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Park 7 Preface

The content of this Payload Definition Document (PDD) has been agreed by the contributors listed below.
The PDD describes a reference payload that a) satisfies the measurement requirements given in the Solar
Orbiter Science Requirements Document, and b) can be implemented within the resource envelope as
specified in the document.

While not precluding other design solutions (provided they meet the measurement requirements and are
compatible with the resource envelope), this reference payload has been used to establish the overall system

design and corresponding cost, and in its final version will be part of the reference documentation for the
Announcement of Opportunity (AO).

R. Wimmer-Schweingruber (on behalf of the In-Situ Payload Working Group)

R.A. Harrison

J.M. Defise

V. Martinez

S. Fineschi
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1

AC

LIST OF ACRONYMS

Alternating Current

ACT/CAPS Actuator/Cassini Plasma Spectrometer

ADC
AlV
AOCS
ASIC
BMI
BOL
CAN
COR
CPPS
CRB
CRS
CSA
DAC
DC
DCA
DPD
DPU
DSP
EMC
EMCB
EMI
EOL
EPD
EPT
EUI
EUS
EUV
FFT
FDT
FEE
FIFO
FPGA
HETn
HFR
HGA
HIS
HRT
HTHGA
H/W
ICU
1/0

IR
LEMMS
LEOP
ISS
LCPM
LET
LFR

Analog to Digital Converter
Assembly, Integration and Verification
Attitude and Orbit Control System
Application Specific Integrated Circuit
Boom Mounted Instruments
Beginning of Life

Controller Area Network
Coronagraph

Centralized Payload Power Supply
Contamination Review Board

Coronal Radio Sounding

Charge Sensitive Amplifier

Digital to Analog Converter

Direct Current

Dust Composition Analyser

Dust Particle Detector

Digital Processing Unit

Digital Signal Processor
Electromagnetic Cleanliness/compatibility
Electromagnetic Cleanliness Board
Electromagnetic Interference

End of Life

Energetic Particle Detector

Electron and Proton Telescope
Extreme Ultraviolet Imager

Extreme Ultraviolet Spectrometer
Extreme Ultra-Violet

Fast Fourier Transform

Full Disc Telescope

Front End Electronics

First In First Out

Field Programmable Array

High Energy Telescope with neutron detection
High Frequency Receiver

High Gain Antenna

Heavy Ion Sensor

High Resolution Telescope

High Temperature High Gain Antenna
Hardware

Instrument Control Unit

Input/Output

Infra Red

Low Energy Magnetospheric Measurement Subsystem

Launch and Early Orbit Phase
Internal Stabilisation System (VIM)
liquid crystal polarisation module
Low Energy Telescope

Low Frequency Receiver
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LOS
MAG
MCGA
MCP
MIMI
MLI
NGD
NIS
PA
PAS
PDD
PDMU
PHA
PIPS
PMT
PZT
QCM
RAD

RPE

RPW
RTC
S/C
SciRD
SDT
SEPM
SIS
SolO
SPMI
SPS
Spw
SSMM
STE
STIX
SWA
SWT
TBC
TBD
TC/TM
TDA
TDP
TNR
TOF
UART
usSo
uv
VIM
VLS
VTT

Line Of Sight

Magnetometer

Multicolor Graphics Array

Micro Channel Plate
Magnetospheric Imaging Instrument
Multi Layer Insulation

Neutron and Gamma-ray Detector
Normal Incidence Spectrometer
Product Assurance

Proton and Alpha particle Sensor
Payload Definition Document
Payload Data Management Unit
Pulse Height Analysis

Passivated Implanted Silicon
Photo Multiplier Tube
Piezo-Electric Transducer

Quartz Crystal Microbalance
Radiometer

Random Access Memory
Relative Pointing Error

Radio and Plasma Wave analyser
Remote Terminal Controller
Spacecraft

Scientific Requirements Document
Solar Orbiter Science Definition Team
Solar Electric Propulsion Module
Supra-thermal Ion Spectrograph

Solar Orbiter

Scanning Platform Mounted Instruments
Sun Pointing Suite

Space Wire

Solid State Mass Memory
Supra-Thermal Electron detector
Spectrometer Telescope Imaging X-rays
Solar Wind Analyser

Science Working Team

To Be Confirmed

To Be Determined

Tele-command / Telemetry
Technology Development Activity
Technology Development Plan
Thermal Noise receiver
Time-Of-Flight

Universal Asynchronous Receiver/Transmitter

Ultra Stable Oscillator

Ultra-Violet

Visual-light Imaging Magnetograph
Variable Line Spacing

Technical Research Center of Finland (Valtion Teknillinen Tutkimuskeskus)
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3 SPACECRAFT REFERENCE COOORDINATE SYSTEM
A
AV 2=V
QQD
+7
P4
A V
+ X
Sun shield /
+Y « » ram direction

Note:

The correspondence of the —Y axis with RAM (velocity) direction is only appropriate when the
spacecraft is orbiting at the minimum and maximum heliocentric radii (and in absence of any de-
pointing with respect to the Sun centre). During science operations the +X-axis may be off-
pointed from the Sun center by up to £1.25°. This implies S/C slewing to ensure that offset
pointing is maintained during offset observations.
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4 INTRODUCTION

This Payload Definition Document (PDD) is a compilation of the Solar Orbiter reference payload
requirements and of their related reference design. The PDD plays a key role in defining the resources
required by the Solar Orbiter instruments and in providing the information necessary to conduct the mission
assessment study and the preliminary spacecraft design.

The reference payload described in this document originates from the scientific objectives of the Solar
Orbiter mission as spelled out in the associated Scientific Requirements Document [RD1]. In fact, each
instrument addresses a part of the scientific goals of the mission with associated performance requirements
(see sections 2 and 3 of RD1).

Information on the reference payload has been provided by selected experts of the Remote-sensing (RS) and
In-Situ (IS) Payload Working Groups (PLWG) under the lead of the respective chairmen (Prof. Richard
Harrison for the Remote-sensing units and Prof. Robert Wimmer-Schweingruber for the In-Situ units). The
input provided by the 2 working groups has led to the compilation of a previous version of the PDD (version
2.4, issued on January 9, 2004 [RD2]) as well as to two individual reports containing a number of
recommendations for technology development activities as well as addressing more specific technical issues
[RD3, RD4].

The information contained in the version 2.4 of the PDD has been reviewed by EADS-Astrium in the context
of the Study of an integrated science payload for the Solar Orbiter (ESA contract, AO/1-4408/03/NL/HB).
This study (January-June 2004) has revisited the instrument design architectures, the associated resource
budgets, and the P/L accommodation aspects in order to consolidate further the maturity of the reference
payload [5, 6]. In the course of the study a number of interactions with the external community have taken
place, triggering further work on the instrument design.

The study showed that the previously identified payload resources were largely under-estimated and that it
was necessary to adopt a ‘resource effective payload architecture’ in order to make the mission feasible
[RD5]. Thermal issues were also found to have a major impact on system resources and spacecraft design,
and had not been adequately researched. Such a payload architecture implies remote-sensing instruments
having a maximum size of order 1 m and a typical diffraction limited resolution of 1 arcsec in the visible
(corresponding to a spatial resolution of 150 km at perihelion). Such a design choice is in fact enabling the
adoption of a fast cruise scenario at mission level, with the possibility to deliver key scientific data 1.5 years
after launch.

Based on the industrial study, PDD v3 was released at the end of September 2004, triggering a new round of
interactions with the scientific community, providing additional input through the PLWG chairmen. All input
has been reviewed and edited by the Science Payload Office and Advanced Concepts of ESA (Sci-AM team)
to ensure consistency with the overall mission assessment activities, leading to PDD v4. The present version
(PDD 4.1) includes a number of corrections and recent input from the scientific community.

4.1 Changes since PDD v3 and v4

Version 4.1 of the PDD includes a number of corrections and recent input received from the scientific
community, in the context of an on-going consolidation process of both the payload and the spacecraft. This
parallel approach is essential to reduce the uncertainties on actual requirements and related resource needs
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and will continue until the release of the Announcement of Opportunity for the provision of the Solar Orbiter
instruments. The essential changes between PDD v3 and PDD v4.1 are listed below:

e More detailed definition of the interfaces between platform and payload, including Thermal Control

System, Data Handling and accommodation.

Detailed analysis of telemetry requirements and expected platform capability

Incorporation of operational constraints from the spacecraft configuration and mission profile.

Consistency with the Science Requirements Document.

Further mass budget consolidation taking into account changes in instrument design, following the

adoption of a standard angular resolution (1 arcsec) and leading to the adoption of a standard APS

array for the RS instruments (8 micron pixels).

e Incorporation of specific input from the community and correction of mistakes.

e Revision of the In-Situ suites configuration (e.g. rotating platform, transfer of mass from Common
Suite Elements into individual mass budgets).

e Addition of chapter 6 on Contamination

A breakdown of the resource changes and related drivers is given below.

Unit Comments on mass evolution PDD v3 PDD v4.1
Mass Power Mass Power
SWA Sensors with common elements 17.5 15 16.5 15.5
RPW Sensors with common elements / new data 12.5 6.4 13.0 7.0
MAG Sensors with common elements 2.5 3.0 2.1 1.5
EPD Sensors with common elements 10.0 1.5 9.0 8.5
DPD Further definition achieved 1.5 10 1.8 6.0
NGD Suite approach with common elements 4.5 4.0 5.5 5.5
VIM Entrance window part of PSE budget 30 35 30.4 35
EUS Size increase due to plate scale 16 25 18.0 25
EUI Aperture diameter evolution (20 mm) and 15.5 25 20.4" 28
assuming 3 HRI telescopes
COR Occulter protruding through S/C +X 21 25 18.3¢ 30
(including EUV channel)
STIX Higher design maturity = 10% margin 4.5 4.0 4.4 4.0
PSE Further definition / instrument doors 18.9 20 28.4 4
TOTAL 154.4 173.9 167.8 170.0

Table 4.1.1: Instrument mass evolution — PDD v3 to PDD v4

() Mass budget assuming three High Resolution Telescopes (optional);
 Mass budget assuming EUV channel (optional).
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5 CONTACT PERSONS
Instrument Acronym Name Address Telephone Fax E-mail
Solar Wind SWA D.McComas Southwest Research Institute, P.O. Drawer 28510, San +1-210-522-5983 +1-210-520-9935 dmccomas@swri.edu
Analyzer Antonio, TX 78228-0510
Radio and RPW S.Bale Space Sciences Laboratory, University of California, +1-510-643-3324 +1-510-643-8302 bale@ssl.berkeley.edu
Plasma Wave Berkeley, CA 94720-7450
Analyzer
Magnetometer MAG C.Carr Imperial College London, South Kensington campus, +44-20-7594-7765 | +44 20 75947772 c.m.carr@ic.ac.uk
London SW7 2AZ, UK
Energetic Particle EPD R. Miiller-Mellin Institut fiir Experimentelle und Angewandte Physik +49-431-880-3227 | +49-431- 88-85660 mueller-mellin@physik.uni-
Detector Christian-Albrechts-Universitaet zu Kiel kiel.de
Leibnizstrasse 11,
D - 24118 Kiel, Germany
Dust Particle DPD [.Mann Institut fuer Planetologie, Westfaelische Wilhelms — +49-251-83-39081 | +49-251-83-36301 imann@uni-muenster.de
Detector Universitaet, Wilhelm - Klemm - Str. 10, 48149 Muenster,
Germany
Neutral Particle NPD M.Hilchenbach | Max-Planck-Institut fiir Aeronomie, Max-Planck-Stralie 2, | +49-5556-979-162 | +49-5556-979-240 hilchenbach@linmpi.mpg.de
Detector 37191 Katlenburg-Lindau, Germany
Neutron Gamma NGD B.Barraclough Los Alamos National Laboratory, P.O. Box 1663 +1-505-667-8244 +1-505-665-7395 bbarraclough@lanl.gov
Ray Detector Los Alamos, NM 87545
Visible Imager VIM V.Martinez Instituto de Astrofisica de Canarias, ¢/ Via Lactea s/n, La | +34-922-605237 +34-922-605210 vmp@ll.iac.es
Laguna, 38200, Tenerife, Spain
EUV Imager EUI J.M.Defise Centre Spatial de Li¢ge, Université de Li¢ge, Parc +32-43-676668 +32-43-675613 jmdefise@ulg.ac.be
Scientifique du Sart Tilman, Avenue du Pré-Aily, B-4031,
Angleur-Liége, Belgium
EUV EUS R.Harrison Rutherford Appleton Laboratory, Chilton Didcot, +44-1235-446884 | +44-1235-445848 R.A.Harrison@rl.ac.uk
Spectrometer Oxfordshire, OX11 0QX, UK
VIS-EUV COR S.Fineschi Osservatorio Astronomico di Torino, 20 Strada +39-011-810-1919 | +39-011-810-1930 fineschi@to.astro.it
Coronograph Osservatorio, 10025 Pino Torinese, Italy
Spectrometer STIX G.Hurford Space Sciences Laboratory, University of California, +1-510-643-9653 +1-510-6438302 ghurford@ssl.berkeley.edu
Telescope Berkeley, CA 94720-7450

Imaging X-ray
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6 PAYLOAD PROCUREMENT - ANNOUNCEMENT OF
OPPORTUNITY

It is the intention of the European Space Agency to release an Announcement of Opportunity (AO) for the
provision of the Solar Orbiter instruments.

In order to take maximum advantage from the work done to date (e.g., PDD input, payload and system level
industrial activities, technology development plan, etc.), and avoid changes that could have a significant
impact on the mission profile and associated cost envelope, the future Request For Proposal of the AO,
without limiting the detailed design of the instruments, will be based on the present Payload Definition
Document and will provide specific boundary conditions.

In particular, the AO will make explicit reference (in the form of both boundary conditions and reference
requirements) to the resource budgets, overall accommodation and key interface aspects listed in this
document. This procedure will allow guaranteeing full compatibility with the ongoing work at spacecraft
level as well as to minimize the development risks associated with the approval of the payload complement.

It is in fact clear from the results of the assessment study that, given both the technical challenges and the
programmatic constraints applicable to this mission, design solutions implying a total nominal payload mass
exceeding 150 kg (excluding margins) or optical apertures significantly larger than what is assumed in this
document, would impact directly on the overall spacecraft design with the effect of:

e Reducing the contingency margins to an unacceptable level, thus forcing the adoption of
considerably more complex mission profiles (e.g., longer cruise times, complex propulsion scheme,
etc.)

e Increasing the total cost of the mission to a level incompatible with the available resources

e Force the adoption of new technology to be qualified for space flight, thus leading to potential
delays

e Increasing the development risks at both spacecraft and instrument level, with a related cost impact
on the respective funding Agencies.

6.1 Key events and preliminary dates leading to the payload AO

The present working assumptions are:

1. Completion of delta-activities with industry by Q3 / 05 (including further consolidation of payload
design and preparatory activities).

Start of early/critical TDA’s (e.g. P/L issues).

Final assessment report to ESA executive by October 05.

ESA evaluations and information paper to SPC Nov 05

SPC go ahead for instruments AO — Feb 06

Release of instruments AO during Q2/06.

Appointment of ESA project team

‘Industrial assistance’ phase (KO — Q1-Q2/06)

P NN R WD
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7 PAYLOAD OVERVIEW

Tables 6.1, 6.2 and 6.3 provide an overview of the payload characteristics. Two instrument groups are
identified: the so-called in-situ (IS) instruments and the so-called remote-sensing (RS) units. All instrument
requirements are compatible with the science goals described in the Scientific Requirement Document
(SciRD) of the Solar Orbiter Mission [RD1].

The Solar Orbiter Science Definition Team (SDT) has identified a Baseline Mission (with an associated Core
payload complement) as well as a High Priority Augmentation payload complement and a Minimum payload
complement. The Baseline Mission represents first-class science, while still being compatible with the
constraints imposed by the resources - both technical and financial - that are likely to be available for
implementation of the mission. Finally, it should be noted that while the reference payload described in this
document demonstrates that the science requirements can be achieved within the resource constraints of the
mission, it is not meant to preclude alternative concepts that could meet and improve on both the science
return and the use of resources.

7.1 Core payload complement

The Baseline Mission could be accomplished by an instrument complement comprising the following
generic types [RD1]:
- Field Package
- Particle Package (including neutrons, y-rays and dust speed, mass and velocity measurement, but without
directionality and elemental composition information)
- Plasma Package
- Remote-Sensing Package comprising
Coronagraph (white-light and UV)
EUV imager
EUV spectrometer
Visible light imager & magnetograph
X-ray spectrometer/imager

7.2 High priority augmentation

In the event that additional resources become available, the SDT recommended a number of so-called High
Priority Augmentations to the Solar Orbiter Baseline Mission, described in Appendix I.

7.3 Minimum mission

While not acceptable as a baseline, a scientifically meaningful mission could be accomplished by an
instrument complement comprising the following generic types [RD1]:
- Particles Package (limited neutron measurements; no y-ray measurements; no dust measurements)
- Plasma and Field Package (as in Baseline)
- Remote-sensing instruments:
e Coronagraph (white-light only)
e EUV spectrometer (reduced resolution compared with Baseline)
e Visible light and EUV imager (reduced resolution and/or wavelength coverage compared
with Baseline).
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Table 7.1 — Core payload complement: summary of main characteristics
Instrument Acronym Science goals Spectral band — Nom. Mass | Total Physical size of Power ™
Particle range Mass (1) | margin | Mass main units 2) A3
kel | (%) | [kg] [em] (Wl | [kbps]
In-Situ Instruments
Solar Wind Plasma Analyzer SWA Investigation of kinetic properties and e-:0.001 —5keV/q 15 10 16.5 HIS: 40 x 40 x 30 15.5 7
composition (mass and charge states) of pt, o: 0.2 —20 keV/q PAS: 40 x 30 x 20
solar wind plasma ions: 0.5 — 100 keV/q EAS (2x): 15 x 15 x 15
Radio and Plasma Wave RPW Investigation of radio and plasma waves 1 Hz to 10 MHz 11.8 10 13.0 Ant.: 500-600 7.0 5
Analyzer including coronal and interplanetary Loop: 20
emissions Coils: 20
Magnetometer MAG Investigation of the solar wind magnetic Time resolution: 16 1.9 10 2.1 Sensor: 11 x 7x 5 1.5 0.8
field samples / sec normal ops Elect: 15 x 14 x10
Absolute precision: 1 nT
Energetic Particle Detector EPD Investigation of the origin, acceleration and | 0.002—-100 MeV/nucleon 8.1 10 9.0 6 units, typical size: 15 8.5 3.1
propagation of solar energetic particles in 5 units (e-/+, p+, ions) x 15 %10
Dust Particle Detector DPD Investigation of the flux, mass and major 1.6 10 1.8 20 x 15x 15 6 0.1
elemental composition of near-Sun dust 107 - 10 gr (2 units)
Neutron Gamma ray Detector NGD Investigation of the characteristics of low- n: 0.6 — 20 MeV 5.0 10 5.5 15x15%x25 5.5 0.4
energy solar neutrons, and solar flare Gamma: 0.05 — 10 MeV (sensor head +
processes electronics)
Remote-sensing Instruments
Visible Imager & VIM Investigation of the magnetic and velocity 400 — 700 nm (1 narrow 24.3 25 30.4 80 x 40 x 30 35 20
Magnetograph fields in the photosphere pass-band of 5-10 nm) optical bench
EUV Spectrometer EUS Investigation of properties of the solar 17-100 nm (2-3 narrow 14.4 25 18.0 90 x 25 x 12 25 17
atmosphere bands)
EUV Imager EUI Investigation of the solar atmosphere using 13.3 nm, 17.4 nm, 30.4 16.3 25 20.4 each HRI 95 x 10 x 15 28 20
high resolution imaging in the EUV nm (3 bands) FSI 95 x 25 x 20
optical bench
Visible Coronograph COR Investigation of coronal structures using 450-600 nm +121.6 nm 14.6 25 18.3 80 x 40 x 25 (optical 30 10
polarized brightness measurements in Vis and 30.4 nm (optional) bench)
Spectrometer Telescope STIX Investigation of energetic electrons near the 3-150keV 4.0 10 4.4 100 x 15 x 15 or 4 0.2
Imaging X-ray Sun, and solar x-ray emission 100 x 17 cm diam.
Payload Support Elements (4) PSE - - 23.6 20 28.4 --- 4 -
TOTAL (4) 167.8 170.0 | 83.6

(1) Remote-sensing mass values based on [RDS5] input and consolidation by industrial study; (2) average power including margins during operations; (3) reference allocation only see section 7.3; (4) Including

several payload required items, see Part 3.
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Table 7.2 —Solar Orbiter core payload complement: summary of pointing and accommodation aspects.

Instrument Acronym Pointing direction LOS pointing Instrument accommodation
& FOV stability (RPE)
In-situ instruments
Solar Wind Plasma SWA EAS: FOV=4r Sr, NA PAS and HIS are S/C body mounted with small (10
Analyzer PAS: Sun pointed, FOV = 60°x 10° cm’) aperture through the heat shield, EAS sensors
HIS: Sun pointed, FOV = 60°x 10° are on the S/C behind the shield
Radio and Plasma RPW 3-axis sensing NA 3 x antenna on S/C under direct Sun light,
Wave Analyzer magnetometer loop and 3x search coils on the boom
Magnetometer MAG 3-axis sensing NA 2x sensors located on boom (in the shadow)
Energetic Particle EPD Several directions wrt orbital plane NA 5x sensors located on the spacecraft corners behind
Detector Typical FOV of order 60°x60° the heat shield.
Dust Particle Detector DPD I1x RAM, 1x orthogonal to RAM, NA 2 sensors mounted on the S/C body in velocity and
FOV = 120° orthogonal to velocity direction
Neutron Gamma ray NGD Sun pointed NA Located behind shield, no optical aperture is
Detector FOV =5° required (but low Z materials)
Remote sensing instruments
Visible Imager & VIM Sun pointing 0.02” in 10s Located behind shield, 2 apertures (12.5 and 1.5 cm
Magnetograph FOV=2.7° FDT, 17’ HRT diameter) with door and heat rejection filters
EUV Spectrometer EUS Sun pointing 1.0”7in 10 s Located behind shield, 1 aperture (7 cm diameter)
FOV=34"x 1.0” slit with door
EUV Imager EUI Sun pointing 0.1”7in 10 s Located behind shield, 4 apertures (2 cm diameter)
FOV=16.7" HRI, 5.4° FSI with doors and baffles, small Al filters
VIS-EUV COR Sun pointing 2” over few s Located behind shield, 1 aperture (17 cm diameter)
Coronograph FOV=9.2° with door and occulter (8 cm diameter)
Spectrometer STIX Sun pointing 2” over few s Located behind shield, 1 apertures (12 x 12 cm?)
Telescope Imaging FOV=38%’ with door (TBC) and filters
X-ray
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Table 7.3 —Solar Orbiter core payload complement: summary of instrument design maturity and related development activities.

Instrument Acronym Instrument concept Critical issues Maturity Technology
Level Development Activity
In-Situ instruments
Solar Wind Plasma SWA Multi-sensor unit (EAS: e-; PAS: p+; HIS: heavy Entrance of HIS and PAS under direct Sun 3 NA
Analyzer ions) based on high voltage mass spectrometers illumination; high voltage; multiple locations
Radio and Plasma RPW Multi-sensor instrument based on electric antennas, 3x 5-6 m long antenna exposed to Sunlight, 3 Antenna material
Wave Analyzer magnetic coils and 3 dedicated receivers EMC cleanliness
Magnetometer MAG Dual, 3-axis fluxgate, with boom-mounted sensors Magnetic cleanliness, need for stable temp 2 NA
environment, periodic calibrations
Energetic Particle EPD Multi-sensor unit (STE: e-; EPT: e-, p+; SIS: ions; Complex FOV requirements, detectors behavior 2 High quality Si material
Detector LET: ions; HET: ions, p+, n, e-) based on SSD+MCP in relevant environment, Front-End electronics
Dust Particle Detector DPD Impact detector High Voltage required 3 NA
Neutron Gamma ray NGD Combined neutron and gamma-ray detector, based High-voltage for PMT’s and scintillating 5 LaBr; crystal
Detector on scintillators and PMT’s crystals development
Remote-sensing instruments
Visible Imager & VIM 2 telescopes (HRT: reflection; FDT: refractive; and a Internal Stabilisation System required to 4 APS development
Magnetograph common filtergraph (FO: dioptrictFabry Perot) achieve high pointing stability. Fabry Perot LiNbO; rad hard qualific.
and LCVR
EUV Spectrometer EUS Off-axis normal incidence plus grating spectrometer | Stringent pointing stability, internal mechanisms, 4 APS development, thin
heat load without entrance filter, mirror coatings, heat rejection filter
data rate / data selection approach, cooled APS
EUV Imager EUI 4 off-axis reflective system: High Resol. Imager with | Stringent pointing stability, internal mechanisms, 4 APS development,
3 telescopes, Full Sun Imager with 1 telescope data rate / data selection approach, cooled APS thin heat rejection filter
VIS-EUV COR Off-axis Gregorian telescope with external occulter Occulter design, pointing offset compensation, 4 APS development
Coronograph simultaneous visible and EUV bands, data rate / LCVR developments
data selection approach, resource demands
Spectrometer STIX Indirect imaging technique based on 64 sub- Image reconstruction, data rate / data 2 Modest grid development
Telescope Imaging collimators (tungsten grids), CdZnTe detectors. selection approach, instrument length,
X-ray Monitoring of LOS by 2 limb-sensing systems aspect system

M Maturity levels:

1 Existing hardware
2 Existing + minor modifications
3 Existing + major modifications

4 New, Detailed design level
5 New, Preliminary design level
6 Concept only
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8 MISSION PROFILE & SCIENCE OPERATIONS - SUMMARY

The operational scenario for the Solar Orbiter is presented to provide an overview of the main constraints
affecting the instruments. The latest baseline Solar Orbiter mission profile [RD7] assumes a direct injection
to Venus immediately after launch, a cruise phase including a number of Earth and Venus Gravity Assist
Manoeuvres (GAMs) and a science phase. During the science phase the spacecraft orbits around the Sun
every 150 days and performs a Venus GAM every third orbit, with different perihelion distances and
progressively increasing its orbit inclination. A typical orbit sequence [RD7] is summarized in the table

below.
Orbit no. Orbit event. Perihelion (AU) Inclination (deg)
1 GAM Venus 2 0.225 10.4
4 GAM Venus 3 0.254 19.9
7 GAM Venus 4 0.297 27.2
10 GAM Venus 5 0.344 31.8
13 GAM Venus 6 0.374 33.8
16 GAM Venus 7 0.420 33.9

The spacecraft is designed to cruise between 0.35 and 1.4 AU and then to operate between 0.22 and 0.9 AU.
Such a large S/C-Sun distance variation implies a correspondingly large solar flux range. The maximum flux
at 0.22 AU is about 30 kW/m* (against a flux of 1.371 kW/m” at 1 AU). The minimum flux at 1.4 AU is
about 700 W/m’. Such a large heat flux variation represents one of the main design challenges of the
mission.

A number of mission phases are envisaged, as summarised below:

Phase Duration Payload
Launch and Early 7 days starting from | Operation of the payload is not expected. This
Operations Phase launch is to configure the spacecraft, and obtain the
cruise configuration.
Cruise and LEOP until end of The spacecraft is commissioned first.
Commissioning Phase Venus GAM 2 The in-situ instruments can be commissioned

around days 150 — 160.

The remote sensing instrument can be
commissioned after further outgassing e.g.
days 570 — 600.

Sub-sets of the payload may be operated
should it be possible and resources, power and

TM allow it.
Nominal Science From commissioning See description below.
Phase until End of science
of first orbit after
GAM V4
Extended Science End of science See description below.
Phase perihelion passage

after GAM V7
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8.1 Science Phases

The large separation between the spacecraft and the Earth constrains the amount of experiment data that can
be down-linked during each orbit. This affects in particular the remote-sensing instruments that typically
produce the largest data volume. As a result, operation of the remote-sensing payload is limited to intervals
of high scientific priority during each 150-day orbit, described below. Therefore the operations concept
foresees two types of windows per orbit. During the full operation windows (section 8.1.1), the spacecraft
mass memory can be filled. The data in the mass memory is then transmitted to Earth during the reduced
operation windows (section 8.1.2).

8.1.1 Full Operation Windows

During both the nominal and the extended science phases, there are three windows per orbit of full
operations, of 10 days each, centred on:

e Maximum northern helio-latitude, and
e Perihelion passage, and
e  Maximum southern helio-latitude

The first point to note is that in the early part of the science phase the Perihelion window overlaps with the
maximum southern window, with effect that their combined duration is less than 20 days.

The second point to note is that the maximum northern helio-latitude window occurs with spacecraft-Sun
distances from 0.5 to 0.7AU.

Pixel Size arcsec Distance (AU)
0.22 0.3 0.5 0.74
1 160 km 218 km 364 km 538 km
0.5 80 km 109 km 182 km 269 km

The table above provides the projected scale on the solar surface in km for various pixel sizes in arc seconds
at typical observing distances in Astronomical Units. This demonstrates the range of spatial resolution in the
full operation windows. The payloads must also consider the flux at the various distances to determine the
image acquisition duration.

Co-rotation

The Sun is a dynamic environment, with surface features that evolve relatively quickly. At the equator, the
rate of rotation of such features on the solar disk as seen from Earth is 13.5 degrees per day. One of the aims
of Solar Orbiter is to have the spacecraft co-rotate with the Sun during one or more days, keeping a location
on the Sun at the same position as seen from the spacecraft. Due to the orbital mechanics the relative rotation
is dependent upon the distance of the spacecraft from the Sun and the perihelion distance. The minimum
achievable drift rate for the baseline mission, ~ 2.8 degrees per day, occurs for a perihelion distance of 0.226
AU. More details are given in Part 2, section 2.1.2 (VIM).

The highest drift rate in a full operations window is 13 degrees per day, and occurs at the maximum northern
helio-latitude. The effects on the drift of a point on the Sun’s surface are dependent on both the co-rotation
rate and the distance from the Sun. As experienced from the spacecraft, the rotation of the Sun ranges from
0.02 to 0.052 arcsec per 10 seconds.
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8.1.2 Reduced Operation Windows

During these windows the in-situ payload will remain in science mode. The data stored in the mass memory
are down-linked to Earth. Spare telemetry capacity will be utilised effectively, for example to prepare for the
next full operation window, instrument maintenance and calibration, testing of modes, and taking additional
science data. The operations in these windows are very dependent upon the characteristics of the
communications link capability at that particular time.

8.2 Telemetry

As shown by the recent CDF study [RD8] and the results of the corresponding industrial activities, the
telemetry rate that can be achieved is governed by the following factors:

1. The achievable performance of the onboard communications system.
The ability to use the High Temperature High Gain Antenna (HTHGA) — presently it is doubtful that
this can be deployed within 0.3AU of the Sun due to thermal constraints and risk of damage.

3. The ground station coverage — by default one deep space ground station is allocated for 8 hours per
day. Possibilities to improve on this considering other mission needs are under investigation.

4. The distance from the spacecraft to the Earth — the orbit governs this.

5. The achievable onboard compression and data storage capacity.

The HTHGA probably cannot be used in the early perihelion passages, when the distance spacecraft-Sun is
below 0.3 AU; the longest outage is 15 days. As a consequence, the onboard mass memory is sized to handle
the 15-day outage.

With shorter outages, and for orbits with shorter Earth distances, additional telemetry downlink can be
achieved. How the additional telemetry should be allocated requires future investigation (e.g., calibration
activities, more remote-sensing, or trading ground station time at slack periods for extra time at full operation
windows).

The goal for Science Operations planning will be to achieve the maximum science return within the available
telemetry resources. The Final Report of the ESA Solar Orbiter Remote-sensing Payload Working Group
addressed the scientific return from the payload from the telemetry allocations in Action 1.3.

Lastly, lossy data compression schemes should not be excluded as an acceptable trade to maximising the
science return, given the large mismatch between telemetry and potential data acquisition rates.

8.3 TM Rate Allocation

The TM link budget is very dependent upon the Spacecraft to Earth distance, and hence the rates vary per
operational orbit. Therefore the payloads will not in fact be allocated a single TM rate for the duration of the
mission.

There are some cases where the allocated rates seem to be beyond the capabilities of the mission, and in
particular the whole period between the first and second perihelion of the science phase has spacecraft to
Earth distances between 1.15 and 1.8 AU.
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The bulk of the data (16.4 kbps) is currently allocated to the In-situ instruments, which are on continuously.
The Remote-Sensing instruments presently share an allocation of 67.2 kbps for 30 out of 150 days. Some In-
situ instruments need to perform additional work for the definition of adequate data reduction strategies.

The Solar wind density and energetic particle fluxes tend to vary as the inverse square of heliocentric
distance, so that variable data rates for SWA and EPD could be envisaged, depending on distance. For
example, 3 rates: 16.4, 12.0 and 7.0 below 0.4 AU, 0.4 to 0.7 AU and above 0.7 AU respectively. The
remaining in-situ payload will also need to consider variable data rates to allow overall optimisation of
science return for the whole mission.

The modeling of the varying rate for the in-situ payload leads to a significant reduction in the size of mass
memory required, and close to an achievable value. The other advantage of more efficient science data
encoding is the reduced delay from data observation until availability for analysis on the ground.

The final allocation of data rates will be made subsequent to the selection of the final payload. Each
experiment must consider thoroughly the amount of data required and the best means to transmit this to the
ground in the minimum amount of data without significant loss to the science quality.
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Part 2 Descripftion of the
Insfruments
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1 INTRODUCTION

In this part, the baseline design of each Remote-sensing and In-Situ instrument is described and the
corresponding resources, in terms of mass, envelope size, power and data rate are quantified. Such estimates
play an important role in the context of the definition of the Solar Orbiter mission as they strongly influence
the S/C requirements and corresponding resources. Under- or over-estimating the required resources would
in fact lead to inaccurate choices at system level, thus significantly increasing the development risks and/or
the cost at completion.

The payload study [RD5, RD6] indicated clearly that the P/L resources contained in ref. [RD2] were often
underestimated (up to 100%) with a correspondingly large impact on the platform design and overall mission
definition. On this basis, following consultation with the chairmen of the PLWG and the Science Definition
Team, particular effort was made to define new boundary conditions which, while leaving freedom in the
detailed design of each instrument and remaining compatible with the science goals of ref. [RD1], would
allow to respect the available payload resource budgets, including realistic margins.

This approach has led to the identification of the so-called resource efficient payload, resulting in:

a) 1-m class, 1 arcsec resolution units in the case of the Remote-sensing instruments;
b) Possible grouping of the In-Situ sensors sharing common functions.
¢) Introduction of standard Remote Terminal Control units.

The results of this effort are the basis of the PDD v3, and are described in details in both Part 2 (actual
instrument description) and Part 3 (payload accommodation on the S/C and related interfaces).

Open issues, critical areas and the need for specific technology developments are also indicated for each
instrument in Part 2. In this respect, we should note that, given the commonalities existing between the
different RS instruments, these also share a number of critical areas (e.g., focal plane detectors, data
processing and data compression, contamination, etc.). Such areas have been discussed in a separate section
of Part 2, including information provided in ref. [RD4].
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2 REMOTE-SENSING UNITS

2.1 Visible-Light Imager and Magnetograph (VIM)

The purpose of the VIM is to measure the magnetic and velocity fields in the photosphere. It observes the
magnetic boundary for the magneto hydro-dynamic (MHD) processes observed by other remote-sensing
instruments and allows surface and subsurface dynamics and structure to be determined, e.g., with the
methods of local helio-seismology. It will observe the morphology, dynamics, and strength of the magnetic
elements and flux tubes at the photospheric level with a resolution that is consistent with the resolution of the
EUYV telescopes. It will also provide the first images, Doppler-grams and magneto-grams of the solar poles
and of the side of the Sun, which is not visible from the Earth.

VIM will have vector magnetic field capabilities as this is of fundamental importance to understand the
nature of photospheric fields. Having vector capabilities is also the only way in which quantitative inferences
of the magnetic field in the transition region and corona can be made (from force-free or full 3D MHD
extrapolations).

VIM will also produce line-of-sight velocity maps by observing two points on either side of a spectral line.
These maps can be used, through local helio-seismology techniques, to investigate subsurface flows. The
internal structure and dynamics of the near-polar regions of the Sun is of paramount importance and perhaps
the key to our understanding of the solar cycle.

2.1.1 Scientific Goals
The principal scientific goals of the Visible-light Imager and Magnetograph (VIM) are:

e To provide measurements of the “magnetic carpet” which drives chromospheric and coronal activity
as studied by the UV and X-ray instruments;

e To provide surface and subsurface flows in the field of view of the UV and X-ray instruments;

e To observe and accurately quantify for the first time the surface polar magnetic field of the Sun;

e To measure rotation and flows near the Sun’s poles using techniques of local area helio-seismology,
and thereby provide crucial constraints on solar dynamo theories;

e To unveil the small-scale photospheric dynamo;

e To resolve solar magnetism down to its fundamental length scale (<150 km);

e To provide the first magneto-grams and Doppler-grams of the far side of the Sun (in relation to the
Earth).

e Subsurface flows, using local helio-seismology techniques applied to line-of-sight velocity maps
obtained by observing two points on either side of a spectral line.

Furthermore, by using its vector magnetic field capabilities, VIM will enable studies of:

e The nature of photospheric fields: Are the polar fields vertical unipolar fields? Do they harbour
complex neutral lines with horizontal sheared fields?

e The magnetic field in the transition region and corona (using force-free or full 3D MHD
extrapolations);
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2.1.2 Instrument concept

It is impractical to combine the functions of full-disc and high resolution viewing of the Sun into a single
telescope. Therefore two telescopes, a 125 mm diameter (TBC) High Resolution Telescope (HRT), and a 15
mm diameter Full Disc Telescope (FDT) are required. The design allows for them to share the Filtergraph
Optics (FO) and the detector. Light from either the HRT or the FDT will be selected by a shutter mechanism.
A single set of electronics with control and data processing capability is envisaged.

A functional block diagram of VIM is provided below.

HRT: High Resolution Telescope FO: Filtergraph Optics

A A
Visible filters Focus & image PMP : Polarisation
stabilisation Module Packages
\ mechanism (ISS)
HV PSU
— Fabry
B Perot
L ISS drive C; Detector
] / f T Front end
collimator ¢amera electronics
— '\
- _/  Limb sensor v
hd (1SS) Back end
FDT: Full Disk Telescope electronics

Figure 2.1.1: VIM Functional Diagram

Wavelength of interest and rationale for HRT telescope aperture

For the purposes of the system study, the aperture of the HRT was sized to give a diffraction limited angular
resolution of 1 arcsec at 500 nm. This aperture then sets the thermal load into the instrument. The selection
of a longer wavelength (e.g. 630 nm) would imply an increased aperture to maintain the same diffraction
limit. An increased aperture will lead to higher heat load, a larger filter window and cover, as well as an
increase in the volume of the telescope, with impacts on overall payload resources. On this basis, the final
choice of the VIM aperture should be the result of an instrument level trade study, including scientific (e.g.
resolution, SNR, detector performance, efc.) as well as engineering parameters (e.g., resource envelopes,
development risk). Such a trade-off analysis shall aim to be compatible with the allocated instrument
resources. A diameter of 18 cm is considered as maximum acceptable.
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High Resolution Telescope (HRT)

In agreement with the Scientific Requirements Document [RD1], the HRT presented here is sized to provide
a spatial resolution of 150 km (angular resolution of 1) over the solar surface at perihelion (about 0.22 AU
heliocentric distance). This value sets the aperture of the telescope to 12.5 cm (A=500 nm, TBC). It is also
baselined to have a pixel size equal to half the spatial resolution. A Polarisation Modulation Package (PMP)
is included in the optics prior to the FO.

Two solutions were evaluated for the HRT, first, an open solution with ceramic mirrors and a heat stop
rejecting most of the solar light outside of the spacecraft and, second, a closed solution with a window
(possibly a lens) coated to allow a very small wavelength region entering the telescope. For thermal reasons,
the closed solution has been identified as the preferred solution. In this implementation, the only critical
element from a thermal point of view is the entrance filter (or lens). Assuming a broad-band absorption of
10%, 38.2 W will have to be disposed off by a dedicated radiator. The main saving compared to the open
case is the reduction of critical elements from two (mirror + heat rejection) to one (entrance filter) and lower
thermal loads inside the S/C.

Full Disc Telescope (FDT)

The FDT is composed of a lens or entrance filter (with identical performance to the HRT entrance filter) and
and a first imaging lens followed by a relay system, chosen to provide a full disk image at minimum
perihelion distance that fills the detector with the image and working at the diffraction limit. The diameter of
the FDT is such that the ratio of the apertures between the HRT and the FDT is equal to the inverse of the
ratio of the field-of-view of both telescopes. This ensures the same field-of-view performance for both
telescopes of the FO Fabry-Perot units. A coating at the entrance lens reflects most of the incident sunlight so
that the radiation load is not a problem for the FDT. A separate PMP is necessary for the FDT in order to
perform polarisation modulation within the centred optical path before the first oblique reflection.

Polarisation Modulation Package (PMP)

The PMP will allow VIM to provide longitudinal and transverse magnetograms of the region being observed.
The PMP will produce the modulation of the intensity at the APS detector as a function of the input
polarisation state. These intensity changes of the detector measurements will be used to recover the Stokes
vector of the solar light.

Each PMP will be composed of a couple of Liquid Crystal Variable Retarders (LCVRs) followed by a fixed
linear polariser. The LCVR retarders follows the design of ground polarimeters successfully built and used at
the Canary Island Observatories. LCVRs produce polarization modulation using simple square waves with
amplitudes of up to £20 V. They need to be temperature controlled to within 1 degree. LCVRs can be built in
such a way that, for no applied voltage, no net retardance is introduced (compensated LCVRs). In this case
no effect is produced when only velocity measurements are being made. The LCVRs combination generates
4 independent polarization states that are read by the detector.

LCVRs have been tested to some extent for space applications but a full characterization for the Solar
Orbiter environment is needed, in particular sensitivity to UV light and continued performance under
vacuum conditions.

Image Stabilisation System (ISS)

Due to the data processing needs (see section 1.1.1), the VIM pointing (LOS) needs to be extremely stable,
better than 0.02 arc seconds in 10 seconds (typical integration time), and therefore an ISS is required to
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improve significantly over the pointing accuracy of the spacecraft. The ISS can only correct for the LOS, and
therefore the spacecraft will provide the required stability (2 arc sec in 10 seconds) around the LOS. The ISS,
and the related control loop must also account for the relative rotation of the Sun, and will require inputs on
the spacecraft - Sun geometry at observation time. The table below summarises the estimated relative (Sun-
S/C) rotation, which is dependant upon the Sun — spacecraft distance, for each of the science phase orbits.

Orbits Window Distance to Sun Relative Rotation of the Sun
after (AU) Rotation from the perspective of
GAM (degrees/day) the Spacecraft
(arcsec/10 seconds)
Venus 2 max southern 0.34 9.3 0.053
helio latitude
perihelion 0.23 2.8 0.024
max northern 0.61 12.5 0.040
helio latitude
Venus 3 max southern 0.36 94 0.051
helio latitude
perihelion 0.25 4.9 0.038
max northern 0.57 12.1 0.041
helio latitude
Venus 4 max southern 0.40 9.9 0.048
helio latitude
perihelion 0.30 7.2 0.047
max northern 0.56 11.8 0.041
helio latitude
Venus 5 max southern 0.37 9.0 0.047
helio latitude
perihelion 0.34 9.0 0.051
max northern 0.55 11.6 0.041
helio latitude
Venus 6 max southern 0.39 9.9 0.049
helio latitude
perihelion 0.37 10.0 0.052
max northern 0.50 10.9 0.042
helio latitude

The ISS uses a limb sensor as a stabilisation source. In essence, a cube beam-splitter sends a small fraction of
the light of the FDT to a limb-sensor that drives folding mirrors acting as closed-loop tip-tilt system to
stabilise the image to the required level. The ISS must also operate when VIM is observing with the HRT. It
will derive the correction signal needed to compensate spacecraft pointing errors and drive a similar tip-tilt
mirror in the HRT. In principle the signal could be made available to other remote-sensing instruments
(those needing a better pointing accuracy than that provided by the AOCS of the spacecraft, such as EUI). A
calibration strategy of all these tip-tilt mirrors with respect to the one on the FDT path needs to be defined to
ensure a correct performance during the mission lifetime. A possible implementation of the ISS is given in

figures. 2.1.2 and 2.1.3.
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Figure 2.1.3: Optical functional diagram of the ISS
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Filtergraph Optics (FO)

The FO consists of a relaying optical system with a magnification that provides an adequate location for all
the spectral filter components (prefilter and LiNbO; etalons). This location could be either near a pupil plane
of the system (collimated case) or near a telecentric image plane. The pros and cons of both options,
collimated vs. telecentric, should be carefully considered as they have important implications in terms of
instrument calibration.

Two 50 mm diameter Fabry-Perot etalons near the pupil plane provide the required spectral resolution of
typically 50 mA. One etalon will provide the spectral resolution while the other blocks the secondary
transmission maxima of the first. A separate interference filter with a 3A band blocks the secondary
transmission maxima of the combined etalons. It is considered using two LiNbO; solid-state etalons with
fixed resonator widths, mounted on a temperature controlled oven (0.1 degrees of stability is required for 10
mA passband shift). Spectral tuning is achieved by applying voltages to the Fabry-Perots. About +2 kV is
required for a shift of the passband of 1 A, which is sufficient to cover both line width and Sun-spacecraft
velocity shifts. The LiNbO; technology will require a thorough space qualification effort, with particular
emphasis on the performance under high particle radiation environments (see section 2.1.8).

A focus mechanism near the telescope focal plane is used for accurate focusing and to re-image the pupil
onto the detector (MDI heritage). This includes a calibration mode, which will allow a pixel-to-pixel
calibration strategy of VIM for wavelength registration.

APS detector camera

VIM uses only one detector at the focal plane of the FO. The detector is base lined to be a CMOS-APS 2048
x 2048 pixel detector, providing 0.5 arcsec per pixel (8 um). As VIM operates in the visible range, the
operating temperature is presently envisaged to be around 0 deg C. CCD detectors, a potential alternative to
APS, in addition to posing significant radiation damage problems, would require a considerably lower
operating temperature (-110 deg C). Detector performance plays a critical role with respect to SNR, thus
influencing the final choice of the telescope aperture. See section on Open points and critical issues.

Overall optical configuration

The combination of all optical subsystems is shown in Figure 2.1.4 (HRT and FO), 2.1.5 (FDT) and 2.1.6
(optical bench assembly), all for the on-axis design case. As part of the payload study, a specific
recommendation was made by industry for considering an off-axis design. A common optical bench provides
support to both the HRT and the FDT; the HRT is seen as the top part of the left figure. The FDT is the large
cylinder on the left top part of the central figure that also includes the FO. The right figure displays a frontal
view of the optical bench with the HRT on the top part and the FDT and FO in the bottom part.
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Figure 2.1.4: View of a possible optical layout of the high resolution telescope and filtergraph (under the

assumption of an on-axis design).
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Figure 2.1.5: View of a possible optical layout for the full disk telescope (ISS beam-splitter not shown).
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FDT+FO

Figure 2.1.6: VIM assembly (on axis design). The HRT is arranged above the FDT and the FO, both of which are
mounted on a common optical bench. The optics assembly fits an 800 mm x 400 mm x 300 mm envelope.
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2.1.3 Orbit, Operations and Pointing Requirements

The HRT and FDT cannot be used simultaneously as they share the same FO and will be used sequentially
during the full observation windows.

The processing requirements are key to a good understanding of the instrument. The Stokes parameters
I,Q,U,V provide the longitudinal and transverse solar magnetic field. To obtain them ideally requires 5
wavelengths (one in continuum and 4 within a spectral line). Further the Stokes parameters are required in 4
polarization states leading to an observation sequence as follows:

Time Filter setting Processing
(sec)
0 Al (continuum) Obtain image in each of 4 polarization states, 4 x configure

PMP, the APS takes the image and sends to processor.

6 A2 (inside spectral line) Another set of 4 polarization states
12 A3 (inside spectral line) Another set of 4 polarization states
18 A4 (inside spectral line) Another set of 4 polarization states
24 A5 (inside spectral line) Another set of 4 polarization states
30 Physical magnitudes (continuum intensity, magnetic field,

velocity) are determined in the processor and stored

60 Commence sequence As above, or perform in just two polarization states collecting
again I and V parameters

The line of sight Doppler shift (velocity) is made from a combination of the four points within the line.

2.1.4 Calibration

Outside of the nominal 30 encounter days, a calibration mode of the tip-tilt mirrors in the FDT and HRT path
should be included (preferably before the encounter phase and while the spacecraft has direct contact to the
Earth). This calibration program (that should be considered by all instruments receiving the VIM
stabilisation signal) will allow to set the gains and offsets of the PZT normally included in the tip-tilt mirrors
and that, will inevitably, suffer from degradation during the mission lifetime.

2.1.5 Accommodation

The VIM is hard-mounted on the spacecraft, behind the heat shield and aligned to within 2 arcmin to the
other instruments. The large aperture of the HRT-VIM in combination with the need for a high thermal
stability makes the thermal balance of the instrument most demanding.
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2.1.6 Interface and Physical Resource Requirements

Telemetry needs — data compression.

VIM will detect intensity images in different positions within a selected spectral line and in different
polarization modes. For calibration purposes, sometimes, these intensity frames (or the Stokes parameters
easily deduced from them) will be stored. But these data will represent a small fraction of the total and will
not compromise the telemetry rates. Here we consider only the cadences and telemetry rates needed for
different observing modes that should constitute the fundamental science operation modes of the instrument.
The use of these modes will depend on the science targets selected for each orbit based on the science plans
of the spacecraft. In any of these modes, VIM will provide a combination of the following physical
magnitudes:

1. Ic or continuum intensity images. A temperature indicator that provides the photospheric context. 8
bits compressed to 4 bits per pixel.

2. Vi the line-of-sight (LOS) velocity frames. They provide the Doppler signals needed for local
helioseismology. 10 bits compressed to 5, some applications may use only 4.

3. By the LOS component of the magnetic field. They are basically maps of circular polarization over
the observed area. 10 bits compressed to 5, some applications may use only 4.

4. By the transverse to the LOS component of the magnetic field. They represent maps of linear
polarization. 8 bits compressed to 4.

5. ¢ the azimuth of the transverse component in a plane perpendicular to the LOS. Also obtained from
linear polarization measurements. 8 bits compressed to 4.

The final 4/5 bits per pixels estimates provided here, assume a lossless compression scheme with an
efficiency of a factor 2. Note that from the original 12 bits, we have first thrown out the 2 to 4 less significant
ones. Thus the total reduction factors are between 2 to 3. These compressed estimates have been used in the
following description of example observing modes that could produce the desired scientific results from
VIM:

Mode 1. Low resolution, high cadence mode: On-chip binning to 512 x 512 pixels of 1 physical magnitude
at a cadence of 1 per minute require a telemetry rate of 22 kbps. This mode can be used for storing Vs over
the whole FOV at a high cadence adequate for local helioseismology.

Mode 2. Medium resolution, medium cadence mode: Binning to 1024 x 1024 pixels of 1 physical magnitude
at a cadence of 1 every two minutes require a telemetry rate of 44 kbps. This mode can be used for sending
Ic, Vs or By for general purposes (e.g., magnetic field evolution).

Mode 3. High resolution, high/medium cadence mode: This mode is similar to the two previous ones but
instead of binning pixels, a selection of a subframe (512 or 1024) is done, thus prioritizing spatial resolution
at the expenses of FOV and keeping a reasonable cadence.

Mode 4. Photospheric context: In this mode three quantities (Byos, Byans and ¢ for vector magnetometry or B,
Vs, Ic for dynamical studies) can be sent over the full frame every 5 minutes at a rate of 160 kbps (2K frame
and 4 bits per magnitude). The vector magnetometry case enables to follow the evolution of the magnetic
field at a sufficiently high cadence adequate for most of the upper atmospheric phenomena.

Modes 1 and 3 have data rates similar to the nominal one 20 kbps. Peak data rates of 3 physical magnitudes
over the full frame every minute of 800 kbps (2K frame) must also be considered (with a low duty cycle).
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VIM DPU Concept
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Figure 2.1.7: Schematic of the VIM electronics

Because of the limited telemetry available the instrument must be able to compute physical quantities
(magnetic field and velocities) on—board in almost real time. This means that a dedicated DPU unit will be
needed for the global control of the instrument as well as a real time processing card (RTP) that consists of a
set of FPGA/ASIC components and memory units. The VIM DPU concept is illustrated in Figure 2.1.7.
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Allocated mass and power breakdown

Item Mass (kg)
HRT optics & supports 2.5
FDT optics & supports 1.4
Structure / bench / enclosure 4.5
ISS (tip/tilt + limb sensor unit) 2.0
De-pointing compensation mechanism 0.5
FO optics & supports 1.5
Etalon (incl. Filter & HVPS) 2.5
Focus mechanism 0.5
Detector and related FE electronics 0.3
Thermal subsystem (no entr. Filter) 1.3
Electronics 4

Power Converter Unit

VIM cover S/C provided 0
Harness (10%) 2.2
Subtotal 24.3
VIM margin (25%) 6.1
VIM TOTAL 30.4
Unit Power (W)
APS + electronics 2
Image Stabilisation System 4
Fabry Perot Etalon Oven 1.5
Fabry Perot HV PSU 2
PMP 2
DPU and control electron. 8
Power Converter Unit 1
Thermal subsystem 4
Sub-total 24.5
Margin (25%) 6
Converter losses (>80% eff.) 4.5
VIM TOTAL 35.0

Allocated instrument volume

Similarly to the other RS instruments, VIM has been allocated a maximum length (along +X axis, see section
3) of 100 cm. Based on the spatial resolution requirement of 1 arcsec, and on possible optical design

solutions discussed, the VIM envelope fits an overall volume of 80 x 40 x 30 cm”.
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2.1.7 Cleanliness, Ground Operations and Other Requirements

Cleanliness requirements.

A similar particulate and chemical contamination plan as followed by the STEREO mission should be
adopted (see section XZ). To avoid contamination build-up during operation in orbit, the thermal design of
the VIM instruments will ensure that there are no optical surfaces colder than their surroundings. A filter will
block the ultraviolet component of the spectrum on a clean, hot surface very early in the optical path. The
optical path before this filter will be extremely clean and free of outgassing organic material. The UV filter
will block all wavelengths shorter than 360 nm. Since the working passband of the instrument is in the
visible, a UV blocking filter at the entrance aperture would be a preferred solution from a cleanliness point of
view. A hot telescope with a filter behind the secondary may also be an acceptable solution. In any case, the
instrument must be ultimately clean up to this surface, like a solar UV instrument. The filter must be stable
against the radiative flux and must be un-polarizing. During all ground operations HRT will be closed by an
openable cover (door mechanism) that will allow purging with clean gas.

Operating modes

The VIM instrument will be operating by execution of a limited number of predefined observation sequences
to be stored in the DPU. The science modes will define both the instrument operating sequence and the data
processing requirements.

2.1.8 Open Points and Critical Issues

1. Thermal concept: the present thermal design is based on a closed system with a heat rejecting
window. This has been identified as a critical element since the heat rejection performance of the
entrance window will directly impact on the instrument heat load, potentially limiting the maximum
aperture size. Moreover, a larger window will have to tolerate larger heat gradients and mechanical
loads. The S/C TCS will provide a local environment at room temperature (behind the heat-shield).
Heat straps will be connected to different S/C radiators providing heat sinks at different T. A
localized heating strategy is proposed to allow for real time alignment of the optical system under
different thermal loads. The thermal stability of the lithium niobate solid-state etalons needs to be
+0.025 °C. A detailed instrument thermal study is required.

2. APS detector: The APS detector is baselined, but significant development is required towards the
space qualification of suitable devices (see dedicated section). Detector performance plays a critical
role with respect to SNR, thus influencing the final choice of the telescope aperture. Sub-optimal
performance would require a larger aperture, with a significant heat load increase.

3. LCVR’s and their space qualification: These devices offer a light and low power solution for the
VIM PMP. They have been successfully used for ground-based instruments and tested to some
degree for space applications. Prototypes have been produced by IAC and an LCD company (Spain)
for use in a balloon experiment. Space qualification for the Solar Orbiter case is required.

4. LiNbOs;_etalons: this technology has been used in a variety of instruments for ground applications.
MPS (Lindau) is studying their performance for space applications. The LiNbO; technology requires
space qualification of performance under high particle radiation fluxes and with kilo-volt driving
signals. This technology has as main advantage the lack of moving parts combined with finesse
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values as high as 30. The high refractive index of the material (n=2.3, which simplifies field-of-view
problems and has other advantages) is particularly attractive for this mission. LiNbO; Fabry-Perots
have been used successfully in stratospheric balloon experiments (Flare Genesis). Back-up
technologies: PZT spacing controlled Fabry-Perots with flight heritage from the HRDI instrument in
the UARS satellite (requiring moving parts) or liquid crystal Fabry-Perots that are under
development (in the US) for Earth observing missions.

5. Multilayer coatings: Stability of the coatings for the interference filters and mirrors under high
thermal load needs to be verified (e.g. entrance window).
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2.2 EUV Spectrometer (EUS)

Spectroscopic observations of emission lines in the UV/EUV region of the electromagnetic spectrum provide
important plasma diagnostics of the solar atmosphere, providing the necessary tools for probing the wide
range of solar plasma temperatures. These may range from tens of thousands to several million K. The
analysis of emission lines, mainly from trace elements in the Sun’s atmosphere, provides information on
plasma density, temperature, element/ion abundances, flow speeds and the structure and evolution of
atmospheric phenomena. Such information provides a foundation for understanding the microphysics behind
a large range of solar phenomena.

2.2.1 Scientific Goals

The principal scientific goal of the EUV Spectrometer (EUS) is:
e To determine the plasma density, temperature, element/ion abundances, flow speeds and the
structure of the solar atmosphere using spectroscopic observations of emission lines in the UV/EUV.

2.2.2 Instrument concept

The design approach for the EUS instrument is an off-axis normal incidence system (NIS), which fits the
spacecraft length requirement of < 1 m class instruments. A single paraboloid primary mirror reflects a
portion of the solar image through a heat-stop into a spectrometer, which utilises a variable line spaced
(VLS) grating in a normal incidence configuration. The solar image is scanned across the spectrometer slit
by motions of the primary mirror. The design is stigmatic. The wavelength selections are geared to the bright
solar lines in the extreme ultraviolet (EUV) wavelength range, which are emitted by a broad range of plasma
temperatures within the solar atmosphere. The instrument structure may be constructed of light-weight CFRP
with SiC optical components. Alternatively, the structure and optical components could be SiC, thus
avoiding complex thermal control systems. Multilayer coatings will be considered if the final wavelength
selection requires it (shorter wavelengths). The extreme thermal situation is recognised and a grazing
incidence telescope system is under consideration as a second option; this would ease the thermal control of
the instrument, at a cost to the optical performance.

telescope
) single mirror relay optics
optional with dlsperser
EUV filter
i slit as
L J field stop
T raster mode front end
shutter & LOS contral electronics
by mirror tilting J
mechanism drive back end
electronics electronics

Figure 2.2.1: EUS functional block diagram.
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2.2.2.1 Optical configuration

In the off-axis NIS concept, the primary optical component is a paraboloid mirror of diameter 70 mm. The
off-axis approach allows us to insert a heat-stop between the primary and the slit, which presents a selected
area of the solar image to the spectrometer. Most of the solar radiation is reflected by the heat-stop out of the
front aperture. Thus, the thermal challenge for this design is concerned with the thermal control of the
primary mirror and the heat stop. The NIS concept is illustrated in Fig. 2.2.2.

Off-axis NIS Design Paraboloid
primary mirror

Heat stop

APS detector
system

Toroidal variable line
spacing grating

Figure 2.2.2: Optical scheme of the EUS off-axis NIS Concept

The slit assembly lies at the focal plane, below the heat-stop, and beyond this is the spectrometer, with a
toroidal variable line spacing (VLS) grating, forming a focus at a 2-D detector. There is no secondary mirror,
as with a Ritchey-Chretien design, for example, and this helps to maintain a reasonable effective area. The
VLS grating approach allows good off-axis performance compared to a uniform grating, and it brings the
spectrometer ‘arm’ closer to the axis of the instrument, making the envelope smaller. The grating ruling
spacing is yet to be decided but we have taken values up to 4800 I/mm as a guide for current design
investigations. The use of a toroidal VLS grating allows a spectrometer magnification.

Several wavelength bands are under consideration, namely 170-220 A, 580-630 A and >912 A, and we
anticipate obtaining up to two of these bands using either two orders or a split spectrometer (much like the
CDS/SOHO approach). We have used the 580-630 A band for the principal design discussions to date.
Optimisation of the design is required, but this produces a basic envelope of 90 cm x 25 cm x 12 cm.

The primary mirror presents a portion of the Sun at the slit, and it is this mirror that can be tipped to allow
rastered images (i.e., exposures interlaced with mechanism movements to build up images simultaneously in
selected wavelengths). Only a small fraction of the Sun will pass through the heat-stop to the slit assembly,
possibly of order several hundredths of the disc area.



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0
page 43 of 195

The pupil diameter of EUS is not sized by the diffraction limit but by the required light flux. The choice of
the sampling resolution needs to take into account the overall instrument radiometric performance, including
the actual detector S/N characteristics.

;
i

R

Figure 2.2.3: Possible physical implementation of the EUS telescope.

The design would include a selection of slits, which can be chosen for particular observation programmes. In
addition, for simplicity it is assumed that image stabilization will be carried out post-facto on the ground.
Figure 2.2.3 shows a possible physical implementation of the EUS telescope, used for consolidating the
instrument mass budget.

The heritage of this instrument concept comes from the SOHO/CDS, SOHO/ SUMER and Solar-B/EIS
projects.

An alternative design could be based on a grazing incidence concept. This option would make use of the
parabolic and hyperbolic mirror reflections of a Wolter II telescope, with light passing into a similar
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spectrometer to the NIS approach (VLS grating and APS detector) after reflection in grazing incidence off a
plane scan mirror. This system avoids the thermal extremes of the NIS approach but has poorer optical
performance.

2.2.2.2 Thermal design

During the science phase the spacecraft will encounter a thermal load ranging from 1.8 kW/m?” (at 0.9 AU) to
29.2 kW/m?® (at 0.22 AU). The industrial study of the Solar Orbiter payload has indicated that the generic
strategy for the EUS thermal design should aim to maintain the aperture diameter at no more than 70 mm, to
introduce adequate baffling and to consider the adoption of a specific thin Al filter at the instrument front-
end. Under the assumption of an entrance diameter of 70 mm, the SiC primary mirror would receive about
131 W at 0.2 AU (perihelion) and 7.7 W at 0.8 AU (aphelion). Given an absorption of 80%, we must reject
as much as 105W through the primary mirror radiator. SiC elements can operate at high temperatures and are
not of concern. If used, the behaviour of coatings for EUV reflection (e.g. gold, multilayers etc.) is more
critical.

The payload study has also indicated a possible design for the thin Al filter, based on a conductive metallic
grid, supporting a thin Al foil and connected to radiating fins. The adoption of such a filter would greatly
simplify the thermal design of EUS as heat input would be drastically reduced. However, such a filter may
considerably reduce the effective area of the instrument and introduce optical effects that must be removed.
Before finalizing the EUS thermal control system, the instrument team will need to perform a dedicated trade
analysis.

In order to cope with the heat load variations over the orbit, a combination of heat-switches, heaters and
heat-pipes (TBC) could be considered. However, we note that the instrument will not run its prime scientific
operation outside the full operation windows, so it is not necessary to strive to attain perfect optical
alignment during the aphelion periods, i.e., some flexing of the instrument is anticipated, with the best
optical performance geared to the solar encounter periods (perihelion).

The APS detector system should run at approximately —80 deg C, thus requiring a dedicated radiator.

2.2.2.3 Resolution/detector

A detector array of 2 x 2 k, 8 um pixels is baselined. Thus, the EUS has a spectral range of 4 nm at 0.002
nm/pixel. The same array will give a spatial extent (vertical distance on the detector = slit length) of 1.0
arcsec x 2048 = 34 arcmin. For a given pointing location (spacecraft pointing), rastered imaging will be
made up from movement in one direction of the primary mirror or the plane mirror, depending on the
selected approach.

The choice of detector is dictated by the harsh particle environment, which will be encountered by Solar
Orbiter, as well as mass and power constraints. At present APS are baselined as the primary detectors in
view of their radiation hardness. The APS EUV sensitivity will be provided in the same way as with CCDs,
with back-thinned devices. Note, the detector needs to be visibly blind.

2.2.3 Orbit, Operations and Pointing Requirements

Given the 1.0 arcsec resolution requirement, two options can be considered to maintain the pointing stability:
e Include an image stabilisation system, possibly making use of VIM limb sensor error signals.
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e Do not include an image stabilisation system, assuming that the variations of the spacecraft stability
occur on timescales much less than the exposure time of the spectrometer and thus any corrections could
be done on the ground;

For the reference instrument design, the latter approach is assumed, since the alternative solution would
increase the development risks and resource demands.

The EUS instrument would not require an independent pointing system. The required co-alignment accuracy
between instruments is 2 arcmin, based on attaining a reasonable image overlap with the smallest instrument
field of view. In addition, in operation, a pointing accuracy of 2 arcmin is required. Fine pointing within the
field of view of EUS can be achieved using the mirror mechanism, and stability will be achieved post-facto
based on the ground analysis of the data.

It is envisioned that operations will be performed in pre-planned sequences and time-tagged in a deferred
command store. The sequences will have been selected during the period preceding the solar encounter. The
planning and the selection of sequences will be done in concert with the other remote-sensing instruments.

2.2.4 Calibration

The interpretation of spectral emission line intensities, for the production of plasma diagnostic information,
requires good instrument calibration. This will be done on the ground and in flight using the following
methods, which are used for the SOHO mission with success. A hollow cathode source, calibrated against a
storage ring (e.g. BESSY) will be used to illuminate the instrument prior to launch to view lines of known
intensity. In flight monitoring of solar quiet-Sun emission line intensities using regular ‘spectral atlas’
measurements will be used to monitor the instrument performance and cross calibration of intensities against
similar lines observed from rocket flights can be used as bench marks. The rocket instruments can be
calibrated against the same hollow cathode source. Rocket payloads such as the Goddard Space Flight Center
EUNIS experiment, or the Montana MOSES instrument, are appropriate and may be in operation at the
appropriate time. Members of the potential consortium are co-investigators of the EUNIS and MOSES
instruments.

2.2.5 Accommodation

The EUS instrument requires being Sun pointed. It will be hard-mounted on the spacecraft, behind the heat
shield, along with the other remote—sensing instruments. The instrument should be mounted on legs with
vents for out-gassing facing the side or back of the instrument.

2.2.6 Interface and Physical Resource Requirements

Telemetry — data compression

The reference average telemetry rate for the EUS instrument is 17 kbps during full operations windows. The
full EUS detector image is 2k x 2k pixels. At 12 bits per pixel, it would take 49 min to transmit one exposure
without any compression or data selection (at 17 kbps). Since each exposure will form part of a raster, the
raster cadence will be significantly longer. Studies from instruments such as CDS/SOHO have shown that
careful line selection is far more important than data compression in managing the data return of such a
spectrometer. Much of the spectrum is not required. Indeed, specific emission lines are required. A good rule
of thumb is that a selection of between 6 and 15 lines is good for most scientific purposes. The particular
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selection of lines at any time will depend on the specific objective of the current operation and, in addition,
the area to be rastered over is subject to the specific scientific application.

The EUS nominal resolving element is 1.0 arcsec along a 34 arcmin slit (2k pixels, with 1.0 arcsec/pixel).
The nominal spectral resolution is of order 0.002 nm/pixel. To obtain full line widths for million K lines,
plus sufficient nearby background, one would want to return about 0.3 A, i.e. 15 pixels.

The table shows a selection of potential cases. In each case, a number of required lines is defined as is a
selected length along the slit (spatial direction). The spatial length is given in pixels because of the varying
distance to the Sun. The time to transmit such an exposure is given with a stated compression factor. The
rastered image cadence is then given for four cases. We assume a return of 15 pixels across each line and 12

bit words.
No. of lines Spatial Compression | Time to Cadences for rasters of 50 arcsec, 200
length factor transmit | arcsec, 500 arcsec, 2000 arcsec (minutes)
along slit exposure
(pixels) (seconds)
6 50 3 1.06 0.9 3.5 8.8 35
6 500 3 10.6 8.8 35 88 353
6 500 10 1.06 0.9 3.5 8.8 35
6 1000 3 21.2 17.6 70 176 706
15 100 3 5.3 4.4 17.7 44 177
15 2000 10 31.8 26.4 106 264 1059

The table assumes 17 kbit/s. Any increase in telemetry allocation will provide significant improvement to the
scientific return. However, rastered image sequences with cadences of minutes or less can be obtained
depending on the number of lines required and the area over which to raster. Concerning compression
factors, it should be noted that by returning line profile parameters rather than the 15 pixels assumed here
(i.e. line width, intensity and location only) or only returning, say, every third pixel in wavelength space
(which may be sufficient for some profile needs) it is possible to achieve compression factors equivalent to
10 or even more. Other compression/selection options include returning image differences.

Given careful data selection and compression, the figures demonstrate that the operation of an EUS
instrument is feasible with the 17 kbit/s telemetry allocation, allowing operations such as small area, rapid
rasters (e.g. to look for small-scale fundamental events in the atmosphere, such as blinkers), spectral atlas
observations (e.g. studies aimed at detailed emission line identification and monitoring), and single-slit
observations (i.e. no rastering observations such as those used to look for small-scale velocity events), and
options exist to cater for more extreme requirements.

Allocated Mass and power breakdown

The instrument mass breakdown is given in the table. Given the fact that there are two design concepts still
under discussion and that the optical designs and thermal designs need considerable optimisation, the mass
estimates are necessarily preliminary.
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Mass (kg)
b . 03 Unit Power (W)
r.lmary firror ) APS+electronics 4
Mirror support 0.1 Scan mechanisms 2
Mirror scan mechanism 0.5
DPU and control electron. 6
Slit assembly 0.3
Thermal subsystem 8
Grating assembly 0.5 Sub-total 20
Detector (including FEE) 0.3 Margin (25%) 5
0
Structure & cover 5.0 EUS TOTAL 25
Thermal subsystem 1.5
Electronics 35
Power converter 1.0
Harness (10%) 1.3
Total nominal mass 14.4
EUS margin (25%) 3.6
EUS TOTAL 18.0

Allocated instrument volume

Similarly to the other RS instruments, EUS has been allocated a maximum length (side parallel to the Sun
direction) of 100 cm. Based on the spatial resolution requirement of 1 arcsec, and on possible optical design
solutions discussed, the EUS envelope fits an overall volume of 90 x 25 x 12 cm’.

2.2.7 Cleanliness, Ground Operations and Other Requirements

Cleanliness and Contamination

A similar particulate and chemical contamination plan as followed by the SOHO/CDS mission should be
adopted.

2.2.8 Open Points and Critical Issues

There are a number of critical issues for the EUS and these are issues, which are in common with other
instruments:

1 Detector Development: The APS detector is baselined, but significant development is required towards
the space qualification of suitable devices. Operating temperatures below ~—60 deg C will require the use
of a dedicated Peltier cooling system for each sensor, with a corresponding impact on the power budget.

2 Thermal Control/Design: The thermal design of the EUS requires further consolidation. Final APS
operating temperature is to be fully established and may be significantly colder than —60°C to achieve the
necessary SNR performance.

3 Thin heat rejection filter: Further investigations on a thin Al heat rejection filter in front of the EUS
aperture is recommended. If adopted, this solution will require dedicated development.
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4  Contamination/Degradation of Optical Surfaces: The harsh particle and thermal environment may have
detrimental effects on optical surfaces, in particular multilayer coatings, other optical coatings and filters
(which should be avoided if possible). Although much information has been acquired, it has been
recommended that tests be made to understand the effects on specific surfaces.

5 Telemetry: The telemetry allocation is very restricting and requires very careful data selection and
significant compression. Whilst the instrument can satisfy the scientific requirements, the increase in
performance has been well demonstrated for any increase in the telemetry rate.
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2.3 EUV Imager (EUI)

Observations from Yohkoh, SOHO and TRACE in the extreme ultraviolet and soft X-ray wavelengths have
revealed a truly complex, highly dynamic solar atmosphere with magnetic loops confining plasmas at widely
varying temperatures. The TRACE EUV observations in particular, illustrate the existence of fine-scale
structures in coronal loops and reveal continuous dynamic activity at the smallest scales. In the quiet Sun,
various "events" of different sizes (e.g., bright points, explosive events, jets, blinkers) all provide evidence
for small-scale heating and morphological reorganization, probably related to magnetic reconnection. The
observed distribution functions have self-similarity properties, which point at sub-resolution processes. The
results from Yohkoh, SOHO, and TRACE led to new questions concerning the basic dimensions of coronal
structures, the role played by nanoflares in the heating of the quiet solar corona and the structuring of the
corona above the poles.

2.3.1 Scientific Goals
The principal scientific goals of the EUV Imager (EUI) are:

e To provide EUV images with at least a factor 2 higher spatial resolution than currently available, in
order to reveal the fine-scale structure of coronal features;

e To provide full-disc EUV images of the Sun in order to reveal the global structure and irradiance of
inaccessible regions such as the "far side" of the Sun and the polar regions;

e To study the connection between in-sifu and remote-sensing observations.

2.3.2 Instrument Concept

A reference instrument design has been defined which would deliver the required scientific performance
within the allocated spacecraft resources. It is not proposed that other instrument concepts that fulfill (or
even improve) the scientific goals should be precluded however adherence to spacecraft resources such as
mass, power, telemetry and heat load is essential. This section will describe the instrument concept that has
been studied to date.

A single telescope design, providing both high spatial resolution and a full disc field-of-view, would pose
very challenging technical problems. This consideration led to a separation of the EUI into two instruments
(the High Resolution Imager (HRI) and the Full Sun Imager (FSI)) sharing a common digital electronics unit.

A High Resolution Imager (HRI) would comprise up to three telescopes operating in different wavelength
bands. However, based on the Science Requirements Document, the third wavelength is not required and
therefore must be considered as optional, depending on the availability of resources. It is vital for the imagers
to observe both the quiet Sun network regions and the coronal loops. The wavelength choices for the
reference design were 30.4, 17.1 and 13.3 nm covering temperatures from 5 x 10° K to 1.6 x 10’ K.

A Full Sun Imager (FSI) is based on a single telescope concept. This will provide a global insight into
changes in the solar atmosphere and in addition will provide context information for other instruments. The

operating wavelength for the reference design is TBD in the range 13.3 - 30.4 nm.

The relative fields of view and pixel sizes of the reference instruments are given in the table below:
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Parameter HRI FSI
Field of View 1000 arc sec 5.4 degrees
Number of pixels in image 2k x 2k 2k x 2k
Pixel size (arc sec) 0.5 9
Pixel size (km at 0.22AU) 80 1450

High Resolution Imager (HRI)

A functional diagram of a telescope is given in Fig. 2.3.1. Different multilayer mirrors are used to select up
to three reference wavelength bands which avoids the need for a mechanism and permits simultaneous
measurement at all three wavelengths. Solar heat input is limited by the size of the entrance aperture
(typically 2 cm diameter). Internal scattering is limited through the use of a forward baffle and field stop. An
APS detector array is baselined which will have the necessary radiation tolerance. An off-axis Gregorian
design has been chosen for the optics. A thin metal foil entrance filter before the first mirror rejects heat and
visible radiation.

EUV filter

baffle \
‘I‘I‘FLVW‘_TTT

telescope relay optics

/ fi:ld stop /

detector
—LLLLLU_LL_U_
! U :
v\
aperture LOS control frontend | . 28 V
door by mirror tilting electronics
mechanism l
I back end
- Internal electronics

Stabilization System

Figure 2.3.1: EUI functional block diagram. The need for an Internal Stabilisation System is to be confirmed.

Figure 2.3.2 shows the optical scheme for the HRI. Up to three telescopes working at 30.4, 17.4 and 13.3 nm
are baselined. These wavelengths cover a very wide range of temperatures (from 5 x 10* K up to 1.6 x 10" K)
and targets (from quiet Sun to flares). For instance the 13.3 nm band includes a very hot line (Fe XXIII),
visible only during flares.

Each telescope is based on an off-axis Gregory design and uses a long baffle to reduce the FOV and the
straylight. An entrance filter based on a thin metallic foil is used to reject heat, while the optical elements
have multilayer coatings, each optimised for a wavelength band. The Gregory concept allows the placing of
stops at the primary focal plane and at the image of the entrance aperture, leading to a significant reduction
of straylight.
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Figure 2.3.2: The HRI optical path showing its basic components. Note the position of the filter is nominal since
it can be positioned elsewhere in the optical path.

A carbon-carbon or ceramic structure is planned. It is recommended to use the same material for mirror and
structure in order to get a homothetic deformation under heat loads. A possible physical implementation of
the HRI with three telescopes and employing a common optical bench is shown in Fig. 2.3.3.

Figure 2.3.3: Possible physical implementation of the three HRI telescopes.
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Full Sun Imager (FSI)

The 5.4° field of view will cover the full sun at perihelion with a 50% margin on either direction, accounting
for S/C off-pointing capabilities. Solar heat load is reduced by limiting the aperture to a maximum of 2 cm
diameter. An off-axis Gregorian optical systems (see figure 2.3.4) reduces the field curvature aberration with
the large field of view. This provides an RMS spot diameter less than 9 microns, compatible with typical
detector pixel sizes. Figure 2.3.5 shows a possible physical implementation.

As with HRI, a front baffle is used to protect the metal foil filter from the full Solar heat load.

Primary

Secondary

Figure 2.3.4: The Full Sun Imager (FSI) optical scheme.

Figure 2.3.5: Possible physical implementation of the Full Sun Image (FSI) instrument.

HRI and FSI resolutions / detectors

At present 2k x 2k array, 8 um pixel APS detectors are baselined for both HRI and FSI. The choice of
detector is dictated by the harsh particle environment, mass and power constraints, and recognises the
advantages of a common detector concept for both instruments. APS EUV sensitivities are similar to those
found in back-thinned CCDs, the technologies being similar in this context. Each detector array will have a
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dedicated front-end electronic readout. The back-end electronics (including the DPU) is common to the three
detectors and to the FSI telescope.

The FOV of HRI is set to 1000 arcsec with a pixel size of 0.5 arcsec. The pupil diameter of EUI is not sized
by the diffraction but by the required light flux. The choice of the sampling resolution (presently assumed to
be 0.5 arcsec/pixel) needs to take into account the overall instrument radiometric performance, including the
actual detector S/N characteristics. Radiometric budget considerations may lead to a larger sampling
resolution (e.g. 1 arcsec/pixel).

The FOV of FSI is set to 5.4 deg. This corresponds to an equivalent pixel size of 9 arcsec (1450 km on Sun
at minimum perihelion).

2.3.3 Orbit, Operations and Pointing Requirements

HRI stability/pointing

The stability of the spacecraft platform will be at worst 1”” over a 10 second period. Methods will have to be
considered to maintain the spatial resolution of the instrument. One method can be to reduce the integration
time, another to use a fiducial signal (e.g. from VIM or an internal system within EUI), or to attempt to
deconvolve the blurring due to image drift on the ground. It is preferred to avoid the complexity of an image
stabilization system within the instrument.

2.3.4 Calibration

The calibration requirements are TBD. However the instrument team will be expected to commission a well-
calibrated instrument, and to identify procedures for ongoing calibration throughout the mission. This will
require a combination of pre-launch and post-launch calibrations.

2.3.5 Accommodation

The instrument should be co-aligned with S/C and other instruments to within 2 arcmin. Common
wavelengths between the RS instruments (EUS, COR) would be an advantage for radiometric cross-
calibrations. EUI has been allocated a maximum length (side parallel to the Sun direction) of 100 cm. Based
on the reference design, the FSI fits within an envelope of 95 x 25 x 20 cm’ and each HRI within an
envelope of 90 x 10 x 15 cm’.

2.3.6 Interface and Physical Resource Requirements

HRI telemetry

Observation cadences of 10 seconds are envisaged to provide sufficient signal-to-noise in the data. Actual
observation sequences will be specific to individual science targets/goals and will need to accommodate the
limited telemetry available. While the instrument itself has the potential for many Mbps, only an average of
20 kbps is available to the EUI for transmission to the Earth. Short-term high data rates from the EUI will
need to be buffered either within the instrument or at spacecraft level (TBD). To manage the above one of
the following options will be necessary to implement for some observations:

e Non-simultaneous observations with two HRI telescopes (a third telescope is optional)
e Lossy data compression
e On-board analysis
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e On-board target selection

FSI telemetry

An average rate of 0.5 kb/s is sufficient to transmit one compressed full Sun image every 4800 s (about every

hour and 20 minutes).

HRI and FSI mass budget

The overall HRI and FSI mass budget is given in Table 2.3.1 assuming 3 HRI telescopes (TBC). A further
breakdown (mass of each unit/element) is required.

Component Mass (kg)
FSI Structure / mirrors (including the baffle) 3.6
Detector (including FE electronics) 0.3
Thermal control HW 0.3
FSI total (without margin) 4.2
FSI with 25% margin 53
HRI Structure / mirrors (3x, including baffle) 4.1
Detectors (3x, including FE electronics) 1.0
Thermal control HW 0.7
HRI Total (3 telescopes — no margins) 5.8
HRI with 25% margins 7.5
Common enclosure 1.0
Enclosure with 25% margins 1.3
Electronics shared between the 4 telescopes 4.0
Power converter 1.0
Electronics with 25% margin 6.3
Total for the EUI (with margins) 20.4

Table 2.3.1: Mass breakdown of EUI (assuming 3 HRI telescopes)

HRI power budget

The power consumption has been estimated for the detector and electronics. For a given telescope, a constant
power of about 4 W is anticipated for the cycling (power on, integration, dump to memory). With reasonable
margins and the required power for pointing, the total is 5 W. If the three (TBC) telescopes are working
simultaneously, they will consume about 15 W for basic functions to which one has to add about 7 W for
data compression and dumping by the common DPU. The maximum power consumption is estimated at 22

W. Non-simultaneous (sequential) observations will lead to smaller power consumption.
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FSI power budget

Power is only required for the detector (3 W), since the electronics is common with HRI.

2.3.7

Unit Power (W)
3x HRI (4W) 12

1x FSI 3
DPU and control electron.

Sub-total 22
Margin (25%) 6
EUI TOTAL 28

Cleanliness, Ground Operations and Other Requirements

A similar particulate and chemical contamination plan as followed by the STEREO mission should be
adopted.

2.3.8

Open Points and Critical Issues

1. APS detectors: The baseline design relies on the use of APS as the active sensors. Operating
temperatures below ~ —60 deg C will require the use of a dedicated Peltier cooling system for each
sensor, with a corresponding impact on the power budget.

2. Telemetry: The telemetry allocation is very restricting and requires very careful data selection and
significant compression.

3. Thin heat rejection filter: ageing of the metal foil filters under 25 solar constants is a concern.
Qualification tests are required including mechanical behaviour of the foil filter under vibrations and
venting launch environment.

4. Internal Stabilisation System: if required, ISS strategy and implementation needs to be defined.

5. Development risk: The allocated resources favour a 2 HRI plus 1 FSI implementation rather than a 3

HRI plus 1 FSI instrument. It should be pointed out that a third wavelength is not required in the
Science Requirements Document and would significantly increase the overall development risk due
to the resource constraints.
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24 Coronagraph (COR)

Co-rotation, during the helio-synchronous phases of the orbit, will freeze coronal structures in the plane of
the sky for many days. This will allow us to investigate the evolution of the magnetic configuration of
streamers to test the hypothesis of magnetic reconnection as one of the main processes leading to the
formation of the slow solar wind. The out-of-ecliptic vantage point will also allow a unique view of the
plasma distribution and solar wind expansion in the coronal low-latitude/equatorial belt. Therefore, it will be
possible to measure the longitudinal extent of coronal streamers and coronal mass ejections. These
parameters, that at present are unknown, are essential to determining the magnetic flux carried by plasmoids
and coronal mass ejections in the heliosphere.

A third scientific question addressed by COR will be the large-scale structure of the F-corona (the dust) and
the detection of the cometary sources of the dust near the Sun. The total brightness detected by a white-light
coronagraph is a convolution of the K-corona (the "true" corona, caused by electron Thomson scattering of
photospheric radiation) and the F-corona (the dust). These components can be separated by polarization
techniques, and this will provide important information for the in-situ instruments in the payload that
measure plasma and dust.

COR is designed to primarily measure the polarized brightness (pB) of the visible-light K-corona. From this
measurement the coronal electron density can be derived.

Figure 2.4.1: (Left) Field-of-view of COR at (.21 A.U. (Right) Field-of-view of COR at 0.3 A.U.

2.4.1 Scientific Goals
The principal scientific goals of the Coronagraph (COR) are:

e To investigate the evolution of the magnetic configuration of streamers in order to test the hypothesis
of magnetic reconnection as one of the main processes leading to the formation of the slow solar
wind during the quasi helio-synchronous phases of the orbit;
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e To measure the longitudinal extent of coronal streamers and coronal mass ejections from an out-of-
ecliptic advantage point. These data are essential to determine the magnetic flux carried by
plasmoids and coronal mass ejections in the heliosphere;

e To investigate the large-scale structure of the F-corona (the dust) and the cometary sources of the
dust near the Sun. This will provide important information for the in-situ instruments in the payload
that measure plasma and dust.

Additional goals that could be achieved if sufficient resources are available are:

e To acquire narrow-band images of UV, and as a high-priority augmentation EUV, line emission
from the most abundant coronal elements: hydrogen and helium. Helium, the second largest
contributor to the density of coronal plasma, is important for the dynamics of solar wind, and it may
act as a regulator to maintain a nearly constant solar wind mass flux;

e To determine the differential outflow speed of the major components (H, and optionally He) of the
solar wind and discriminate the mechanisms of solar wind acceleration.
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Figure 2.4.2: Functional block diagram of the Coronagraph (including optional EUV channel).

2.4.2 Instrument concept

COR is an externally occulted telescope designed for broad-band polarisation imaging of the visible K-
corona and for narrow-band imaging of the UV corona in the H I Lyman-a, 121.6 nm, line in an annular field
of view between 1.2 and 3.5 solar radii, when the Solar Orbiter perihelion is 0.22 AU. The design described
here also includes an EUV channel, but it is understood that this is not required to satisfy the baseline
mission scientific objectives as specified in [RD1]. When at 0.3 AU, the COR field-of-view is within 1.8 and
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5.3 solar radii (c.f, Fig. 2.4.1). The telescope optical configuration is an off-axis Gregorian. The UV Lyman-
a line is separated with multilayer mirror coatings and (optionally) EUV transmission filters. These mirrors
could have coatings optimized for 30.4 nm but still have good reflectivities at 121.6 nm and in the visible.
The visible light channel includes an achromatic polarimeter, based on electro-optically modulated liquid
crystals.

Optical design - telescope

A functional block diagram of the optical system is shown in Fig. 2.4.2 and a diagram of the optical paths
given in Fig. 2.4.3. The external occulter ensures both thermal protection for the optics and better stray-light
rejection. A Gregorian telescope design has been chosen because it gives real images of the external occulter
and the edges of the telescope primary mirror (see Fig. 2.4.3). A Sun-disk rejection mirror reflects back
through the front aperture the disk light. On this mirror, there is a hole, in the shadow of the external
occulter. This hole is the entrance aperture through which the coronal light passes to be collected by the
primary mirror of the telescope. A light trap behind the secondary mirror ensures that only the light reflected
by the mirror enters the filters and detector assembly structure.

Sun disk rejection mirror
Internal Occulter / ]

External Occulter External Occulter /

Primary
mirror

Primary
mirror

|
i

=] Focal

Sun disk rejection mirror — {_’i{ — Internal
o =
= plane Occulter
Secqndary Secondary /
mirror i r
mirror UV Filter (Visible light

reflecting surface)
Figure 2.4.3: Concept optical layout of COR for visible light (right) and for optional UV (left).

This “Lyot” trap will be used to reduce stray light and diffracted radiation from the entrance aperture on the
disk-light rejection mirror. The direct light from the solar disc is mostly rejected to space, though a portion of
it may be used for radiometry and / or coarse imaging of the solar disc in the three wavelength bandpasses.

Visible-Light and UV Channels

The instrument structure is made of carbon fibre, with Zerodur optical components. Zerodur is used for the
mirrors' substrate because of its extremely small thermal expansion coefficient. Optics made with this
material can be polished into non-spherical figures with sub-angstrom rms surface roughness. The mirrors
are coated with a UV coating. The key element in the COR instrument concept is that the mirrors with
coatings optimized for the UV (e.g., 121.6 nm) still have good reflectivity in the visible. Figure 2.4.3 shows
how appropriate filters will separate the broad-band visible light from the UV line emission.
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Figure 2.4.4: Possible physical implementation of COR, including optional EUV/UV channel.

The choice of the sampling resolution of COR (presently assumed to be 16 arcsec/pixel, based on a FOV of
about 9 deg and a 2k x 2k APS array) needs to take into account the overall instrument radiometric
performance, including the actual detector S/N characteristics. Radiometric budget considerations may lead
to different sampling resolutions.

The basic specifications and drivers of the instrument are summarised in Table 2.4.1.

Parameter Value

Telescope type Externally occulted off-axis Gregorian
Aperture diameter 180 mm

External occulter diameter 60 mm.

Sun disk rejection mirror 230 mm

diameter

Primary mirror diameter 92 mm.

Secondary mirror diameter 82 mm

Effective focal length 400 mm

Exit pupil diameter 90 mm

Lyot trap diameter 92 mm
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Parameter Value

Field-of-view Annular, Sun-centred. Coverage:
1.2-3.5R at 0.21 AU,(perihelion at mission start)
1.8 -5.3 R at 0.30 AU, (perihelion at mission end)
Spatial resolution Visible (500 nm): 40 arcsec entire FOV
UV (30.4 nm, 121.6 nm): 16 arcsec at 1.2 R
40 arcsec at 3.5 R

Stray-light levels < 10 (visible light);
<10*® (30.4 nm, 121.6 nm)
Wavelength band-pass 1) Visible (450 - 600) nm; 2) HI (121.6 £ 10) nm;

3) He II (30.4 £ 2) nm (optional augmentation)
Table 2.4.1: COR instrument summary.

Structure

The instrument structure will utilize carbon fibre/cyanate or carbon-carbon composite and will be designed
for zero coefficient of thermal expansion in the axial direction. It is in the form of a rigid rectangular
baseplate to which are bonded appropriately placed brackets (also of composite) for the support of the optical
and detector elements. The focus and orientation of each element is set and maintained by a precision spacer
located between the element and its support bracket. The optical system is surrounded by a lightweight
rectangular composite enclosure and baffle structure that attaches to and further strengthens the baseplate.
Removable covers on the top of the enclosure allow for installation and servicing of the optical and detector
elements. An external door mechanism shields the telescope aperture when the instrument is not observing.

Thermal

The thermal control approach is based on shielding the instrument from most direct solar radiation, rejecting
light from the solar disc that enters the annular entrance aperture, and an opto-mechanical design that is
insensitive to bulk temperature changes. The use of a carbon fibre composite structural system allows the
optical system to be almost completely a-thermalised. Moreover, the use of a low secondary magnification
factor in the telescope (i.e., 3:1) makes the optical system less sensitive to dimensional changes compared to
more traditional space instruments such as TRACE. Preliminary estimates suggest that the allowable
temperature range of the opto-mechanical system may be as much as £50° C. Local temperature control will
be needed for the liquid crystal polarisation module (LCPM) , which has a smaller allowable temperature
range. Thus, we consider it prudent to include a small power allocation for thermal control heaters (e.g. 1 W)
pending further analysis.

The occulter is the element of the coronagraph which reaches the highest temperature, since it is directly
exposed to the Sun. The occulter has an exiguous conductive link (represented by the thin rods of the
support) with the rest of the structure. The occulter and supporting links are made of titanium and are
arranged in a conical geometry such that thermally induced strain is absorbed without de-centring the
occulter disc.

The temperature achieved by the occulter has been estimated by assuming a purely radiative heat transfer
and an external coating of the same type as that utilised for the sunshield of the payload module. The thermal
flux incident on the occulter is 29.2 kW/m” at 0.22 AU and 1.8 kW/m*at 0.9 AU. The temperature difference
experienced by the occulter along the observation phase is at maximum 266.5° C. A small reduction of the
temperature will be caused by the transport of part of the heat through the occulter supports.
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Detectors

In the present COR implementation, one detector is baselined optimised for the Visible region (450 — 600
nm). As a high-priority augmentation, this could be extended to include the UV (121.6 nm) and the EUV
(30.4 nm). Both detectors have 8 pm pixels and an array size of 2048 x 2048. The baseline visible and UV
detector is an Active Pixel Sensor (APS). This detector system is based on CMOS technology, which is
attractive for high radiation dose environment. In addition, the APS architecture has the potential to allow
on-chip differencing of the polarimetric signals, yielding substantial improvements in signal-to-noise
performance compared with conventional CCD detectors.

APS detectors have addressable pixels, permitting the dynamically programmable read-out of individual
pixels and sub-arrays. This feature will be used in COR for limiting the readout area to the solar corona
(excluding the occulted portion field) and for defining “Regions of Interest” to be observed with higher time
resolution.

2.4.3 Orbit, Operations and Pointing Requirements

The Solar Orbiter spacecraft is expected to have the capability of offset pointing from the nominal sun-center
direction with an angular range of about +2° (that is, less than +1 R | at 0.2 A.U.). This capability will allow
the pointing towards the solar poles, during the out-of-ecliptic encounters, of the high spatial resolution
remote-sensing instruments with limited field-of-views.

The COR’s external occulter should be sized for optimum observations up to the closest encounter, that is, at
0.21 A.U. The geometrical requirement driving this sizing is that no sunray from below 1.2 Re at 0.21 A.U
enters the instrument. That is £1.6° from the sun-center direction, corresponding to 1.8 Re at 0.3 A.U.

During the spacecraft off pointing, the COR instrument may just not observe. In this case, COR would 1) turn
off the detector(s), and ii) partially close the entrance door, in order to protect the telescope mirrors from the
thermal load. If, then, the off pointings were < 0.5 Re at 0.3 A.U. (i.e., < 0.5°), the telescope entrance
aperture would still be in the shadow of the external occulter. In this case, there would be no need for closing
the entrance door, provided that the sun-disk rejection mirror and baffling system be design to accommodate
the dumping of the sun-disk light at the off-pointing angles. With modest spacecraft off pointing (i.e., < 0.2°,
at 0.3 A.U.), COR may even take advantage of this manoeuvre by observing the corona closer to the limb, in
the direction of the off pointing.

In either case, that is, when not observing because of large off pointings, or when continuing operations
because the slightly off-centred sun-disk is still occulted, COR would not need a re-pointing mechanism

2.4.4 Accommodation

The coronagraph aperture is located behind the sun shield. The hole through the shield is sized and shaped so
to avoid that the stray-light generated by sunlight reflection and diffraction on the hole rim enter in the
instrument with an angle close to the line of sight.

The instrument should be co-aligned with S/C and other instruments to within 2 arcmin. Similarly to the
other RS instruments, COR has been allocated a maximum length (side parallel to the Sun direction) of 100
cm. The present COR reference design has an optical bench (80 x 40 cm®) compatible with the 1 m
requirement, while the fixed occulter, on a dedicated boom, protrudes through the 1 m envelope, to a total
length of about 110 cm. The accommodation of such a specific design is presently considered as problematic
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and therefore alternative solutions should be considered. For the present design, assuming a fixed occulter
design solution, the COR envelope fits an overall volume of 110 x 40 x 25 cm’.

2.4.5 Interface and Physical Resource Requirements

Data rates and volume

The primary driver of the data rate is COR efficiency in the two main channels. In the UV, the coronal signal
is weaker and the instrument efficiency lower than in the visible band. Therefore, longer exposure times will
be required for the UV coronal observations. On the basis of the count-rate for HI Lyman-a emission
estimated from a coronal hole (i.e. worst case), we assume an average exposure time of 100 sec. to 600 sec.
A single image (2048 x 2048 pixel) with 16 bit (b) per pixel takes about 67 Mbit of memory. We assume that
only 50% of the image is used (the rest is occulted disc, extreme corners of the square matrix, etc.). The two
detectors operate in parallel but with HI Lyman-a at 50%. A full 1-pixel resolution will only be used in 20%
of the observing sequences, while in the remaining 80%, imageing will be acquired with a 2 x 2 pixel
binning. A compression level of 5 can be achieved with an acceptable loss of information with schemes such
as the "Adaptive Discrete Cosine Transform" (ADCT). So every ~ 10” sec, there is a data volume of 5 Mbit.
For the purpose of obtaining “quick-look” images during the perihelion passage, a telemetry rate of 10 kb/s
would allow to transmit those data in less than 10 min.

Mass

The COR mass breakdown is given in Table 2.4.2. The estimate of the electronics mass has been obtained by
assuming a stand-alone electronics box. A further breakdown of the mass budget is required.

Component Mass
(kg)
Optical bench & boom 4.0
Cover & fixtures 1.0
Mirrors & supports 1.5
Thermal control 2.0
Mechanisms 0.5
Detectors (2x, including FE electronics) 0.6
Control electronics 4.0
DC/DC converter 1
Total without margins 14.6
Margins (25%) 3.7
TOTAL instrument 18.3

Table 2.4.2: Mass breakdown of COR (including the optional EUV channel).

Power

In order to minimize power consumption, four basic operating modes have been considered. In each of these
modes, only the relevant components are supplied with power. The modes are: a) Data acquisition; b) Data
compression; c) Instrument configuration; d) Stand-by. The Power consumption of each of the four modes is
given in Table 2.4.3.
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Component Operative Modes’ Power (W)
Standby Data acq. Configuration Data compr.

CPU & Interface 10 10 10 10
DC/Dc converter 5 6 6 6
Data compressor
Detector 4
ADC
Motor drive
Stepper Motor 4

Sub-total 15 20 20 25
Margin (25%) 3 4 4 5

Total 18 24 24 30

Table 2.4.3: Power budget of COR.

2.4.6 Cleanliness, Ground Operations and Other Requirements

A similar particulate and chemical contamination plan as followed by the STEREO mission should be
adopted.

2.4.7 Open Points and Critical Issues

1. APS detectors: the baseline design relies on the use of APS as the active sensors. The need for a
solar blind UV detector needs to be demonstrated.

2. Occulter design: the occulter design and overall pointing / observing strategy needs definition.

Optical design: overall optical design requires further definition, taking into account the required

FOV, the baselined focal plane array and the accommodation constraints (1m envelope and interface

to heat shield).

4. Liquid crystal polarimeter: this unit requires further definition. Qualification status and/or need for
dedicated development activity must be verified.

W
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2.5 Spectrometer/Telescope for Imaging X-rays (STIX)

Bursts of hard X-rays (> 20 keV) are the most common signature of the impulsive phase of a solar flare. In
fact, the X-ray continuum is the most direct signature of energetic electrons at the Sun. The X-rays are
bremsstrahlung, produced by accelerated electrons colliding with the ambient solar atmosphere. STIX is an
X-ray imaging spectrometer, operating from 3 to 150 keV, which determines the location of X-ray emission
from the Sun as a function of time and energy to a spatial precision of 1 arcsec over a 38 arcmin imaging
field of view and 2 arcmin over a wider 5 degree field of view.

2.5.1 Scientific Goals
The principal scientific goal of the Spectrometer/Telescope for Imaging X-rays (STIX) is:

e To establish the timing, location and spectra of energetic electrons near the Sun. This will enable
these electrons to be related to subsequent observations by the in-situ solar energetic particle and
radio instruments. In this way, STIX serves as a high-energy link between imaging and in-situ
observations.

Secondary science objectives are:

e To determine the size and morphology of hot thermal and non-thermal X-ray sources with 2.3 arcsec
resolution (350 km at 0.22 AU);

e To use comparisons with observations from 1 AU, or other solar-orbiting spacecraft (if available), to
measure the directivity of solar X-ray emission. This will provide the first direct measurements of
beaming at the Sun;

e To use observations of ‘over-the-limb’ flares (in conjunction with other spacecraft, if available) to
isolate the weak coronal component of hard X-ray bursts, so as to characterize the
chromospheric/coronal transport of energetic electrons.

2.5.2 Instrument Concept

STIX imaging uses the same indirect imaging technique as used on Yohkoh / HXT. Imaging information is
encoded in the relative count rates in separate detector elements located behind pairs of grids, each of which
absorbs a distinct directionally-sensitive fraction of the incident flux.

The telescope hardware employs a set of 64 sub-collimators, each of which consists of a pair of widely
separated, X-ray opaque grids with an X-ray detector element located behind the rear grid (see figure below).
Front and rear grid pairs have identical pitch and orientation, whose choice determines the spatial frequency
to be measured. As was demonstrated by Yohkoh/HXT, the relative count rates of a pair of sub-collimators,
one of whose grids is displaced by one quarter of its pitch, can be used to accurately measure both the real
and imaginary parts of one Fourier component of the angular distribution of the source. With 64 sub-
collimators, the imaging system then measures 32 different Fourier components. This data can then be used
to reconstruct the source image, using well-established techniques used by radio astronomy, Yohkoh/HXT
and RHESSI.
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Figure 2.5.1: STIX configuration. A conceptual illustration of the STIX instrument that does not show the

current aspect system or sunshade, both of which are described below. The overall dimensions are 12 x 12 x 100
3

cm’.

Since the detector spatial resolution need match only the ~ cm dimension of the sub-collimator, detectors can
be optimized for their spectral resolution. This enables the imaging to be done as a function of energy,
resulting in an instrument which functions as an imaging spectrometer. Such a detector system consists of a
set of four identical 3 mm thick CdZnTe solid-state detector modules each of which is divided into sixteen 1
cm square elements. Operating at room temperature, they provide a total of 64 detector elements, each of
which provides an energy resolution of 2 to 4 keV (FWHM) from 3 to 150 keV.

The front and rear grid assemblies are each constructed as a unit by stacking sets of etched tungsten sheets to
a thickness of 1 mm. Grid pitch values range from 20 microns to 2.8 mm. At a separation of 900 mm, the
corresponding spatial resolution of the individual sub-collimators (defined as one half of the ratio of grid
pitch to separation) is 2.3 arcsec to 5.4 arcmin. At 0.22 AU the former is equivalent to 0.5 arcsec at 1 AU.

The FWHM imaging field of view, given by the ratio of the sub-collimator diameter (1cm) to separation is
38 arcmin. Even at 0.22 AU this is sufficient to fully encompass an active region. In addition, STIX also can
do spatially-integrated spectroscopy over a much wider field of view (5 deg). Such a field is sufficient for
observing events anywhere on the Sun, even from 0.22 AU. Furthermore, within this wider field of view
STIX can determine the centroid of the source location to an accuracy of 1 arc-minute. This 5-degree
locating field of view enables every transient X-ray event on the Sun to be associated with its active region
of origin and so provides a capability that could provide useful input for target selection. The overall
effective area of the system for imaging is about 16 cm?, which at 0.22 AU is equivalent to more than 4 times
that of RHESSI.

2.5.3 Orbit, Operations and Pointing Requirements

Elements of a pair of limb-sensing aspect systems are embedded into the grids. For each aspect subsystem,
the front grid contains a Fresnel lens element, whose openings are restricted to a narrow band in 1-
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dimension. This focuses a one-dimensional profile of the Sun onto the rear grid plane, where a wavelength-
filtered linear APS detector, mounted on the rear grid plane, determines the effective limb position in 1-
dimension with ~1 arcsec precision. An identical, but orthogonal subsystem determines the limb position in
the other dimension. The combination of these two systems determines the pitch/yaw offset of the STIX
imaging axis with respect to Sun center. The concept is an adaptation of the aspect system on RHESSI which
determines the solar aspect to ~0.4 arcsec rms at up to a 128 Hz cadence. For STIX, the cadency requirement
could be significantly eased. The output of this system could be made available in real-time to provide
~arcsec relative aspect for use by other instruments. To enable accurate, absolute placement of images on the
solar disc, STIX will rely on S/C systems to provide absolute roll aspect to ~ 1 arcmin.

The use of Fresnel lens elements eliminates the possibility of degradation of optical surfaces and restricts the
internal solar heat load to a few 10’s of milliwatts. As demonstrated by RHESSI, the use of an embedded
aspect system significantly eases alignment and pointing requirements. This enables the use of a relatively
lightweight metering structure between the front and rear grid planes. The primary alignment requirement is
to maintain the relative twist of the front and rear grid assemblies to about 2 arcmin, which is about 10 times
less stringent than on RHESSI. Thus STIX instrument provides arcsec-class imaging with arcmin-class
alignment requirements. In effect it substitutes aspect knowledge for mechanical control. As described, the
system will determine the absolute location of X-ray sources to 1 arcsec within a 38 arcmin field of view.

STIX should be Sun-pointed and co-aligned with the other imaging instruments to ~3 arcminutes to provide
imaging overlap. Operations would be autonomous, based on preloaded parameter settings. Examples of
such parameters include gain-setting parameters (to match gains of the individual detector elements) and
parameters used by the instrument data processor algorithm for the selection of imaging intervals.

The science output of the STIX instrument would be greatly enhanced by observations during the cruise
phase. The telemetry requirements during this period could be tailored by selecting only large flares for
analysis.

2.5.4 Calibration

Specific on-ground and in-flight calibration requirements need to be defined by the STIX instrument team.

2.5.5 Accommodation

The challenge is to accommodate the instrument in the spacecraft such that it is Sun pointing, blocking low
energy X-rays while allowing X-rays above 3 keV to reach the instrument and not receiving too much
thermal flux. The low energy X-ray flux must be suppressed to prevent saturisation and preventing the
detectors’ ability to handle individual photons.

Such a requirement on X-rays leads to a sunshade with a thickness equivalent to ~1 mm of carbon or 3 mm
of beryllium. Unfortunately this is not in line with the envisaged designs of the Sun shield and hence a
specific aperture needs to be designed. One possible design is to use a thin carbon layer at the outside of the
Sunshield which would block the direct Sun light and allow the higher energy X-rays through. This layer
must be at the outside of the Sun shield to conform to its multilayer design. Since both this layer and the
surrounding Sun shield radiate from high temperatures then a baffle is required to prevent flux entering and
provide a larger radiating surface. A thin reflective coating could be applied to the grids without affecting
their imaging performance, minimise the heat flux into the instrument and hence the spacecraft. Analysis
will be required to determine whether intermediate layers of X-ray transparent yet heat reflective materials
are required, and/or whether radiators to the STIX instrument will be required.
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A further complication is the requirement for 2 open apertures (each ~0.1 x 50 mm?) in front of the aspect
elements. At 0.22 AU such apertures would transmit about 300 mW. About 50 mW of this would be
transmitted to the lower grid tray inside the instrument while the remainder would be absorbed or reflected
by the top tungsten grid. An additional design issue is the trade-off between co-alignment accuracy of the
open apertures (that determines their width and transmitted heat load) and the feasible level of heat
dissipation/reflection by the front grid.

2.5.6 Interface and Physical Resource Requirements

Data handling and telemetry

Expected count rates from the detector system will vary from a few counts/second during background
periods to more than 10° counts/second during intense flares. The key on-board data handling challenge is to
process and compress this data in order to allow ground-based image reconstruction from a modest telemetry
volume. No image reconstruction is done on board.

Each detected photon generates an output pulse from a single CZT detector element. Such analog pulses are
shaped and amplified by front-end electronics and then digitized into one of 16 energy channels. Initial data
processing consists of accumulating such events according to their energy and detector into one of 16 x 64
(1024) energy/detector bins. A basic instrument time resolution of 1/8 second results in an initial data rate of
~16 kbyte/second. A rotating 64-Mbyte buffer stores ~1 hour of this full-resolution data within the
instrument.

Within the context of this 1-hour time frame, an autonomous instrument processor is used to form detector-
and time-averaged spectra and detector- and energy-averaged light curves. Enhanced count rates in the light
curves are used to identify flare time intervals for imaging. The processor then calculates statistically
significant sums over adjacent time bins and/or energy channels. The data for a single image is then in the
form of 64 2-byte numbers, representing the counts in each detector element for the selected time/energy
interval. The image morphology and location is represented by the relative values of these counts and can be
expressed as a corresponding set of 64 4-bit binary fractions relative to the maximum count among the 64
values. Compressing the total counts to 8 bits, the image can then be stored as this 8-bit total plus 64 x 4 bit
of relative counts plus 7 byte of miscellaneous information for a total of 40 byte per image.

Assuming a long-term average of 6 minutes of flare data per hour, imaging in an average of 10 energy bands
with an average 2-second cadence implies a requirement of 1800 images per hour. Adding 25% for aspect,
housekeeping and non-imaging datasets results in an average data rate of 200 bits/second.

Allocated mass and power budget

The estimated mass of STIX is 4 kg. This is based on a well-calculated mass of 0.25 kg for each grid, 0.2 kg
for the sunshade and 1 kg each for the metering structure, detectors and electronics. Considering the higher
design maturity level of STIX, maturity margin is reduced to 10%. A further consolidation of the mass
breakdown is required.
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Unit Mass (kg)

Grids 0.5

Sunshade 0.2

Metering structure 1

Detectors 1

Electronics 1

Harness 0.3

Margin (10%) 0.4

STIX TOTAL 4.4

The instrument power is estimated to be 4 W. A detailed power budget is required.

Allocated instrument volume

Similarly to the other RS instruments, STIX has been allocated a maximum length (side parallel to the Sun
direction) of 100 cm. Based on the present design baseline, the STIX envelope fits an overall envelope of
100 x 15x 15 cm’.

2.5.7 Cleanliness, Ground Operations and Other Requirements

No specific needs identified (closed unit, X-ray instrument).

2.5.8 Open Points and Critical Issues

1. Aspect system: The primary technical issues to be resolved are related to the aspect system. Suitable
sensors need to be identified and evaluated for radiation hardness. In addition, ground tests of a
prototype aspect system should be undertaken to provide early validation of its optical design.

2. Radiation damage: The radiation tolerance of the CdZnTe may prove inadequate at 0.22 AU from the
Sun due to solar energetic particles.

3. Thermal Concept: The low energy X-ray opaque sunshade and its interface to the multilayer Sun
shield need to be defined. Heat rejection performance of the grids needs to be validated.
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2.6 Remote-sensing Instruments: Open Issues & Critical Items

2.6.1 APS Detectors

At present all the remote-sensing instruments are base-lining Active Pixel Sensors (APS) for the optical
elements. This is because the particle environment encountered by the Solar Orbiter, means that CCD-type
detectors will most likely be inappropriate. We may anticipate a solar wind ‘background’ proton flux some
20 x that of SOHO (1/r%). For an average flux at 1 AU, of density 9 cm™ (average speed and temperature of
450 km/s and 1.2 x 10° K (1 keV)) we expect 200 cm™ at 0.22 AU. Thus, the nominal particle environment
will be similar to some modest storm events detected occasionally by SOHO.

There may also be an increased chance of encountering proton ‘storms’ from shocks associated with mass
ejection, with up to thousands of proton hits per second. One might expect events similar to those
experienced by SOHO, with greater intensity, and, in addition, some near-Sun events may be generated by
lateral expansion of CME disturbances, whose exact intensities remain unknown.

Also, we anticipate occasional impacts from solar flare neutrons whose 15.5 minute lifetime means that most
missions do not encounter them. Finally, we anticipate a similar cosmic ray (non solar) flux to that at SOHO.
The net effect is a gross increase in particle hits during extreme conditions.

The radiation damage in CCD’s is primarily caused by the creation of charge traps that reduce the charge
transfer efficiency (CTE). The radiation hardness of silicon APS detectors is much higher because CTE
degradation is unimportant; charge is not transferred across the array of an APS detector, since the on-chip
electronics extracts and amplifies the charge from each pixel individually. On-chip electronics also provides
additional low mass and power advantages, compared to CCD’s.

Thus, APS detector systems would seem to be an ideal solution for the optical sensors onboard Solar Orbiter
from a particle environment point of view. We note, however, that such devices are still under development
and their implementation on Solar Orbiter is not assured. Towards this end, a TDA program is explicitly
targeted for APS development. In order to focus the activities, aid procurement and ensure the greatest
chance of success, we recommend that all instruments use the same APS design and architecture, namely a
2048 x 2048 array with 8 micron pixels. (The actual pixel size could vary between 8-10 mm depending of
the outcome of a planned Technical Development Activity). At the present stage of development it is not
clear what the actual operating temperature of the devices will be. Estimates vary from 0 to — 100 deg C.
Since the lowest anticipated radiator temperature will be of order -50 °C, Peltier cooling is likely to be
required for the EUV sensors, with associated impact on mass and power resources. Finally, detector
performance plays a critical role with respect to SNR, thus influencing the final choice of the telescope
aperture. Sub-optimal performance would require a larger aperture, with a significant heat load increase.

2.6.2 Cleanliness requirements

EUV optical surfaces in space are renowned for experiencing significant degradation in performance with
time.

Under high irradiation, particularly in the ultraviolet, any contaminant deposited on an optical surface, even
in very minute amounts, polymerizes, so the reflectivity of the surface drastically decreases. This effect is
well known for synchrotron radiation optics as well as for some space instruments, but has been well avoided
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by the SOHO UV/EUV instruments. The degree to which the reflectivity decreases depends on the
irradiation exposure and on the partial pressure of the contaminant.

The Solar Orbiter situation is more difficult than it was for SOHO; due to the changing distance from the
Sun, the level of UV irradiation will be higher and the thermal environment more variable.

Even with the most stringent procedures in the handling and assembling of the optical components, under the
extreme irradiation conditions at 0.22 AU, there is a risk of a serious rapid degradation of the reflectivity,
especially in the EUV. The variable thermal environment during the orbit makes evaporation and out-gassing
from surfaces with increasing temperature unavoidable.

The decreasing reflectivity could be severe for optics at normal incidence, where the EUV reflectivity is
relatively low and the EUV absorption is high. For example, gold could be a good candidate as an EUV
coating for mirrors at normal incidence, since it has high visible reflectivity and also discrete EUV
reflectivity (0.16 at 1200 A and 0.13 at 600 A), but a thin layer of contaminants deposited on its surface
could drastically reduce the EUV response, and thus the effective area.

The effects could be less severe when the optics is used in grazing incidence. Firstly, the portion of the optics
illuminated at grazing incidence is much larger than in normal incidence (for the same aperture) and
correspondingly the flux decreases (this is beneficial also for cooling the optics); secondly, the effect of
polymerization results in much less degradation of the reflectivity than in normal incidence.

It should be noted that the mirrors can be operated at relatively high temperature and this could help to
reduce the deposition of contaminants.

In addition, steps can be taken to reduce the levels of potential contamination in space. The most important
procedure would be a long out-gassing period prior to opening of the instrument doors. For the CDS and
SUMER instruments on SOHO, the out-gassing period was 3 months from launch, and this was a deliberate
(and successful) policy. With the inclusion of vents allowing out-gassing materials to escape, the long period
certainly enabled the contamination to be reduced. Such a policy must be adopted for Solar Orbiter —
possibly for several instruments. For efficient venting, the opening to space must be large (e.g., a partly
opened aperture door, a door specifically designed for venting, or a permanent vent) and, in addition, the
instrument interior must be preferentially heated (by passive or active heating).

Any EUV instrumentation must be developed with the most stringent contamination policy, both in the
laboratory and in operation (e.g., out-gassing). Possible effects must be assessed thoroughly by the proposing
teams and optical and procedural policies adopted.

Counter-measures

The varying thermal environment, as well as the changing apparent size of the Sun, increases the risk of
redistribution of out-gassing contaminants during the orbit. The deposition of these species on the optical
components is extremely enhanced on cold surfaces and on surfaces exposed to solar UV light and particle
flux, leading to irreversible deposition by polymerization of the organic substances. To avoid contamination
build-up during operation, the thermal design of the instruments should ensure that there are no optical
surfaces colder than their surroundings. The availability of a surface acting as a cold trap for the
contaminants, in close proximity of the sensitive areas, will provide a protection against the deposition.

Requirements applicable to the Solar Orbiter
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Cleanliness requirements applicable to the Solar Orbiter have a large impact on AIV/AIT activities at both
instrument and system level. Specific requirements will be established at a later stage of the mission
definition. Based on past experience, the cleanliness requirements defined for the ESA SOHO mission and
for the NASA STEREO mission provide representative guidelines to be followed by the Solar Orbiter
project.

2.6.3 Thermal Control

Because of Solar Orbiter’s proximity to the Sun, thermal issues are a key concern and especially for the
Remote-sensing Instruments in view of their necessity to view directly the Sun. In fact thermal issues derived
from the heat load associated to the instruments apertures can very easily drive the spacecraft design. The
key to thermal control is: a) keep the heat out of the instruments (closed solution) and b) reduce the aperture
sizes. The P/L industrial study has recommended an approach whereby only the spectral bands of interest are
allowed to penetrate inside the instruments.

2.6.3.1 VIM thermal architecture concept (on-axis design)

The thermal concept of VIM instrument has been studied for two configurations. The on-axis design
represents the description of the reference instrument, whereas the off-axis design is an alternative concept.
The entrance of the HRT telescope is significantly greater than the FST telescope and therefore the
preliminary analysis is just for the HRI part.

Figure 2.6.1 shows a possible on-axis design of the HRT telescope considering the solar flux as the only
thermal source. In order to limit the thermal load on the detector a heat stop is introduced.

~ Entrance filter:
Absorbed: 38.2 W (10 %)
/' Transmitted 19.1 W (5 %)

¢ Direct flux:
381.6 W

Figure 2.6.1: VIM HRT on-axis thermal architecture concept with a 12.5 cm entrance aperture.

2.6.3.2 VIM thermal architecture concept (off-axis design)

The alternative concept for an off-axis design is detailed figure 2.6.2. A narrow-band filtering window (one
candidate material is Suprasil) is mounted on the spacecraft structure, decoupled from the instrument itself.
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The proposed off-axis design enables the accommodation of a further heat stop between the primary and the
secondary mirror, without obstructing the main optical path and to envisage simple cooling devices for this

heat stop.
M1 Entrance filter
absorpted : absorpted :
J 1.9 W (10%) 38.2W (10%)

< transmitted : 19.1 W

-

Direct flux :

31100 W/m? x pd2/4
=381.6 W

Heat stop

L rejected : 14.6 W (85%)
transmitted : 0.9 W (5%)

W (10%)

D reflected : 0.8 W \ absorpted : 1.7

M2
reflected : 0.8 W

absorpted : 0.1 W (10%)

(95%)

Figure 2.6.2: VIM HRT off-axis thermal architecture concept with a 12.5 cm entrance aperture.

2.6.3.3 EUS thermal architecture concept

The EUS instrument requires a 70 mm diameter aperture (TBC), which will induce a large heat load in the
instrument, while the thermal load associated with the extreme UV part of solar spectrum targeted by the
instrument is close to zero. A possible solution to reduce the heat load into the instrument is the adoption of a
EUV filter based on a thin aluminium sheet (about 15 microns thick), cooled by a support grid acting as a

stand alone radiator.

. . [o] pling
Radiative cooling High coupiin Visible and UV

Alu
are mainly —_— VDA for absorplion
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Stand alone 240 _
protruding grid R =
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Fioure 2.6.3: Filter and filter cooling nrincinle for EUS.
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This solution has the disadvantage of reducing considerably the signal photon flux transmitted to the
detectors. In case such a filter cannot be adopted or developed for EUS, an open telescope design will have
to be implemented, such as that shown in figure 2.6.4.

mirror radiator

700 mm 13 W to be rejected

22 W on baffle 10% to20%
absotrbed
4$ 26 W on mirror ‘
80%to 909
reflected

pupil at entrance /
Dia. 70 mm i '
5 W inside spectro
68 W absorbed by
heat stop

Figure 2.6.4: Open Telescope option for EUS.

2.6.3.4 EUI thermal architecture concept

HRI and FSI telescopes have 20 mm diameter entrance apertures, limiting the solar heat loads inside the
instrument. A standard EUV thin aluminum filter sheet is placed at the tip of a baffle. Figures 2.6.5 and 2.6.6
show the loads on the different parts of the two telescopes.

2.6 W reaches foil
6.2 W absorbed directly by baffle 0.24 W absorbed by foil
2.4 W absorbed after reflection on foil 2.4 W reflected back to baffle

750 mm

entrance pupil Ffoil filter
diameter = 20 mm diameter = 34 mm

Figure 2.6.5: Solar heat flux management within the HRI baffle under the assumption of a 20 mm diameter
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2.25W absorbed after reflection on foil

2.5 W reach the foil filterbut are spread on 33 mm
+ 0.25 W absorded by the foil
«2.25 W reflected back towards baffle

entrance pupil
diameter = 10 mm

foil filter
diameter = 66

Figure 2.6.6: Solar heat flux management within the FSI baffle (under the assumption of a 10 mm diameter)

2.6.3.5 COR thermal control concept

The coronograph is characterised by its design enabling to occult before the optical elements all flux coming
directly from the Sun disk, as shown in figures 2.6.7 and 2.6.8. The spacecraft thermal control will have to
manage the important heat load of the sun disk rejection mirror.
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Figure 2.6.7: COR thermal loads assessment.



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0
page 75 of 195

Sun discrejection mirror

\é : radiator

\ 1.3 deg
. n 1 Thermal coupli
pling (strap, heat
C/ I F\ — pipe, fluid loop...)
L !: :Sun disc rejection mirror

Full solar disk flux blocked by external occulter and Thermal condition of the sun disk rejection system
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Figure 2.6.8: The COR internal Sun rejection mirror and related heat related approach.

2.6.3.6 STIX thermal control concept

The STIX thermal design is in principle simpler than for the rest of the Remote-sensing Instruments. The
actual interface between instrument’s sunshade and entrance with the heat shield need to be addressed in
more detail. Details can be found in the corresponding instrument description (2.5.5).

2.6.4 Instrument doors

The instrument covers/doors are required in order to cope with contamination issues and to guarantee the
physical continuity of the heat shield, especially in case of unexpected problems with heat rejection devices.
An overview of the applicable requirements is provided in part 3, section 4.3. In order to maintain the
integrity of the Thermal Control System, the instrument doors should be considered as an integral part of the
heat shield. On these grounds, the instrument doors have been identified as Payload Support Elements (see
Part 3) and are ESA procured items.

2.6.5 Data Rates

With the exception of STIX, there is a wide disparity between the amount of front-end data generated by the
Remote-sensing instruments and the available telemetry. The problem is exacerbated by the fact that these
instruments are only operated for 30 days during the 150 day orbit, and thus one should be careful when
considering orbit averaged data. Because of the limited amount of telemetry allocated to the remote-sensing
instruments, innovative solutions to onboard data compression and reduction are essential if negative impacts
on science are to be avoided.

The raw data and processing needs for each of the remote-sensing instruments are summarized Table 2.6.1.
The values are consistent with the spatial and sampling resolutions of VIM, EUS and EUI. The processing
distributions between the instrument specific front end electronics and the instrument-shared common
electronic (PDMU) are given in Table 2.6.1

It is important to note that the instruments are only operating during full operations windows. For all remote-
sensing instruments to best utilise the limited TM to achieve the science objectives the operations must
consider the following:

- A range of fields-of-view,
- Binning over multiple pixels implying a reduction in resolution,
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- Compression techniques,
- Imaging rates.

Table 2.6.1: Data handling needs for the Remote-sensing Instruments

Instrument

Allocated
TM Rate

VIM

VIM typically needs a minute to obtain 20 images in 5 different
wavelengths and in four different polarisations and then calculate
parameter images. There are then options as to how many parameter
images are required, the resolution, and also the cadence. Using a lossless
compression ratio to average 5 bits per pixel allows modes to generate TM
rates from 22 to 800 kbps.

20 kbps

EUS

Instead of transmitting complete spectrum, a number of lines, 6 to 15 are
selected. For each line 15 pixels are required for 0.3A width e.g. only 90
of the 2048 pixels for 6 lines.

The complete field of view is not always required, and hence imaging Y4
of the FOV could be performed every 106 minutes (based on a
compression ratio of 10).

Onboard calculation and down-linking of the spectral parameters of each
line would reduce the TM requirements further compared to transmitting
the full spectrum.

17 kbps

EUI

The instrument contains up to 3 HRI telescopes configured for different
wavelengths. If the 2k x 2k images of 14 bits can be compressed by
JPEG2000 by a factor of at least 25. This would result in images on
average every 6 minutes for an average of 20 kbps. MPEG should be
investigated to see whether this is more appropriate for faster sampling.

FSI telescope: An image will be taken every 80 minutes, creating a data
rate of 2k x 2k x 12bit / 4800/ 20 (compression) = 0.5 kbps

20 kbps

COR

Single images 2k x 2k x 16 bit require 64Mbit. 50% of image can be
discarded as occulted disk, extreme corners etc. The HI Lyman-a detector
works in parallel at 60% cadence of visible light detector. Such images
can be performed every 540 seconds to achieve the TM rate.

10 kbps

STIX

A matrix of 64 detector bins over 16 energy levels at 16 bit counts
requires 16 kbit. Data rates of 8 per second are possible, but images will
be selected for the most interesting 10% of time and at a 2 second interval.
By just selecting 10 of the 16 energy bands, an image every 2 seconds is
sufficient.

An image is compressed by recording the maximum value in 16 bit, and
providing the 64 bin images of relative sizes to the maximum value in 4
bit/bin. With some bits for time etc then 320 bit is sufficient resulting in
the allocated rate of 0.2 kbps.

0.2 kbps
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3 IN-SITU UNITS

3.1 Solar Wind Plasma Analyser (SWA)

3.1.1 Science Goals
The principal scientific goals of the Solar Wind Plasma Analyzer (SWA) are:

- To provide observational constraints on kinetic plasma properties for a fundamental and detailed
theoretical treatment of all aspects of coronal heating;

- To investigate charge- and mass-dependent fractionation processes of the solar wind acceleration process
in the inner corona;

- To correlate comprehensive in-situ plasma analysis and compositional tracer diagnostics with space-
based and ground-based optical observations of individual stream elements.

Furthermore, the SWA will enable the investigation of:

- ’He and “unusual” charge states in CME-related flows;

- The interaction of solar wind ions on dust grains in the heliocentric distance range associated with the
“inner source”. Freshly produced pick-up ions from this inner source are specially suited as test particles
for studying the dynamics of incorporation of these particles into the solar wind or their further re-
energization.

The SWA will measure separately the three-dimensional velocity distribution functions of the major solar
wind constituents: protons, a-particles and electrons. The basic moments of the distributions, such as density,
velocity, temperature tensor, and heat flux vector will be obtained under all solar wind conditions and be
sampled sufficiently rapidly to characterize fully the fluid and kinetic state of the wind. In addition,
measurements of representative high-FIP elements (the C, N, O group) and of low-FIP elements (such as Fe,
Si or Mg) will be carried out in order to:

- Obtain their abundances, velocities, temperature anisotropies and charge states;

- Probe the wave-particle couplings (heavy-ion wave surfing);

- Determine the freeze-in temperatures (as a proxy for the coronal electron temperature).

3.1.2 Instrument concept

In view of the limited resources of mass, volume and telemetry allocated to the SWA, a compromise between

sensitivity, mass/charge- and mass- and time resolution has to be found. The SWA has to cover a large

dynamic range in ion fluxes. Since there is an enormous difference between the proton fluxes at perihelion

(typically 10" m™ s™) and the fluxes of relevant minor ion tracers at 1 AU (e.g. Fe'"" at typically 10*m™ s™

etc.) it is suggested to implement three different sensors:

- A Proton/a-particle Sensor (PAS) with the principal aim to investigate the velocity distribution of the
major ionic species at a time resolution equivalent to the ambient proton cyclotron frequency. The sensor
is Sun pointing.

- An Electron Analyser System (EAS) consisting of two (three optional if resources allow) sensors to
cover nearly 4mw ster of viewing space and to allow the determination of the primary moments of the
electron velocity distribution with high temporal resolution.

- A Heavy Ion Sensor (HIS) which allows the independent determination of the major charge states of
oxygen and iron (up to 9) and a coarse mapping of the three-dimensional velocity distribution of some
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prominent minor species. Also, pick-up ions of various origins, such as weakly-ionised species (C*, N,
Ne', Mg’, Si', etc.), should be measured. The sensor is Sun pointing.

The three instruments combined in SWA need to cover a wide range in time and dynamic ranges. The
shortest time scales are associated with the electron timescales, followed by the proton and ion kinetic time
scales. Measurements of these short time scales are not required during ordinary operation because these
time scales are not always present in the solar wind. Hence the SWA instruments need to be capable of
measuring short time scales in a "burst mode" (see below), while compressing data to longer time averages
during normal operation.

Modes of operation

e Normal mode

PAS: A typical time resolution of 3s for 3-D velocity distribution functions (transmitted as moments) of
protons and alpha particles is required.

EAS: A typical time resolution of 3s for 3-D velocity distribution functions (transmitted as moments) of
electrons is required.

HIS: A typical time resolution of 300s for coarse 3-D velocity distribution functions (transmitted as
moments) of the most prominent heavy ions.

e Burst mode

Burst mode can be triggered either by external instruments (e.g. the RPW or MAGQG), internally, or by a
combination of measurements (requires sophisticated algorithms implemented in DPU). Trigger criteria
could include e.g. shock passage, unusual wave activity, or passage of other transients or discontinuities. In
this mode, the following measurements are required:

PAS: Measurements of 2-D distributions of solar wind protons and alpha particles to resolve typical growth
times of instabilities, i.e. at a cadence of 0.1s.

EAS: Measurements of 2-D distributions of solar wind and supra-thermal electrons to resolve typical growth
times of instabilities, i.e. at a cadence of 0.1s.

HIS: Measurements of 2-D distributions of solar wind heavy ions to determine kinetic properties and
compositional boundaries at a cadence of 30s. Ideally, the instrument would allow faster determination of the
abundances of the most common ionic charge states e.g. by an interleaved E/q stepping scheme.

All SWA instruments should be capable of routinely measuring in burst mode covering several instability
growth times at least once every hour. Because the fluxes will vary strongly in the course of the spacecraft
orbit, lower time resolution/cadence is acceptable at large heliocentric distances. This reflects the changing
telemetry allocation during the orbit. A duty cycle of the order of 1% can be achieved.

3.1.3 Sensors

3.1.3.1 Proton and Alpha Particle Sensor (SW-PAS)

The SWA PAS sensor uses electrostatic optics to separate and analyze protons and alpha particles. In essence
it consists of four components — three electrostatic lenses and a detector (see fig. 3.1.1). The first component
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is a pair of electrostatic deflectors located either within, or at the rear of the Sun shield. The second
component is a set of electrostatic optic components which are outside of the direct view of the aperture and
steer the particles towards a third set of deflectors which guide the particles into the detector. By varying the
voltages in the optics, the g/e of the ions can be selected. The detector can be located such that it is not
directly exposed to the Solar heat input entering the aperture. The aperture is 5 x 2 cm” slit at the rear of the

Sun shield.

Sun shield

Figure 3.1.1. Functional block diagram of the SW-PAS sensor. The Sun is to the left. EL1, EL2 and EL3 are
electrostatic lens used to deflect the incident particles into the detector allowing the Solar heat input to be

rejected to space.

Sensor performance requirements

The energy pass-band shall be 200 eV/q — 20 keV/q with an energy resolution of (E/q)/(AE/q) = 20 and
angular resolution of 5° by 5°. The time resolution shall be 3 s in nominal mode and 0.1 s in burst mode.

Estimated resource allocation

Detector

Parameter Value Remarks
Sensor mass [kg] 3

RTC unit / DC-DC converter [kg] 0.5 TBC
Dimensions [cm] 40 x 30 x 20

Power average [W] 2

Power peak [W] 2.5

Operating temperature range [deg C] -30 to +40

data rate [bps] 2000 1,000 pixels with 5

bits with re-binning
and log compression
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Accommodation and pointing requirements

The SW-PAS sensor is Sun pointing. The opening area of the aperture is 10 cm”. The FOV is £45 (in-orbital
plane) x £5° (out of orbital plane). The sensor will be located behind the Sun shield. Typical requirement for
pointing error is 0.5 to 1°.

EL1

SRR

Figure 3.1.2. View of the PAS through the Sun shield from Sun with the slit aligned along orbital plane. The slit
size is 5 x 2 cm” at the rear of the Sun shield.

Either within the sunshield or at the back of the sunshield two electrostatic deflectors are required which
must be able to operate to up to 7 kV and be thermally isolated.

Cleanliness, AIV and other requirements
The sensor should reject Solar UV radiation flux to a sufficiently low level in order not to compromise the
detection of rare particles.

The Multi-Channel-Plate detector is very sensitive to molecular contamination and the instrument would
need continuous purging before launch.

Due to internal high voltages (electro-static optics), several weeks out-gassing are needed after launch before
instrument switch-on.

Open points, critical issues and Technology Development Activities

The electrostatic optics for energy/angle imaging will need development. The development of a Charge
Sensitive Amplifier (CSA) and Time-of-Flight ASIC has high priority. The thermal dissipation inside the
S/C depends on the aperture and will have to be carefully analyzed.

3.1.3.2 Solar Wind Heavy Ion Sensor (SW-HIS)

The SWA HIS sensor is very similar in construction to the PAS, in that it also uses electrostatic optics to
separate and analyze ions. The device is shown schematically in fig. 3.1.3. Like the PAS, the detector can be
located such that it is not directly exposed to the Solar heat input entering the aperture. The aperture is 5 x 2
cm?” slit at the rear of the Sun shield.
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Figure 3.1.3 Schematic of the HIS sensor.

Sensor performance requirements

The energy pass-band shall be 500 eV/g — 100 keV/q with an energy resolution of (£/q)/(AE/q) = 20 and
angular resolution of 6° by 6°. The time resolution shall be 300 s in nominal mode and 30 s in burst mode.

Estimated resource allocation

Parameter Value Remarks

Sensor and RTC mass [kg] 8

Dimensions [cm] 40 x 40 x 30

Power average [W] 7

Power peak [W] 8

Operating temperature range [deg C] -30 to +40

Data rate [bps] 3000 Prioritised events plus
counters for different ions
with lossless compression
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Accommodation and pointing requirements

The SW-HIS sensor is Sun pointing. The opening area of the aperture is 10 cm”. The FOV is +45 (in orbital
plane) x £5° (out of orbital plane). The sensor will be located behind the Sun shield (see fig. 3.1.2). Typical
requirement for pointing error is 0.5 to 1°.

Either within the sunshield or at the back of the sunshield two electrostatic deflectors are required which
must be able to operate to up to 7 kV and be thermally isolated.

Cleanliness, AIV and other requirements

The sensor should reject Solar UV radiation flux to a sufficiently low level in order not to compromise the
detection of rare particles. Class 10,000 particulate clean environment and continuous purging required.
Due to internal high voltages (electro-static optics), several weeks out-gassing are needed after launch before
instrument switch-on.

Open points, critical issues and Technology Development Activities

Electrostatic sweeping optics needs development. Also, the development of integrated read-out electronics
for solid-state detector pixels and a CSA and Time-of-Flight ASIC also has high priority. The thermal
dissipation inside the S/C depends on the aperture and would have to be carefully analysed.
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3.1.3.3 Electron Analyser Sensor (SW-EAS)

Sensor performance requirements
The energy pass-band shall be 1 eV — 5 keV with an energy resolution of £/4E = 10 and angular resolution
of 10° by 10°. The time resolution shall be 3s or better with 0.1s resolution in burst mode.

Estimated resource allocation

Parameter Value Remarks
Sensor mass [kg] 3 2 sensors (3 optional if resources allow, each 1.5 kg)
RTC unit / DC-DC converter [kg] 0.5 TBC
Dimensions [cm] 15x15x 15 Single sensor
Power average [W] 4
Power peak [W] 4
Operating temp. range [deg C] -30 to +40
data rate, average [bps] 2,000 Histograms plus some burst data:
16 energy channels, 12 anodes, 13 elevation angles,
8 bit counters
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Accommodation and pointing requirements

The Electron Analyser System (EAS) consists of two body-mounted sensors, mounted on perpendicular
sides of the spacecraft, preferably on Y/Z edges. The free field-of-view for each sensor 360° x + 45°. An
important requirement is that the 2 EAS sensors cover as much as 47 steradian of viewing space as possible.
This requirement is to be taken into consideration in determining the final S/C accommodation, and
specifically to maximise the un-obstructed field of view (see Part 3, section 2.4).

Absolute Pointing Error (APE) 0.5°
Absolute Pointing Drift (APD) TBD
Absolute Measurement Accuracy (AMA) 1.0°
Relative Pointing Error (RPE) TBD

Cleanliness, AIV and other requirements

Special care has to be taken to ensure near-equipotential conditions in the vicinity of the EAS entrance
apertures.

The sensor should reject Solar UV radiation flux to a sufficiently low level in order not to compromise the
detection of rare particles.

Due to internal high voltages (electro-static optics), several weeks outgassing are needed after launch before
instrument switch-on.

Open points, critical issues and Technology Development Activities

1. HIS and PAS apertures: both HIS and PAS have entrance apertures directly exposed to the Sun
radiation, thus requiring a dedicated thermal design and adequate materials.

2. Final configuration DPU / RTC: separate RTC for each sensor or common RTC / DPU.

3. Data compression: an effective data compression strategy needs to be identified and implemented.

SWA - Summary of allocated power and mass values.

Unit Power [W] | Mass [kg] Remarks

PAS sensor 2.0 3.0

HIS sensor 7.0 8.0

EAS (2 units) 2x 2 3.0

RTC and DC/DC units 1 1.0 Detailed configuration is TBC
Total (before margin) 14 15.0
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3.2 Radio and Plasma Wave Analyser (RPW)

3.2.1 Science goals

The principal scientific goal of the Radio and Plasma Wave Analyzer (RPW) is:

- To provide measurements of both the electric field and magnetic field in a broad frequency band
(typically from a fraction of a Hertz up to several tens of MHz) covering characteristic frequencies in the
solar corona and interplanetary medium.

Measurements of both electrostatic and electromagnetic waves provide different diagnostics:

- Electrostatic waves provide in-situ information in the vicinity of the spacecraft;

- Electromagnetic waves provide extensive remote-sensing of energetic phenomena in the solar corona
and interplanetary medium.

Furthermore, the RPW instrument on Solar Orbiter will enable the investigation of:

- Waves and turbulence that occur much closer to the Sun than previously measured,
- The north-south symmetry of the radio radiation in the solar corona using, for the first time, viewing
angles from well out of the ecliptic plane.

3.2.2 Instrument concept

The Radio and Plasma Waves Analyser (RPW) comprises two main sub-systems: A Plasma Waves System
(PWS) covering in-situ measurements and the Radio Astronomy Detector (RAD) for remote-sensing.

The two sub-systems share some of the sensors and have common digital signal processing. The same
receivers can be used to analyse the different types of waves detected by different sensors, for instance
electric antennae and magnetic coils.

PWS Concept

The PWS will identify the in-situ plasma waves and kinetic modes comprising the electromagnetic part of
the fluctuation and turbulence spectra. A brief description of the characteristics of the plasma waves
expected to be present at 0.22 AU follows.

The expected field strength may range between a few uV/m and a mV/m, and up to about 1 V/m for the
convection electric field. The magnetic field strength is expected to vary between a few nT and mT, with
large differences between the longitudinal and transverse components with respect to the mean magnetic
field and the solar wind flow direction (substantial Doppler shifts are to be expected).

From Helios observations one can estimate that a sensitivity equal to 10°nT/Hz"* will be required at 0.22
AU to identify without ambiguity whether the observed waves are electromagnetic or electrostatic.

At and above the electron plasma frequency, intense electron plasma oscillations and solar radio waves are

expected. Helios observations show that wave intensities associated with type III bursts increase very rapidly

with decreasing radial distance from the Sun. Intense emission could extend up to 10* nT/Hz">.
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The Solar Orbiter electric antenna length is constrained by the measurement of the plasma thermal noise.
This noise, which is mainly due to the electron thermal motion around the antenna, provides electron density
and temperature measurements, independently of any calibration gain determination or intrinsic limitations
due to the spacecraft charging. This immunity is essentially due to the fact that, close to the local plasma
frequency, the antenna is sensitive to Langmuir waves with very large wavelengths. Therefore, at the plasma
peak the antenna samples an average over a large plasma volume. In order to detect correctly the thermal
Langmuir waves and measure correctly the electron temperature, the thermal noise spectroscopy requires an
antenna whose length L is larger than the local Debye length Lp. In the heliocentric distance range between
0.2 to 0.7 AU is expected to range between roughly 0.5 and 8 meters. Moreover, for an orthogonal dipole
antenna the effective length L that has to be compared to Lj is closer to half the tip-to-tip length than to the
physical length of a monopole (the precise value of the effective L has to be modelled while modelling the
thermal noise itself). Therefore the reasonable minimum monopole length required for Solar Orbiter is 5
meters

The Figure below shows estimated electric sensitivity requirements. The galactic non-thermal continuum
emission sets the effective background for the radio measurements between a few hundred kHz and 20 MHz.
At lower frequencies, the antenna photoelectron noise dominates, while antenna resonances reduce the
sensitivity above 30 MHz (for 5-6 meter antennas).
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Figure 3.2.1: Electric sensitivity requirements for HFR.

The PWS will cover a broad band in frequencies, extending from about 1 Hz into the MHz range. Resolving
the vector components of the electric and magnetic fields is scientifically highly desirable to determine wave
modes unambiguously. Furthermore, multiple electric antennas allow for common-mode rejection of
spacecraft generated noise and waves. The three components of the fluctuating magnetic field can be easily
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measured with a 3-axial search coil magnetometer arranged in a compact configuration and mounted on a
short boom, which should point into the anti-Sun direction. This boom (spacecraft item) is required for
magnetic cleanliness reasons and could be shared with the MAG (see 3.3) as long as a minimum distance
between the two sensors is respected. PWS can exchange burst triggers with other instruments in the in-situ
payload to facilitate payload-wide burst modes.

HFR Concept
The HFR will measure the solar and interplanetary radio waves in the frequency range from 100 kHz to 20

MHz, with a sweep period between 0.1 s and 10 s and a high spectral resolution (Af/f = 0.07). The HFR will
observe plasma processes associated with energetic electrons from the corona up to about 0.5 AU. It will
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Figure 3.2.2: Solar Orbiter RPW block diagram

probe the plasma at distances ranging from near the solar surface to the spacecraft location, thereby
connecting the coronal regions observed by the optical instruments with the near-Sun heliospheric conditions
specified by the in-situ measurements. Since radio radiation is generally beamed (beam widths sometimes
down to a few tens of degrees) more or less along a radial direction from the Sun, this technique is
particularly relevant for different vantage points, for instance when the Solar Orbiter observes the far side of
the Sun. The time history provided by the regular acquisition of the radio dynamic spectrum will help to
trace the development of an active region in a synthetic manner.

The time resolution required to detect the rapidly varying solar bursts varies with the radio frequency.
Typically, the duration of a type III burst (stream of energetic electrons) is Dt(s) = 220 / f(MHz). This points
to time resolutions of the order of 0.1 s or better for the high frequencies and of 10 s for the low frequencies.
Different designs are used on many space missions and the heritage goes right back to the birth of space
radio astronomy at long wavelengths.

The radio astronomy receiver (HFR) can be of the classical super-heterodyne type. Frequency synthesizers
will allow for a maximum flexibility in the choice of the observing frequencies (for instance to avoid



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0
page 88 of 195

“polluted” frequencies on the spacecraft). Each sub-receiver can consist of up to 256 selectable channels.
Only a selection of these channels could be transmitted to the telemetry stream.

The Instrument Control Unit (DSP, RAM and Instrument DPU) will perform the front-end digital signal
processing functions (waveform detection, FFT and correlations) and command the instrument subsystems.

3.2.3 Sensors

3.2.3.1 Thermal Noise Receiver (TNR)

Sensor performance requirements
The frequency band shall be 10 kHz - 1 MHz with a sensitivity of 3 nV/Hz".

TNR is a very sensitive, digital receiver designed specifically to measure the plasma thermal noise spectrum
very accurately. TNR will provide an accurate, and high time resolution, reference for the solar wind

experiments.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 0.5

Dimensions [cm] N/A Single electronics card
Power average [W] 1

Power peak [W] 1

Operating temperature range [deg C] -30 to +50

Raw data rate, average [bps] 1630

Raw data rate, peak [bps] 6520

Data compression method Log amplitude

Data compression factor 0.3

Accommodation and pointing requirements
Inside electronics box.

Open points, critical issues and Technology Development Activities
The length of the harness for the RPW should be < 1m, and not multiples of the target frequency.

3.2.3.2 Low Frequency Receiver (LFR)

Sensor performance requirements

The frequency band shall be 1Hz — 10 kHz with a sensitivity of 30 pV/m for electric field antennas and 0.2
pT for the loop magnetometers. Sensitivities of 1 pT/JV(Hz) at 10 kHz and 0.1 pT/J(Hz) at 1 kHz for the
search coils are required.

The LFR is designed to study lower frequency, more intense, plasma waves associated with heliospheric
shocks, plasma radio emission, and solar wind thermalization. The LFR will perform onboard processing of
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the electric and magnetic data and produce both spectra and waveforms to identify non-linear coherent

structure.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 1.5

Dimensions [cm] N/A Single electronic card
Power average [W] 1.5

Power peak [W] 2

Operating temperature range [deg C] -40 to +50

Raw data rate, average [bps] 2500

Raw data rate, peak [bps] TBD

Data compression method TBD

Data compression factor TBD

Accommodation and pointing requirements
Inside electronics box.

3.2.3.3 High Frequency Receiver (HFR)

Sensor performance requirements

The frequency band shall be 100 kHz - 20 MHz with a sensitivity of 10 nV/YHz for antennas and 10°°

nT/VHz for the loop magnetometer.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 0.6

Dimensions [cm] N/A Single electronics card
Power average [W] 0.8

Power peak [W]

Operating temperature range [deg C] -40 to +50

Raw data rate, average [bps] 800

Raw data rate, peak [bps] TBD

Data compression method Log amplitude

Data compression factor TBD

3.2.3.4 Antennas

Sensor performance requirements
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The frequency range for the antennas and associated pre-amplifiers shall be 1 Hz to 20 MHz.

Estimated resource allocation

Parameter Value Remarks
Mass [kg] 4.8 Each antenna assembly is
estimated to be 1.6 kg

Dimensions [cm] 500-600 Length of each antenna

60 (diameter), 20 RPW platform envelope
(height) (before deployment)

Power average [W] 0.3 Pre-amplifiers

Power peak [W] 0.3

Operating temperature range [deg C] TBD

Accommodation and pointing requirements

The primary accommodation concern for RPW is the location of the three, 5-6 meter electric antennas.
Ideally, the three electric antennas would be mounted orthogonal to one another, although some deviation
from orthogonality can be tolerated. Since at low frequencies (< ~ 1 kHz) the antennas couple to the plasma
resistively, their response is strongly determined by the photoelectron flux generated by sunlight. Therefore,
the RPW antennas should be orientated such that they have equal exposure to the Sun. Also, a long base line
dimension of the antennas will improve the sensitivity at low frequencies. Concern should be paid to the
location of nearby spacecraft structure, including the high gain communications antenna. Spacecraft structure
couples electrically to the RPW antennas and distorts the effective RPW antenna pattern, though this can be
studied and corrected. In the figure below we show the antenna implementation on STEREQ. The right hand
figure shows the footprint of the stacer configuration and is expected to be contained within a cylindrical
envelope of ~60 cm diameter and 20 cm height).

Normal to orbit plane

el
Sun Velocity

LH MAG

“JIN

Figure 3.2.3: Left: Possible accommodation of the RPW sensors on the spacecraft. Right. 3-axis stacer footprint.



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0
page 91 of 195

RPW pointing requirements are not strict compared to optical/EUV instruments.

Operations requirements

Since RPW is very sensitive to spacecraft generated noise, a good strategy is to deploy the RPW antennas
early and be one of the first instruments to turn on. This allows RPW to understand, and control, noise
sources as other experiments begin operations.

Cleanliness, AIV and other requirements

Many of the RPW scientific objectives are based on the measurement of low-level signals for which
maximum sensitivity is required. Several inexpensive measures can be taken at the spacecraft and project
level to ensure that the Solar Orbiter spacecraft is clean from the point of view of both conducted and
radiated electromagnetic interference. The sensitivity of the RPW instrument will be approximately 107
V/m/Hz"? in the frequency range of 1 kHz to 20 MHz and 3 x 10”7 V/m/Hz"? below 100 Hz. In addition, the
waveform analyser is sensitive to impulsive interference of duration as short as a fraction of a microsecond.
Although these sensitivities may appear to require an excessively "clean" spacecraft, they are not difficult to
achieve if good EMC practices are incorporated in the spacecraft design.

Open points, critical issues and Technology Development Activities

Since the RPW antennas float electrically and extend into sunlight, they will also be hot and radiate back to
the spacecraft. This aspect of the design is currently being studied.

3.2.3.5 Search Coil Magnetometer

Sensor performance requirements
The frequency band shall be 1Hz — 10 kHz with a sensitivity of 10> nT/Hz"* at 1 kHz.

Estimated resource allocation

Parameter Value Remarks
Mass [kg] 0.5 Three rods
Dimensions [cm] 18 Length each rod
Power average [W] 0.25

Power peak [W]

Operating temperature range [deg C] TBD

Accommodation and pointing requirements

The search coil magnetometers need to be mounted on a boom to be away from spacecraft noise sources.
Such a boom should extend into the shadow behind the spacecraft. The coil is most easily accommodated on
the MAG boom. In this case, the separation between MAG sensors and search coils should be >1 m.
Separation between search coil and S/C will depend on actual EM cleanliness of the spacecraft, but a
distance > 1 m is anticipated.

3.2.3.6 Loop Magnetometer

Sensor performance requirements
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The frequency band shall be 10 kHz — 20 MHz with a sensitivity of 10~ nT/Hz"* at 1 MHz.

Estimated resource allocation

Parameter Value Remarks
Mass [kg] 0.5

Dimensions [cm] 50 Diameter
Power average [W] 0.3

Power peak [W]

Operating temperature range[deg C] TBD

Accommodation and pointing requirements
The loop magnetometer needs to be mounted on a boom to be away from spacecraft noise sources. Such a
boom should extend into the shadow behind the spacecraft and is most easily accommodated on the MAG
boom. In this case, the loop magnetometer should be located 1 m away from MAG. Separation between
magnetometer loop and S/C will depend on actual EM cleanliness of the spacecraft, but a distance > 1 m is

anticipated.

RPW calibration
Spacecraft structure will modify the RPW electric antenna pattern in unknown ways; these perturbations can
be modeled, computationally and in the lab. Spacecraft rolls around the Sun pointing axis are required to
understand the antenna pattern. In particular, a series of rolls early in the mission, while near Earth, would
be preferred. The roll period should be longer than the RPW radio sweep period (which will be 10-20
seconds); so 1 deg/s roll would be adequate and consistent with MAG calibration requirements.

RPW - Summary of allocated power and mass values.

Unit Power [W] | Mass [kg] Remarks

Thermal Noise Receiver 1.0 0.5 Electronics (single card)
--- 4.8 Antenna’s

Low Frequency Receiver 1.0 1.5 Electronics (single card)
0.3 0.5 Search coil magnetometer

High Frequency Receiver electronics 0.8 0.6 Electronics (single card)
0.3 0.5 Loop magnetometer

DPU/RTC / DC-DC / preamp 2.9 2.6 TBC

Harness --- 0.8

Total 6.3 11.8 Before margin
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33 Magnetometer

3.3.1 Scientific goals

The principal scientific goal of the Magnetometer (MAG) is:

To provide vector measurements of the solar wind magnetic field with high resolution (better than 1 nT) at
sub-second sampling.

The MAG instrument will enable the investigation of:

- The link between coronal structures and their signatures in the solar wind;
- Kinetic effects in the solar wind plasma;

- Large-scale structures in the solar wind, e.g., coronal mass ejections;

- MHD waves and turbulence.

The measurement requirements to satisfy these scientific goals are given in the table below.

Mission goal Timescale required Precision required
Kinetic physics 128 vectors/s (burst mode) 1 nT absolute, few
degrees angular, few pT
resolution
MHD waves and turbulence 16 vectors/s (normal mode) Few pT resolution
Onboard plasma moments Plasma instrument resolution (few s) | Angle only: to within a few deg.

3.3.2 Instrument concept

The reference MAG instrument consists of dual 3-axis fluxgate sensors mounted on a deployable boom,
which is positioned in the shadow of the Orbiter body. One sensor is at the end of the boom and the other at
an intermediate distance from the spacecraft body. It measures fields in several gain-ranges, which are
automatically selected by the DPU according to the in-situ magnetic field strength. This configuration
allows compensation for spacecraft generated stray fields.
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Figure 3.3.1: Functional diagram of the sensor head.
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Figure 3.3.2: Block diagram of the Magnetometer

In-Situ DPU tasks:

1. Average the data
2. Control sensor range
3. Switch MAG on/off
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Sensor performance
The sensors operates in the frequency range from DC to 128 Hz with a sensitivity 2-5 pT and 2-5 deg angle
precision.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 1.9 Two sensors (with related
FEE), harness, MLI and I/F
card, DC/DC converter and

DPU (before margin).

Dimensions [cm] 11x7x5 Sensor heads
Power average [W] 1.5 Including electronics,

sensor only is 0.1W
Power peak [W] 1.5
Operating temperature range [C°] -100 to +100 Sensor head
Raw data rate, average [bps] 800 Compressed data incl. HK,

16 vectors/s

Raw data rate, peak [bps] 6500 128 vectors/s, 16 bits
Data compression method Loss-less
Data compression factor 1.3 25 to 35 % reduction

Accommodation and pointing requirements

The sensors must be mounted on a boom in the permanent shadow of the spacecraft. One sensors will be
mounted at the end of the boom and the other in an intermediate position. The boom should be of sufficient
length to guarantee the sensors are not susceptible to magnetic interference from the spacecraft or other
boom-mounted sensor units. It is also critical for the MAG sensor temperatures to be controlled with respect
to short-term and long-term variations. It is expected that the sensors will therefore be thermally isolated
from the boom structure, and surrounded by MLI. Even though the sensors are permanently in shade, due to
the very eccentric orbit it is expected that there will be long-term temperature changes. It may even be
necessary to implement a heater in the sensor to keep it warm.

The MAG has no specific requirements on orbit or pointing.

Operations requirements

The largest problem for the MAG team during flight operations will be the calibration of the fluxgate sensor
offsets, which always evolve with time and temperature fluctuations. It is baselined for calibration purposes
to carry out a limited number of S/C rolls (2 to 3 complete turns per manoeuvre) around the Sun pointing
axis at non-critical times. Roll manoeuvres will be performed at specific times when a direct link to the S/C
is available and in the absence of other critical phases. It is anticipated that such manoeuvres will be carried
before entering each science phase and at an even spread of heliocentric distances. The max S/C roll rate is
limited by the AOCS performance and should not exceed 1 deg/s.

Operationally, the MAG is a simple instrument. The DPU will control the MAG ON/OFF status and select
the sensor gain-range according to a pre-defined ‘auto-ranging’ algorithm. The MAG has a built-in self-
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calibration function which will be used occasionally (approximately once per week), but this will be planned
in advance and executed by command. The MAG data rate is switched between:

1) Burst,
2) Normal and
3) Survey modes

according to the mission-plan or in response to some on-board event trigger. It is expected that MAG data
will be provided to other instruments on-board and/or that some processing of the MAG data in the DPU will
be performed in order to select ‘events’ in the magnetic field data. These may be used to trigger other
experiments’ burst modes.

Cleanliness, AIV and other requirements

Magnetic Cleanliness

It is most important that magnetic issues are considered in the design from day one and needs the
cooperation of all concerned - spacecraft, payload and AIV.. This can reduce costly workarounds at a later
date. Good design practice is quite straightforward, for example minimising the use of permanent magnets
and soft magnetic materials, and careful design of power distribution systems to minimise current loops.

Ground Operations

The magnetometer should have a gain-range which allows operation and functional testing to be performed
in Earth magnetic field.

A system-level magnetic test is highly recommended since it allows the magnetometer to operate the flight
gain-ranges and to check for compatibility with the spacecraft systems. Such a magnetic test may be
performed at a large magnetic test facility such as that at [ABG, Ottobrun, Germany. This test would also be
used to verify the spacecraft overall magnetic compatibility versus the requirements.

An EMC board consisting of members from the project, prime and instrument representatives should identify
critical platform and instrument units that could cause AC disturbances. Such critical units should be
carefully characterized for different operating modes.

It is necessary to use non-magnetic tools on the spacecraft and particularly on the boom and associated units.
MAG has no particular requirements for molecular or particulate cleanliness.

Open points, critical issues and Technology Development Activities

Thermal Electric Currents

Due to the extreme thermal environment, there may be a problem with currents induced in the (conducting)
spacecraft surfaces and structure due to large temperature gradients. The magnetic fields generated would be
a special problem close to the magnetometer sensor. Some experimental work has been done (TU-
Braunschweig, GSFC) to quantify this. Thermal electric currents can be minimized by ‘banding’ conducting
surfaces that may be subject to large thermal gradients.
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Accommodation of the sensors

A boom is required for the fluxgate magnetometer sensors, in order to keep them as far away as possible
from sources of magnetic interference on the spacecraft and other instruments. The boom and the sensor
units must be in permanent shadow of the spacecraft.

Interference from Spacecraft Systems

The spacecraft design from the assessment study is well optimised from a thermal point-of-view, but both the
solar panels and the high-gain antenna are located close to the magnetometer sensor. These are mobile
structures that are likely to cause magnetic interference. For the magnetometer this would be impossible to
separate from the real in-situ field.

Magnetometer Calibration

Fluxgate magnetometer sensor calibrations have a tendency to change with temperature in a way that is not
entirely predictable or repeatable. On a spinning spacecraft this is less of a problem since the spin-axis
offsets can be easily recovered. Solar Orbiter has two problems: firstly it is three-axis stabilised, secondly
over an orbit one can expect large temperature changes even for a shadowed unit. The S/C should be able to
perform yaw manoeuvres to allow MAG to calibrate away DC offsets. These manoeuvres would consist of 2
or 3 rotations about the sun-pointing axis, approximately twice per orbit. Roll manouvres will be performed
at specific times, when direct link to the S/C is available (e.g., HGA availability) and in absence of other
critical phases. They could be planned before entering the science operations (i.e., perihelion pass, max
southern and max northern latitude pass). The maximum spin rate is TBD but will depend on the impact of
dynamical disturbances on the AOCS and spacecraft (flexible appendages, RPW antennas, HGA, solar
arrays) and liquid sloshing. A preliminary assessment, suggests a maximum roll rate of 1 degree per second
(based on a reaction-wheel approach).

Summary of allocated mass values.

Unit Mass [kg] Remarks

Sensors 0.5 2x units (0.25 kg each)
MLI 0.15 2x 50 gr

Harness 0.2 40 gr/m, 4m boom, connectors
Sensor electronics 0.4 Including I/F to DPU
DPU/RTC 0.2 Electronics (single card)
DC/DC converter 0.2 Loop magnetometer
Electronic box 0.25 TBC

TOTAL 1.9 Before margin
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34 Energetic Particle Detector (EPD)

3.4.1 Scientific goals

The principal scientific goals of the Energetic Particle Detector (EPD) are:

- To determine in-situ the generation, storage, release and propagation of different species of solar
energetic particles in the inner heliosphere;

- To identify the links between magnetic activity and acceleration on the Sun of energetic particles, by
virtue of combined remote-sensing of their source regions and in-situ measurements of their properties;

- To characterize gradual (typically CME-related) and impulsive (typically flare-related) particle events
and trace their spatial and temporal evolution near the Sun.

- To measure energetic pick-up particles originating from the interaction of the Solar Wind with near-Sun
dust.

In order to achieve these goals, measurements should be acquired at high time resolution (capable of up to 1
s, during high flux situations), with as complete an angular coverage as possible in order to resolve particle
pitch-angle distributions.

3.4.2 Instrument concept

The EPD will determine chemical and charge composition and energy spectra of ions in a wide energy range,
from about the typical solar wind energies of a few keV to several 100 MeV/nucleon for protons and heavy
ions. Electrons should be measured from 10 keV to 10 MeV. The combination of electrostatic E/Q-analysis
with time-of-flight E/M-determination and subsequent direct energy measurement in a solid state detector
has been employed in many EPDs in the past and is also a possible design option for the Solar Orbiter.

The specific design suggested here resembles closely the one recently selected for the IMPACT instrument
on the STEREO mission. It is a multi-head sensor system using solid-state technology.

The EPD for the Solar Orbiter model payload consists of 5 separate types of detector systems with specific
measurement tasks to cover the required range of particles and energies. Determination of the pitch angle
distributions on a 3-axis stabilized S/C requires either multiple sensor heads at different S/C locations
looking into different directions relative to the magnetic field direction or at least one scanning or rotating
platform covering more than 270°. The current version of this instrument description is based upon the later.

Each detector system to be described below consists of a set of solid-state charged-particle detectors of
various types, thin foils, magnets, and microchannel plates:

STE (Supra-thermal Electron Detector): Electron flux and anisotropy, 2-100 keV

EPT (Electron and Proton Telescope): Flux measurements of electrons 20-400 keV, protons and He nuclei
20-7000 keV/nucl.

SIS (Supra-thermal Ion Spectograph): Elemental composition of He-Fe, Flux of *He ions 0.010-0.25
MeV/nucl. and ions of mass 2-60 with 0.005-2 MeV/nucl.

LET (Low Energy Telescope): Flux and angular distribution of protons 0.5-20 MeV, *He, *He 1.5-20 MeV/n
and ions Z > 2, 2.5-60 MeV/n

HETn (High Energy Telescope): Flux of electrons 0.3 - 20 MeV, positrons 0.3 — 1 MeV, ions (protons — Fe)
5-100 MeV, neutrons 1 - 30 MeV, and X-rays <1 MeV.
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Near sun observations require measurements of angular distributions with high time resolution of less than
12 minutes and from at least 8 sectors with an average aperture of 45°.

Multidirectional observations with high time resolution require either multiple sensor heads with multiple
view directions or accommodation of sensor heads with multiple view directions on a fast rotating platform.

In the following description both alternatives will be discussed for each sensor system separately.
The pointing requirement is modest, e.g., 1° for both pointing accuracy and stability.

3.4.3 Open points and critical issues

Detectors:

- Sensors field of view and actual accommodation on S/C.

- Radiation tolerance of ion-implanted detectors to be resolved.

- Front end electronics: analog ASIC with multiple CSA channels (8-16), filter amplifiers, AD converters
and discriminators.

- EMC disturbances to the magnetometers and radio science instruments from a rotating platform (if
adopted).

3.4.4 Sensors

3.4.4.1 Supra Thermal Electron Detector (STE)

Sensor performance requirements
The electron energy range for the sensor shall be 2 keV — 100 keV with a field of view of 60 x 60 degs.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 0.35 Single sensor

Dimensions [cm] 9x6x11

Power average [W] 0.2

Power peak [W] TBD

Operating temperature range [deg C] -30 to +30

Detector count rates [sec] 100 —2x10°

Raw data rate, average [bps] 460 Data is binned with
2 x 8 discriminators, 16 bins,
4.5 read/min, 24 bit counters

Accommodation and pointing requirements
The sensor is currently assumed to be located on a rotating platform in permanent shadow. Alternative
solutions are under investigation.

Operations requirements
Door opening mechanism, opening once.
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Cleanliness, AIV and other requirements

Dry-N, purge required for detector safety throughout ground operation period.

Acids, organic liquids except ethanol, and cleaning agents should be avoided in presence of STE EPD
detector systems.

3.4.4.2 Electron and Proton Telescope (EPT)

Parylene foll

2 PIPS with guard

Figure 3.4.1: Cross section of the EPT Sensor

Sensor performance requirements

The Electron and Proton Telescope reference instrument is similar to the STEREO Solar Electron Proton
Telescope (SEPT). The sensor telescope is constructed as an open cylinder with two solid-state detectors.
One detector aperture (electron side) is covered by a thin organic foil and the other detector aperture is
surrounded by a magnet. The thin foil leaves the electron spectrum essentially unchanged but stops low
energy protons (i.e, it is essentially only sensitive to electrons in the energy range 20 keV — 400 keV). The
magnet sweeps away electrons on the other side of the cylinder but lets ions pass to that detector. lons within
an energy band from 400 keV/nucleon to 7 MeV/nucleon will be measured in this detector. The electron
detector also detects ions with an energy high enough to enter through the thin foil - this flux can be
computed and subtracted from the electron flux.
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The sensor includes 2 telescopes mounted in parallel, but with the electron/proton detectors facing opposite
directions These form a compact unit since the magnetic yokes are shared between the telescopes. The
complete telescope FOV consists of four 56° cones (two parallel and two antiparallel). The external magnetic
field can be kept to low levels by exact matching of the individual magnets.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 0.7 One sensor

Dimensions [cm] 16 x 15 x 10

Power average [W] 0.7

Power peak [W]

Operating temperature range [deg C] -30 to +40

Detector count rates [sec] 10— 2x10°

Raw data rate, average [bps] 700 4 x 8 discriminators,
32 bins, 2 read/min

Accommodation and pointing requirements
The sensor is currently assumed to be located on a rotating platform in permanent shadow. Alternative
solutions are under investigation.

Operations requirements
Door opening mechanism, opening once.

Cleanliness, AIV and other requirements

Dry-N, purge required for detector safety throughout ground operation period.

Acids, organic liquids except ethanol, and cleaning agents should be avoided in presence of EPT EPD
detector systems.

Open points, critical issues and Technology Development Activities
Magnetic disturbance to magnetometer.

3.4.4.3 Supra-thermal Ion Spectrograph (SIS)

Sensor performance requirements
The energy range for the SIS shall be 5 keV/nucleon — 2 MeV/nucleon for He to Fe ions. The sensor shall
also be able to separate *He from *He above 10 keV/n.
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Suprathermal Ion Spectrograph (SIS)
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Figure 3.4.2: Cross section of the SIS Sensor

SIS is a time-of-flight mass spectrometer whose telescope cross section is shown in the associated figure.
The FOV is 16° x 44°, with the 44° angle in the orbital plane. Referring to the figure, the telescope analyses
ions that enter the telescope through a thin entrance foil (200A Al on 1000A polyimide) and stop in an array
of 9 solid state detectors. Secondary electrons from the entrance foil and solid state detector are accelerated
and deflected, then strike chevron microchannel plates (MCPs), providing START and STOP signals for the
time-of-flight measurement. The solid state detector signal provides a measurement of the kinetic energy of
the ion. The time-of-flight T, the energy E, and the 8 cm path Iength in the telescope (L) are then combined
to derive the mass of the ion: M = 2E(T/L)’. The incident energy is obtained by correcting for the energy
losses in the entrance foil and detector window.

The SIS geometry factor is 0.20 cm” sr, large enough to allow study of even small impulsive solar particle
events. SIS is optimized for detection of He and heavy ions: the triggering efficiency for protons is <<1%,
ensuring the ability to measure heavy ions even in very large intensity events in the inner solar system. For
each ion triggering the telescope, time-of-flight and energy information is obtained. Full information on
selected events is telemetered, and all events are classified into mass & energy bins which are summed on-
board to allow rapid accumulation of flux and spectra. SIS uses a common low-voltage power supply, and
detector bias, and generates its own high voltage (~4 kV) for the microchannel plate/secondary electron
assembly. The only commanding is occasional (every few months) adjustment of MCP bias.
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Estimated resource allocation

Parameter Value Remarks

Mass [kg] 1.5

Dimensions [cm] 10 x 20 x 13

Power average [W] 1.4

Power peak [W]

Operating temperature range [deg C] -30 to +30

Detector Count Rate 10— 2x10°

Raw data rate, average [bps] 420 Classification in mass and

energy bins, selected sample
events transmitted as PHA
words

Accommodation and pointing requirements

The sensor is currently assumed to be located on a rotating platform in permanent shadow. Alternative
solutions are under investigation. The estimated field-of-view is 16° x 44°; the 44° view being 26° off the
orbital plane.

Operations requirements
Door opening mechanism, opening once.

Cleanliness, AIV and other requirements

Dry-N, purge required for detector safety throughout ground operation period.

Acids, organic liquids except ethanol, and cleaning agents should be avoided in presence of SIS EPD
detector systems.

3.4.4.4 Low Energy Telescope (LET)

The Low Energy Telescope (LET) measures the elemental composition of H-Fe and angular distribution of
protons and helium. The energy range of protons and helium is 0.5 - 20 MeV/nucleon. In the energy range
1.5 - 20 MeV/nucleon 3He is resolved from 4He. Heavier ions are measured from 2.5 MeV/nucleon (O) and
reach up to 60 MeV/nucleon (Fe). Thus, LET covers the gap between EPT and HET for protons and helium,
and between SIS and HET for heavier ions.

In precise identification of ions, LET relies on the well-proven dE/dx-E technique with pulse height
measurements. Most abundant species are identified and tabulated in energy by on-board algorithms in order
to limit the telemetry requirements. Thus only a sample of pulse height data is linked down. In addition,
classification in mass and energy based on a hardware implementation without pulse height analysis is
required for high flux conditions. All data are collected with a time resolution of the order of seconds and
with a wide angular coverage.

LET has three front telescopes each consisting of two silicon detectors (D1 and D2 in Fig. 3.4.4), and sharing
a common stack of larger silicon detectors extending the energy range up to 20 MeV for protons. The view
cone of each telescope is 25 x 25 degrees, with a total angular coverage of 115 degrees. The total geometric
factor of LET is 0.11 cm’sr, approximately independent on energy. In the ideal case, LET should be
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accommodated such that the axis of the view cone of the centre telescope is in the orbital plane, the other two
telescopes looking at North and South of the orbital plane. In addition, for full directional measurements,
LET should be mounted on a scanning platform with an unobstructed view in the range 20-340 degrees
towards West of sun.

\—7 ) 25.0 dearees
D1
45 dearees
D3
\Y}
& D4
D5
AC
X
50.00 mm

D1: circular 100 mm’20 microns
D2: circular 100 mm. 300 microns
D3. D4: 40x30 mm? 500 microns
D5: 40x30 mm? 1000 microns
AC: 45x35 mm? 500 microns

Figure 3.4.3: LET design principle showing the three front telescopes each consisting of a pair of silicon detectors
(D1, D2), and the common stack of large-area detectors (D3-D5, AC).

Sensor performance requirements

The energy range for the LET shall be:

- 0.5 MeV/nucleon to 20 MeV/nucleon for protons and Helium

- 1.5 MeV/nucleon to 60 MeV/nucleon for other ions

The sensor shall also be able to separate 3He from 4He between 1.5 — 20 MeV/nucl.
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Estimated resource allocation

Parameter Value Remarks

Mass [kg] 0.65

Dimensions [cm] 15x8x 11

Power average [W] 0.75

Power peak [W]

Operating temperature [°C] -30 to +30

Detector Count Rate 10 —2x10°

Data rate, average [bps] 1,000 Classification in mass and energy bins
every minute plus selected sample
events transmitted as PHA words

Accommodation and pointing requirements

In the ideal case, LET should be accommodated such that the axis of the view cone of the centre telescope is
in the orbital plane, the other two telescopes looking at North and South of the orbital plane. In addition, for
full directional measurements, LET should be mounted on a rotating platform with an unobstructed view in
the range 20-340 degrees towards West of sun in permanent shadow. Estimated field-of-view is TBD.

Cleanliness, AIV and other requirements

Dry-N, purge required for detector safety throughout ground operation period.

Acids, organic liquids except ethanol, and cleaning agents should be avoided in presence of LET EPD
detector systems.

Open points, critical issues and Technology Development Activities
Radiation damage to the silicon sensors should be assessed in view of the probable inverse square scaling of
particle fluxes.

3.4.4.5 High Energy Telescope with Neutron Detection (HETn)

Sensor performance requirements

The energy range for the HETn shall be:

- 0.3t020 MeV for electrons

- 0.3to 1 MeV for positrons

- 5to0 100 MeV/nucleon for protons and ions (He — Fe)
- 1to 10 MeV for neutrons

- 100 keV to 5 MeV for X-rays and Gamma-rays

Several identical telescopes define the fields of view by sharing a Csl scintillator calorimeter in an efficient,
weight saving geometry and allowing for substantial anisotropy information. The telescopes each contain
three circular PIPS SSDs (thickness of 0.15 mm, 1 mm and 1 mm) with a total geometric factor of ~0.5 cm’
sr. The FOV limits ion path length differences in all detectors so individual elements from protons to iron
can be resolved. The particle type (e, p, heavy nuclei) is identified by measurement of energy loss (dE/dx)
versus total energy via pulse height analysis. Penetrating particle signatures will be pulse height analysed as
well in order to provide additional channels for adjacent higher energies and minimally ionizing particles.
The whole detector system is wrapped in active anti-coincidence shielding. The Csl light output is detected



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0

page 106 of 195

with photodiodes, and so is the plastic scintillator. For the anti-coincidence shielding readout a
photomultiplier tube is foreseen. A >30g plastic scintillator is mounted on the sun-facing side of the sensor,
embedded in the anti-coincidence shield and adjacent to the Csl, with the aim to provide the minimum-
weight fast neutron spectroscopy capabilities by measuring the energy loss of recoil protons. The plastic
scintillator does not interfere in any way with the instruments' scope to measure highly energetic ions.
Without any extra sensor mass, the detector can be used for X-ray and positron observations. The high-Z Csl
scintillator material is extremely sensitive to X-rays, providing even vital information of the time-dependent
background for the neutron spectroscopy. Positrons are identified by an electron energy loss signal in two
front SSDs of any of the telescopes, with no signal in the third SSD, in coincidence with the observation of
the annihilation X-ray energy of 511 keV in the Csl scintillator.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 1.7 kg Sensor only, electronics additionally 0.3 kg
Dimensions [cm] 17 x 15 x 8

Power average [W] 1.4

Power peak [W]

Operating temperature range [C°] | -30 to +40

Detector Count Rate

10 — 2x10°

Data rate, average [bps]

500

Classification in type, mass and energy bins every
minute plus selected sample events transmitted as

PHA words
(13 x 16 bins x 24 bits)

Accommodation and pointing requirements
The sensor is currently assumed to be located on a rotating platform in permanent shadow. Alternative

solutions are under investigation. The estimated FOV is split between three cones, each + 15 deg wide.

Operations requirements

TBD

Cleanliness, AIV and other requirements

TBD

Open points, critical issues and Technology Development Activities

TBD

EPD - Summary of allocated mass values.

Unit Power [W] Mass [kg] Remarks
STE sensor 0.2 0.35 Including I/F card
EPT sensor 0.7 0.7 Including I/F card
SIS sensor 14 1.5 Including I/F card
LET sensor 0.75 0.65 Including I/F card
HETn sensor 1.4 2.0 Including I/F card
DPU/RTC / DC-DC / box 32 24 TBC
Harness - 0.5

Total 7.7 8.1 Before margin
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3.5 Dust Particle Detector (DPD)

3.5.1 Scientific goals
The principal scientific goal of the Dust Particle Detector (DPD) is:

To determine in-situ the spatial distribution, mass and dynamics of dust particles in the near-Sun heliosphere,
in and out of the ecliptic.

Measurements obtained by the DPD instrument will enable the study of:
- The extent of the dust-free zone around the Sun;

- The sources of dust, e.g., from Sun-grazing comets;

- The role played by near-Sun dust for pick-up ions;

- Proto-planetary discs.

3.5.2 Instrument concept

The science objectives can be met with an instrument of for instance Nozomi heritage. Such a dust
experiment may consist of a twin sensor assembly, with one sensor looking in the ram direction and the other
sensor with FOV out of plane direction to resolve incidence angles.
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Figure 3.5.1: Block diagram of the Dust Particle Detector

For this model instrument (based on Mars Dust Counter on Nozomi), the dust particles will enter the detector
through a highly transparent metal wire grid. When the dust particle impacts a target plate (e.g. Au), the
impact plasma generated will be separated in an electric field and collected on a negatively charged (ions
channel) and positively charged (electron channel) collector plates. The impact charges from both collector
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plates are detected by charge amplifiers and recorded as short time sequences in the instrument. By analysing
the rise time and total charge collected can the mass and velocity of the impacting particle be determined. A
third collector plate with neutral potential can also be added to provide the time difference between the
impact and the arrival of ions and electrons on the biased plates. The measurement principle is shown in
figure 3.5.1.

3.5.3 Dust sensor

Sensor performance requirements
The dust sensor shall be able to detect particles with mass in the range in the range 10" g to 10° g and
determine the speed and possible the size of the particle.

Estimated resource allocation

Parameter Value Remarks

Mass [kg] 1.5 2x sensors, each 0.75 kg
including electronics

Dimensions [cm] 20 x 15 x 15 Envelope

Power average [W] 6

Power peak [W] 6 Each sensor 3 W

Operating temperature range [C°] -30 to +40

Raw data rate, average [bps] 50

Raw data rate, peak [bps] TBD

Data compression method TBD

Data compression factor TBD

Accommodation and pointing requirements

Two identical detector units should be located on the sides of the spacecraft body in permanent shadow, one
looking 90° off the spacecraft-Sun line (ram direction) in the orbital plane to measure the near-ecliptic dust
particles, the other one in the direction perpendicular to the orbital plane in order to measure dust particles in
orbits highly inclined to the ecliptic. The field of view of each sensor is + 45°.

No special pointing accuracy is required.
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Fig. 3.5.2: Possible physical implementation for a DPD sensor and electronics unit. Two identical detector units
should be located on the sides of the spacecraft body in permanent shadow.

Operations requirements
Operations will be performed continuously and modest telemetry allocation is required.

Cleanliness, AIV and other requirements
Continuous dry N, purging may be required.

Open points, critical issues and Technology Development Activities
No actual input from the community. Reference design only based on ESA experience (Nozomi heritage).
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3.6 Neutron and Gamma-Ray Detector (NGD)

The interaction of flare accelerated ions with the solar atmosphere produces gamma-rays in the energy range
100 keV to 10 MeV and neutrons in the range 1 MeV to 1 GeV. The gamma-rays can be detected in Earth
orbit, but because of the finite neutron lifetime, only high energy neutrons (> 100 MeV) have a high
probability of being detected at Earth. Solar Orbiter measurements, close to the Sun, will allow us to
uniquely probe low the energy MeV neutrons produced by energetic ion reactions with thresholds around 1
MeV/nucleon. These data will provide information on the accelerated ion spectrum in the energy range
between ~ 1 MeV and 100 MeV/nucleon when used in conjunction with the information obtained from y-ray
line measurements. The lines originate from the interactions of protons and energetic ions with the thermal
plasma and are our primary tracer of ion acceleration in flares.

Low-energy neutrons from small events on the Sun could even be measured almost continuously by Solar
Orbiter during its closest approach to the Sun, giving new insights to the problem of coronal heating by
nano-flares. These neutron measurements, when combined with optical or EUV remote-sensing
observations, will provide valuable information not only on solar acceleration processes but also on coronal
heating.

3.6.1 Scientific Goals

The principal scientific goals of the Neutron and Gamma-ray Detector (NGD) are:

e To measure low-energy (above ~1 MeV) solar neutrons that are produced by interaction of flare-
accelerated ions with the solar atmosphere.
e To measure temporal and spectral distributions of gamma-ray flare events.

Furthermore, the NGD instrument will study:

e The link between interacting and escaping ions, while removing most of the transport effects.
e The problem of coronal heating by nanoflares (low-energy neutrons from small events on the Sun.

3.6.2 Instrument Concept

The instrument described here is a combined neutron and gamma-ray detector designed to achieve the
scientific goals of the Solar Orbiter mission. Restrictions on mass, power and mission duration preclude the
use of the type of detector used on Mars Odyssey — a cryogenically cooled, high purity Ge detector. In
addition, in view of the pointing stability requirements dictated by the remote-sensing units, a mechanical
cooler cannot not be considered.

The design concept described here is based on an evolution of earlier instruments (e.g. Lunar Prospector).
The configuration consists of three components - an actively shielded LaBr; gamma-ray detector, a boron
doped plastic active anti-coincidence shield and neutron detector, and an electronics and data processing
unit. The NGD is illustrated in figure 3.6.1 and consists of an actively shielded cerium doped lanthanum
bromide (LaBrs:Ce) spherical crystal of diameter 8 cm with a total geometric factor of 201 cm®. LaBr; was
chosen for the principal detection element because of its high density (1.5 times that of Nal, i.e., 5.3 g cm™)
and its extremely high light output (61,000 photons per MeV (50% higher than that of Nal). An alternative
material would be LaCl or CsI(Tl). An active shield surrounds the LaBr; detector and consists of a boron-
doped plastic scintillator, BC454, which serves as the NGD fast and slow neutron detector as well as
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reducing charge particle and the Compton and pair production contributions in the primary crystal. The
shield is segmented into 5 optically cemented pieces, each viewed by a silicon photodiode. The central
detector is viewed by a small photomultiplier tube (PMT). Pulses from each photodiode are buffered with a
unity gain head amplifier and passed to high gain shaping amplifiers and then to discriminators. The
discriminated output signals are fed to a digital logic unit, which determines the hierarchy for pulse height
conversion. A flash ADC is used for pulse height conversion and so all events, (central detector and shield)
are processed and passed to a DPU. An FPGA then sorts events into valid gamma ray interactions in the
central detector (i.e., those which did not produce a coincident signal in the shield).

8 cm diameter

LaBr

MgO powder /

3 cm BC454

Figure 3.6.1: Cross sectional and schematic views of the NGD instrument.

The electronics also tests for fast neutron and slow neutron signatures as follows. Fast neutrons (0.5 < E,< 8
MeV) are identified by looking for time-correlated events in the plastic scintillator. Fast neutrons interact in
the shield via in-elastic n,p scattering followed by neutron capture (‘°B(n,a)’Li’) and the emission of an
alpha particle some 2.2 ps later after thermalization of the incident neutron. In 94% of cases, the Li nucleus
is left in its 1% excited state and de-excited to the ground state by the emission of a 478 keV gamma-ray after
107" 5. The Q value for this reaction is 2.3 MeV which is shared between the alpha (1.47 MeV) and the "Li*
recoil nucleus (840 keV). Thus, a fast neutron signature is an initial energy deposit in the shield, which is
proportional to the incident neutron energy, followed by second pulse height in the shield within 25 us (i.e.,
~10 x the thermalization half-life), from the alpha particle and recoil nucleus plus in a fraction of cases a
simultaneous 478 keV signal in the central LaBr; detector.

Slow or moderated neutrons (i.e., a composite of thermal/epithermal and slow neutrons (0<E,<500 keV) are
recognized by a pulse height signature consistent with a 2.3 MeV alpha particle plus Li recoil in the shield
and a coincident 478 keV photon signal in the central gamma-ray detector.

Thermal

There are no difficulties with the P/L thermal accommodation within the spacecraft, since the instrument can
operate within a wide temperature range 253 K to 293 K. Unlike other scintillation materials, such as BGO,
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both LaBr; and plastic scintillator are insensitive to thermal changes over a wide range of temperatures (-60
°C to +60 °C). The relevant temperatures ranges are as follows:

e Operations: 0°C to +20 C

e Storage long term: —40 °C to +60 °C (long term ~2 years)

e Stability assumed +1 °C during science operations within the range 0°C to +20 C.

Estimated resource allocation

Parameter Value Remarks

Mass [kg], before margin 5 Including DPU/RTC unit
Dimensions [cm] 15x 15 %25

Power average [W] 5 Including DPU/RTC
Power peak [W] 5

Operating temperature range [C°] -20 to +30

Raw data rate, average [bps] 400 Before compression
Raw data rate, peak [bps] TBD

Data compression method TBD

Data compression factor TBD

3.6.3 Accommodation

Mechanically, the NGD consists of a single box, constructed of composite material in order to reduce
unwanted backgrounds, with dimensions of approximately 15 x 15 x 25 cm’. The box is mounted directly
behind the spacecraft (S/C) thermal shield and contains the scintillators, PMT and some electronics. Care
will have to be given to the design of the thermal shield (or at least to the design of an appropriate “window”
in the shield) so that the type and amount of material between the NGD and the Sun will not significantly
attenuate the flux of neutrons and gamma-rays. A general guideline is that the shield window should be no
thicker than ~3 g cm™ and high Z materials should be avoided. The angle that the window should subtend,
when viewed from the NGD scintillators, should be at least 5° greater than the central detectors FOV
assuming the spacecraft +X axis remains within 2° of the center of the Sun. Similarly, the NGD should not
be located directly adjacent to large amounts of hydrogenous material (e.g., hydrazine, blocks of
polyethylene) as these materials will efficiently moderate high-energy neutrons to lower energy particles that
can scatter back to the sensor and be detected.

The electronics consist of a high-voltage power supply (HVPS), bleeder-board and preamp/line-drivers for
the PMT and photodiodes. Although the NGD has its own DPU, it may be possible to share a DPU with
other in-situ instruments should resource reduction be necessary. In this case, a power/signal cable connects
the NGD box to the shared, in-situ payload DPU. The NGD experiment would supply two electronics cards
to the DPU and these would be used for NGD processing.

3.6.4 Orbit, Operations and Pointing Requirements

For maximum science return, it is desirable that the NGD experiment be operated over all orbits and at all
solar radial distances. The instrument is self-calibrating during operation using known background lines. The
largely autonomous operation of the sensor and the low power and data rates required should not present
significant impediments to this operational goal. The only ground commanding necessary would be to switch
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the sensor on, off or to standby (sleep) mode as special S/C operations dictate. It may additionally be
desirable to adjust detector gains and thresholds from the ground at infrequent intervals during the course of
the mission. NGD will likely have a background and a burst mode that will be internally triggered and there
will probably be provision for autonomously reducing PMT high-voltage (to reduce detector gain) in case of
severe solar energetic particle events. There are no NGD requirements for S/C pointing other than that the
sensor should always remain shaded by the thermal shield and that the Sun should normally be viewable
through a thinned section of in the thermal shield (see above).

3.6.5 Cleanliness, Ground Operations and Other Requirements

Standard cleanroom practices should be adhered to when integrating, testing and storing NGD. There are no
critical particulate requirements as the unit will be sealed and no critical surfaces exposed. The PMT is
susceptible to degradation if exposed to elevated concentrations of helium gas for extended periods and this
should be avoided.

The LaBr; scintillator is hygroscopic and could be damaged if exposed to high levels of water vapour or
liquid water. The crystal will be packaged in an hermetically sealed enclosure allowing normal levels of
clean-room humidity control during storage or handling operations.

There are no pyrotechnic or other hazardous items associated with NGD. As the instrument has no
mechanisms or deployables, no special provisions/fixtures are needed for mechanical testing during ground
processing. No sensor purge is required.

It will probably be necessary to use low-activity neutron- and gamma-ray-producing radioactive sources
during ground processing to demonstrate aliveness, recheck calibration, etc., subsequent to integration,
environmental testing, and other launch preparations. Alternately, if radioactive sources present unacceptable
difficulties at the S/C contractor facilities, NGD could be returned to the home institution after integrated
testing, tested and recalibrated, and subsequently reintegrated to the S/C prior to launch.

3.6.6 Open Points, Critical Issues and technology development activities

Technology development activities will be required to produce large volume (~300 cm’) LaBr; crystals.
However, viable alternative scintillators already exist such as LaCl;:Ce and CsI(TIl), albeit with reduced
sensitivities, but still adequate for the science objectives. All of the other technologies associated with NGD
have been successfully demonstrated in flight and will require no significant development.

It is possible to simplify the design and use a silicon photodiode to readout the LaBr; crystal. This would
however, degrade the energy resolution.
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4 HIGH PRIORITY AUGMENTATION UNITS

High Priority Augmentation Units are described in Annex 1.
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Part 3 Payload Accommodation
and Interfaces
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1 INTRODUCTION

Payload accommodations and relevant interfaces to the Solar Orbiter spacecraft are described in the
following sections, based on references [RD5, RD6], thus on the results of a dedicated industrial study. Such
a study has focused on the identification of resource-efficient payload configuration, including an analysis of
different possible approaches to resources (mass, power, volume, data rate/storage, development cost and
risk reduction (see table below: down arrow means resource reduction, up arrow means resource increase). In
addition, the study has also included a preliminary analysis of an optimised accommodation of the different
payload units, based on the requirements listed in the previous version of the PDD [RD2].

Resource reduction option

Communalisation of Technology Standardisation Development

Resource functions improvements centralisation
Mass ] bl = b
Power Y] Y| = Y|

consumption
Volume bl | = y
Data storage and Y] = = =
data rate

Development cost N A '] bt
Development time A A | =

The identification of a resource-efficient configuration has proved crucial in the context of the system level
Solar Orbiter assessment study (parallel, competitive industrial activity) in view of meeting two main goals:
a) prove compatibility with tight programmatic constraints applicable to the mission; b) to instil flexibility in
the mission profile (i.e., chemical or short cruise).

The study on the accommodation of the instrument groups (In-situ and Remote-sensing) leads to two
different approaches, reflecting differences in science goals and operational requirements:

o IS instruments: characterised by smaller sensor head size and lower average data rate, but more
complex field of view and visibility requirements, relative to the remote-sensing units, can be more
efficiently accommodated by optimising their position on the spacecraft and sharing some data
processing functions, thus leading to a certain level of instrument grouping, with standard interfaces.

e RS instruments: characterised by larger volumes and masses, stringent pointing stability
requirements, more demanding thermal design and data processing / data rates, they impact directly
on the mission resources. The different science objectives, optics design and heavy data processing
requirements do not lend themselves to commonalty of functions / instrument grouping. A resource-
efficient accommodation can be only achieved by constraining the volume allocated to each
instrument, while remaining in agreement with the scientific requirements.
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The layout of this part of the Payload Definition Document (which is supposed to evolve in future in a
specific Solar Orbiter Experiment Interface Document) reflects these differences, with two separate sections
dedicated respectively to the accommodation of IS and RS instruments.

The In-Situ section is organised by instrument groups, reflecting the results of the above-mentioned
industrial study, including the introduction of common facilities such as a dedicated boom and possibly a
rotating platform. Such facilities are then described in more detail in a separate section.

The Remote-sensing section follows a more traditional approach, with each instrument being described
individually.

Key interfaces are summarised for all instruments in a single section, similarly to a preliminary list of
potentially ESA / platform provided items (the so-called Payload Support Elements).

Normal to orbit plane ﬁ\lUThFIeBﬁEJNTT@G
+ SWA-PAS, HIS - COR
* NGD + STIX BOOM
MOUNTED
INSTR.
P « MAG
Sun yelocity N & 8 » RPW mag &
| | Search coil
(% L[ sic Bopy
0 ] MOLUNTED
INSTR
* DPD -
LN * SWA-EAS H
SCANNING -
PLATFORM o VIM
INSTR « EUI

« EPD « EUS

RPW antenna

Figure 1.1: Schematic drawing showing the top-level instrument accommodation on the S/C
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2 ACCOMMODATION - IN-SITU INSTRUMENTS

The In-situ instruments are grouped or organized according to their accommodation requirements.

2.1 Boom Mounted Instruments

The boom mounted instruments comprise the Radio and Plasma Wave loop antenna and search coil sensors
(plus electronics) and the Magnetometer instrument. Theses sensors need to be located at some distance from
the spacecraft and will share a common boom extending out in permanent shadow behind the spacecraft.

The boom is one of the Payload Support Elements provided by ESA.

The RPW electric field antennas deployment mechanism must be behind the Sun shield and permanently in
shadow but with all three orthogonal antennas exposed to the Sun. It must be on a side of the platform where
the spacecraft high gain antenna will not interfere and vice-versa. All RPW receivers and MAG interface
card are located in an electronics box.

2.2 Sun Pointed Instruments

The Sun Pointed instruments contains the PAS and HIS sensors from the Solar Wind Plasma Analyser that
require Sun pointing apertures and the Neutron Gamma Ray Detector that requires to be located closely
behind the Sun shield. The Sun pointing apertures and Field of view through the Sun shield for SWA-PAS
and SWA-HIS will need to be further studied to minimise the thermal load inside the platform. Currently the
thermal load is assumed to be small enough that the SWA-PAS and SWA-HIS will not require separate
radiators. A max aperture area of 10 cm” at the rear of the Sun shield is presently allocated for each sensor
head which extends to provide the required field of view.

23 Energetic Particle Instruments

The Energetic Particle Detector instrument has five types of sensors; each sensor is sensitive to a specific
type of particle over a specific energy range. As well as measuring the energies of a variety of particle
species, a prime scientific objective is to measure their anisotropies. The particle field is highly anisotropic,
becoming increasingly so the nearer the Sun. At 0.22 AU this anisotropy may resemble pencil structures. The
angular scale for large-scale features is typically 10 to 20 degrees. Within this anisotropy, the time scales of
variability are of the order of a few seconds. The above then, defines the observational requirements for the
measurements. An additional requirement on the orientation of apertures is that, in order to map the 3-
dimensional time dependent angular flux distributions of particle species, the field of view should encompass
8 directions within the orbital plane and one outside. The field of view and coverage requirements for the
Energetic Particle detectors could be met by the following:

1) Rotating platform solution employing single sensors with restricted FOV [RD5].
2) Multiple sensor heads / larger Field Of View mounted on S/C body.

Option 1 has been demonstrated to be more mass effective, while posing significant problems for the
spacecraft pointing stability requirements and considerable failure risks. Option 2 is presently being
investigated.
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Figure 2.3.1: The un-obstructed and obstructed field-of-views observed from the scan platform. It is assumed
that the platform is located on the +Z panel (see spacecraft coordinate system as defined in the introduction.)
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24 Spacecraft Body Mounted Instruments

The spacecraft body mounted instruments comprise the two Electron Analyser Systems from the Solar Wind
Plasma Analyser and the two Dust Particle Detectors. The sensor heads from the SWA-EAS and DPD need
large unobstructed fields of view. The location of the sensors on the spacecraft is assumed to be close to the
corner between two side panels so that the SWA-EAS sensors can view both the equatorial and polar plane
while the DPD sensors will have free line of sight in both ram and North/South directions.

The EPD sensors will also have to be mounted on the S/C body if the rotating platform option is discarded
(see previous section).
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3 ACCOMMODATION- REMOTE-SENSING INSTRUMENTS

The accommodation of the Remote-sensing instruments intended for Solar Orbiter has been the subject of an
industrial study, based on ref. [RDS5]. Following a more accurate analysis of the mass budgets associated to
each of the Remote-sensing instruments, the study has highlighted a recurring tendency to underestimate all
mass values. New estimates, based on similar flight HW units, have been produced, showing the
incompatibility between the available S/C resources and the instrument requirements as presented in [RD2].

In subsequent trade-off studies, specific attention was given to an optimised resource (mass, power)
utilisation that would not jeopardise the science objectives as well as ease for AIT activities, S/W
development and risk mitigation. It was found that the length of the RS units is a strong system driver as it
determines the overall size of the orbiter S/C and therefore its mass. The conclusion of the study is that the
RS instruments should not exceed 1 m in length (direction parallel to Sun pointing, +X axis). Moreover, the
optical apertures required by the Sun pointing units have been shown to critically affect the design of the
thermal control system, thus implying the need to maintain the aperture diameters to the minimum value
compatible with science objectives defined in ref. [RD1]. Such key conclusions have been presented in more
details in ref. [RD5].

Given the large instrument sizes and corresponding masses, specific design requirements and large data
processing loads, the remote-sensing instruments are considered as functionally separate units. The
dimensions, mass and accommodation constraints of the remote-sensing instruments are listed in Table 6.1.
All remote-sensing instruments lie behind the sun shield and peer through it. In figs. 6.1 and 6.2 we show a
more detailed accommodation scheme for the RS instruments.

Table 3.1. Accommodation requirements for the Remote-sensing instruments

Instrument Size (cm®) Accommodation Constraints
Units

VIM Optics 80 x 40 x 30* 125 mm ¢ (TBC) + 13 mm ¢ aperture on sunshield.

Electronics 20 x 20 x 20 Location at satellite periphery for radiator accommodation
and primary focus heat stop rejection

EUS Optics 95 x25x 12 70 mm ¢ (TBC) aperture on sunshield - Location at the
Electronics 20 x 20 x 20 satellite periphery see radiator accommodation

EUI Optics 95 x50 x 30 3 (TBC) x ¢ 20 mm aperture on sunshield - Location at the
Electronics 20 x 20 x 20 satellite petiphery because of radiator accommodation

COR Optics 80 x 40 x 25 ¢ 180 mm aperture on sunshield, occulter supported by
Electronics 20 x 20 x 20 fixed boom protruding through S/C body.

STIX Optics 100 x 15 x 15 | 12 x 12 cm? aperture on sunshield
Electronics 20 x 20 x 20

* Assuming on-axis design. An off-axis design would require a larger footprint.

The two instruments with the most stringent pointing stability requirements are VIM and EUL. VIM will
have an internal stabilisation system (ISS), and could also provide a correction signal to the EUI. To
minimise the differences in pointing from thermal and disturbances, they should ideally be located together
and potentially on a common optical bench.
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Figure 3.2: Cross sectional view of the envisaged accommodation of RS instruments: lateral view (not to scale).
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4 PAYLOAD SUPPORT ELEMENTS (PSE)

The Payload Support Elements (PSE) are instrument specific items required for a proper accommodation of
the instruments on-board the spacecraft. They include the possible rotating platform for the EPD sensors and
functional units supporting more than a single instrument (e.g. boom). It also includes thermal control units
whose characteristics and procurement is strictly linked to the design of the spacecraft heat shield (e.g.,
instrument covers/doors, heat rejection windows, thermal straps).

The PSE items are presently considered as ESA provided items in order to reduce development risks and cost
as well as promote commonality of interfaces between spacecraft and instruments. Their resource needs are
accounted for in addition to the payload.

To date the following items are included in the PSE:

Payload Support Description / justification Nominal | Maturity | Total
Element Mass Margin Mass
(kg) (%) (kg)
RTC Remote Terminal Control units (mass already - NA 0
included in the individual instrument sections)
DC/DC converters Under consideration as common procurement (mass --- NA 0
already included in the individual instrument sections)
Boom A foldable boom is presently envisaged (total max 5 20 6
length 4 m). The boom will be procured as part of the
S/C due to the implications on AIV/AIT and platform
pointing performance.
Rotating Platform (*) A rotating platform is considered to host the EPD 4 20 4.8
sensors and satisfy their FOV requirements. The
rotating platform will be procured as part of the S/C
due to the implications on AIV/AIT and platform
pointing performance.
VIM filter A heat-rejecting filter is baselined for VIM. Given its 1.2 20 1.5
close interface to the S/C heat shield, the item shall be
procured as part of the S/C.
EUS filter (TBC) A heat-rejecting filter is baselined for EUS. Given its 0.4 20 0.5
close interface to the S/C heat shield, the item shall be
procured as part of the S/C.
Instrument doors All instruments requiring a direct FOV to the Sun 8 20 9.6
(Several items) require an aperture through the heat shield and a
related (multiple-operation) cover. Given their close
interface to the S/C heat shield, such items shall be
procured as part of the S/C.
Thermal interfaces As part of the P/L accommodation a number of I/F 5 20 6
(Several items) units will be required to ensure adequate thermal
control (e.g. dedicated straps, extra baffling/MLI).
TOTAL 23.6 4.6 28.4

(*) Adoption of rotating platform presently is to be confirmed (see page 141)
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4.1 Remote Terminal Controller (RTC)

As an alternative to classical DPU’s, simpler RTC units (with housekeeping signal conditioners and ADC's,
but without embedded micro-processor and related SW) could be considered, with all actual data processing
functions centralised on the P/L Data Management Unit (PDMU).

The RTC could be implemented by using the SpW RTC ASIC, which is currently under ESA development.
Each RTC has its own processor and many features adding considerable processing power to such units, thus
capable of covering all required functions. The embedded LEON processor could be used as an instrument
controller or even for data compression. The CAN interface could be used for data exchange within one box.
The first ASIC prototypes of the SpW based RTC should be available in spring 2006, a time scale that
appears to be compatible with the Solar Orbiter development plan.

RTC Remote Terminal Controller

UART 1 UART 2 GP 1/0

DAC I/F ADC
TIMER 1

RTM
RTC Manager
(wP)

ADC I/F DAC

JTAG

TIMER 2

SpaceWire FIFO/RAM CANC

HOST I/F

Interface 1/F CAN Controller

FIFO/RAM uP PROM

Figure 4.1.1: Block diagram of the SpW RTC

An alternative would also be the Atmel T7906E, which is a commercially available device for IEEE1355. It
is at present being updated to SpW standard. Main difference to the SpW RTC ASIC is the lack of CAN
interface and on- board processor.

4.1.1 Unit performance requirements

In order to provide additional information on the capabilities of the Space Wire RTC, we list below the key
requirements applicable to the devices under ESA development, called RTC.

e The RTC shall embed a LEON 2-FT processing unit
e The RTC SpW interfaces shall be fully compliant with the standard as described in the document
SpW — Links, Nodes Routers and Networks, ECSS-50-12A.
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e The memory for the processing unit shall be embedded in the RTC (external memory expansion is
possible).

e The RTC shall embed a buffer (FIFO) for Space Wire data

e The RTC shall be equipped with a FIFO interface.

e The RTC shall be equipped with a RAM interface of capability TBD. This will be used as buffer for
the transmission/reception of data through the SpW links.

e The RTC shall provide an ADC interface in order to easily manage most of the available ADCs
components

e The RTC shall provide a DAC interface in order to easily manage most of the available DAC’s
components

e The RTC shall provide two independent UART serial links for bi-directional data transfer.

e The RTC shall provide twenty-four bi-directional digital general-purpose I/0O channels. The 1/O
direction shall independently be configurable for each channel.

e The RTC shall embed two 32-bit timers, with a resolution of at least 1 us.

e For testing purposes a standard IEEE1149.1 interface shall be provided.

e The RTC shall be equipped with a host interface. It shall be optimised for connection with the most
popular processors and DSP’s for space.

e The RTC shall comply with CAN Specification Version 2.0, as released by industry (e.g. BOSCH).
The CAN controller shall allow a maximum data rate of at least 1 Mbit/s.

4.1.2 Resource estimate

The SpW RTC will be available as an ASIC in a 349 pin MCGA package. Power consumption is expected to
be of order 0.5 W and the final value will also depend on usage and workload of the ASIC. The mass is <
100 gr.

4.1.3 RTC Software

The software for the RTC is the subject of an ongoing ESA development (ITT ref. AO/1-4610/04/NL/JD —
Compact Digital Processing Unit Software Development) and is addressed in annex III (PI Software
Architecture — PISA).

4.1.4 Open points and critical issues

The power consumption of the ASIC is still unknown. It will largely depend on the number of functions that
are being used, and also on the workload of the processor.
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4.2 Power converter

4.2.1 Unit description

ESA is developing a centralized payload power supply (CPPS) that could be used as power supply for a box
comprising multiple instruments, e.g. the suites containing the in-sifu instruments.

4.2.2 Unit performance requirements

In order to provide additional information on the capabilities of the CPPS, we list below the key
requirements applicable to the power supply under ESA development.

- CPPS shall provide to a maximum of 10 Instruments a wide variety of supply voltages (5 V, £15 V,
12 V,+2,5V,+3,3V,+6 V, +10 V, +28 V) with a total average power of 40 W and a peak power of 50
W.

- Efficiency shall be above 80% for power deliveries between 20 W and 50 W.

- Instruments supplied by CPPS shall be switched ON/OFF via a TM interface; Instruments ON/OFF
status and input current drawn from the bus shall be monitored on a TM interface.

- CPPS output ripple, line, load and cross regulation shall be within 2% of nominal characteristics

- CPPS output voltages transients due to load or cross regulation, Instruments switching ON/OFF, input
voltages CS transients shall not exceed £4% of nominal characteristics

- CPPS shall be equipped with input under voltage, output over current and output over voltage
protections

- CPPS shall remain within specified performances in the —40°C to +70°C temperature range.

- CPPS shall employ components with radiation tolerance not lower than 30 krad and SEU LET threshold
>25 MeV cm’/mg

- CPPS design shall be easily adaptable to other interface requirements within the same average/maximum
power range.

4.2.3 Resource estimate

Overall CPPS volume shall not exceed 600 cm’, the overall CPPS weight shall not exceed 600 g.

4.2.4 Accommodation

N/A

4.2.5 Operations requirements

TBD

4.2.6 Open points and critical issues

The present design has to be scaled down to fulfil the requirements of the Solar Orbiter in-sifu experiments.
Power output of the prototype under development is in fact higher than required.
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4.3 Boom

4.3.1 Unit description

The platform provided Boom that in both stowed and deployed position always will be in shadow can be of
telescopic type or folded type.

4.3.2 Unit performance requirements

The boom shall be manufactured using non-magnetic materials not to disturb the magnetometers. Associated
deployment devices (e.g. motors, springs and damping mechanisms) are also required to be non-magnetic.
The length of the boom shall be ~ 4 m (TBC) to minimize the magnetic disturbance generated by the S/C on
the magnetometers. The eigen-frequency and stiffness requirements will be established on platform level.
4.3.3 Resource estimate

The mass of the boom with deployment mechanisms shall not exceed 6 kg (including margins). The power
consumption during deployment is TBD W.

4.3.4 Accommodation and pointing requirements

The boom shall be in permanent shadow in both stowed and deployed position so that the magnetometers
never are exposed to direct sunlight. The assumed mounting position of the boom is on platform panel facing
away from the Sun.

4.3.5 Operations requirements

The boom shall deploy only once.

4.3.6 Open points and critical issues

The compatibility of the boom length requirement (4m TBC) with the spacecraft pointing stability
requirement (RPE) needs to be verified.
Accommodation of multiple sensors on the boom (RPW, MAG) needs to be investigated in more detail.
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4.4 Rotating Platform

The In-Situ measurements carried out by EPD include pitch angle distributions and therefore require that
either:

- The sensors are placed on a rotating platform with DPU and converters close by (mass effective
solution — preferred in case of tight system level margins). The rotating platform with all sensors
requires an unobstructed view > 20° - 340° towards W of sun. The visibility in N-S direction
depends on S/C accommodation.

- Multiple sensor heads at different corners of spacecraft with comparable unobstructed view
(simpler implementation, preferred solution).

The Rotating Platform would accommodate five single sensors from the EPD and a common electronics box.
The rotating platform could be mounted on the +Z or -Z spacecraft panel and is one of the Payload Support
Elements. An example of the free line of sight for such a location is shown in figures 2.3.1. Potential
reflections from other surface such as the High Temperature High Gain Antenna and the RPW antennas also
will need to be minimised.

The accommodation of the rotating platform on the S/C must be in permanent shadow behind the Sun shield
in the equatorial plane. The rotating platform also needs to be located as far away as possible from the Sun
shield to maximise the free field of view for the sensors.

The field of view requirements for the various EPD sensors for the model payload are not optimised for a
rotating platform and may require further optimisation.

4.4.1 Platform description

A rotating platform is used for obtaining the required field of view of the EPD. This rotating will provide
continuous rotation about pitch (Z-axis) at a constant rate of about 5 rpm. The platform will have the
characteristics and design as indicated in the figure below and is included in the list of Payload Support
Elements. The adoption of the rotating platform allows meeting the FOV requirements of EPD, while
limiting the number of sensors to a level compatible with the S/C resources. Distribution of a large number
of sensors on the S/C body would also pose configuration and harness related issues, in addition to
significantly increasing the overall mass budget.
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Figure 4.4.1: Schematic cross section of the rotating platform

The proposed turntable could be an adaptation of the Magnetosphere Imaging Instrument (MIMI) platform,
flown on Cassini (see figure below). It was developed by VTT, under contract to the Max-Planck Institut fiir
Aeronomie at Lindau (D). The turntable rotates the LEMMS instrument continuously with a speed selectable
from a range of 2 to 12 degrees per sec. This is realized with a direct drive synchronous motor and custom
designed drive electronics with closed-loop control. The turntable provides the mechanical platform for the
instrument, a holder for a radioactive calibration source and an attachment ring for the spacecraft MLI. The
turntable /LEMMS is locked during launch by a Marman clamp, which is released by a wax actuator. The
turntable also provides a slip ring assembly for the LEMMS electrical signals and a feedthrough for purge
gas. In the case of MIMI, the operational temperature range is -35 to +45°C, the power consumption and
mass of the platform are 2.5 W and 3.5 kg, respectively.
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Figure 4.4.2: The rotating platform developed by VTIT (Finland) for the MIMI instrument flown on Cassini.

4.4.2 Unit performance requirements

The rotating platform for Solar Orbiter should have a rotating rate of 5 rpm with a lifetime of more than
17,000,000 revolutions to cover both nominal and extended mission but excluding the cruise phase (6.5
years). The platform needs to be electromagnetically clean not to disturb RPW and MAG science. Dynamical
disturbances induced by the rotating platform are a driving element for the RPE performance. Motor
characteristics need adequate analysis.

4.4.3 Resource estimate

- The mass for the rotating platform including drive electronics should not exceed 4 kg.
- The momentum of inertia with respect to the platform center of gravity shall not exceed 0.1 kgm®.
- The power consumption shall not exceed 4 W.

4.44 Accommodation and pointing requirements

The platform could be accommodated on the +Z or —Z panel of the orbiter spacecraft, in the shadow of the
heat shield. Installation on the —Z panel would allow to protect the platform during the cruise (but also
preventing its operations due to the SEPM).

4.4.5 Operations requirements

The rotating platform shall operate continuously during the whole mission excluding the cruise phase.
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4.4.6 Open points and critical issues

1. The rotating rate of the platform will impact the pointing stability required by the remote-sensing
instruments. A preliminary analysis of the anticipated disturbance of the spacecraft AOCS has been
carried out. It was found that a typical rotating platform would induce additional disturbances into the
pointing stability of about 0.3 arcsec (over 10 sec) at 5 rpm, rising up to 2 arcsec at 1 rpm.

2. The number of revolutions required over the science mission lifetime is rather large (of order 10 million
revolutions) and qualification status for slip rings, bearings and motor needs to be established. The two
Cassini platforms were qualified for 500000 scans alternating between + 100 deg at a rate of 0.2 rpm and
additionally 3 million rotations at 0.4-2.0 rpm. The rotary joints were cable wraps (16 lines) for
ACT/CAPS and slip rings (30 lines) for TT/LEMMS.

Based on | and 2 above, the rotating platform introduces a level of complexity and development risk that
may preclude its use on the spacecraft. A possible fallback solution is to mount fixed sensor heads at
strategic locations on the spacecraft body. This alternative, while inherently simpler, involves a further trade
between number of sensors to ensure global coverage and available spacecraft resources (especially mass
and accommodation). Additional investigations are ongoing.
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5 INTERFACES

5.1 Data handling system

A standard and systematic interface scheme is proposed for the Solar Orbiter payload data handling system.
A key design feature is the adoption of a dedicated P/L Data Management Unit (PDMU), independent from
the corresponding platform unit and also including the science data Mass Memory (Solid State Mass
Memory - SSMM). The interface scheme is based on Space Wire (SpW) RTC’s. The number of SpW links
depends on the amount of routers: in the current configuration, 5 SpW links are still available. With an
additional router, the number of available links would further increase (seven additional links). Some of the
spare links of the SpW routers allow additional flexibility to implement a combination of the following:

1. P/L-PDMU link redundancy. Some of the links between an instrument (or set of instruments) and the
router could be doubled in order to withstand a local failure (the RTC has two SpW links)

2. Routers link redundancy. It may be useful to double the connection between the SpW routers in
order to create alternative signals path and/or increase the throughput rate

3. EGSE interfaces. SpW links may be used to connect the system with the EGSE

4. Shortcut to S/C DHS. SpW links could be used to connect the SpW router directly to the S/C. This
would allow the system survival (being controlled remotely by the S/C in case of loss of the PDMU).

Spacewire |F Sun Pointing Suite Boom Mounted Suite
VIM Electronics Box STIX SWA-PAS
SWAHIS
il FEE Payload Data Management Unit STIX
SShIM
RTC RTC
Frocessor Core _
LEON 2 Router Lnit RTC RTC

Spvy router Q
p | Spvy Router—’-

EUI Electronics Box

Scanning Platform S/CBody
Mounted Suite Mounted Suite
ETC
EFCLEPT
EUS Electronics Box COR Electronics Box
ETC ETC RTC — RTC

Figure 5.1: Payload Data Handling Architecture
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The SpW router, shown in figure 5.1 as separate unit, may be embedded into the PDMU with a significant
mass saving. This approach would also ensure maximum re-use of existing hardware developed for other
missions. The functionality of the Instrument Control Unit is likely to be taken over by the RTC, however a
dedicated ICU (Instrument Control Unit) is optional, for those cases where the performance of the RTC is
inadequate. Dedicated Data Processing Units at instrument level are discouraged on the basis of the
following points:

3) The need to ensure a standard interface between S/C and instruments;

4) To exploit the advantages derived from a common procurement (see section 5 — Part 3)

5) To minimise resources by utilising the enhanced capabilities offered by modern Remote
Terminal Control units based on an ASIC design.

6) To facilitate a common SW implementation philosophy.

The proposed approach is fully consistent with the RTC development being carried out by industry under
ESA contract (reference A0/1-4497/04/NL/AG) and also being adopted by the BepiColombo project. To date
we are assuming that the RTC processing capability will be such to host all the instrument specific control
and data processing functions, including data selection and compression. This assumption will have to be
verified at a later stage based on the actual instrument demands and the RTC performance. According to this
scheme, the PDMU would take care of the higher-level data compression and formatting, as well as the
management of the Solid State Mass Memory. Should the instrument requirements exceed the RTC
performance, the PDMU could offer spare data processing capability. In that case the need for a common
SW environment is essential. This topic is the subject of an ongoing ESA development (ITT ref. AO/1-
4610/04/NL/JD — Compact Digital Processing Unit Software Development) and is addressed in annex III (PI
Software Architecture — PISA). This software development environment would also apply to RTC and is
thus device transparent, allowing processes to share resources between PDMU and RTC units. The PISA
framework would allow having part of the program executed remotely on the RTC. The RTC would be seen
as an extension of the PDMU via a space-wire link. In this way the same software tools can be used on
PDMU and RTC, which will ease development and configuration control. Specific advantages of this
approach are:

e The RTC could take over tasks as low-level commanding, low-level data formatting or instrument
specific data compression.

e The PDMU would perform tasks like execution of high-level command sequences, instrument
independent data compression and communication with the mass memory. Data evaluation or autonomy
features should also be done on the PDMU.

It is encouraged to keep the instrument specific hardware to a minimum. As an example, there should be no
large instrument buffer memories controlled by the RTC.

5.2 Power

The spacecraft is in charge of delivering protected primary power at 28V. The power is summarized in table
6.1. The spacecraft Electrical Power System is dimensioned to provide to the payload complement a total of
150 W (nominal) + 20% maturity margin. It is assumed that a distributed approach to DC/DC conversion
shall be adopted.
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5.3 Instrument doors

This section summarizes the preliminary reference requirements applicable to the analysis and design trade-
offs to be performed on the instrument doors. More detailed requirements are now required.

Functional requirements:

1. The instrument doors shall keep the integrity of the heat shield over its complete area at any point in
time during the mission.

2. By closing an instrument door it will be possible to minimise the degradation or the contamination of
sensitive optical surfaces (e.g. filters, optics, baffles).

3. The instrument doors shall be designed to be actuated in relation to the needs of the corresponding
instrument (e.g. internal calibration, during S/C de-pointing e.g. COR, in case of instrument failure).

4. Protect the instrument from direct sunlight during LEOP, allow out-gassing without direct sun light
on the optics.

5. Control venting during on-ground purging and during the launch (air flow and acoustic loads)

Operational requirements:

1. The number of operations to be sustained by the heat shield doors shall be determined on the basis of
the contamination effects analysis and the related wheel off-loading frequency, as well as on the
basis of the specific instrument needs.

Design requirements:

1. The doors design shall be fully compatible with the overall thermal and mechanical design of the
heat shield.

2. The doors design shall be compatible with the out-gassing requirements of the instruments during all
mission phases.

3. The doors design shall aim to minimise mass while maximising overall reliability.

4. The opening of the door should be controlled to avoid thermal shock on any foil filters.

It is anticipated that a single door will be needed for all the apertures of EUI (HRI and FSI) and 1 door each
for the EUS, COR and VIM.

54 Thermal

The thermal control system is based on limiting the heat flux into the spacecraft by utilizing a thermal shield.
This shield needs to be separated from the main body in order to limit conductive heat transfer between the
hot shield and the spacecraft bus. The distance from the outer side of this shield to the spacecraft structure is
between 10 and 20 cm. By using this shield approach the radiators will be able to radiate sufficient heat to
keep the orbiter within the required 0/+40 °C degrees operational temperature and -10/+50 °C non-
operational temperature.

The sun shield will be oversized in order to ensure that the lateral walls of the spacecraft will always be in
shadow even in case of failure modes. This will provide cold and stable sink temperatures for the radiators.

The thermal control will vary for different elements. For the units in the spacecraft not receiving direct
sunlight, such as electronics, propulsion tanks and reaction wheels, collective thermal control will be utilized
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by passive radiators complemented with heaters. Appendages such as antennas and solar arrays will have to
be individually controlled and kept thermally decoupled from the spacecraft, while the payload will have
customized thermal control interfaces according the principles described in this chapter.

5.4.1 Remote-sensing instruments

The remote-sensing instruments are large contributors to the received heat flux for the orbiter. The heat
fluxes that are currently assumed for each remote-sensing instrument are listed in table 5.4.1. In the table the
total absorbed heat flux is the absorbed heat over all elements of the instruments (excl. external filters and
baffles). In addition to the associated loads in the table there will be some associated heat flux coming from
components running at high temperatures. This will be especially the case for the entrance filter on VIM, the
external occulter on COR and the entrance grid on STIX.

Average
Instrument Aperture |Total absorbed| Heat load electrical power
diameter (mm)| solar flux (%) (W) (W)
VIM* 125/180 ~5 19.1 -39.6 34
EUS 70 ~100 91.3 (25)
EUI (HRI) 20 ~100 3x10 25
EUI (FSI) 20 ~100 10 25
COR 180 (TBC) ~8 62 25
STIX 40 ~0 ~0 4
Total - - 212.4 - 234.7 138

Table 5.4.1: Heat loads on the different remote instruments.

The heat load doesn’t include electronics dissipation, nor does it include conductance or radiation from the components
that are running at high temperatures (e.g. VIM entrance filter, COR external occulter, etc.). The absorbed fluxes in EUI
and EUS are assumed to be ~100 %. This is a simplification and assumes no reflected flux back through the aperture.

* VIM heat load is only for the HRT and not for the FDT.

A description of each individual instrument’s thermal control is given in Part 2, section 2.6.3. The thermal
control of the remote-sensing instrument is based on limiting the heat flux into the instrument by employing
external filters or entrance windows wherever possible. These filters would greatly reduce the complexity of
the thermal interface and the thermal design of the orbiter.

Each instrument will require a baffle between the sunshield and the instrument envelope. This baffle must be
decoupled from the spacecraft to limit thermal conductivity. The baffle might also be equipped with a door
either on the sunshield structure or at spacecraft entrance (see section 3). In some cases reflective baffles will
be used in order to limit the temperature of the baffle and hence the thermal conductivity into the spacecratft.

The thermal control system of the spacecraft will provide the required temperatures for the different elements
of the instruments. However, fine thermal control of each element has to be performed by the instrument
itself. This fine temperature control is assumed to not utilize more than ~ 10 W of electrical power per
instrument.

The thermal control of the remote-sensing instruments will have different interfaces to different elements of
the instrument. Mainly four elements will have different interfaces; the detectors, the instrument box, the
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electronics and the hot elements (e.g. mirrors and heat stops). Figure 5.4.1 shows how this might be done for
one remote-sensing instrument.

The thermal control of the instrument boxes is through radiative and conductive coupling to a radiator. When
the instrument contains hot elements such as heat stops and hot mirrors a separate interface will be provided
to these. These hot interfaces will typically employ heat pipes or fluid loops connected to a spacecraft
radiator in order to transport sufficient heat from these elements. All instrument radiators are currently
assumed to be located on either + Y, -Y or —X face depending on the final spacecraft and payload design.

For cold detectors separate and dedicated radiators will provide sink temperatures as cold as -60 °C. Passive
control is expected if the required detector temperature is above this limit. However, for detectors requiring
lower temperatures Peltier elements are introduced which will provide detector temperatures down to less
than -80°C.

M
[

%
i

Sink Box radiative and  Fluid loops or
temperature conductive heat pipes for
for detectors coupling hot alements

Figure 5.4.1: Possible thermal interface design for a remote-sensing instrument (left), and how different
temperature radiators might be located (right).

The spacecraft will provide radiators at different temperatures. Due to the thermal flux from the heat shield,
the colder radiators must be located on the —X panel.

The radiators for the instruments will be at different temperatures depending on the instrument needs. Figure
5.4.1 (right) shows that the colder sink temperatures will be located towards the spacecraft —X face and
potentially on this panel. Hence the detector radiators will be located on this side of the spacecraft. Table
5.4.2 shows a rough estimate of the radiator sizes based on the heat loads described in Table 5.4.1.

The table shows only the radiators for the hot elements and the detectors as the rest of the instrument
elements are assumed to be collectively controlled. It is clear from this table that the detectors are the drivers
for the radiator sizing.
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Instrument Detector Radiator Radiator heat rejection Heat input’ Radiator area

temperature temperatures1 capability [W/m?] [W] [m?]
VIM --- 40 ~400 15 0.04
EUS - 40 ~400 100 0.25
EUI (HRI) --- 40 ~400 30 (TBC) 0.07
EUI (FSI) --- 40 ~400 10 (TBC) 0.02
COR --- 40 ~400 62 0.15
VIM APS 0 -90 ~50 1 0.02
EUS APS -80 -90 ~50 6 0.12
EUI (HRI) APS -80 -90 ~50 18 0.35
EUI (FSI) APS -80 -90 ~50 6 0.12
COR APS -80 -90 ~50 6 0.12

Table 5.4.2: Radiator sizing for different instruments.

'The radiator temperatures imply that the temperature of the payload components are about 60 °C for the 40 °C radiator
and about -60 °C for elements without Peltier and —80 °C with Peltier elements, assuming a radiator temperature of -90
°C.

? Heat input is only for hot elements and cold detectors (in this case corresponding to the power dissipated into the
Peltier element). The rest of the elements will not have a customized interface. The EUI heat input is TBC as the heat
load will be distributed over a large baffle. Nevertheless it might still be more efficient to have a separate control.

The electronics of the instruments are collectively controlled like other spacecraft electronics. Passive
thermal control with radiators and required heaters is envisioned. A black coating is recommended to benefit
from the ambient temperatures inside the spacecraft and to maximize the radiation exchange. In case
maximum decoupling from the cavity is needed aluminium coating is recommended.

At large distances from the Sun the instruments will be heated to keep them at the required temperatures. The
thermal control will be done to keep the instrument elements within the temperature limits described in Table
5.4.3. The different elements such as optics, detectors, electronics etc. will then be kept at different
temperatures to limit the heater power required. Additional input is required in order to complete table 5.4.3.
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Spectral Operating Temperature Requirements Thermal Stability
Instrument band Requi ¢
an Element Min °C Max °C equirements
Entrance filter TBD | 250 (TBC) | Instrument stability: 1°C
400-700 | FDT entrance lens TBD TBD | pMP: 1°C stability + 0.5°
ViM Mi 0 80 L0.1°
nm irrors Fabry Perot : 0.1°C
Heat Stop TBD 100 stability + 0.025°
APS =5 20
17— 100 Mirrors TBD 80
EUS nm Heat Stop TBD 100 TBD
APS TBD —80
Filter TBD 100 (TBC)
EUT 13-30 Mirrors TBD | 100 (TBC) TBD
nm Field Stop TBD 100 (TBC)
APS TBD -80
. External occulter TBD 480
Visible . S
Sun Disk Rejection
. -30 70
COR (30 nm Mirror TBD
+122 nm Other mirrors -30 70
optional) MCP (optional): TBD 20
APS: TBD - 60
STIX 3 l;31\]50 Sun shade TBD TBD TBD
CdZnTe focal plane =25 25

Table 5.4.3: Temperature requirements for remote-sensing instruments

5.4.2 In-situ instruments

The shield covers most of the in-situ instruments except for RPW antennas and the entrance apertures of the
SWA-PAS and SWA-HIS which require a field of view through the shield. These instruments will have an
entrance system, thermally decoupled from the rest of the instrument, running at high temperatures. The
entrance system of these to sensor heads will have to be better defined in order to get a good estimate of the
heat flux into the instrument. However, table 5.4.4 shows a preliminary estimate for the absorbed heat
assuming, running the entrance system at 150 °C and o/e of 0.6.

Instrument Aperture area | Total absorbed | Heat load |Average electrical
(cm?) solar flux (%) (W) power (W)

SWA-PAS 10 40 15 (TBC) 2

SWA-HIS 10 40 15 (TBC) 7

Total - - 30 9

Table 5.4.4: The solar flux induced heat load on the in-situ instruments.

Both SWA-HIS and SWA-PAS will be controlled in a similar fashion to the remote-sensing instruments with
separate interfaces to different elements within the instrument.

The remaining in-situ instruments can be divided in two groups. One group is inside the bus and receives no
sun flux. These instruments will be collectively and passively controlled together with the rest of the
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spacecraft. The second group consisting of the instruments located outside the spacecraft structure will have
to perform individual and independent thermal control. The spacecraft will for these instruments only
provide the heating power required, which is currently included in the overall power allocation.

The antennae of the RPW are placed in the Sun and hence it has to be thermally decoupled from the
spacecraft similarly to other appendages. The materials will therefore have to be carefully selected to ensure
limited heat flux into the spacecraft.

The NGD sensor is located behind the heat shield and does not require a dedicated entrance aperture as long
as the type and amount of material between the NGD sensor and the Sun does not significantly attenuate the
flux of neutrons and gamma rays.

5.5 Pointing requirements

Based on the Mission Requirements Document [RD9], the Solar Orbiter S/C will provide pointing accuracy
and stability according to the table below.

Pointing parameter Line of sight Around line of sight
Absolute Pointing Error (APE) < 2 arcmin <20 arcmin
Pointing Drift Error (PDE) <1 arcmin / 10 days < 10 arcmin / 10 days
Relative Pointing Error (RPE) <1 arcsec / 10 sec <2 arcsec / 10 sec

Table 5.5.1: Pointing requirements for the Solar Orbiter spacecraft.

The Solar Orbiter RPE will have several disturbances that will affect its performance. This is due to moving
components in the spacecraft bus.

At these fine-pointing levels, the AOCS wheels will produce vibrations, especially at high speeds (> a few
thousand rpm). Depending on the spacecraft design, this may degrade the pointing stability performance
(RPE), exceeding the specification. Operational procedures limiting the maximum wheel speed will
consequently need more frequent momentum off loadings, during which times the RPE would be briefly
exceeded.

The rotating platform is also a moving component that will contribute to the RPE performance. This is again
directly dependent on the angular velocity of the rotating platform. A rotating platform would provide
disturbance to the RPE in the order of 0.3 arcsec at 6 rpm and up to 2 arcsec at 1 rpm.

An additional moving component that will contribute to pointing disturbances is the operation of the HGA,
which, during movement, will create disturbing torques on the spacecraft, but only for a short duration of
circa 1 second. The HGA can be moved in either very small increments (in worst case every 50 seconds)
with correspondingly small (0.5 arcsec) perturbations on the RPE or less regularly with a larger effect on the
RPE.

The solar arrays have to be adjusted to maintain their temperature to below the maximum specified operating
temperature, whilst still generating sufficient power. We anticipate that the arrays do not require moving
more than once per day.
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Additionally, the boom and the RPW antennas will both have an impact on the pointing performance after a
change of pointing the HGA or solar arrays. These components will contribute to the performance of the
AOCS as they have large moment arms and as such will induce large disturbing torques that might not be

predictable. The impact of these components is yet TBD.
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6 CONTAMINATION

6.1 Introduction

The highly sensitive instruments onboard Solar Orbiter will introduce various cleanliness requirements on
the S/C. These requirements will in several cases be more difficult to control than with previous S/C, as the
extreme environment in close proximity to the Sun is not normally encountered with Space missions. This
document outlines the overall approach that is intended to be followed for the SOLO project and to raise
awareness of the critical areas that will need special attention.

6.2 Particulate and molecular Cleanliness

6.2.1 General

The cleanliness requirements on Solar Orbiter are mainly derived from performance requirements of optical
surfaces, especially the instruments sensitive in the UV or EUV spectral band. In order to limit the thermal
dissipation inside the S/C, the external optical apertures are kept as small as possible. Hence, a degradation
of the transmission would have serious consequences for the signal to noise ratio for the optical instruments.

It is well known from e.g. synchrotron radiation optics that a contaminant deposited on an optical surface,
even inminute quantities, polymerizes under UV exposure and quickly degrades the reflectivity and
transmission. The extreme environment (high UV fluxes and varying thermal environment) for SOLO will
make it even more challenging and could possibly become a design driver. A structured cleanliness approach
will have to be established from the very beginning of the SOLO project to limit the risk of loosing the
scientific performance of the instruments. As a baseline, the ECSS-Q-70-01A, “Cleanliness and
contamination control, Space Product Assurance” standard shall/will be applied [RD10]. This standard will
have to be applied for all project phases from component manufacturing, through S/C integration to launch
and scientific operations.

6.2.2 Requirements

The detailed requirements on maximum allowed contamination budget will have to be established by each
instrument based on the scientific performance requirements and detailed instrument design. It is anticipated
that a maximum allowed EOL molecular contamination level of 1.0x107 g/cm” will be required by UV/EUV
instruments [RD2] for optical surfaces. Considering that the maximum allowed BOL contamination level
will be a fraction of EOL limits and that the detection limit for analysis of witness samples such as IR
transparent disks (MgF,, CaF,, ZnSe) is 2.0x10™® g/cm” [RD10], the contamination monitoring during project
phases before launch will also be a challenging task.

Each instrument team will be to required to analyse and predict the expected scientific performance
degradation as a function of particulate and molecular contamination on critical surfaces. On basis of this
analysis, a detailed contamination budget shall be established. ESA will critically review such analyses since
an over specification of these requirements may introduce unnecessary cost to the project while an under-
specification may introduce risks to the science return [RD1]. The breakdown of the maximum allowed
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build-up (after appropriate cleaning actions) for the various project phases could be as shown in the example

table below.

Instrument Com- Instrument | Instrument S/C Launch Launch End
subunit ponent manu- integration | integration vehicle and Scientific
manu- facturing integration cruise operations
facturing phase (EOL)
(BOL)
Entrance 5x107 1x10® 2x 10" 3x10® 4x10® 5x10" 1x 107
window g/cm’ g/cm’ g/cm’ g/em’ g/cm’ g/em’ g/em?
Primary 5% 107 1x10°® 2x 10" 3x10°® 4x10°" 5x10°% 6x10°
mirror g/cm’ g/cm’ g/cm’ g/em’ g/cm’ g/em’ g/em’
Detector 5x107 1x10® 2x 10" 3x10® 4x10® 5x10% | 6x10°
g/cm’ g/cm’ g/cm’ g/em’ g/cm’ g/em’ g/em’

Table 6.2.1: Example of contamination budget

6.2.3 Approach/organization/responsibilities

The instruments teams, responsible for establishing the maximum allowed contamination budget for each
instrument will together with ESA and the prime contractor representative form a Contamination Review
Board (CRB). The CRB will coordinate the activities related to contamination control and make
recommendations to achieve a proper level of cleanliness.

The instrument teams will in addition be required to prepare list of materials and processes that are planned
to be used for the assembly of the instruments. These lists will be reviewed by specialists and approved by
ESA if found to be acceptable for outgassing and particulate contamination in the application.

Furthermore, each instrument test will be required to produce an instrument cleanliness control and
verification plan for ESA approval. The correct implementation of such instrument specific control and
verification plans will be closed by providing cleanliness certificates upon delivery of the instruments to the
S/C.

A contamination engineer will be appointed under Solar Orbiter prime contractor responsibility that will be
the main responsible for implementing the cleanliness control plan for S/C, instruments and AIV/launch
facilities. The prime contractor will be responsible for the cleanliness state of the instruments after delivery
by the instrument teams. The prime contractor will also monitor and approve the cleanliness control at
subcontractors and AIV/launch facility. However, the responsibility for cleanliness state and verification of
clean rooms is under the responsibility of the facility contractor.

Violation of contamination allocation at any project phase will be reported in a non-conformance report and
will be processed in a Materials Review Board that will define corrective actions as defined in the
corresponding PA plan.

6.2.4 Design approach

Several sources of molecular contamination are normally present on a S/C. During ground operations, human
beings are normally one of the biggest sources. However, several materials such as paints, coatings,
adhesives and lubricants are well know to outgas but also external sources such as vapors, fumes, aerosols
and residue from processing hardware can contribute to molecular contamination. Hence, reducing the
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sources by selecting and applying materials and processes will have to be considered from the beginning of
the design phase.

Another approach is to reduce the impact of the inevitable contamination that also have to be considered
from the beginning. Such measures include e.g. using grazing angles of optical surfaces, keeping sensitive
surface warmer than the surrounding surfaces, designing in cold traps close to sensitive surfaces, positioning
vent holes away from sensitive surfaces and protecting sensitive surfaces by covers or clean gas purging.

6.2.5 Materials and modelling

Good out gassing data is a requisite for contamination modeling. It is anticipated that materials to be used on
Solar Orbiter will have to be tested according to the ASTM-1559 test method [RD11] at operating
temperatures to be able to have a realistic model even though this test method is more expensive than normal
Micro-VCM test [RD11]. The prime contractor will be responsible for modeling the S/C out gassing
behaviour with for instance ESABASE out gassing. For instrument internal contamination, it would be up to
each instrument team to decide if such modeling is required depending on the criticality.

Outgassing test data exist from both ESA and NASA sources. However, the applicability of such existing
test data will have to be critically screened since some data is rather old and the influence of process
parameters sometimes have a big impact on the resulting out gassing properties. It is anticipated that several
Solar Orbiter specific out gassing tests will have to be performed and a list of preferred materials with
outgassing data generated by ASTM-1559 test method [RD11] will have to be established.

6.2.6 Compliance verification

In verifying compliance to allowable contamination limits, monitoring throughout the various project phases
will be required. Such verification shall not be limited to processes and materials but will have to include the
actual cleanliness conditions during assembly, integration and test activities. It is anticipated that
contamination build up from for instance the ion propulsion module during cruise and out gassing during the
science phase also will have to be monitored for verification to the contamination model.

In-orbit contamination measurement is considered an important element in the overall Solar Orbiter
cleanliness concept since the science operations may even have to be adapted (longer bake-out, when to open
covers etc) based on modeling the in-orbit contamination build up. Such monitoring may be performed with
Micro-QCM devices with performance similar or better as the one flown on Brehmsat.

Facilities (clean rooms, vacuum chambers etc) will have to be certified before use to applicable cleanliness
level and shall be specified in corresponding lower level cleanliness control plan. Typical cleanliness
monitoring based on particle counters and regular wipe tests in combination with integrating witness plates
should be used at all times.

6.2.7 Working practices, training

For an efficient cleanliness control program to work, all people involved in handling flight equipment must
be aware of the risks and requirements. A simple control measure is to limit the number of people actually
handling flight equipment. However, where specialist skills are needed, the proper information and training
must be provided. Hence, each instrument team as well as prime and facility contractors will be required to
establish a cleanliness training and certification plan as part of their control plan.



Eesa

Issue 4 Revision 1 - SCI-A/2004/175/A0
page 144 of 195

An activity that should be paid special attention is transport and suitable packaging requirements. It is
anticipated that most stringent packing requirements will be required (triple bagging, permanent purging etc)
and this will have to be taken into account when planning transportation from sub-contractors and parts
suppliers.

Every H/W supplier on Solar Orbiter will be required to provide validated cleaning and bake-out procedures
for their parts. Clearly, some surfaces are not to be touched at any occasion and a cleaning procedure and
trained personnel should still exist in case a verification action should fail.

6.3 Magnetic Field cleanliness

6.3.1 Requirements

The magnetometer instruments onboard Solar Orbiter have special requirements regarding electro-magnetic
cleanliness. For instance, the model instrument MAG will require an absolute accuracy of 1 nT with pT
resolution to fulfill the science goals. Hence, uncontrolled disturbances at the mounting point of the MAG
sensor should be a fraction of nT, a target possible to achieve as experienced from earlier S/C designs.

Given the tight resource constraints applied to Solar Orbiter, realistic requirements on the magnetic
cleanliness will have to be defined and cost-effective solutions identified. Solar Orbiter is not intended to be
a true magnetically clean S/C since the available resources and especially cost penalty will not permit
specially engineered solutions where magnetic cleanliness requirements conflict with other requirements.
However, a lot can be achieved by applying known engineering practices such as identifying and reducing
disturbing sources, shielding and compensation. The most important problem for magnetometers tend to be
S/C induced magnetic disturbances in the low frequency band, e.g. DC to approximately 50 Hz. Taking
engineering design measures into account early to minimize such disturbances is a relatively low cost
approach and has provided good results in the past if implemented properly.

6.3.2 Approach/organization/responsibilities

The S/C prime contractor will appoint a magnetic cleanliness responsible engineer for the Solar Orbiter
mission. That engineer will be responsible for listing the most critical subsystems onboard that could affect
static or low frequency slowly varying magnetic disturbance and should also be responsible for all magnetic
evaluation of S/C subsystems.

The instrument teams performing magnetic field measurements (MAG and RPW in the model payload) will
form together with ESA and appointed prime contractor representative a Electromagnetic cleanliness board
(EMCB). The tasks of the EMCB will include to screen the subsystems for presence of suspect magnetic
disturbance sources such as (soft) magnetic materials and high current systems (primary power circuits, solar
panels, cable build-up, current loops etc), suggest counter measures and magnetic field testing. It is
anticipated that the instrument teams will actively participate to magnetic field testing on both subsystem
level and on S/C level since much expertise reside in these groups as well as specialized measurement
equipment.

The EMCB will also be responsible to build up a database of measured magnetic disturbance signatures
during the control program that will be used during e.g. commissioning phase for verification of observed
disturbances. In addition, the EMCB be responsible for providing technical information to subsystem
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suppliers on engineering practices (lessons learnt) that have has proven resource efficient in previous S/C
programs.

6.3.3 Magnetic cleanliness: special concerns

For the magnetometers on Solar Orbiter, the high sensitivity requirements in combination with a three-axis
stabilized S/C in highly varying thermal environment cause some special concerns.

Firstly, the close proximity of the high current solar panels to the magnetometer boom (see PDD for
description) may cause significant magnetic disturbances and should be studied in more detail. A test coupon
of the solar panel with representative wiring and current levels should early in the program be subjected to
magnetic cleanliness verification.

Secondly, thermo-electric currents may also cause disturbances and should be modeled for disturbance
prediction.

As the magnetic disturbances decrease with distance from the S/C, positioning the magnetometers as far
away as possible from the S/C body on an extendable boom will be required. However, due to pointing
stability requirements, mass and cost constraints, ideally long booms will not be possible and the length of
the magnetometer boom will have to be a subject to a detailed trade-off study.

6.4 Electric Field Cleanliness

6.4.1 Requirements

The Radio and Plasma Wave Analyser onboard Solar Orbiter will measure the electric field, waves and
direction in the frequency band between approximately 1 Hz to 20 Mhz. Required sensitivity is
approximately 1x10™® V/m/Hz"? in the 1 kHz to 20 MHz range and 3x10” V/m/Hz"? below 100 Hz. In
addition, the waveform analyser is sensitive to impulse interference of duration of a fraction of a
microsecond.

In order to achieve the scientific goals [RD1] for electric field measurements, especially the radiated
emission from the S/C needs to be controlled. This is not considered to become a design driver but will
require that proper EMC practises be employed from the beginning of the project.

6.4.2 Approach/Organisation/responsibilities

The electric field cleanliness approach will be similar to the magnetic field cleanliness and will be
responsibility of the EMCB. The EMCB will also here be responsible to build up a database of measured
EMI background signatures during the control program that will be used during e.g. commissioning phase
for verification of observed disturbances.

6.4.3 Design Approach
Several design techniques exist for reducing Electromagnetic disturbances, examples include:

- To minimize coupling of spacecraft generated electromagnetic interference (EMI) to the RPW antennas,
all electronic circuits (boxes, harness, heaters, etc) must be effectively shielded.
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- Maintain a tabulation of subsystem internal working frequencies (potential emissions or susceptibilities)
to provide a basis for early recognition of potential conflicts and to assist in any consequential problem
assessment.

- Avoid injecting signal or power currents into the spacecraft structure. Likewise, avoid generating and
propagating common mode currents.

- Design-in sufficient filtering and protection (particularly at primary power bus interfaces) to
accommodate the EMI test limits and levels.

- Control radiated emissions and susceptibility.

- Protect against common impedance coupling (as might be experienced by ‘single ended’ interface
circuits), power faults, and impulse noise (coupled from motor brushes, ESD, lightning induced currents,
etc.).

- Protect against electrostatic charging (as might be encountered during fabrication, transport, or test) and
in-orbit S/C charging.

- Protect GSE-to-spacecraft interfaces to prevent stress or damage to the spacecraft harness or to flight
components.

- Test individual Subsystem EMI performance prior to delivery for spacecraft integration to uncover
obvious conflicts or incompatibilities thereby providing lead-time for incorporation of effective
remedies. Early testing of prototype hardware can be an effective means for circumventing last minute
‘panic’ remediation of flight hardware EMI test failures.

- Assure spacecraft structure electrical integrity by measuring electrical bond resistance between
significant, adjacent and non-adjacent, structural members. All instrument boxes should be grounded,
well bonded, and connected to spacecraft structure.

- External exposed surfaces, such as thermal blankets, radiators, antennas, instrument apertures, etc.,
should be conducting.

- A pre-launch radiated emission test program should be conducted at the spacecraft level to validate the
EMC program and provide an in-flight EMI background.
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Part 4 Annexes
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ANNEX1 HIGH PRIORITY AUGMENTATIONS TO BASELINE

MISSION

In the event that additional resources become available, the SDT recommended a number of so-called High
Priority Augmentations to the Solar Orbiter Baseline Mission. These are:

Higher-resolution remote-sensing measurements (e.g., 0.25 arc-sec pixels for imaging).

High-resolution EUV imaging in 3 wavelength bands and an additional band.

Dust particle composition measurements (i.e., chemical analysis and mass resolution of carbonaceous
materials like H, C, N, O, and metals like Na, Mg, Al, Si, Ca, Fe)

Neutral particle measurements (i.e., energetic neutral atoms in the solar wind / supra-thermal velocity
range between ~350 and 5000 km/s)

Coronal Radio Sounding experiment

Total solar irradiance measurements

Where available, summary parameters for these high priority augmentations are given in Tables 1, 2 and 3 of
this annex.
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Table 1 — Solar Orbiter High Priority Augmentation payload: summary of main characteristics.
Instrument Acronym Science goals Spectral band — Nom. Mass Total | Physical size of | Power ™
Particle range Mass () margin | Mass | main units (**) *) #
kgl (%) (kg [cm] (W] [kbps]
Neutral Particle Detector NPD Investigation of density and velocity 0.05 — 5 keV/nucleon 1.6 20 1.9 40 X 10 X 10 2 03
distribution of neutral atoms (H, He, O) in the
solar wind
Coronal Radio Sounder CRS Sounding the solar corona (electron density, X and Ka bands 0.2 20 0.25 Ant.: 500-600 3 0.01
faraday rotation, scintillation) using S/C radio
link
Dust Composition DCA Augmentation of the Dust Particle Detector 1-600 amu 2.7 20 3.0 20% 17 X 19 7.5 0.01
Analyzer performance, including elements analysis
TOTAL 4.75 --- 12.5 0.32

Table 2 — Solar Orbiter High Priority Augmentation payload: summary of pointing and accommodation aspects.

Dust Composition

Half-cone angle = 60°

Instrument Acronym Pointing direction LOS pointing Instrument accommodation
& FOV stability (RPE)
Neutral Particle Detector NPD 7.5° off the S/C-Sun axis, on the Relaxed accuracy | 1 sensor mounted on the S/C body behind the heat shield. Possible addition to the
orbital plane, FOV = 7° and stability < 0.1° | rear of the +Y panel
Coronal Radio Sounder CRS NA (HGA pointing) NA The instrument uses the TT&C subsystem, with an added USO. No real
accommodation issues.
DCA Pointed to RAM direction, NA Located behind shield, 1 aperture (<11 cm diameter)

Analyzer
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Table 3 — Solar Orbiter High Priority Augmentation payload: summary of instrument design maturity and related development activities.

Instrument Acronym Instrument concept Critical issues Maturity Technology
Level Development Activity

Neutral Particle NPD Time Of Flight detection chain — direct Sun radiation UV suppressing filter, improved efficiency 3 NA
Detector blocked via a collimator and UV filters detectors

Coronal Radio CRS Passive radio science experiment, based on coherent, Availability of dual-frequency phase 1 NA
Sounder dual frequency down-links (X. Ka) coherent downlink without affecting TM

rate
Dust Composition DCA Impact ionization — electro-optics and MCP High voltage, detector development 3 NA

Analyzer

DMaturity levels:

1 Existing hardware
2 Existing +minor modifications
3 Existing +major modifications

4 New, Detailed design level
5 New, Preliminary design level
6 Concept only
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1 HIGH PRIORITY AUGMENTATION INSTRUMENTS

1.1 Neutral Particle Detector (NPD)

1.1.1 Instrument Description

1.1.2 Scientific drivers

Neutral hydrogen is indicative of the behaviour of the main solar wind component formed by protons out to
at least 2-3 solar radii. In fact, beyond this distance the characteristic time for charge exchange between
hydrogen atoms and protons becomes comparable to the coronal expansion time scale causing the neutrals to
decouple from the charged solar wind. However they retain information on the three-dimensional coronal
distribution of hydrogen at the level where they are generated.

In the solar corona up to 2-3 solar radii, neutral atoms are closely coupled to the emerging solar wind plasma
and give rise to the prominent solar Lya corona mainly by resonant scattering of chromospheric HI Lya
photons. From the measurement of the Lya spectral line profile, the hydrogen velocity distributions in the
solar corona have been deduced. These distributions generally reflect the proton one up to about 2-3 solar
radii. Above this altitude, because of the low coronal density, the neutral solar wind (NSW) decouples from
the ionised component and escapes towards space. Contrary to charged particles, they can cover long
distances on ballistic trajectories through space, undisturbed by magnetic field. However they constitute an
in situ trace particle population of the solar wind plasma within a few solar radii where it is generated. The
understanding of the corona and hydrogen plasma interaction beyond 3 solar radii derives from the
comparison between the neutral and the proton component of the solar wind. In fact, the former carries the
coronal information while the latter carries information on the wind evolution after decoupling from the
neutrals.

The in situ measurements of the NSW velocity distribution performed far from 3 solar radii (e.g. at the Solar
Orbiter position) allow remote sensing of the three-dimensional coronal distribution of hydrogen at the level
where the neutral and charged component decouple and where we find the peak of the hydrogen kinetic
temperature. Hence, such observations represent a powerful diagnostic technique enabling to infer the degree
of anisotropy, if any, in the neutral and charged coronal hydrogen close to 3 solar radii. This diagnostics
would then provide an extremely valuable test for deciding whether the ion cyclotron process is indeed
acting on protons, since this would result in a broader velocity distribution, indicative of more effective
heating, across the magnetic field than along the field direction, corresponding to the radial direction in polar
coronal holes. Moreover, the proposed NSW measurements would also represent a unique remote
diagnostics to infer the velocity distribution along the magnetic field direction, information that is not
accessible via spectroscopic measurements of the coronal hydrogen emission, being the field direction
approximately perpendicular to the UV Coronograph line-of-sight, but that is essential to establish the degree
of anisotropy of the hydrogen velocity distribution in the corona.

The neutral atom flux is expected to be about 100-1000 atoms em? s at 0.21 AU, but it could be up to 10°
atoms cm™s™ in a CME. The NPD might also measure energetic neutral atoms emitted from various coronal
sources, and thus enable images of these coronal emission regions to be constructed from rays of neutral
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atoms with different velocities. Nevertheless the neutral instrument candidate entrance system must block
radiation emerging from the solar disc. The UV scattered in the solar corona, i.e. Lo, must be suppressed by
a factor of more than 102 The entrance system must reduce ions and electrons of the solar wind plasma by a
factor of about 10° whilst transmitting neutral atoms. Neutral atom detectors have been flown on SOHO,
Cassini and IMAGE. Time-of-flight instruments are for example flown on Ulysses, SOHO and ACE.

1.1.3 Instrument concept

The neutral sensor concept is based on micro-valve choppers, which can gate the incoming neutral particles
impinging on the detector entrance with a definite timing. Thanks to this approach neutral atoms can be
processed and discriminated from ions without interacting at all with any impacting surface thus preserving a
high directional information up to the stop detector. This technique developed for the neutral atom camera
ELENA in the frame of the BepiColombo can allow an angular resolution better than 1.8° within a large 1-D
FOV (e.g. 76°) and cover an energy range from SkeV down to a few eV (Figure 1.1.1-left).

LI

Figure 1.1.1: (Left) NPD Sensor concept. (Right) ELENA prototype grid sample. Narrow slots (dark lines) are
etched on a suspended 4mm x 4mm Si;N; membrane.

The timing performances of the micro-valve choppers, which in last extent determine the Time-of-Flight
(TOF) of the particles, are optimized basing the design on the state-of-the art of ultra-sonic oscillator
(operated at frequencies up to a 100 kHz) and high resolution gating nano-grids (figure—right).

The collimated particles released by the entry chopper are then flown in a TOF chamber, and finally detected
by a 2-dimesional array (based on Micro Channel Plates - MCPs - and discrete anodes sets), allowing
reconstructing both velocity and direction of the incoming particles.

The MCPs “see” a sequence of pulses generated by the oscillation of the mask with respect to a fixed
collimator. Randomization of the mask pattern could be also considered to improve the duty cycle,
associating the “opening/closing” state to pseudo-random sequences (PRS) of ones and zeros, according to
the technique described in Wilhelmi and Gompf, 1970. With PRS mode the chopper gate can be considered
open up to ~ 50 % of the time.

As a reference, such a NPD instrument on the Solar Orbiter could have the following parameters: Energy
range: 0.05 to 5 keV, velocity resolution about 0.05, being mass resolution a secondary objective. The field
of view of the NPD should be centred at about 7.5° off the spacecraft-Sun-centre line, the field of view half-
cone measures 4°. Thanks to such limited extension of the FOV a small primary deflector can be housed in
front of the gating chopper thus contributing in a first raw removal of the charged particles background. Then
the TOF section within the sensor body can provide a longer fine discrimination path in which charge
particles gated together with neutral can be rejected to the requested 107 ratio, deflecting and trapping the ion
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and the electrons out of the FOV neutral path. The collimator plate length, distance and potential would
determine the cut-off of the charged-particle transmission (at about 100 keV/q). It can be achieved by means
of high voltage biased plates within the instrument itself without protruding large external collimators. In this
respect sensor could be confined in a simple parallel piped box with about 1 cm? hole entrance. The first
compartment can also accommodate the baffle plates keeping out solar UV. The direct solar radiation is
blocked by the sunshield (making use of the aberration of particles up to 8°, see Figure 1.1.2. For the
suppression of scattered light within the collimator, the plates could be covered with sawtooth-like
structures.

In this respect, one of the major merits of the of the nano-grids shuttering geometry is the capability to block
the UV light by default, thanks to the minimal width of the slit apertures (goal width <100nm) which may
stop photons Lyman o in a ratio better than 10”. The residual photons, even though transmitted and not
distinguishable from neutrals, remain accumulated when detected (in a ratio of the order of 107) in the first
slot of the measured velocity distribution and therefore can be used as “marker” and easily stripped out from
the statistics.

As far as heat flow due to irradiation, an external mesh overlaid on the hole entrance can be foreseen for
protecting and minimising the IR transmission. Various types of metallic meshes may be used as IR semi-
reflectors with almost any I' reflectivity in the range | I | = 0-1 while residual trapped heat can be conducted
by the mesh to the housing box.

1.1.4 Orbit, Operations and Pointing Requirements

The instrument points 7.5° off the S/C-Sun axis in the plane of the orbit. The field of view is a half cone of
3.5°

Sun and corona, viewed
by neutral atoms

- Image of
Solar corona corona

A
L

about 45 R

1111

Figure 1.1.2: Instrument schematics and field of view of the Neutral Particle Detector. Imaging the solar corona via neutral
atoms. The aberration causes the shift of the “neutral solar wind” image of the corona of the Ly-a. corona (plotted for v, =
400 km/s, v i = 65 km/s).
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1.1.5 Accommodation

The instrument should point 7.5° off the S/C - Sun axis in the plane of the orbit. A possible accommodation
would be the +Z panel, in a position behind the sunshield and with an unobstructed field of view of +/- 4°,
7.5° off the S/C - Sun axis.

1.1.6 Interface and Physical Resource Requirements

The NPD can be built for a mass of 1.6 kg. The power consumption would be about 2 W. The required
telemetry rate is less than 0.32 kb/s. The FOV has to be 7.5° off the spacecraft-Sun line because of the
typical 5° to 10° aberration at 0.21 AU for the fast and slow solar wind velocities.

Unit Mass (kg) Power (W)  Volume (cm3) Data rate (b/s)
Structure 0.33

Electronics 0.43 2

Harness 0.04

Connectors 0.02

Sensor (MCP+collimator) 0.28

DPU 0.50

Total 1.6 2 2560 320 b/s

Table 1.1.1: NPD resource requirements.

1.1.7 Cleanliness, Ground Operations and Other Requirements

At S/C level a class-100000 clean room shall be enough. The instrument is envisaged to operate
autonomously and commanding is only required to update lookup table for voltage settings and data
classification schemes.

1.1.8 Open Points and Critical Issues

1) The possible UV-suppression system via nano-shuttering system is being studied.
2) Increasing the detection efficiency is being studied.

Reference:

G.Wilhelmi, F.Gompf, Nucl.Instrum. Methods, 81 (1970) 36.
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1.2 Coronal Radio Sounding (CRS)

1.2.1 Scientific goals

A passive radio science experiment can be carried out using the available S/C radio links when the spacecraft
passes behind the Sun (superior solar conjunction). In this configuration it is possible to investigate the solar
corona by radio sounding down to at least 2 solar radii. Integrated line-of-sight parameters such as electron
content (densities), Faraday rotation, scintillations and angular broadening can be recorded.

1.2.2 Instrument concept

The CRS investigation with a two-way radio link via the spacecraft high-gain antenna (ranging capability)
would require a radio subsystem with dual-frequency phase coherent downlinks at X-band and Ka-band.
Linear polarisation of the downlink signals would enable Faraday rotation measurements as an option. The
RF power for both radio links (X and Ka) planned for this mission is sufficient for this investigation. A two-
way dual-frequency coherent radio link (X-band uplink; X-band and Ko-band simultaneous coherent
downlinks) is considered as the optimal configuration for a sufficiently stable link and for detecting
signatures of CME events traversing the radio ray path.

Sensor performance requirements
Estimated resource allocation
Without a USO, no spacecraft resources are required. However accommodation issues and constraints on the

temperature control of the communication system are expected.

The use of a USO would require the following:

Parameter Value
Mass [kg] 0.2
Dimensions [cm] TBD
Power average [W] 3
Power peak [W] 3

Accommodation and pointing requirements
If a USO is required, it should be thermally stable and not effected by magnetic sources.

Operations requirements
To be operated during Solar superior conjunction for which, based on the S/C present trajectory, the
following candidate operations periods are described:
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Sun-S/C-Earth Month S/C — Earth Comment
Angle (degrees) Distance (AU)
1.46 Feb 2015 1.8 During Thrust 4
2.3 June 2015 1.5
4.7 Sep 2016 1.22 During .22AU perihelion so
communications probably not possible.
5.7 Jan 2018 1.7 During GAM V4
5.6 Feb 2020 1.7

The spacecraft communication system would need to be warmed and at a stable temperature prior to radio
sounding.

Cleanliness, AIV and other requirements
None.

Open points, critical issues and Technology Development Activities

The impact of any required CRS equipment on the S/C is presently under evaluation. It is presently unclear
whether or not an ultra-stable oscillator would be necessary to guarantee the frequency stability of the
downlinks. The practicality of using linear polarised signals for Faraday rotation measurements is another
trade-off to be explored. The final decision depends critically on the geometry and mission operation plan.
Considerable interaction between the radio scientists and the spacecraft’s radio subsystem contractor is a
prerequisite for conducting a successful coronal sounding experiment. The occultation geometry during the
solar conjunctions is another aspect that needs to be studied in detail.

The design of the high-gain antenna by the S/C contractor should taken into account the following
requirements:

- radio subsystem with dual-frequency phase coherent downlinks at X-band and Ka-band.

- linear polarisation of the downlink signals as an option.
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1.3 Dust Composition Analyser (DCA)

1.3.1 Scientific goals
The principal scientific goal of the Dust Composition Analyzer (DCA), being an augmentation to the
performance of the baseline Dust Particle Detector (DPD), is:

To measure dust elemental composition.

The augmented instrument would acquire measurements of the dust elemental composition, as well as
preferably the mass and velocity distributions of dust particles.

1.3.2 Instrument concept

The model instrument concept would detect dust particles through the process of impact ionisation when the
in-falling particles hit a target plate. The produced ions are then reflected and deflected with electro-optics to
a Multi-channel-plate (MCP) detector. Recording the time-of-flight for the different ion species to reach the
MCP allows the separation of elemental composition of the dust particle.
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Figure 1.3.1: DCA Sensor concept
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The proposed instrument (see figure above) consists of a detector cup covered with an entrance grid and with
a basic annular target plate that is covered with an acceleration grid, the ring electrodes with voltages from a
few 100 V to 4 kV are mounted around the side walls of the cup and form the reflectron field configuration.
Ions that are formed upon dust impacts are accelerated and deflected into the central region of the annulus
and enter a drift tube of approximately 10 cm length. The ions are measured with a Multi Channel Plate at
the end of the drift tube. Using the reflectron configuration also reduces the risk of ions escaping the sensor
and secondary ions to reaching the ion detector. The target area amounts to 65 cm”. Measuring the mass of
infalling particles is feasible but still needs further experimental studies and may lead to minor modifications
of the design. Test time-of-flight measurements have reached typical resolutions m/Am = 50-150 for light
elements (m = 1-30 amu), m/Am = 150-300 for medium elements (m = 30-100 amu), and m/Am = 200-600
for elements with m > 100 amu.

1.3.3 Dust composition sensor

Sensor performance requirements

The sensor should be able to measure dust particles with mass between 10™° to 10 g. The Dust composition
sensor should be able to clearly distinguish organic or possibly organic compounds that consist of the
elements C, H, O, N compared to silicate compounds with the major elements Mg, Si, and Fe. The
instrument should be able to distinguish between different mineralogical species.

Estimated resource allocation

Parameter Value Remark
Mass [kg] 2.7 1 kg for sensor tube
and 1.7 kg for read-
out and HV
electronics.
Dimensions [cm] 20x 17 x 19 Side mounted option
including electronics
box
Power average [W] 3
Power peak [W] TBD
Operating temperature range [C°] TBD
Raw data rate, average [bps] 100
Raw data rate, peak [bps] TBD
Data compression method TBD
Data compression factor TBD

Accommodation and pointing requirements

The dust instrument should be located in permanent shadow behind Sun shield, pointing to the ram direction
of the spacecraft with the field of view tilted from the solar direction, possibly with a baffle. The
unobstructed field of view in ram direction should be a 60° half-cone angle. The instrument should have an
external cover to be removed once after launch. The instrument is housed in a tube of 110 mm diameter and
200 mm length with an additional electronic box of 160 mm x 160 mm x 61 mm mounted either to the side
or at the end of the cylinder shaped detection unit as shown in figure below.
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Operations requirements
After opening the cover, the DCA instrument should be operated continuously.

Cleanliness, AIV and other requirements
N, purging should be considered during AIV operations.

Open points, critical issues and Technology Development Activities

L.

Detector Development: The basic instrumental concept of impact ionization was shown to be feasible
and worked successfully for other missions. The time-of-flight mass spectrometry was demonstrated in a
lab model and further tests and developments are needed. Issues to be addressed are the high voltage
parts, the influence of the radiation environment and of outgassing from the heat shield on the
measurements; an external baffle needs to be considered. Measurement of the particle mass are standard
for impact ionisation detectors but were not demonstrated for the suggested instrument yet.

Laboratory Studies: The detected species stem from a complex ionization; expansion and recombination
process that takes place in the dust-plasma cloud that is formed at the high velocity impact. The
interpretation in terms of the elemental compositions of the impacting dust particles is not unambiguous
and requires a detailed analysis of the impact ionization process.
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ANNEXII

INSTRUMENT DATA SHEETS

1 REMOTE-SENSING UNITS

Name / acronym

Visible-light Imaging Magnetograph / VIM

Objectives

1) to detect solar surface magnetic fields and velocity flows.

2) to provide the photospheric context for the rest of the Solar Orbiter instruments

3) to probe polar subsurface layers using helioseismology

General description

system.

Imaging spectroscopy with polarization capabilities. The design uses a tunable filter to
select a specific wavelength band within a spectral line and a polarization modulation

It provides image stabilization error signals to other imaging instruments in the S/C.

Reference P/L and/or

SOHO MDI, Solar-B FPP, SDO HMI, sunrise balloon experiment

heritage
Parameter | Units | Value / Description Remarks
Sensor / detector
Type 1 CMOS APS 2k x 2k, 8 um pixel
Pixel size 0.5 arc-sec
Spectral range A One spectral region in the range | Optical design is monochromatic.
4000- 7000 The current specification is based on
5000 angstrom
Operating T C ~0 TBC — see planned Techn. Developm.
Optics / antennas
Type N/A Reflect, refract, filter optics, | High res. telescope + Full disk
polarization optics telescope (guider) + common focal
plane instrument.
FOV | arcmin | highres: 17 x 17 Full disk channel used for limb
full disk: 162 x 162 tracking.
Bandpass A 50-100 Prefilter bandpass. Etalon bandpass
would be 50 mA.
Pointing LOS | arcsec | <0.02 arcsecs over 10 secs Provided by spacecraft pointing plus
image stabilization system.
Rotation about LOS <2 arcsecs over 10secs
Configuration
Physical Units 2 Optical box and electronic box
Layout N/A Close to each other
Location S/C N/A HRT aperture (dia = 12.5 cm) and | MAX HRT aperture diameter is <
FDT (dia=1.5 cm) on the front | 18.0 cm. Actual diameter is TBC
shield. Side location with access | pending further analysis.
to space for radiators.
Physical
Mass, total kg 24.3 Before margin
Mass unit 1 kg 16.8 (no margins) Telescopes + focal plane instrument
Mass unit 2 kg 7.5 (no margins) electronics
Dimension unit 1 cm 80 x 40 x 30 Telescopes + focal plane instrument
Dimension unit 2 cm 20 x 20 x 40 Electronics
Power
Average | W 35 | With margin
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Peak power \\% TBD
Stand-by W TBD
Data rate / volume
Peak data rate | kbits/sec | 800
Operational data rate | kbits/sec | 20 Average - Over 30 days per orbit
Data volume /orbit | kbyte TBD
Own data storage | Mbyte | TBD
Thermal
Heat load to radiator w 19.1-39.6 (only HRT Aperture | 10 % absorption on optical surfaces
and excludes FDT and internal | (heat load based on 12.5 cm diameter)
power)
Operating T range C Filtergraph optics require very
stable environment 0.1 deg C
Other requirements N/A TBD
Cleanliness
EMC requirements N/A TBD
DC magnetic N/A TBD
Particulate N/A TBD
Miscellaneous
Mechanisms 3to4 1 aperture door, 1 HRT/FRT | Image stabilization might need two
selection, 1 focusing system, 2 | tip-tilt mirrors. Secondary deformable
Image Stabilization Systems. (wavefront sensing) is TBC.
Alignment Hard mounted on S/C. All | High number for HRI FOV
instruments co-pointing within 2
arcmin.
Orbit requirements rms pointing stability of S/C. Specs are input to image stabilization
system.
AIT/AIV requirements TBD

Development approach / schedule

Preferred model philosophy

EM, QM, FM

Estimated development time

EM (1 yr), QM (2 yr), FM (1 yr)

Critical areas: Technology readiness — Design maturity level

Unit / subsystem TRL | DML | Justification and remarks.

Detectors 4 3 Existing CMOS-APS detectors for space up to 1k x1k. Low
QE*filling factor.

Thermal 2 6 Large entrance heat rejecting filter.

Polarization Modulator 6 5 Mechanical system vs. liquid crystal based: both would need
ample qualification and testing. Mass and power savings favor
a liquid crystal solution.

Etalon Filter 6 5 Mechanical system vs. liquid crystal based: both would need
ample qualification and testing. Mass and power savings favor
a liquid crystal solution.

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; §: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Extreme Ultraviolet Spectrometer / EUS

Objectives

1) To provide plasma diagnostic observations of solar plasmas over a broad
temperature range from chromosphere to corona for the study of all solar atmospheric
phenomena, using EUV spectroscopy

2) To identify fundamental processes at work on all scales in the solar atmosphere

General description

Off-axis normal incidence telescope system feeding a variable line spaced grating
spectrometer incorporating active pixel sensor detectors. A grazing incidence telescope
is considered as an option pending thermal studies.

Reference P/L and/or
heritage

New generation of EUV spectrometer building on the successful CDS/SOHO,
SUMER/SOHO and EIS/Solar-B instruments, with the same teams.

Potential consortium has long heritage of EUV and X-ray solar spectroscopic
instrumentation, including SMM (1980-89), CHASE (1985), Yohkoh (1991-2001),
SOHO (1995+), SERTS, Solar-B (2005).

Potential hardware contributions for key technology groups with heritage in key areas
(e.g. APS detectors from RAL detector group, gratings from Padua University, SiC
optical components from Max Planck, Lindau)

Parameter | Units | Value / Description | Remarks
Sensor / detector
Type 1-2 Active Pixel Sensor (APS) 2k X 2k array, 8 micron pixels, back
thinned for EUV sensitivity
Spectral range A 2-3 bands in range 170-1200 Possibly 1 range with 2 orders.
Operating T °C -80 TBC
Optics / antennas
Type N/A 1-2 mirror reflections plus grating | SiC
FOV | arcmin | 34 (1.0 arcsec/pixel X 2k pixel)
Bandpass A 170-1200 2-3 bands in range; EUV selected by
filter or microchannel plate
Pointing N/A Sun directed Directed at solar targets with rest of
remote-sensing payload
Configuration
Physical Units No 1 plus electronics box
Unit layout N/A Adjacent
S/C related N/A Aperture required (~70 mm) in
requirements front panel; radiator area up to
size of instrument footprint on
side facing panel; leg mounts;
vent to space on side or back
panel.
Physical
Mass, total kg 14.4 Before margin
Mass unit 1 kg 8.6 Optics (no margins)
Mass unit 2 kg 5.8 Electronics (no margins)
Dimension 1 cm 95 x 25 x 12 Optics
Dimension 2 cm 20 x 20 x 40 Electronics
Power
Average W 25 Including margin
Peak power W TBD
Stand-by w TBD
Data rate / volume
Peak data rate | kbits/sec | TBD
Average data rate | kbit/secs | 17 30 days in orbit — reference value
Data volume /orbit | GByte | 5.5
Own data storage | MByte | TBD

Thermal
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Heat load to radiator w 90-110 W (solar radiation) Depending on design — electrical
power (25W) dissipation to be added
Operating T range C Radiator < TBC °C Cool detectors, warm optics
Optics <100 °C
Detectors -80 °C
Other requirements N/A
Cleanliness
EMC requirements N/A Not stringent Normal S/C equipment levels
DC magnetic N/A Not stringent Normal S/C equipment levels
Particulate N/A BOL 85 ppm SOHO levels required
EOL 150 ppm
Molecular N/A BOL 5 x 10™ gms/cm? SOHO levels required
EOL 1 x 107 gms/cm?
Miscellaneous
Mechanisms yes. 1 door; 1 scan mirror mech.; 1 slit | Image Stabilisation System is TBC
change mechanism;
Alignment | Arcmin | Absolute pointing to 2 arcmin;
Co-alignment relative to other
instruments 2 arcmin.
Unobstructed FOV | arcmin | 34
Orbit requirements None
AIT/AIV requirements TBD

Development approach / schedule

Preferred model philosophy

EM, QM, FM

Estimated development time

EM (1 yr), QM (2 yr), FM (1 yr).

Critical areas: Technologﬂy

readiness — Desi

n maturity level

Critical area /unit/ TRL | DML | Justification and remarks

subsystem

Detectors 4 4 CCD detectors not appropriate for environment. APS
detectors selected to cope with environment and to
provide required small pixels. Appropriate 2k x 2k
devices need to be developed.

Thermal control 2 5 Solar Orbiter’s extreme thermal environment and
variations have demanded some modeling, which will be
followed by further modeling and test activities.

Contamination/Degradation 2 5 Degradation of optical surfaces (multilayers, coatings
and filters) is of concern under extreme thermal and
particle environments. Requires some test activities.

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; §: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Extreme Ultraviolet Imager / EUI

Objectives

1) to reveal the fine scale structure and dynamics of solar plasmas over a broad
temperature range from the chromo-sphere to the corona.

2) to identify fundamental processes at work on all scales in the solar atmosphere.

3) to link with in-situ observations

General description

High Resolution Imager (HRI): up to 3 off-axis Gregory filtergraph telescopes
Ful Sun Imager (FSI): 1 off-axis Gregory filtergraph telescope
The 4 sensors incorporate large format active pixel sensor detectors.

Reference P/L and/or

SOHO/EIT, TRACE, PROBA-2/SWAP

heritage
Parameter | Units | Value / Description Remarks
Sensor / detector
Type Back thinned Si APS 2k x 2k format array, 8 micron pixel
Spectral range A 4 EUV bands
Pixel size | Arc-sec | 0.5
Operating T C - 60 deg (Si APS)'
Optics / antennas
Type N/A 2 mirror reflections per channel Off-axis Gregorian telescope
FOV | arcmin | 324 (FSI), 16.7 (HRI) Image is vignetted due to front baffle
Aperture diameter mm ~20 (for both HRI and FSI) Depending on number of telescopes
Spectral range A HRI: 133,174 & 304 A Third HRI channel is optional
FSI: TBD between 171 to 304 A depending on resources
Bandpass A 10-30 angstroms per channel 3-4 channels; selected by multilayer
coatings and filters
Pointing N/A Sun directed, co-aligned with S/C | Co-aligned with other remote-sensing
instruments
Configuration
Physical Units 4 telescopes + 1 electronics box
Unit layout N/A Adjacent
S/C related N/A Co-aligned with other instruments
requirements Cover mechanism at the entrance
of each baffle
Physical
Mass, total kg 16.3 Before margins — including enclosure
Mass unit 1 kg 6.8 HRI total with electronics (no margin)
Mass unit 2 kg 5.3 FSI total with electronics (no margin)
Mass unit 3 kg 5.0 Common electronics
Dimension 1 cm 90 X 10 X 15 — HRI (single) This volume includes. the optical
95 X 25 X 20 - FSI baffles. Total envelope is assumed to
be 95 X 50 X 30.
Dimension 2 cm 20 X 20 X 20 Electronics box
Power
Average W 28 Total HRI and FSI including margin
Peak power W TBD
Stand-by W TBD
Data rate / volume
Peak data rate | kbits/sec | TBD
Operational data rate | kbits/sec | 20 30 days of orbit

' Based on data for Fill Factory® STARR APS devices.
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Data volume /orbit | GByte | TBD
Own data storage | MByte | TBD
Thermal
Heat load to radiator N ~ 80 Sun flux and electrical dissipation
Operating T range C Optics <100°C 90 cm baffle in front of primary
Detectors —60°C (Si APS) mirrors to limit thermal load on foil
filters to ~ 2 solar constants.
Other requirements N/A
Cleanliness
EMC requirements N/A Not stringent (closed design) Normal s/c equipment levels
DC magnetic N/A Not stringent (closed design) Normal s/c equipment levels
Particulate N/A BOL 85 ppm SOHO levels required
EOL 150 ppm
Molecular N/A BOL 5 x 10" gms/cm’ SOHO levels required
EOL 1 x 107 gms/cm?
Miscellaneous
Mechanisms No. HRI: 1 door; 1 image stabilisation
mirror mech per channel
FSI: 1 door
Alignment | Arcmin | Absolute pointing to 2 arcmin;
Pointing relative to other remote-
sensing instruments 2 arcmin.
Unobstructed FOV deg 54 FSI (20 mm diameter)
Orbit requirements None
AIT/AIV requirements TBD

Development approach / schedule

Preferred model philosophy EM, QM, FM
Estimated development time EM (1 yr), QM (2 yr), FM (1 yr).
Critical areas: Technology readiness — Design maturity level

Critical area /unit/ TRL | DML | Justification and remarks

subsystem

Detectors 4 4 2k x 2k back-side thinned Si APS detectors will be
used for radiation tolerance and to provide pixel by
pixel variable gain adjustment. Note that a 2k X 2k
format APS is still an ambitious technology
development item for space research applications.
Peltier coolers may be required.

Thermal design 5 3 There needs to be detailed modeling of the instruments
with the spacecraft design to allow a determination of
the impact of the orbital fluctuations on, for example,
the stability of the optical layout and stressing on
materials, filters.

Filters (at 2 solar constants) 10 3 There is a potential problem with the temperature of

(at 8 solar constants) 8 3 the first filter, and initial modeling shows that the

(at 25 solar constants) 6 3 temperatures of the filter can rise to greater than 450C.
The materials and coatings should be investigated. If a
filter can withstand a higher temperature then for the
FSI at least, the size of the instrument can be reduced.

Data compression techniques 5 3 The limitations of this mission require high
compression techniques to reach compressions of
greater than 20. These techniques have to be effective
when the data is noisy due to radiation efc.
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Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical
and experimental critical function, characteristic proof-of-concept; 4: components validated in the
laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):
1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Coronagraph (COR)

Objectives

1) To measure the broad-band visible-light polarized brightness (pB) of the K-corona
and (if resources allow) the narrowband UV Lyman-o line-emissions from coronal
hydrogen (A 121.6 nm) and singly-ionized helium (A 30.4 nm).

2) To detect spatial and temporal variations of pB and UV line intensities, and of their
ratios.

3) To provide diagnostics of morphological distribution, density, and kinematics of
clectrons, hydrogen, and helium in the solar corona.

General description

Coronagraphic imager of the the K-corona pB and of the narrowband UV Lyman-o
line-emissions from coronal hydrogen (A 121.6 nm) and singly-ionized helium (A 30.4
nm). The design is an externally occulted, off-axis Gregorian. The multilayer-coated
mirrors are optimized for A 30.4 nm, but have still good efficiency at A 121.6 nm and
in the visible. An appropriate filter selects each UV line.

Reference P/L and/or

UVCS/SOHO, LASCO C1/SOHO

heritage
Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A APS camera Thinned, back-illuminated
Spectral range nm 450-600
Operating T °C -60°
Type N/A MCP coupled to APS
Spectral range nm 30-122
Operating T K 233"
Optics
Type N/A Reflect. Off-axis Gregorian
FOV deg. 9.2 Coronal angular diameter at 0.22 AU
Band-passes nm 450 — 600 Al; Al/MgF,; Vis. filters, respectively
121.6 + 10 (optional)
30.4 £ 5 (optional)
Pointing N/A
Configuration
Physical Units No 1
Optical Layout N/A Off-axis reflecting Gregorian Externally occulted
Location S/C N/A Behind heat shield
Physical
Mass, total kg 14.6 Before margin
Mass unit 1 kg 9.6 Optics, structure (w/o electronics and
shielding if shared)
Mass unit 2 kg 5.0 Electronics and shielding
Dimension 1 cm 80 x 40 x 25 (L X W x H) Without occulter boom
Power
Average W 24 Including margin (data acquisition)
Peak power w 30 Including margin (data compression)
Stand-by \ 18 Including margin
Data rate / volume
Operational data rate | kbits/sec | 10 30 days orbit operation
Data volume /orbit | GByte | 10
Own data storage | MByte | --
Thermal
Heat load to radiator | w [ 100 | Sun heat load and electrical dissipation

? Based on data for Fill Factory® STARR APS devices.
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Operating T range °C 17 - 30
Other requirements N/A
Cleanliness
EMC requirements N/A
DC magnetic N/A
Particulate N/A Dust free To avoid light scattering from optics
Molecular N/A Organic free Avoid photo-polymerization on optics
Miscellaneous
Mechanisms No. 1 door, 1 filter, 1 pointing mec.
Alignment | arcmin | TBD To be clarified with instrument team
Un-obstructed FOV deg -—-
Orbit requirements
AIT/AIV requirements TBD

Development approach / schedule

Preferred model philosophy

EM, QM, FM + refurbished QM

Estimated development time

EM (1 yr), QM (2 yr), FM (1 yr), refurbished QM (1 yr).

Areas considered as critical

Critical /unit/
subsystem

area

Remarks, proposed risk-mitigating measures.

New sensor technology

Development of UV radiation hardened photo-emissive detector (e.g.

APS)

Multilayer optics with low scatter

Mirror coating technology to be validated via dedicated tests.

Liquid Crystal (LC) polariz. optics

Space qualification, UV radiation and particles survivability

Technology readiness — Design maturity level

Unit / subsystem TRL | DML | Justification and remarks.
External occulter 4 5
Sun-disk rejection mirror 2 5
Liquid crystal optics 4 2

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; §: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Spectrometer/Telescope for Imaging X-rays (STIX)

Objectives

1) To establish the timing, location and spectra of energetic electrons near the Sun and
so provide a high-energy link between in-situ and imaging observations.

2) To determine the size, and morphology of hot thermal and non-thermal X-ray
sources with 2.3 arcsec resolution.

3) In conjunction with other spacecraft, to measure the directivity (beaming), and the
chromospheric/coronal transport of energetic electrons,

General description

An X-ray imaging spectrometer which uses indirect (Fourier) imaging to achieve 2.5
arcsec imaging with high spectral resolution from 3 to 150 keV.

Reference P/L and/or | Yohkoh /HXT
heritage RHESSI
Parameter Units | Value / Description Remarks
Sensor / detector
Type N/A 4 4x4 arrays of lem x lcm, 0.3
cm thick CdZnTe detectors
Spectral range KeV 3-150keV
Operating T deg C -25 to +25 Not critical
Linear APS arrays for embedded | Optical sensor for aspect system
aspect system
Optics / antennas
Type N/A Tungsten x-ray grids
FOV | arcmin | 38 x 38 for imaging. ~0.25 g/cr1112 low-Z window required1 to
5%5 degreeg for spectroscopy and Zl(;?irr);s:tis tl(l)e\:vrmzrllzsgges.x rays.  Also
source location.
Bandpass N/A 3—-150 keV Responsive to all energies.
Pointing N/A Solar-pointed Maintains roll alignment to 3 arcmin
relative to s/c roll sensor.
Configuration
Physical Units No. Single box Or detector/electronics could be
mounted separately with ~ 1 mm
alignment to a grid optics module
Layout cm 12 X 12 cm side faces Sun Can be a 17 cm diameter cylinder
Location S/C N/A Sun-pointed, but prefer | Behind the heat-shield, inside S/C
shadowing on the other 5 sides.
Physical
Mass, total kg 4 Before margin
Dimensions cm ~15%x 15x% 100 Long axis may be cylindrical with a
slightly larger diameter.
Volume litre 22.5
Power
Average W ~4 Including margins
Peak power \Y ~4 Average is same as peak.
Stand-by w ~1 TBD
Data rate / volume
Peak data rate | kbits/sec | ~40
Operational data rate | kbits/sec | 0.2 Over 30 days of orbit
Data volume /orbit | Mbyte | 320 for 149 day orbital period Data selection and internal storage can
maintain average data rate
Own data storage Mbyte ~ 64 megabyte
Thermal
Heat load to radiator | W | None to radiator
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Operating T range C -20 to +25 Not critical.
Other requirements N/A None special
Cleanliness
EMC requirements N/A None special
DC magnetic N/A None special
Particulate N/A None special
Miscellaneous
Mechanisms No. None No deployables or expendables.
Alignment | arcmin | 3 With respect to other remote-sensing

instruments

Orbit requirements

None special

front surface

AIT/AIV requirements May require radioactive source | No purge required.
for testing/calibration
Alignment 1 arcmin roll alignment to s/c Affects image placement not image
quality
Sunshade C-C + Be sunshade in front of

Development approach / schedule

Preferred model philosophy

Provide EM and FM. Project determines need for other models.

Estimated development time

EM (2 yr), FM (1 yr)

Areas considered as critical

Critical area/unit/subsystem

Remarks, proposed risk-mitigating measures.

Aspect subsystems

Need to identify suitable radiation-hard linear APS, CCD or photodiode

array for aspect subsystems.

Technology readiness — Design maturity level

Unit/ TRL | DML | Justification and remarks

subsystem

Detectors 4 3-5 Adaptation of current designs. Detector type is space-qualified.

Grids 9 2 Prototype grids, designed for STIX are being fabricated at present.

Aspect subsystem | 9 6 Concept used successfully on RHESSI. Major modifications needed to
optical design, which can be validated through ground tests of a bread-
board version.

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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2 IN-SITU UNITS

SWA Instrument data sheet (A compilation of EAS, PAS, and HIS sensor inputs)

Name / acronym

Solar Wind Analyzer (SWA) — a combination of Electron Analyzer
System (EAS), Proton/o-particle Sensor (PAS), and Heavy Ion
Sensor (HIS-previously called MIS).

Objectives

1) to measure core and halo electrons in the solar wind with high time resolution and
4pi coverage (EAS).

2) to detect electron dynamics and kinetic evolution in the quiet solar wind and during
dynamic events such as shocks and high speed streams (EAS).

3) to measure the solar wind proton and alpha particle beams with high time and
angular resolution (PAS).

4) to investigate the evolution of the velocity distributions of the major ions with a time
resolution equivalent to the ambient proton cyclotron frequency (PAS).

5) to measure the key solar wind elemental and ionic composition and relate the
compositional signatures to the solar wind origin (HIS).

6) to investigate the evolution of the velocity distributions of the heavy ions and their
relation to the ambient plasma properties, such as the dynamic state of the solar wind
turbulence (HIS).

7) to provide bulk ion moments for the solar wind heavy ion distributions over the full
range of heliocentric distances observed (HIS).

General description

The Solar Wind Analyzer (SWA) — a combination of two (three if resource permits)
sensors: the Electron Analyzer System (EAS), the Proton/a-particle Sensor (PAS), and
the Heavy Ion Sensor (HIS). The sensors share a common DPU (not included in the
resources given here) or could be supported be an in-situ instrument payload DPU.

All sensors utilize electrostatic analysis; This technique is implemented in different
ways for each sensor and combined with other analysis techniques (e.g., electrostatic
deflection, energy/angle imaging, and time of flight).

Additional detail for each sensor is broken out in the three separate instrument data
sheets attached below.

Reference P/L and/or

Heritage is drawn from a variety of flight proven sensor designs including Cluster

heritage PEACE, Cassini CAPS ELS, ACE SWEPAM, Ulysses/SWOOPS, ACE and Ulysses
SWICS, and SOHO CTOF.
Parameter | Units | Value / Description Remarks
Sensor / detector
N/A Electrostatic analyzers with a
combination  of  electrostatic
deflection, time-of-flight analysis,
and position sensing
Operating T °C -30 - +40
Optics / antennas
Type N/A Electro-optics
FOV Rad Most of 4 sr (EAS) Covered with 2 heads
Clear FOV deg -10 to 45 centered on Sun by 10 | Required from S/C, actual FOV
(PAS and HIS); 360 by +45 (each | smaller
EAS unit)
Energy passband E/q 200 eV/q - 20 keV/q (PAS)
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Energy passband E/q 500 eV/q - 100 keV/q (HIS)
Energy passband E/q 1 eV/q— 5 keV/q (EAS)
Pointing N/A Sun pointing 0.5° stability and knowledge
Configuration
Physical Units No 5: Single mechanical structure for
each of PAS and HIS and 3 EASs
Layout N/A 3-nominal 360 degree fans | One FOV in orbital plane to include
mutually perpendicular (EAS) Parker spiral angle
Several canted fans crossing | Could be conical FOV  with
beam (PAS and HIS) energy/angle imaging
Location on S/C N/A Sides (2) Third analyzer for core
electrons in shadow (EAS);
Sun-facing side (PAS & HIS)
Physical
Mass kg 15.0: 3.0 (EAS), 3.0 (PAS), 8 | Before margin
(HIS), 1 (DPU)
Dimension cm HIS: 40 x 40 x 30
PAS: 40 x 30 x 20
EAS (2 x): 15 x 15 x 15
Power
Average W 14: 2x 2(EAS), 2(PAS), 7(HIS), 1 | Before margin
(DPU)
Peak power W 14.5:2x2(EAS), 2.5(PAS), 8(HIS)
Stand-by W 8.5: 2(EAS), 1.5(PAS), 5(HIS)
Data rate / volume
Datarate | bit/sec | 14k: 2k (EAS), 2k(PAS), 10k | These are raw data rates before
(HIS) compression
Data volume /orbit | kByte See DPU input
Own data storage | MByte | To be done in DPU
Thermal
Heat load to radiator W Depends on location Dissipated to S/C mounting plate
Operating T °C Min —30; Max +40
Survival T °C Min -30; Max +40 -
Cleanliness
EMC requirements N/A Normal S/C, not sensitive
DC magnetic N/A
Particulate N/A Class 10,000 clean room at all
times
water, hydrocarbon, etc N/A MCPs very sensitive Purge through testing and in fairing
highly desirable
Miscellaneous
Mechanisms No. Open once door covers Pyro or bimetal motors
Alignment 0.5° total stability, knowledge
Orbit requirements SO orbit is ideal
AIT/AIV requirements N/A

Development approach / schedule

Preferred model philosophy

e.g. EBB, EM, QM, FM + FS (EAS)

e.g. PT, EM/QM, FM + FS (PAS, HIS)

Estimated development time

EBB (1 yr), EM (1 yr), QM (2 yr), FM (1 yr), FS (1 yr) (EAS)

PT (1 yr), EM/QM (2 yr), FM (1 yr), FS (1 yr) (PAS, HIS)

Areas considered as critical

Critical
subsystem

area

funit/

Remarks, proposed risk-mitigating measures.

Electro-optics

Simultaneous energy/angle imaging design and electrostatic sweeping

optics needs development

AMP/TOF chip

Highly desirable to meet mass and power requirements
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| SSD electronics

| Highly preferable to develop integrated readout electronics for SSD pixels. |

Technology readiness — Design maturity level

Unit/
subsystem

TRL

DML

Justification and remarks

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system

flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design

available; 5: new, preliminary design available, 6: new, conceptual design available.
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SWA-EAS Instrument data sheet

Name / acronym

Electron Analyzer System/EAS

Objectives

1) To measure core and halo electrons in the solar wind with high time resolution and
4pi coverage

2) To detect electron dynamics and kinetic evolution in the quiet solar wind and during
dynamic events such as shocks and high speed streams

3) To provide electron density, pressure tensor, heat flux, pitch angle distribution and
3d velocity distribution functions

General description

System of electrostatic analyzers with electrostatic deflection system

Reference P/L and/or

Modification from Cluster PEACE and Cassini CAPS ELS taking Ulysses data into

heritage account and taking account of orbit. For example geometric factor can be lower, but
particular care must be taken with suppression of UV, thermal design, and higher
spacecraft potential. Separate sensor may be needed for core electrons.
Cluster PEACE, Cassini CAPS ELS
Ulysses SWEPAM
Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A Electrostatic ~ analyzers  with
electrostatic deflection
Spectral range | Nm/eV | 0-5 keV
Operating T °C Max +40
Optics / antennas
Type N/A N/A
FOV Deg 4n Each unit 360 x £45
Bandpass eV 1-5k
Pointing N/A
Configuration
Physical Units No 2 In shadow
Layout N/A Nominal 360 degree fans | One FOV in orbital plane to include
mutually perpendicular Parker spiral angle
Location S/C N/A S/C body mounted, in the shadow
Physical
Mass, total kg 3.0 (before margin) 2 sensor heads, no DPU
Mass each unit kg 1.5
Dimension each cm 15x15x 15
Power
Average W 2
Peak power W
Stand-by W
Data rate / volume
Average data rate | Bits/sec
Peak data rate | Bits/sec
Data volume /orbit | kByte
Own data storage | kByte
Thermal
Heat load to radiator W e.g. dissipated to SVM I/F plate
Operating T range K
Other requirements N/A e.g. Peltier element
Cleanliness
EMC requirements N/A
DC magnetic N/A
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Particulate [ N/A |
Miscellaneous
Mechanisms No. No. and type, shutter, filters, etc.
Alignment Wrt S/C, other instruments
Orbit requirements e.g. latitude, inclination
AIT/AIV requirements e.g. rad. sources, biological issues

Development approach / schedule
Preferred model philosophy e.g. EBB, EM, QM, FM + FS
Estimated development time EBB (1 yr), EM (1 yr), QM (2 yr), FM (1 yr), FS (1 yr).
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SWA-PAS - Instrument data sheet

Name / acronym

Proton/a-particle Sensor (PAS) — part of SWA (Solar Wind
Plasma Analyzer Instrument)

Objectives

1) to measure the solar wind proton and alpha particle beams with high time and
angular resolution

2) to investigate the evolution of the velocity distributions of the major ions with a time
resolution equivalent to the ambient proton cyclotron frequency.

3) to provide bulk ion moments for the solar over the full range of heliocentric
distances observed.

General description

Energy per charge analysis with high sensitivity to achieve required time resolution.
May be based on a system of electrostatic analyzers with electrostatic deflection and/or
energy/angle imaging.

Reference P/L and/or

Design evolved from numerous E/q analyzers but taking account of orbit and needed

heritage high time resolution. Particular care must be taken with suppression of UV and thermal
design. Multiple smaller analyzers or simultaneous energy/angle imaging is required.
ACE SWEPAM, Ulysses/SWOOPS
CASSINI IMS, possibly INTERBALL TRIPLET
Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A Electrostatic analyzers
Spectral range
Operating T °C Min -30°; Max +40°
Optics
Type N/A
Clear FOV deg +45° centered on Sun by 10° Required from S/C, actual FOV
smaller
Energy passband E/q 200 eV/q - 20 keV/q
Pointing N/A Sun pointing 0.5° stability and knowledge
Configuration
Physical Units No Single mechanical structure Multiple apertures
Layout N/A Several canted fans crossing | Could be conical FOV  with
beam energy/angle imaging
Location S/C N/A Sun-facing side
Physical
Mass, total kg 3 (before margin) Sensor and electronics
Dimensions cm 40 x 30 x2 0
Power
Average W 2
Peak power W 2.5
Stand-by W 1.5
Data rate / volume
Average datarate | bit/sec | 2k
Peak datarate | bit/sec | 2k
Data volume /orbit | kByte | See SWA DPU input
Own data storage | MByte | To be done in SWA DPU
Thermal
Heat load to radiator \ Depends on location dissipated to S/C mounting plate
Operating T C -30 to +40° C
Survival T C -35to+45° C
Cleanliness
EMC requirements N/A Normal S/C, not sensitive
DC magnetic N/A
Particulate N/A Class 10,000 clean room at all
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times
water, hydrocarbon, etc N/A MCPs very sensitive Purge through testing and in fairing
highly desirable
Miscellaneous
Mechanisms No. Open once door covers Pyro or bimetal motors
Alignment 0.5° total stability, knowledge
Orbit requirements SO orbit is ideal
AIT/AIV requirements N/A

Development approach / schedule

Preferred model philosophy

e.g. PT, EM/QM, FM + FS

Estimated development time

PT (1 yr), EM/QM (2 yr), FM (1 yr), FS (1 yr).

Areas considered as critical

Critical area /unit/ | Remarks, proposed risk-mitigating measures.
subsystem

Electro-optics Simultaneous energy/angle imaging design would need development
AMP/TOF chip Highly desirable to meet mass and power requirements

Entrance units

Units are directly exposed to sunlight
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SWA-HIS - Instrument data sheet

Name / acronym

Heavy Ion Sensor — part of SWA (Solar Wind Plasma Analyzer
Instrument) Note — previously called MIS (Minor Ion Sensor)

Objectives

1) to measure the key solar wind elemental and ionic composition and relate the
compositional signatures to the solar wind origin.

2) to investigate the evolution of the velocity distributions of the heavy ions and their
relation to the ambient plasma properties, such as the dynamic state of the solar wind
turbulence.

3) to provide bulk ion moments for the solar wind heavy ion distributions over the full
range of heliocentric distances observed.

General description

Energy per charge analysis, followed by linear time-of-flight and total energy analysis.
Use position-sensitive mapping to deduce velocity vector direction. Also, consider
electrostatic deflection or advanced collimator designs to adjust sensitivity to within
constraints of electronics throughput. Perhaps multiple apertures.

Reference P/L and/or

Design evolved from Solar Wind lon Composition experiment, which is currently the

heritage only comparable composition instrument in use. Particular care must be taken with
suppression of UV and thermal design. Also, dynamic range considerations are likely
design drivers for both, electronic and deflection design.
ACE and Ulysses SWICS.
SOHO CTOF.
Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A Electrostatic analyzer.
Time-of-flight telescope  with
position sensing capability.
Low-threshold Solid State
Detectors, pixilated, with parallel
readout paths.
Spectral range
Operating T C -30 to +40° C
Optics
Type N/A Electro-optics deflection system
Clear FOV deg +45° centered on Sun by 10° Required from S/C, actual FOV
smaller
Energy passband E/q 500 eV/q - 100 keV/q
Pointing N/A Sun pointing 0.5° stability and knowledge
Configuration
Physical Units No Single mechanical structure Consider multiple apertures.
Layout N/A Canted fan crossing beam with | Could be conical FOV  with
electrostatic manipulation | energy/angle imaging
capability.
Location S/C N/A Sun-facing side
Physical
Mass, total kg 8 (before margin) Does not include DPU, but does
includle FPGA based integration
algorithms for data management.
Dimensions cm 40 x 40 x 30
Power
Average N 7 Before margins
Peak power W 8
Stand-by W 5 With detector voltages on.
Data rate / volume
Average datarate | bit/sec | 3k Assumes compression in digital
electronics of sensor.
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Peak datarate | bit/sec | 10k
Data volume /orbit | kByte | See SWA DPU input
Own data storage | MByte | To be done in SWA DPU
Thermal
Heat load to radiator \ Depends on location dissipated to S/C mounting plate
Operating T C -30 to +40° C
Survival T C -35 to +55° C
Cleanliness
EMC requirements N/A Normal S/C, not sensitive
DC magnetic N/A
Particulate N/A Class 10,000 clean room at all
times
water, hydrocarbon, etc N/A MCPs very sensitive Purge through testing and in fairing
highly desirable
Miscellaneous
Mechanisms No. Open once door covers Pyro or bimetal motors
Alignment 0.5° total stability, knowledge
Orbit requirements SO orbit is ideal
AIT/AIV requirements N/A

Development approach / schedule

Preferred model philosophy

e.g. PT, EM/QM, FM + FS

Estimated development time

PT (1 yr), EM/QM (2 yr), FM (1 yr), FS (1 yr).

Areas considered as critical

Critical area /unit/ | Remarks, proposed risk-mitigating measures.

subsystem

Electro-optics Electrostatic sweeping optics, with sensitivity adjustments need
development.

SSD electronics

Highly preferable to develop integrated readout electronics for SSD pixels.

AMP/TOF chip

Highly desirable to meet mass and power requirements

Entrance units

Units are directly exposed to sunlight
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Name / acronym | Solar Orbiter Radio and Plasma Wave (RPW) Instrument
Objectives To measure electrostatic and electromagnetic waves in the range ~DC to a few tens of
MHz
- Plasma waves & kinetic modes : electric and magnetic field fluctuations, turbulence,
particle/wave interactions, plasma thermal noise
- Electromagnetic (radio) waves : remote-sensing of electron energetic phenomena in
corona & IP medium, measure and track of solar & interplanetary radio bursts
General description RPW is composed of electric antennas and magnetic sensors connected to pre-amplifiers
and analysis electronics consisting of LF & HF receivers and analyzers, and waveform
samplers
Reference P/L and/or
heritage similar packages on Helios, ISEE, Ulysses, Wind, Cassini, STEREO
Parameter | Units | Value / Description | Remarks
Sensor / detector
Electric antennas 3 stacer booms, 5-6 m 3 antennas allow both common mode
rejection and 3-vector electric field, radio
polarization, and direction-finding
measurements
Search coil magnetometer 3 rods, 18 cm each Mounted on S/C provided boom
Loop magnetometer 1 loop, 20 cm diameter Mounted on S/C provided boom
Physical
Mass, total kg 11.8 Before margin
Mass of electric antennas kg 4.8 (3 assemblies) Using STEREO antenna mass
Mass of magnetic sensors kg 1.0 Loop plus rods
Mass of receivers and analyzers kg
- LFR (plasma wave receiver) 1.5 Few Hz-1MHz — spectra/waveforms
- TNR (thermal noise receiver) 0.5 2 kHz — 1 MHz — thermal noise
- HFR (high freq. receiver) 0.6 100 kHz — 16 MHz - radio
- Preamps 0.3
- DSP/DPU 1.0 DPU could be shared with other exp.
- DC/DC Converter 1.3
- Harness 0.8
Power
Average W 6.3 Before margins
Peak power \%
Stand-by W
Data rate / volume
Average data rate bit/sec 6000
Peak data rate bit/sec
Data volume /orbit Mbit 57024 6 kb/s x 3600 x 24 x 110 days / orbit ?
Own data storage Mbit
Thermal
Other requirements N/A Antennas will be
electrically isolated, and
S0 probably also
thermally
Cleanliness
EMC requirements N/A Spacecraft-wide EMC
program, as outlined in
the separate EMC
document
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DC magnetic N/A
Particulate N/A Electric antennas can
produce some particulates
during deployment
Miscellaneous
Mechanisms | No. | Deployment mechanism |
Development approach / schedule
Preferred model philosophy e.g. EBB, EM, QM, FM + FS
Estimated development time EBB (1 yr), EM (1 yr), QM (2 yr), FM (1 yr), ES (1 yr).
Areas considered as critical
Critical area /unit/ | Remarks, proposed risk-mitigating measures.
subsystem
Accommodation The accommodation of electric antennas should be studied early; nearby spacecraft

structure and instrument booms will modify the eventual antenna pattern.
Magnetic sensors will need to be boom-mounted. The magnetic boom resources
are not carried in this PDD; we assume a spacecraft-provided boom, which could
be shared with other experiments.

Thermal concerns Thermal concerns associated with extending conducting antennas into sunlight,
including antenna material properties. The antenna design needs early study.
EMC program An system level EMC program will be necessary for a successful implementation

of RPW. An EMC committee should be established early, with a representative
from each instrument and subsystem team.

Technology readiness — Design maturity level

Unit / subsystem TRL | DML | Justification and remarks.
Receivers Need miniaturization effort (ASICs)
Antennas Antenna materials must be studied for high temperatures

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical
and experimental critical function, characteristic proof-of-concept; 4: components validated in the
laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):
1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

MAG

Objectives

Determination of in-situ magnetic field vector

General description

Three axis fluxgate magnetometer
A dual sensor system is suggested in order to aid characterisation of the
spacecraft magnetic influence

Reference P/L and/or
heritage

Design heritage from many previous missions e.g. Cluster, Cassini

Parameter | Units | Value / Description Remarks
Sensor / detector
Type Three axis fluxgate sensor Three identical ring-cores arranged in
an orthogonal triad
Dynamic range nT Range Resolution +65536nT range for ground-test.
+65536nT 4nT Automatic range switching controlled
+2048nT 125pT by DPU.
+512nT 31pT Quoted resolution is digital
+128nT 8pT resolution. Sensor intrinsic noise level
+39nT 25T (design goal) should be <10pT/VHz
Operating T C -100 to +100 Upper temperature limit within the
bounds of existing technology, but
new developments could give a
higher maximum
Configuration
Physical Units No 3
Layout N/A An electronics unit mounted on | A suitable boom would be similar to
the spacecraft body, and two | the STEREO design, which is a Sm
sensor units mounted on a non- | long design
magnetic boom. The sensor units
are connected to the electronics
by an  experiment-provided
harness
Location S/C N/A Boom-mounted sensor. Electronics close to boom-root to
Electronics mounted on s/c | minimize inter-connect distance.
platform.
Physical
Sensor Mass kg 2 x0.25 Including mounting hardware
Thermal Blankets Mass kg 2 x0.08
Harness Mass kg 40 g/m + 30 g connector = (.18 3m boom
Electronics Mass kg 0.40 Sensor electronics + digital interface
to DPU
DC/ DC converter kg 0.20 Option: can be a shared item
DPU kg 0.20 Option: can be a shared item
Box for electronics kg 0.25 Option: can be a shared item
Total Mass kg 1.9 Before margin
Sensor Dimension cm 11x7x%x5
Harness Length cm TBD
Electronics Dimension cm 15 x 14 x 10 Electronics box
Power
Average W 1.4 Before margins
Peak power W 1.4
Stand-by N 1.4
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Data rate / volume
Average datarate | Bits/sec | 800 Down-linked data including HK
16 vectors/sec
Peak datarate | Bits/sec | 6536 Down-linked data including HK
128 vectors/sec
Minimum Data Rate | Bits/sec | 56 Down-linked data including HK
1 vector/sec
Data volume /orbit | kByte | TBD
Own data storage | MByte | 0
Thermal
Electronics Dissipation N 1.4
Sensor Dissipation W 0.1
Operating T range K 240 to 330
electronics
Other requirements N/A The sensor and electronics | The primary driver is to keep the
temperature should be kept as | sensor temperature as constant as
constant as possible, since | possible.
temperature variations change the
instrument calibration
Cleanliness
EMC requirements N/A Follow EMC control document EMC document to be defined
DC magnetic N/A <InT at Sensor position System magnetic cleanliness
approach
Particulate N/A No special requirement
Miscellaneous
Mechanisms No. None
Alignment Knowledge of sensor axes w.r.t. | Boom in deployed configuration
s/c reference axes to better than
0.2 degrees
Orbit requirements None
AIT/AIV requirements Use non-magnetic tools for AIV
Development approach / schedule
Preferred model philosophy EBB, EM, QM, FM + FS
Estimated development time EBB (0.5 yr), EM (1 yr), QM (0.5 yr), FM (1 yr), FS (0.5yr).
Areas considered as critical
Critical area /unit/ | Remarks, proposed risk-mitigating measures.
subsystem
New sensor technology None
Thermo-electric currents in sensor | Risk: Thermal gradients in sensor housing, thermal insulation or boom can
structure, or boom cause magnetic disturbance through thermal-electric currents
Mitigation: Analysis required to quantify the problem. Careful design of
electrically conducting surfaces to avoid large current loops.
Technology readiness — Design maturity level
Unit / subsystem TRL | DML | Justification and remarks.
Sensor 6 2 Basic design of sensor can be identical to that flown on
previous missions.
Electronics 7 2 Electronics can use existing design and components
Harness 6 2 Suitable cable exists

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical
and experimental critical function, characteristic proof-of-concept; 4: components validated in the
laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
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relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):
1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Energetic Particle Detector / EPD

Objectives

1) To measure spectra, composition and pitch angle distributions of ions and electrons
between 0.002 and 100 MeV/nucl. (or MeV respectively).

2) To

e  Determine generation, storage, release & propagation of energetic particles in the
inner heliosphere

. Identify links between magnetic activity and solar acceleration of particles by
combining source region remote-sensing and in-situ property measurements

. Characterize gradual and impulsive particle events; trace spatial & temporal
evolution near the Sun

3) to provide energetic particle distributions in the inner heliosphere

General description

The EPD for the Solar Orbiter model payload consists of 5 separate detector systems

with specific measurement tasks to cover the required range of particles and energies.

Determination of the pitch angle distributions on a 3-axis stabilized S/C requires either

multiple sensor heads at different s/c locations looking into different directions relative

to the magnetic field direction or at least one scan or rotating platform covering more
than 270°.

Each detector systems to be described below consists of a set of solid state charged

particle detectors of various types, thin foils, magnets, and microchannel plates.

1. STE (Supra-thermal Electron Detector): Electron flux and anisotropy,
2-100 keV

2. EPT (Electron and Proton Telescope): Flux and angular distributions of electrons
20-400 keV, protons and He nuclei 20-7000 keV/nucl.

3. SIS (Supra-thermal Ton Spectograph): Flux of *He ions 0.010-0.25 MeV/nucl. and
ions of mass 2-60 with 0.005-2 MeV/nucl.

4. LET (Low Energy Telescope): Flux and angular distribution of protons 0.5-20
MeV, *He, “He 1.5-20 MeV/n, and ions Z >2, 2.5-60 MeV/n.

5. HETn (High Energy Telescope): Flux of electrons 0.3 - 20 MeV, positrons 0.3 —
1 MeV, ions (protons — Fe) 5 - 100 MeV, and neutrons 1 - 30 MeV, X-rays <1
MeV.

EPD Experiment is self-adaptive, continuously measuring and evaluating. Data rate

adaptable to link performance.

Reference P/L and/or
heritage

1. STE (Suprathermal Electron Detector):
SAMPEX, HESSI, ACE, UCB

2.  EPT (Electron and Proton Telescope): Modified flight hardware from (SOHO
COSPIN/LION and STEREO/IMPACT/SEPT, Universitit Kiel

3. SIS (Supra-thermal Ion Spectrograph): Heritage from Wind, STEREO, HESSI,
UCB/UMD

4. LET (Low Energy Telescope): Design heritage from WIND, ACE, ULYSSES,
and SOHO

5. HETn (High Energy Telescope): Modified flight hardware from WIND, ACE by
GSFC, CALTECH and ULYSSES/COSPIN/KET, Universitit Kiel

6. DPU/H-L-VPS: Modified flight hardware from STEREO by UCB

Modified flight hardware from

Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A Solid state detectors, various
types, scintillators, phototubes.
Photodiodes, MCPs
Spectral range | Nm/eV | See above for different sensors
Operating T C -30 - +30
Optics / antennas
Type N/A N/A
FOV Rad
Bandpass | Nm/eV
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Pointing | N/A | |

Configuration
Physical Units No 6

Layout N/A Sensors on scan platform, DPU
close by
Location S/C N/A Scan platform with all sensors
requires  unobstructed  view
>20° -290° towards W of sun and
£ 58 in  N-S direction.
Alternatively multiple  sensor
heads at different corners of s/c

Physical
Mass, total kg 8.1 Before margin
Mass unit 1 kg 0.35 STE
Mass unit 2 kg 0.7 EPT/EPS
Mass unit 3 kg 1.5 (2.16 w optional 2™ telesc.) SIS
Mass unit 4 kg 0.65 LET
Mass unit 5 kg 2.0 HET
Mass unit 6 kg 2.9 DPU/H-L-VPS and harness
Dimension 1 cm Ix6x11 STE
Dimension 2 cm 16 x 15 x 10, each of 2 units EPT/EPS
Dimension 3 cm 10 X 20 X 13 SIS
Dimension 4 cm 15x8x 11 LET
Dimension 5 cm 16,8 x 14,8 x 7,5+20 x 20 x 5 HET
Dimension 6 cm 15x15x 10 DPU/H-L-VPS
Power
Average W 7.1 Before margin

Peak power W 10.2
Stand-by W 8.3

Data rate / volume

Average data rate | Bits/sec | 3100

Peak data rate | Bits/sec | 4500

Data volume /orbit | kByte

Own data storage | MByte

Thermal

Heat load to radiator W 8.3 dissipated to S/C I/F plate

Operating T range K 243 - 303

Other requirements N/A

Cleanliness

EMC requirements N/A

DC magnetic N/A

Particulate N/A

Miscellaneous

Mechanisms No. none

Alignment | degrees | +1°

Orbit requirements

AIT/AIV requirements radioactive sources for testing,
continuous dry N, purge

This table is based on the rotating platform approach (Table 5.3)

Development approach / schedule
Preferred model philosophy EM, FM + FS
Estimated development time EM (1 yr), FM (2 yr), FS (1 yr).

Areas considered as critical

Critical area /unit/ | Remarks, proposed risk-mitigating measures.

subsystem

Sensor technology 1.  Some types of silicon solid state detectors are vulnerable by
extreme levels of sunlight. radiation. and temneratures exnected
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during the Solar Orbiter mission. New technologies are under
development and need to be investigated for this application by a
development and test program for near sun space missions.
Compared to the 1970™ Si(Li) detectors are today much worse
in quality due to the lack of optimum raw material. A larger
batch of raw material specified for production of Si(Li) detectors
should be ordered to ensure future supply of high quality
detectors for space applications.

Analog to  digital  channel | The analog and digital electronics for conversion of detector signals to
electronics digital information needs higher degree of integration and lower power

consumption for Solar Orbiter application. Development program required.
Thermal Demand for large unobstructed view in combination with narrow

operational and storage temperature range requires sophisticated thermal

design.

Technology readiness — Design maturity level

Unit / subsystem TRL | DML | Justification and remarks.
1. STE 7 4 See reference P/L and heritage above
2. EPT/EPS 7 4 See reference P/L and heritage above
3. SIS 7 4 See reference P/L and heritage above
4. LET 7 4 See reference P/L and heritage above
5. HET 7 4 See reference P/L and heritage above
6. DPU/H-L-VPS 7 4 See reference P/L and heritage above

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; §: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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| Name / acronym

| Dust Particle Detector / DPD

Objectives To determine in-situ the spatial distribution, mass and dynamics of dust particles in the
near-Sun heliosphere, in and out of the orbital plane
General description Instrument measures electrons and ions that are produced upon the high velocity
impact of duct particle.
Reference P/L and/or | Flight heritage: ULYSSES DUST, CASSINI CDA, NOZOMI MDC, GIOTTO PIA,
heritage VEGA PUMA
Parameter | Units | Value / Description Remarks
Sensor / detector
Type N/A impact ionization detector
size spectrum | mass/g | 10" gto 10° g
Operating T C -30 to +40
Optics / antennas
Type N/A
FOV Deg +/- 90
Unobstructed FOV Deg +/- 45 deg cone angle
about ram direction
Bandpass | Nm/eV
Pointing N/A No pointing but information
about spacecraft attitude required
Configuration
Physical Units No 2 Sensors
Layout N/A
Location S/C N/A Close to spacecraft apex solar
direction
Physical
Mass, total kg 1.6 (2 sensor heads) Before margins
Dimension 1 cm 20 x 15x 15 140 cm’ opening aperture
Power
Average W 2.7 x2 units = 5.4 Before margins
Peak power \\% 2.7 Per sensor unit
Stand-by W TBD
Data rate / volume
Average data rate | bits/sec | 50
Peak datarate | bits/sec | 50
Data volume /orbit | kByte | TBD
Own data storage | MByte | TBD
Thermal
Heat load to radiator W TBD
Operating T range K TBD
Other requirements N/A
Cleanliness
EMC requirements N/A
DC magnetic N/A TBD
Particulate N/A
Molecular N/A
Miscellaneous
Mechanisms | No.
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Alignment | Arcmin
Orbit requirements Sun avoidance
AIT/AIV requirements N, purging (TBC)

Development approach / schedule
Preferred model philosophy EM, QM, FM + refurbished QM
Estimated development time EM (1 yr), QM (2 yr), FM (1 yr), refurbished QM (0.5 yr).

Critical areas: Technology readiness — Design maturity level
Critical area | TRL | DML | Justification and remarks
/unit/ subsystem
Sensor 9 2 Model payload was flown on Nozomi
Electronics Updated electronics for reduced power consumption.

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical
and experimental critical function, characteristic proof-of-concept; 4: components validated in the
laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):
1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.
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Name / acronym

Neutron and Gamma-Ray Detector (NGD)

Objectives

1) to provide measurements of low-energy gamma-rays and solar neutrons

2) to determine existence of a quasi-steady-state solar neutron halo

3) to help elucidate solar eruptive events (e.g. flares, CMEs) and understand the Sun as
a prolific and variable particle accelerator using neutron, gamma-ray and energetic
particle measurements

General description

MeV.

A non-imaging, scintillator-based detection system measuring both solar neutrons in
the energy range from 500 keV to 8 MeV and solar gamma-rays from 100 keV to 10

Reference P/L and/or

Similar neutron/gamma system flown on Lunar Prospector. Neutron systems on Mars

heritage Odyssey and Mars Observer and several military missions. Gamma-ray detectors on
OGO, RHESSI, ISEE-3, Pioneers 10 and 11, etc.
Extensive flight-proven heritage
Parameter | Units | Value / Description | Remarks
Sensor / detector
Type N/A Neutron — BC454 scintillating | Sensor technology is well
plastic. Gamma-ray — LaBr; | characterized and flight proven. LaBr
crystal. crystals are still under development
Spectral range MeV Neutrons ~0.5 to 8 Upper/lower  energy limits are
Gamma-rays ~0.1 to 10 accommodation and design
dependent.
Operating T C -20 to +30 Not critical
Optics /antennas
Type N/A Plastic and inorganic scintillators
FOV SI. 4n Some restrictions on amount of
material in FOV toward Sun
Pointing N/A On nadir (+X) face of spacecraft Pointing not critical
Configuration
Physical Units No Single box, Sensor + DPU Could use shared DPU in which case
two electronics cards
Location S/C N/A On (+X) equipment deck, | Prefer away from large quantities of
continuously shaded hydrogenous materials (i.e., fuel)
Physical
Mass, total kg 5.0 (sensor unit and electronics, | Detailed design may reduce mass of
with RTC/DPU) before margin required scintillators
Dimensions cm 15 x 15 x 25 for standalone unit
Volume Liter 4.5 for standalone plus some
volume for cards in shared DPU
Power
Average W 5 Before margins
Peak power W 5 Average is ~ same as peak
Stand-by w 1.5t03
Data rate / volume
Average data rate bits/sec | <400 Flexible
Peak data rate bits/sec | > 1000 for burst mode Negotiable
Data volume /orbit Mbyte < 600 for 149 day orbital period Data rate can be averaged over orbit
Own data storage MByte None Negotiable with DPU and/or S/C
Thermal
Heat load to radiator W None
Operating T range C -20 to +30 Not critical
Other requirements N/A None special
Cleanliness
EMC requirements [ N/A | None special




Eesa

Issue 4 Revision 1 - SCHA/2004/175/A0

page 191 of 195

DC magnetic N/A No strong B-field near operating | B-field could affect PMT.
unit
Particulate N/A None special
Miscellaneous
Mechanisms No. None No deployables or expendables
Alignment Not critical
Orbit requirements Always operating Nadir (+X) to Sun
AIT/AIV requirements May require radioactive source | No purge required
for testing / calibration

Development approach / sch

edule

Preferred model philosophy

Provide EM and FM. Project determines need for other models

Estimated development time

EM (1.5 yr), FM (1 yr)

Areas considered as critical

Critical area
subsystem

[unit/

Remarks, proposed risk-mitigating measures.

None identified

All pertinent technologies/subsystems are highly developed. Modeling of
specific sensor design will be required to determine optimum configuration
and detailed sensor response.

Technology readiness — Design maturity level

Unit / subsystem TRL | DML | Justification and remarks.

NGD/neutron 9 5 Detailed design could be generated rapidly. Detector
technology is mature and has been successfully flown.

NGD/gamma-ray 4 5 Detailed design could be generated rapidly. Detector
technology is mature and has been successfully flown.

Technology Readiness Level (TRL):

1: basic principles observed and reported; 2: technology concept and application formulated; 3: analytical

and experimental critical function, characteristic proof-of-concept; 4:

components validated in the

laboratory; 5: component and/or breadboard validation in a relevant environment; 6: system demonstrated in
relevant environment (ground or space); 7: system prototype validated in space environment; 8: system
flight-qualified through tests; 9: system verified by successful mission.

Design Maturity Level (DML):

1: existing HW; 2: existing + minor modifications; 3: existing + major modifications, 4: new, detail design
available; 5: new, preliminary design available, 6: new, conceptual design available.



@ s Issue 4 Revision 1 - SCI-A/2004/175/A0

page 192 of 195

ANNEXIII PAYLOAD SOFTWARE ARCHITECTURE

1. Current payload software development approach

Current integration is based on maximizing the decoupling between the satellite platform and the payload.
The satellite platform acts as a link between the ground and the payload. Functionally, the exchanges are
based on TC and TM on which the platform performs very little, if any, processing. This approach is
certainly one of the simplest regarding satellite level integration: as the interfaces are reduced to a minimum,
the integration process is reduced to functional test.

At laboratory level, where instruments are developed by Pls, such an approach leads to a complete freedom
for the tools, either hardware or software level; those aspects are completely hidden to the integrator. When
software is needed at platform level to support a payload, it is quite always developed by the integrator. It
practically never occurs that a piece of software developed at payload level is directly integrated at satellite
level. Nevertheless two major drawbacks can be identified:

e Each payload item incorporates its own computer if some processing is needed. This leads to a high
number of processors and to a maximisation of electronic mass and power consumption.

e Performance wise, the situation is not optimised as cooperation between instruments or between
instruments and satellite is more difficult.

Therefore, a centralised approach would be beneficial regarding the above points but shall be carefully
crafted in order that the additional activities induced at integrator level will not alleviate the advantages or
make them more costly.

A new technical approach involves also rethinking the integration process. Each PI will be left responsible
for its own software in order to avoid multiple specifications transiting between payload developers and
software developers. But letting the laboratories code the software would be sub optimal if the development
tools were multiple. It is then mandatory that those tools be common to every one. An additional benefit of
this approach is the high degree of validation reached by a common environment and by the standardisation
of the services provided by a common development framework.

The services will be generic enough to allow the underlying hardware to be made completely transparent for
the developers. Making the integration economically efficient supposes to use common methods and tools, a
common framework. The framework used for the payload software development will be representative of the
final situation on the satellite. Some form of dynamic loading will allow integration without complete
recompilation with each new controller. This approach also assumes that the validation of the controller
software itself will remain at payload level and that the integrator will not redo the job. This is acceptable
using software isolation and containment features and allows stopping and reloading payload software in
flight.

2. Proposed reference process

An incremental process is proposed, based on the progressive integration of PI control software on the same
framework as the one used by the PI labs. It is used as a substitute for the satellite at lab level and during the
beginning of the development. When the set of PI software is running well on the satellite simulator, it is
loaded on the satellite. Due to dynamic linking, hot swapping and confinement, it is acceptable not to retest
the payload software in full, should a very late modification occur. Non-regression test will be limited to
modified/updated controllers.
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Exchanges between the PI lab and the satellite manufacturer are kept to a minimum: lab requests (I/O
streams, storage and CPU allocations); the integrator answers to those requirements with actual values and
configuration of the framework accordingly.

The foreseen process is built upon the use of a common environment and framework at PI and integrator
premises. This is intended to ensure that software running in the laboratory will run identically (providing an
identical configuration) on the integrator facilities. Prior to test payload software on the actual satellite, it is
planned to pre-integrate all the controller software on a bench to minimise disturbances on the actual
satellite. The capabilities of isolation and dynamic loading will ease the process and make it safer.

The process initiates with an assessment by the instrument controller software of its requirements in terms of
resources: CPU, memory, I/0. When an agreement is reached the framework of the instrument responsible is
customised to reflect as accurately as possible the configuration for actual execution. On the integrator side,
each time a change of controller software requirements occurs, the needs are analysed to assess the
schedulability of the final set of software. A tool will be provided for that analysis.

As soon as a controller is considered mature, its software is delivered to the integrator and the stub is
replaced by the actual code. An incremental validation is then started. If, for any reason, a controller would
be delayed and demonstrate a schedule not compatible with the mission, it would be replaced by a stub. It
should be pointed out that dynamic loading and fault isolation will be mainly beneficial for the in flight
operations more than, strictly speaking, the integration process.

A potential problem is that real time behaviour of the framework delivered to PIs can't be exactly the same as
the one on the actual satellite with all the others PI controller software running. The difference lies mainly at
I/0 level due to the impact of unknown data exchanges from the other software components. It is then
necessary to validate any PI software together with the others and to consider that the whole payload
software shall be integrated on a bench prior to its installation on the satellite.

Then the foreseen sequence is as follows:

o The PI validates its software on its framework playing a set of tests. He checks the compliance of the
software with the payload HW by coupling payload and framework. The functional requirements
defined for proper PI operations are supposed to be tested and validated prior to the delivery of the
software to the satellite integrator.

e A subset of the above tests will be played on the software integration test bench at satellite
manufacturer premises to ensure that the software behaves properly and consistently when running
with the other controllers. The integration is incremental and once a controller has been validated all
the tests are not replayed once a new controller is introduced.

e Once the full set of controllers is running well on the integration test bench it will be moved to the
satellite. Command sequences are transferred from the integration test bench to the satellite test
configuration to use only validated sequences. Investigations will be conducted on the test bench
before requesting support from the controller responsible. In case where a controller will not be
validated prior to launch it is envisioned to upload the software the satellite being in orbit.

3. The PI Software Architecture (PISA)

PISA addresses in priority multi-instrument payloads in which each instrument requires a limited amount of
CPU power, this making combination of payload controller in a single processing unit feasible. This new
reference process is based on the use, both by PI’s and payload integrators, of a set of tools and guidelines
provided by ESA. These tools and guidelines are now being developed under ESA contracts. They include a
middleware solution based on software frameworks and an integrated development environment. The whole
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package is called PISA for “PIs Software Architecture”. The main features of PISA serve both the developer
and the integrator and are the following:

o Hidden hardware peculiarities: all constraints from hardware will be handled by a dedicated layer,
offering to the developer a standardised interface. Support for actual hardware interfaces is a must to
allow testing software against the real hardware.

o Integrated environment: for efficiency and standardisation sake, a set of tools will be provided
(compiler, linker, debugger, configuration manager etc.)

e  Performance consistency with the final computer used on the satellite: The developer will be able to
assess the performances of its software with the same level of resources availability as expected on
the satellite. This includes real-time features, as we expect the controller software to need services
similar to the ones provided by a real-time kernel.

o Incremental integration process: due to the expected number of payload items, it is necessary to be
able to perform dynamic linking. Not re-linking the whole application will also ease the
non-regression risks since the previous configuration is not completely broken Note that strictly
speaking dynamic loading is not synonymous of hot swapping. Hot swapping is more interesting in
flight if the payload operations have to be kept running 100% of the time.

o Debugging while running: investigations will be conducted on running software without disturbing
neither it nor the other ones.

e  Fault containment: this property is useful both on ground and in flight. On ground because a failure
in one controller will not make the whole application to collapse. In flight to maintain as much as
possible a working set of experiments.

The PI Software Architecture will be supported by an engineering process (described in section 5.2.2) and a
dedicated environment of development and test. The main features of the development environment are:

o Software development environment: PISA will provide a framework to ease and secure the
development (by PI's), integration and maintenance (by integrator) of payload item controllers. The
framework will be supported by documentation and a set of tools that includes modelling, source
code edition, documentation, compilation, test, simulation control, fault injection, and resource
evaluation measurement. The proposed tools will be user friendly and supported on a PC
workstation. All tools will be integrated in a software development environment, which will also
provide testing facilities.

o Software architecture. PISA will provide segregation of payload applications components from each
other and from the core software. It shall ensure that failure cannot propagate from one application to
another or to core software.

e Middleware: PISA will include middle layer software over the operating system in order to manage
payload applications (start, stop, load, remove, state). These applications will be commendable and
loaded directly in memory or in payload mass memory in the form of files.

o Performance & real-time behaviour: PISA will ensure real-time performance, modularity,
availability, reliability and robustness. The design and particularly the middleware will induce a
limited CPU usage consumption.

e JVery low cost: One of the main constraints of the use of PISA is to provide a very low cost software
development environment. PISA is based on Open Source solutions — part of them being widely used
and supported over software developers' community (even outside space domain) — and will be
delivered to Pls free of charge.
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4. Distribution of software tasks between RTC and PDMU

The PISA framework will also allow having part of the program executed remotely on the RTC. The RTC
would be seen as an extension of the PDMU via a space-wire link. In this way the same software tools can be
used on PDMU and RTC, which will ease development and configuration control. Specific advantages of
this approach are:

e The RTC could take over tasks as low-level commanding, low-level data formatting or instrument
specific data compression.

e The PCDMU would perform tasks like execution of high-level command sequences, instrument
independent data compression and communication with the mass memory. Data evaluation or
autonomy features should also be done on the PDMU.

e For simple, low-bit rate instruments the RTC would only be used as a data relay circuit between
instrument front end and PMDU. All instrument specific software would run on the PDMU.

It is encouraged to keep the instrument specific hardware to a minimum. As an example, there should be no
large memory buffers for instrument data controlled by the RTC.



