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. Characterising the conditions of
ocean-bearing moons around Jupiter

Observing coronal .
dynamics and.solar eruptions

Studyingﬁ Saturnian systefn )
and landing on Titan

‘Measurin'_t']‘.‘Earth's',magnejcic shield

IN THE SOLAR SYSTEM =~~~
The Solar System is a natural laborafory that allows scientists to exp]bre the. naturé of the Sun, the planets and their moons, as wéll as comets and
asteroids. ESA's missions-have transformed our view of the celestial neighbourhood, visiting Mars, Venus, and Saturn's.moon Titan, and providing

™ new insight into how the Sunyi teracts with Earth and its neighb_oijrs. The ‘Solar System is the fesult of 4.6 billion years of formation and evolution.” -
Studying how it appears ngw allows us to-unlock the mysteries of its past and to predict how the various bodies will change in the future. ’

.

www.esé.int European Space Agency
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BepiColombo & Mercury




i

eomy 7

Like, he's lihe

o
d
v
=3
~
'S
']
o
s
-~




Terrestrial Planets




Mercury vs The Moon

Moon (3476 Km) MERCURY (4880 Km)






Mercury vs. the Earth , =
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Mercury from Space
NASA Mariner 10 (1974-1975), 3 fly-bys
NASA MESSENGER (2004, 2011-2015), orbital

Why only a few missions to Mercury?
Costly, since requires a lot of fuel

Harsh environment, quick degradation of the instruments




Rotation axis, days and years
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Mercury Venus Earth Mars Jupiter
0.1° e 23° pi 32

1 Hermean day: 59 Earth Days
1 Hermean year: 88 Earth Days

Saturn
27°

Neptune
30°




Mercury orbit and '’

BC#3 - Aphelion
(32 days)

Eclipses occur during
all of this season

‘seasons”’

BC#2 - Night to Day
Terminator (20 days)

BC#4 - Day to Night '&
Terminator (20 days)

BC#1 - Perihelion
(16 days)

Eclipses start 2 days
before this season and
end 2 days after




Days at Mercury




Impact Basins
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Craters and Impact Basins (l)

Caloris basin, 1300 Km, Biggest
Basin of Mercury




Craters and Impact Basins (2/3)
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Ice in the poles




Volcanic Deposits




It is the only planet with a magnetic field similar to
that of Earth (although ~ 100% weaker)

The magnetic field shows a North-South asymmetry on
the surface



Mercury Magnetic Field
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Mercury Interior

Mercury is the second most
dense planet in the Solar
System (after Earth)

Iron-rich core that occupies
more than 80% of the planet.

d The outer part of the core is

believed to be made of cast

material. This is  where
Mercury's magnetic field s
generated - a characteristic

shared with Earth, unlike
Venus, Mars, or the Moon.

2440 km

2030 km

/ solid iron inner core

liquid Fe-S-Si

/ outer core

)/ FeS “anticrust”
l

' iron-poor silicate
mantle
,,
%0
Lf

iron-poor silicate




European-Japanese Mission to Mercury
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Mercury
Planetary
Orbiter
Mercury (MPO)
Transfer
Module
(MTM)

Mercury
Magnetospheric
Orbiter

Sun
Shield (M)



Objective: Mercury
Launch: 20 Oct 2018
Cruise: 7.2 years
Science Phase: 1 Earth
year from March 2026.

Extension of 1 Earth year

Scientific Payload: 11
MPO, 5 in MMO




Route to Mercury

« Launch: 20 October 2018

« Interplanetary Cruise: 7.2 years, 9 billions kms, 18 loops to the Sun

« 9 “flybys”: 1 Earth, 2 Venus y 6 Mercury

| Cruise Phase | ‘ Earth flyby ‘ |Venus flyby 1 | | Venus flyby 2 l ‘ Mercury flyby 1 i | Mercury flyby 2 ‘ | Mercury flyby 3 l ‘ Mercury flyby 4 | | Mercury flyby 5 ‘ ‘ Mercury flyby 6

BEPICOLOMBO TO SUN
148,976,010 KM (1.00 AU)

BEPICOLOMBO TO MERCURY
192,343,537 KM (1.29 AU)

BEPICOLOMBO TO VENUS
41,897,051 KM (0.28 AU)

BEPICOLOMBO TO EARTH
8,910 KM

ONE-WAY SIGNAL TRAVEL TIME
0038

ACCUMULATED DISTANCE
0KM

2018-10-20

Cruise Phase

oo

Simple path Milestones

HEE



| Mercdry PIa.netary Orbiter (.MP.O-) (ESA)

_ _Agency (ESA).

 Polar orbit 480x1 SOOtk

- period 2.3 h |

Data volume: 1550Gb1,ts [ Mol
year. ,‘,}g/ '

(one axis pomts contlnuously to the nter of the planet)



Mercury Magnetospheric Orbiter - MMO (JAXA)

Study of the

space age

Polar orb
km, period

Data volume:
year

Spin-axis spacecraft, axis of rotation perpendicular to the equator of
Mercury (1 complete loop every 4s).
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Mercury Transfer Modulﬁwm ‘

¥

Ion thrusters '
(can be ‘t

throttled from
/5 mN to mz“x <

145mN) L' ,

Transfer mod
2025.

Built by the E

It uses elec’cn



Mission Challenges

Global coverage of the planet =>
targeted nadir

High resolution => low orbit altitude
Mercury is at 0.3 AU

10 times solar radiation and surface
temperatures up to 450 degrees.

5 of 6 sides and spacecraft antennas
facing the Sun and infrared radiation

More tan 70% of the S/C is a specific
development of BepiColombo.

The cruise trajectory requires chemical
gravity assistance and electric propulsion
arches.




Technology challenges

Finned radiator for IR Solar Electric Propulsion

High temperature _
protection from pianet. New Development involving

HGA; all exposed

parts; mechanisms Allows the low polar orbit 4xT6 thrusters,4x FCU, 2x
around Mercury PPU

Development of
paints and HT
surface materials

. . : | Sun Sensors HT-Harness to all
High temperature v, »—" | Star Trackers external items on
Multi-Layer Insulation MPO MPO and MTM
and MTM -y

Development of outer layer
MGA

Solar Array MPO all exposed parts

and MTM

Cell development
to cope with
degradation and
UV effects

\ Deployable Thermal Covers
Scientific Instruments U. Reininghaus presentation to MCRR~- 26/03/2019 - slide 12

ESA UNCLASSIFIED - For Official Use




Operations: Ground Segment

BepiColombo is operated and controlled - -

from the European Operations Center B . 2
(ESOC), in Germany, from launch to k. Y ‘
arrival at Mercury.

The JAXA Sagamihara Space Operations
Center, with the Usuda station in Japan,
will take over the operation of the MMO
once it is in orbit around Mercury.

The scientific operations of the MPO will
be prepared by the scientific operations
center (ESAC) located in Villafranca,
Madrid, Spain and those of the MMO from
the JAXA Sagamihara Scientific
Operations Center (SS0Q).




Comunications: Cebreros Station

Cebreros station is located 77 kilometers west of Madrid, Spain. Cebreris is a
35 meter antenna with X band transmission and reception and Ka band
reception. Provides communication 8 hours a day.

Provides routine support for
missions in space, including
Mars Express and Gaia, and
BepiColombo.

Malargie station, in Argentina,
will be another station to be
used in BepiColombo Mercury
Operations.




BepiColombo — Collaboration

BepiColombo is an ESA mission to Mercury in collaboration with
JAXA. Scientific instruments are supplied by leading re ers,
funded by 8 agencies.

Japan Aerospace
Exploration Agency

MMO
< —
S

UK Space Agency Roscosmos
MIXS MGNS
II
|
CNES DLR
PHEBUS BELA
MERMAG
MERTIS

Italian Space Agency
ISA

MORE

SERENA
SIMBIOSYS

Swiss Space Office
BELA




BepiColombo and Industry

United States
ARDE, Northrop Grumman

Japan
NEC Corporation, NIPPI

Ireland
CAPTEC

United Kingdom

ABSL, Airbus DS-UK, AMPAC-ISP, MT Aeruspace,
QinetiQ, TAS-UK

France
Airbus DS-FR

Switzerland

APCO, MCSE, Ruag )

Portugal
EFACEC

Spain

ALTER, CASA, Crisa, Iberespacio,
Rymsa, Sener, TAS-ES

Finland
SSF

Norway
Kongsberg

Denmark

Rovsing, Terma

Netherlands

Airbus DS-NL, Bradford Engineering,
Celestia-STS, TNO

Germany
Airbus DS-DE, Tesat

Austria

~ RUAG, Siemens

Italy
Leonardo, TAS-I

83 companies from 12 countries
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Launch 20 October 2018
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Earth Flybyl Geometry

Closest approach = 2020-04-10 04:24:57
Earth flyby S/C Altitude at CA (km): 12692.90

Event times: in UT

T

Magnetopause 8R
\

L Closest approach
B —«;4—":° ‘*'x-\ Magnetosphere:

4 . omnidirectional 1-10s keV
Bowshock H+ and O+

Solar
Wind: cold
1 keV H+

Plasmasheet:
warm < few keV
H+ and O+

Event times

(inUT)

Bowshock in: Apr10, 00:27:06 UT
Magnetopause in : 01:14:53 UT
9 R dayside: 01:44:00 UT

8 R_ dayside: 02:05:56 UT

6 R belt dayside: 02:50:07 UT Magnetosheath:
Closest approach : 04:25:23 UT warm 1 keV H+
6 R nightside: 06:00:39 uT

8 R nightside: 06:44:50 UT

9 R. nightside: 07:06:46 UT

Magnetopause out: 12:58:49 UT

Bowshock out: Apr10, 22:08:45 UT

7
Magnetopause

v 4
Bowshock

-15 -20 -25

European Space Agency



Earth Flyby#1: Planning the Science Operations

BEPICOLOBOTO EARTH CENTER
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BepiColombo Selfies and Earth (I)
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BepiColombo, Monitoring Camera #3

esa

9 April 2020
11:25:36 UTC

uropean Space AQe y



BepiColombo Selfies and Earth (II)

2

/ l'.
BepiCoIorr;Eo, Monitoriqg Camerp #2

i

10 April 2020
IEIER-YAUIIE



2 X Venus



Venus Flyby#2: 10 August 2021

BepiColombo teams are planning to operate up to eight out of eleven science instruments on the Mercury Planetary Orbiter
and three out of five on the Mercury Magnetospheric Orbiter during the two flybys of Venus

®
«—
®

First flyby
15 October 2020
10 720 km

‘®
e @
Second flyby

10 August 2021
552 km

Flyby distances at closest approach

ATMOSPHERE STUDIES

Temperature and density profiles

Chemical composition

Global circulation

X-ray emissions

INTERNAL STRUCTURE

INTERACTIONS BETWEEN THE SUN AND VENUS

Solar wind interactions

Energetic particles

Plasma interactions

Magnetic field and magnetosphere

Electric field, plasma and radio waves

Bow shock and magnetopause

VENUS AS AN EXOPLANET
Phase curve and rotation rate

BepiColombo will also take images with its monitoring cameras,
and will collect data with its radiation monitor, BERM.

European Space Agency



Venus Flyby#1: 15 October 2020

En route to Mercury - nine billion kilometers, eighteen revolutions
around the Sun, and nine planetary flybys.




Venus Flyby#1 Geometry

Closest approach = 2020-10-15 03:58:32 UTC
Venus flyby S/C Altitude at CA (km): 10722.464
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Venus Flyby#1: Planning the Science Operations
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BepiColombo Selfies and Venus (I)

esa

14 October 2020
BepiColombo, Monitoring Camera #3 06:58:33 UTC



BepiColombo Selfies and Venus (II)

15 October 2020
BepiColombo, Monitoring Camera #2 03:18:33 UTC

uropean >pace Agency



Venus Flyby#2: 10 August 2021

ESA'S DOUBLE VENUS FLYBY

Instruments active during flyby

‘ Solar Orbiter
}/\ MAG SPICE

RPW EUT
; EPD Metis
l SWA PHI
3 STIX
: SOLOHI

ACTIVE - NOT ACTIVE

H#ExploreFarther

7995 km
04:42 UTC

Solar Orbiter
9 August

esa

Imaging
opportunities

“.. until 18 August

18:30 UTC

Imaging
" opportunities

16:13 UTC Instruments active during flyby

14:07 UTC ‘

Imaging _Tiw BepiColombo
“opportunities =
550 km

13:48 UTC

Mercury Planetary Orbiter ~ Mercury Transfer Module

BELA M-(AM 1
ISA M-CAM 2
13:45 UTC MERTIS M-CAM 3
MIXS Mercury Magnetospheric
MORE Orbiter
MPO-MAG MDM
PHEBUS MMO-MGF
SERENA MPPE
SIMBIO-SYS MSASI

)
|
I
i
|
1
)
1
I
1
I
1
I
i
|
i
I
1
)
1

MGNS '
|
|
1
|
i
I
1
I
1
|
i
I
i
|
1
|
1
|
|

‘ ? SIXS PWI

v ACTIVE - NOT ACTIVE
BepiColombo
10 August

Relative sizes and distances are not to scale



Venus Flyby#2: Planning the Science Operations
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BepiColombo Selfies and Venus (II)

ROk
‘-‘T‘i\‘. %

Cesa

10 August 2021
13:57:56 UTC



6 x Mercury




Bepi Mercury Flybys

M %fc\%fe;by s

1 Oct 2021
23 Jun 2022
20 Jun 2023
5 Sep 2024
2 Dec 2024
9 Jan 2025
Arrive!
5 Dec 2025




Mercury Flyby#1: 1 October 2021

BEPICOLOMBO'S FIRST MERCURY FLYBY

Imaging
opportunities

N\ 2 october 23:39 UTC -
| 2 October 03:39 UTC

o.

Closest approach
to Mercury

1 October 23:34 UTC

Mercury flyby

1 October 23:34 UTC
2 October 01:34 CEST

~200 km

#ExploreFarthe’ Relative sizes and distances are not to scale
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esa

Instruments active during flyby

L) .
/-' BepiColombo

Mercury Planetary Orbiter ~ Mercury Transfer Module

BELA M-CAM 1 i
ISA M-CAM 2 :
MERTIS M-CAM 3 :
MGNS i
MIXS Mercury Magnetospheric i
MORE Orbiter :
MPO-MAG MDM i
PHEBUS MMO-MGF i
SERENA MPPE i
SIMBIO-SYS MSAST ]
SIXS PWI i

ACTIVE - NOT ACTIVE

ek | Jax,

%
e )
A
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R S —
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European Space Agency



Mercury Flyby#1: Planning the Science Operations
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BepiColombo Selfies and Mercury

-
W Rudaki
/ ‘
l ‘\.\\
Rudaki Plains
Calvino
1 1 October 2021
North BepiColombo, Monitoring Camera #2 23:44:12 UTC \
North

Haydn

BepiColombo, Monitoring Camera #3

Eesa

Pampu Facula

Bramante

Astrolabe Rupes

Smetana

1 October 2021
23:44:57 UTC

European Space Agency



Mercury Flyby#2: 23 June 2022

BEPICOLOMBO'S SECOND MERCURY FLYBY

esa

Instruments active during flyby

/;" BepiColombo
Imaging
opportunities

Mercury Planetary Orbiter ~ Mercury Transfer Module

\ 23 June 09:41 - 10:24 UTC BELA M-CAM 1
\ J ISA M-CAM 2 '
. MERTIS M-CAM3 |
© ] ; MGNS :
; MIXS Mercury Magnetospheric |
! MORE Orbiter 1
) ‘ | MPO0-MAG MDM i
Closest approach : L g |
to MEI'CI.II'Y ; SERENA MPPE !
; SIMBIO-SYS MSAST :
23 June 09:44 UTC i SIXS PWI '
(11:44 CEST) S i e o AN J

Mercury flyby ACTIVE - NOT ACTIVE

23 June 2022
esh | Jaxy
““bepicolombo-
—_—
#EXPIOIeFﬂrﬂ!er Relative sizes and distances are not to scale o

European Space Agency



Mercury Flyby#2: Planning the Science Operations
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BepiColombo Selfies and Mercury

LxA Eesa
Nofh %A

Eminescu
. Xiao Zhao rays

North

BepiColombo, Monitoring Camera 1 23 June 2022, 09:48:22 UTC

BepiColombo, Monitoring Camera 2 23 June 2022, 09:49:22 UTC
European Space Agency





















EXTRA SLIDES
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MPO electrical Model
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MPO model testing

Credit: ESA



MIO testing in Simulator
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Credit: ESA



-I, Italy
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MPO test




MPO testing in TAS-I, Italy
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MPO inside simulator




MIO testing at ESTEC testing Floor




MPO Test in ESTEC testing floor

x
WYZ NG YL
Ll BNy

e ‘:”ﬁ‘"’i
s B "af

AN




Wiring and parts integration




Kourou Arrival




Solar panel deployment at Og




MPO under testing




MMO: Light test
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Arianne V Integration




Before Launch

NULHYI § 06D 10 henA SAS S IS INVIRY S IND VED $1000




THANKS!!




The EPIC adventures of BepiColombo




