In orbit -

1. Launch and

transferinsertion 3. Arrival to first asteroid
During the impact phase,

the following actions will ® o e o0

take place: - :
P 2. Fly=by to Mars 4. End.of f'r,St
asteroid visit

. - Transfer mode Transfer mode In-orbit
Commissioning Approaching

< Post mode mode
Detailed impact
.Surfac.e ! investig ldle mode ldle mode
Investigation ation Q

o
Impact Science Mode Downlink
mode 74

Science Mode
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Inorbit -

1. Launch and .
transferinsertion 3. Arrival to first asteroid

® o e o0

NAC, Hyperspectral, TIR
tige 4. End of first

will be used during this | 2. Fly-by to Mars s ok
phase. asteroid visit
Transfer mode Transfer mode In-orbit
Commissioning Approaching
$ !:OSt mode mode
Detailed !mpai_'f
investi
g atien 2 Idle mode Idle mode

investigation

Impact Science Mode Downlink
mode 75

Science Mode
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Downlink mode

During downlink mode,
the data that were stored
in Science Mode are
downlinked using the
HGA (which is pointed to
earth).

The rest of the data will
be downlinked during
transfer.

CO N O PS , Op'evrlations

1. Launch and

transferinsertion 3. Arrival to first asteroid
| 2. Fly=by to Mars 4. End of first

asteroid visit

Transfer mode Transfer mode In-orbit
Commissioning Approaching
mode mode

Idle mode Idle mode

L 4

Science Mode Downlink
mode 76



| End of Life

Once thelast asteroid is
observed, the disposal
will be based on the ESA
Space Debris
Regulations.

CONOPS

1. Launch and
transferinsertion

Transfer mode

® o e o0

Commissioning
mode

Operations

3. Arrival to first asteroid

M

2. Fly-by tb Mars

Transfer mode

Approaching
mode

{8

5. End of
Primary
Mission

4. End of fiirst
asteroid visit

In-orbit
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‘Safe Mode & CO N O PS Operations

Engineering

Mode

__________ | R Ry St = s
: . ! ! !
I Voltage failure I I [ I
I (above/below | I Stabilization | | Subsvst
| threshold) | | : | dit;gs;]y;sstei(r:r;
, | |

|

[

: Thermal failure I : : :
,  (above/below ! ’ : Sun Pointing T T &t
: threshold) : : ! : i :
: : | : nstruments
! : : : | healthcheck &
I Tumbling I ! COMMS : I calibration
, | |

|
I I I I I
| I Vg™ oy gt o Sl ] e | . B 'SPy Iy
|

. . ’
: e ! Safe Mode Engineering
! s Diagnostics
X~ SRSy Mode

Critical

triggers
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Launcher Operations

[ ] usaBLE voLUME

USABLE VOLUME EXTENSION //
-/

(Subject to specific analysis)

Caelus’ dimensions:
3 mdiameter + 4 m height
(Ariane 64’s usable space: 4.6 m diameter x 19 m height)

Caelus’ launch:
3693 kg with V_, =3.6 km/s

PAF Mounting Plane

The missionis compatible with S
performance range and usable volume. Frrer

Payload usable volume definition,

Ariane 6 user’s manual (2021) 2



Launcher Adapter

Operations

Solar Panels (not
deployed)

Adapter Ring

PLAG6 1194 adapter was chosen
due to:

- medium size of available
ones for stability

- does not block thrusters
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Ground Segment

ESA’s tracking station network:

data
(per minute)

Diameter 35m
Communication length per day 8h
Transmission of the telemetry 0.11seconds (1500 bps)

Transmission of the science data
(per asteroid)

308 hours ~ 38,5 days (400 GB)

X-band transmission and reception
Ka-band reception

Science operations ESAC

Mission operations ESOC

Deep Space stations:
Cebreros (Spain)
New Norcia (Australia)
Malargiie (Argentina)

Operations &

2 Kiruna
3 Redu L
4 Cebreros (Deep Space) U8
5| New Norcia (Deep Space) 5 Dongara
6 SantaMaria

7 | Malargiie (Deep Space)
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Mission Drivers Operations W -

The key mission drivers for the Caelus Mission are:

\ , test of the
\ ' and verification ,

data )
pre-survey _
plan 4’ E

Detailed Detailed Refinement of
for the

whole mission

duration
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Development Plan 9

PhaseO0 Phase A PhaseB1/B2 Phase C/D Phase E Phase F
1year 1year 3 years 7 years 10 years

Phase O Proposal

Phase A Feasibility Analysis

Phase B1/B2 Preliminary Design

Phase C/D Design & Development activities, MAIT/MAIV

Phase E Launch Campaign & Launch Window, Operations

Phase F Disposal
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Scientific Risks

Risk Mitigation

Asteroid surfaceis covered | Relax science requirements

by dust - P1/53 related LO-020-MO (5/10) T P3/S3
2

Asteroid shape doesn’t Detailed science observations =

allow for safe operations at | at grounddistances>1km
1km -P2/S2

P2/S1 P2/S2 P2/S3
P1/S1 P1/S2 P1/S3

Severity -

Probab

Impactor fails to excavatea | Redundantimpactor
sufficient amount of projectile
unaltered material - P2/51




Technical Risks

Risk Mitigation

Construction delay - missed launch window -

P2/S2 Flexible targets

Unexpected costs / low budget - P2/S2 Descope to Ariane 62

1. Less data transmitted but still partial
Insufficient downlink speed- P2/51 success
2. Possibility of utilization of a 2nd GS antenna

1. Instruments do not face the impact
direction
2. Solar panels can be rotated

Impact-generated debris affects
performances - P1/S3

Thruster failure - P1/S3 Redundant 3rd & 4th thrusters

OBC resists 500 Gy total dose and single event

OBC radiation damage - P1/S2
latchup
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Extended mission options

After the end of the nominal mission, depending on the state of the spacecraft and its

payload, the remaining fuel and the downlink available, with:

Which would lead to increased scientific output. to1or more

possible (one with impactor)
around the last asteroid, more

to different objects
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De-scoping options

To achieve adaptation and mission

agility, a scaled mission De-scoped element Reduction of mass
is presented. Payload (GRaND, impacts) | 20 kg
Ariane 62 requires up to 2600kg Solar arrays 90 kg

for Earth-escaping orbits Propellant & propulsion

(Vir]ﬁrjity of 25 km/) and no system 950 kg
resizing.

Battery 10 kg
Reduction in the number of . ]
targets . partial Margin reduction (35,80) kg
fulfillment of the current TOTAL (1105, 1150) kg

science objectives.

Approximated achievable total
wet mass: 2540 kg
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Open points (to be defined past phase O) L B

ORBITS:
using angular momentum based tree
search method and NN (nearest neighbor) schemecoupled with a
nonlinear optimization algorithm
Choose the

IMPACTOR:
Ground tests could from3to5
will be studied
in order to ensure a successful ejection and impact
need to be modeled, recoil
compensation strategies will be studied (gas vents, AOCS)
need more accurate estimation

INERTIA TENSOR:
Verify that the is sufficient taking into
account the asymmetries due to the fuel decrease
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Costs

Costs numbers are a rough order of
magnitude (ROM) estimate based on
ESA experts’ experience and
knowledge.

Payload costs are considered to be
about 30% of the total costs and are a
contribution by ESA member states.

Caelus fits within the frame
of an ESA L-Mission!

|’

Launcher (Ariane 64)

Payload

Project Team 9% 70M €
Industrial costs 40-50% | 350M €
\Y[e]e; 5-10% 80M €
SOC 5-10% 70M €
Contingency 20% 114M €

131M €

250M €
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NarrOW Angle Camera (NAC) Measurements and Instruments ‘

VIS mapping (regolith size and
distribution, boulder surface)
2.5 cm/px at 1km distance
JANUS (JUICE)

JANUS parameters:

- Modified Ritchey-Chrétien telescope

- Aperture: 100 mm

- Focallength: 467 mm

- Spatial resolution: ~2 cm/px at 1 km distance

- Spectral range: 340-1080 nm | ,
The JANUS (Jovis Amorum ac Natorum Undigue Scrutator)
- F o V . 1 7 2 o >< 1 2 9 o VIS-NIR Multi-Band Imager for the JUICE Mission

- Detectorsize: 2000 X 1504 px (CMOS)

- Pixelsize: 7 pm

- Mass:2.89 kg

- Power consumption:5W 94




Wlde Angle Ca mera (WAC) Measurements and Instruments “

asteroid surface mapping
2.5 m/px at 1km distance
Framing Camera (Dawn)

FC parameters:

- Optical system comprising four lenses and a selectable
band-pass filter

- Aperture:20 mm

- Focal length: 150 mm

- Spatial resolution: 9.3 cm/px at 1 km distance,

- Spectral range: 400-1050 nm
- FoV:5.5°9 X 5.,5°

- Detectorsize: 1024 X 1024 px
- Pixelsize: 14 pm .
- Mass: 5.5 kg The Dawn Framing Camera
- Power consumption: 17 W
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RSI Measurements and Instruments

determine the asteroid mass
The instrument shall be able to detect
velocity changes smaller or equal to 3 pm/s over 1000 s
X-DST (Hera)

Parameters:
- Deep-Space Network Compatible
- Radio Science Mode (using USO Input)
- Low Phase Noise and Allan Deviation
- Carrier delay variation £ 0.5 ns; ranging delay variation <6 ns
- 17000’000 in-flight operational hours
- Operating Temperature: -40°C to +60°C e sl o and et poce reameioain
- Mass:3.2kg

-  Power consumption: 19 W
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HyperSpectral Camera weasurements and insruments ()

determine the subsurface composition,
surface mineral composition and distribution, surface reddening
spectral range 0.9-3.6 pm, spectral
resolution 20 nm, spatial resolution 12.8 cm/px
MIRS (MMX)

MIRS parameters:
- Based on a push-broom imaging spectrometer, composed of an
optical (OBOX) and an electronic (EBOX) box
- Aperture: 23.4 mm
- Focal length: 93.5 mm
- Spatial resolution: 22.5 cm/px at 1 km distance,

- Spectral range: 900-3600 nm
- FoV:3.3°

- Detector size: 256 X 500 px

- Pixel size: 30 pym

- Mass:10.24 kg

- Power consumption: 17 W

Design and performance of MIRS infrared
imaging spectrometer onboard MMX mission

Design and performance of MIRS infrared
imaging spectrometer onboard MMX mission
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Thermal I nfra Red I mager (TI RI) Measurements and Instruments ’1‘

the boulder thermal inertia and cycling

temperature resolution <1K, spatial resolution of 12.8 cm/px

TIRI parameters:

determine the asteroid shape, and
temperature range 80-350 K,

TIRI (Hera)

Uncooled microbolometer array
Spatial resolution: 22.7 cm/px,

Spectral range: 800-1400 nm
FoV:13.3°x10.0°

Detector size: 1024 x 768 px
Pixel size: 17 pm

M dasSs. 3 . 9 kg Design and performance of MIRS infrared imaging

. spectrometer onboard MMX mission
Power consumption: 16 W ’
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Gamma ray and nGUtrOn emiSS|On Measurements and Instruments ‘
detector

Detect important major rock-
forming and volatile forming elements (including H, K, Si,
O, Mg, Al, Ca, Fe, C, Cl).

GRaND (Dawn) Y\i/’

- +7 Phos. PMT/Bleeder

GRaND parameters: e .
- CdZnTe sensor fully resolves gamma rays from most elements of interest. |——. L = m
- Pulse-height resolution: better than 3% FWHM at 662 keV at 20°. _— ; | ek
- 478 keV gamma ray from 7Li* used as gain calibration. G | n / [‘&"
- Measures epithermal neutrons (O.? eV - 0.5 MeV) | | it - r ~ 3 //z::s MT/Bleede
- Thermal neutrons from the asteroid are measured using the 6Li loaded o B d % i o

glass. 5 . s

- Detects epithermal neutrons having 0.2 eV - 0.5 MeV energy. sssemby () — e e e : - iy

- Detects fast neutrons having 0.5 MeV - 8 MeV energy.
- Datatransfer: 3.1kb/s data string with an accumulation time of 60s.
- FoV: 2msr

- Mass:10.5 kg Dawn’s Gamma Ray and Neutron Detector
- Power consumption: 12 W
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Su bsyste m Req U i re m e ntS Measurements and Instruments ‘

EPS-010 The thrusters shall be able to provide a voltage channel of 300-400V

EPS-020 The peak power that can be reached by the EPS shall be of 6 kW

The spacecraft batteries shall be able to provide power for 4h in science
EPS-030 mode

The energy generated shall be higher than 20 MWh before the spacecraft
EPS-040 reaches the Main Asteroid Belt

EPS-050 The solar cells efficiency shall be higher than 25%

EPS-060 The solar arrays shall be configured in parallel

101



Su bsyste m Req U i re m e ntS Measurements and Instruments ‘

The primary structure shall withstand an acceleration between -20g

STR-010 and 20 g during launch, and of 3000 g in shock loads
STR-020 The first axial frequency of the structure shall be higher than 50 Hz
STR-030 The first lateral frequency of the structure shall be higher than 35 Hz

The entire spacecraft shall fitin a volume of 4.5 m diameter and 19.5 m
STR-040 height

STR-050 The structure shall assure a clear field of view for the instrumentation

STR-060 A refurbishment procedure shall be defined for the MAIV phase
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Su bsyste m Req U i re m e ntS Measurements and Instruments O

Panels and primary structure shall tolerate a range of temperature

THE-010 between -100°C and 120°C
The thermal expansion coefficients of contacting surfaces shall not
THE-020 surpass 2%
THE-030 Batteries shall operate between 0°C to 25°C
THE-040 All mechanism should operate between 10°C and 40°C
THE-050 Power Processing Unit shall operate between 10°C and 40°C

THE-060 All payload instruments shall operate within their operational limits
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Subsystem Requirements

Measurements and Instruments

Attitude Determination
and Control Subsystem

Requirement

The solar arrays shall be pointing to the Sun with an error smaller than 1° during
nominal mode

The instruments shall point to the target with a pointing error of maximum 1° during
science mode

The High Gain Antenna shall point to Earth with pointing error TBD during telemetry
mode

The spacecraft shall turn 90° until the impactor points to the target per On Board
Computer instruction during science mode

The spacecraft shall remain pointing the impactor's face to the asteroid for half of an
orbit

The spacecraft shall recover its attitude after the impact in a time window smaller
than 2 minutes, using the thrusters

The spacecraft shall be 3-axis stabilization with a pointing error less than 1%




Subsystem Requirements

Measurements and Instruments

On Board Computer
Subsystem

Requirement

The OBC shall process 100 Mbits/s

the OBC shall store 4 TB of payload data

The OBC processor shall have the capacity to run (near) lossless compression
algorithms such as CCSDS or JPEG-LS with projected compression ratio 2.9

The OBC shall be capable of autonomously steering the spacecraft for 1.5 hours

The OBC and other electronics shall withstand a total radiation dose of 500 Gy
and shall be resistant to SEU (single event upsets)

The OBC shall command every subsystem and initiate the operational modes

The OBC processor shall have 1-out-of-2 warm redundancy (the redundant
processor is always powered up)
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Su bsyste m Req U i re m e ntS Measurements and Instruments ‘

The High Gain Antenna shall be able to send data of 1GB/h in the

COMMS-010 Main Asteroid Belt

The Medium Gain Antenna shall be able to send data of 0.008 GB/h in
COMMS-020 the Main Asteroid Belt
COMMS-030 The recover amplifier shall be of 50 dB

COMMS-040 The antenna shall be omnidirectional
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Su bsyste m Req U i re m e ntS Measurements and Instruments ‘

SYS-010 The mass of the spacecraft shall be below 5 tons

The Reaction Wheels vibrations shall not interfere with the
SYS-020 instruments

All the subsystems shall be able to communicate with the spacecraft
SYS-030 bus

SYS-040 All failure triggers shall result to safe mode
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Su bsyste m Req U i re m e ntS Measurements and Instruments ‘

PRO-010 The thruster shall provide a thrust above 150 mN

PRO-020 The thruster shall have a specificimpulse above 1600 s

The propulsion system shall operate with an electrical efficiency
PRO-030 above 60%

The propulsion system shall be able to operate continuously for
PRO-040 10000 hours
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Development Plan L X

Phase O Phase A Phase B1/B2 Phase C
Proposal Feasibility Analysis Preliminary Design & Development activities
Design

Phase D
D1: Subsystem Level Testing, Procurements, D2: System Environmental Testing
Manufacturing, System AIV

Phase E
E1: Launch Campaign & E2: Operations
Launch Window
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