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1 Executive Summary

The Multi Element Telescope for Imaging and SpectrogcdpETIS investigation is proposed in response to the
Announcement of Opportunity (D/SCI — 23482) for miting scientific investigations for the Solar @Gdy mission,
issued by the European Space Agency (ESA) on Octb®e2007, in the frame of the joint ESA-NASA HEXE
(Heliophysical Explorers) program.

The METIS design, conceived for the purpose ofgrening both EUV spectroscopy on the solar disk affidimb and
near-Sun coronagraphy and spectroscopy, is motivbyethe aim of addressing the three key scientjfiestions
identified as the focus of the HELEX program. Thgaestions concern: the origin and heating/acciéteraf the solar
wind streams; the origin, acceleration and trartspithe solar energetic particles; and the tranisgection of coronal
mass and its evolution in the inner heliosphereatal mass ejections, CME’s).

1.1 The Science

The investigation aims at providing crucial tespé ® verify the hypotheses and models, that haaenhkdeveloped
primarily during the SOHO era, to address the fellg main questions on solar coronal physics:
» Is the slow solar wind originating according to mdhan one physical process and which is the lefel
contribution of the possible different sourceslofiswind to the heliospheric wind observed ‘in &tu
» Is the magnetic field topology controlling the dot¥ velocity and composition of the fast and slowd®
* Is the magnetic field controlling the emergencéheffast wind at the base of coronal holes?
* Do polar plumes and inter-plume regions have airotghanneling the fast wind?
» Ision cyclotron dissipation of fast Alfvén wavéetprimary energy deposition process in the fasti®i
* Is the reconnection at the base of coronal holsgoresible for the generation of waves and turb@ehat
energize the fast wind?
e Which is the nature of coronal heating in open @oded field regions?
* Which is the source of the seed particles of tHarSenergetic Particles (SEPs)?
e Which is the role of coronal shocks driven by calamass ejections in energizing SEPs?
e Which are the mass and magnetic fluxes carriedbilte Sun during transient events?
 How does the evolution of the coronal magneticdfiehferred from the large-scale evolution of thées
corona, lead to trigger coronal mass ejections?
* How does the corona re-adjust after coronal masgieps on medium-term time scales, ranging betwien
and 10 days, not yet established in the outer @#on
* How do the quiescent streamers evolve on time scaleging between 3 and 10 days?

The crucial tests for addressing and solving th&#e open issues can be achieved by combiningitlserument
versatility with the uniqueness of the Solar Onbitgission profile, which allows: a close approaohthe Sun, thus
leading to a significant improvement in spatialoteson; quasi co-rotation with the Sun, which alloto freeze for
several days the outer corona in the plane of Kyeasd, thus, enable us to disentangle the evaluibcoronal
structures and solar rotational effects on mediermttime scales, and an out-of-ecliptic viewha Sun.

The METIS instrument, consisting of the COR, EUS 80CS elements, is designed to combine and exttend
spectroscopic and imaging capabilities of the SOH@pde and STEREO spectrometers and coronagrapvsiér to
exploit at best the unique characteristic of theSOrbiter mission profile.

* It can simultaneously image the visible and ulimét emission of the solar corona (COR element) and
diagnose, with unprecedented temporal coveragesjpack resolution (up to 8 times better than SOHTHV
one), the structure and dynamics of the full corom¢éhe range from 1.2 to 3.0 (from 1.6 to 4.1)asaladii
from Sun center, at minimum (maximum) perihelioming the nominal mission, a region which is cruéral
linking the solar atmosphere phenomena to theilugen in the inner heliosphere.

e It can observe key wavelength bands within the ED¥{vavelength region 45-160 nm (EUS element), an th
solar disk and off-limb out to 1.5 solar radii. $hEpectral region is dominated by emission linemfa wide
range of neutral and ionized atoms, formed in theoaphere of the Sun at temperatures ranging fréh ©
10 million K, so that an imaging spectrometer obisgy these lines is the only means by which
chromospheric, transition region and coronal plasman be simultaneously observed and characterized,
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giving the essential link between the Sun’s surfand the ‘in situ’ measurements performed in theein
heliosphere by the Solar Orbiter and the Sentinels.

* In addition, it can combine both coronagraphy apectroscopy (SOCS element) to observe the key
wavelength bands within the EUV/UV wavelength regfoom 30 to 125 nm, in the geo-effective coronal
region from 1.7 to 2.7 solar radii from Sun centdrthe closest approach, a region which is cruciateeting
the HELEX science goals.

1.2 The innovation

For the first time METIS will be capable of obtamig:
e simultaneous imaging of the full corona in the bisiand ultraviolet HI Lyx (121.6 nm)
e monochromatic imaging of the full corona in thererte ultraviolet Hell Lyx (30.4 nm)
» spectral observations of the Hell (30.4 nm) linednona
» simultaneous spectro-images of the corona in thé doublet, the HI Lyo (121.6 nm), Hell Lyo (30.4 nm),
Fe XVIII (97.5 nm) lines, that can be performeghsitaneously to coronal imaging
» first UV and EUV spectra out to 1.5 solar radiilwa spatial resolution of the order of 160 km &t ¢losest
approach (a factor 5 better than SUMER).
These measurements will allow a complete charaetéon of the three most important plasma companehtthe
corona and the solar wind in corona, in additiotheominor ions components.

The METIS suite has been designed following a ligihovative integrated approach, which takes athgmas much
as possible of common subsystems for the threeegitsnsuch as the optical bench, the electrortiesPPU. A great
advantage from the spacecraft point of view is M&TIS makes use of a single aperture which isifegthe solar

light to all the instrument elements, COR, EUS &QICS. That is, a single aperture door is indeediee instead of
the two foreseen in the nominal payload for COR ButS. The integrated design of METIS translates atmuch

reduced thermal load inside the payload. A furtidrantage, at the instrument level, is that theett@iements, COR,
EUS and SOCS, can be implemented using the resoanaminally allocated on the spacecraft for the edements,

COR and EUS. This is a point of paramount imporabecause the scientific return which can be obthioy the

METIS instrument is in this way greatly enhancethwespect to that expected in the case of the malnpiayload, at
essentially no additional cost with respect toahecated resources.

1.3 The Instrument

The METIS suite consists of three different eleragatich one dedicated to a specific scientific aim:

a. COR, a visible-EUV coronagraph

b. EUS, an EUV disk spectrometer

c. SOCS, an EUV coronal spectrometer
The three elements share the same optical beregdtratics, and S/C heat shield aperture.
COR is based on a classical externally occulteijde which light enters through an external dtulocated at the
outside panel of the S/C heat shield. The extayoallter is supported by a suitable truss, whidirpdes from the S/C
instrument bay inside the heat shield; an extenslddrnal occulter can be inserted on the optic#h,p@ allow
observation of the solar corona also when the S/Gffipointing from the Sun center. Three differentonal light
wavelengths can be selected by a suitable filtechaeism: either visible, collected by a visiblead®or after being
passed through a suitable polarizer, and/or utite/{HI 121.6 nm or Hell 30.4 nm lines) collected a suitable UV
detector.
EUS is the portion of the spectroscopic elementMETIS which includes the telescopes and all theateel
mechanisms. Light from the Sun disk passes thranghVETIS aperture on the S/C heat shield and lisated by a
suitably coated telescope, which can be rotatednar@an axis passing through its vertex to scarsthedisk along the
East-West direction. A heat trap is located onlihekside of this mirror to dissipate the heat friivea Sun disk not
reflected by the telescope. The EUV light reflechsdthe telescope is focused on the spectrographplahe; the slit
can be selected, depending on the observatioregyraby a suitable mechanism. By means of anottemhanism, a
mirror can be inserted on the optical path to imagkected portions of the solar corona, insteathefdisk, on the
spectrometer entrance slit. This allows to obtgiecsroscopic measurement also on the corona, armehhoon the Sun
disk.
SOCS is the element with the insertable mirror flestds the spectrometer box which includes the tepsmpic
capabilities of METIS. The box consists of a fixaday of slits (the slits of interest are seledidmeans of a slit
mechanism), a TVLS grating and a set of three iaddpnt detectors mounted on suitable position tleaocthree
different interesting portions of the solar spegtru
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The spectrometer, shared by SOCS and EUS, allopsrform the spectral analysis of both the Sun disk corona.

Summary of spacecraft resources required by METIS
Optical Bench Size 1400(*)x755x200mm
Electronic units Size 220x250x350mMm
Instrument mass (inclusive margin): 37.0 kg
Power consumption (hominal, inclusive margin) 50/@28 V
Average Telemetry Rate 26.8 kb/s
(*) 400mm are protruding through the sun shield

1.4 Instrument Operations and Scientific analysis

Of the three METIS elements, COR will obtain symogioronal images throughout the S/C orbit (at highdence, 1
min, during the Nominal Observing Modes and at lingest cadence,1 hr, in the Time-Sharing Mode icig
aphelion). COR will also observe during S/C off¢bainks to the insertion of a larger occulter. EAff SOCS share
most of the optical path and thus are mutually esige. EUS will raster on disk, and off limb outid R (when the
S/IC is off pointing) at a cadence of 1-3 h. EUSI widserve only in Nominal Observing Modes. SOCSH wfitain
spectro-images of the corona in a sit and stareemdoding part of the Nominal Observing Modes andrduthe Time-
Sharing Modes close to perihelion, with a cadentelmin. The METIS observations do not impose spgecia
requirements on the mission.

During the observation phase, the data productstheg with the Data Processing & Analysis Softwaregded to
obtain calibrated spectra and images, will be nsa@ddable immediately to the METIS scientific teaand to the wider
scientific community according to the ESA policyy brder to maximize the scientific return of the ME
investigation. Main scientific results and sigrdfit outreach material will prepared and made avigiléo ESA at
regular intervals.

Operations, data reduction and scientific analygiishe supported by a team of approximately 2®ststs throughout
the nominal mission.

1.5 The Consortium

The METIS investigation is proposed by an Intewradi Consortium under the responsibility of thenéipal
Investigator, Ester Antonucci, INAF-OsservatoriotrAgomico di Torino (INAF-OATO). Experiment Managef the
METIS project is Giampiero Naletto, University cadua and the METIS Investigation Scientists is&ity Fineschi,
(INAF-OATO). The METIS elements are in turn undée tleadership of the following Co-Pls: Marco Roinol
University of Florence (COR), Daniele Spadaro, lNADsservatorio Astrofisico di Catania (EUS) anchDdoses,
Naval Research Laboratory, US (SOCS). The propissahdorsed by the Italian Space Agency (ASI) aading
Funding Agency.

The consortium is formed by the following Italiarstitutions: Istituto Nazionale di Astrofisica (INF\, the Universities
of Florence, Padua, Pavia, Catania, the CNR tulstdi Fisica della Materia (CNR-INFM), the Potitéco of Torino,
and the following foreign institutions: Naval Resda Laboratory (NRL), US, Max-Planck-Institut fur
Sonnensystemforschung (MPS), Lindau, Germany, labwe d'Astrophysique de Marseille (LAM), Francde
Institute d’Astrophysique Spatiale (IAS), Francenikérsity of Athens, Greece, Royal Observatory aflgBim,
Bruxelles, Belgium and Mullard Space Science Latmoya UK. In terms of hardware contributions, NRiténds to
provide the SOCS element, and is submitting to NASpBroposal in response to the NASA Focused Oppitytfor
Solar Orbiter, FOSO (deadline 31 January 2008), liigshds to provide the two detectors of the COdtneint, LAM
intends to provide the mirrors and mountings forRCO

This consortium has a long space experience. Wernahtion the recent and most relevant participaticonsisting in
the design, development and operations of the egraphs and spectrometers on SOHO (UVCS, LASCO and
SUMER) and STEREO (SECCHI).

The financial status is described in the Finarfelah, which we asked to be confidential.
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1.6 METIS data sheet

[ Name / acronym

| METIS / Multi Element Telescope for Imaging and Spetroscopy

>

>

Objectives Visible and EUV coronography with the COR element
Sun disk EUV spectroscopy with the EUS element
Coronal EUV spectroscopy with SOCS
General description | Instrument suite consisting of three elements (CBBS, SOCS) mounted ¢
a single optical bench, allocating common resoyr@e® using a single
aperture on the S/C heat shield.
Heritage SCORE/HERSCHEL
SUMER/SOHO
UVCS/SOHO
Parameter | Units | Value/Description | Remarks
Sensor / detector
COR visible 1 APS Integration mode
detector Format 2048 x 2048
Pixel size pm 25
Dynamic bit 16
range
Operating °C -40
temperature
COR UV 1 IAPS Photon counting mode
detector Format 2048 x 2048
Pixel size pm 25 On the focal plane. The actual pixel size pf
the APS for the IAPS is 12m (see section
6.4.1.1.4 of EID-B)
Dynamic bit N/A This detector works in photon countifg
range mode
Operating °C 20
temperature
SOCS/EUS 3 IAPS Both analog and photon counting regimeps
detector Format 2048 x 2048
Pixel size pm 12
Dynamic bit 14 When working in analog mode (N/A
range photon counting mode)
Operating °C 20
temperature
Optics
Type Different per each METIS element
Unobstructed FOV sr 2 To be able to observe the very weak sola|
corona, no object can potentially scatter qun
disk light inside the instrument aperture
Energy passband EUV to visible
Pointing +X%opt S/C axis
Configuration
Physical Units No 1
Layout
Location S/C +Z panel See section 3.3.5 of EID-B
Physical
Sensor Mass kg 2.7 Mass of the five METIS detectors
including housing, mounts and doors
Thermal Hardware Masp kg 1.0 METIS total thermalHhass
(conductive straps, thermal washers,
thermistors)
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Harness Mass kg 1.2
Electronics Masg kg 8.2 METIS Processing & Poweit (MPPU)
Detector FEE kg 1.1 For five METIS detectors
Total Mass kg 29.6 METIS total mass, without cogéincy
Sensor dimensions 070 mmx 55 mm COR VD

090 mmx 75 mm COR UVD

055 mmx 40 mm EUS/SOCS
cm ~100 From the detector FEE tivifRBRU

Harness Length
Electronics Dimensioj  cnr 22 x 25x 35 MPPU box envelope
Power
Average wW 40.2 Before margins (25%)
Peak power W TBD
Stand-by W TBD
Data rate / volume
Average data rat¢  bits/sec 27 k
Peak data rat¢  bits/sec TBD
Minimum data ratel  bits/seq TBD
Data volume /orbit  GByte 32
Data storage GByte 31
Thermal
Electronics Dissipatior W 37 MPPU dissipation, irdihg 25% margin
Sensor Dissipatio W 13.2 Dissipation of all theed®or FEE,

including 25% margin

W 130 Thermal power to bsidaed from the
sun disk rejection mirror MO and the heat
absorber behind the EUS M1

Heat load to radiato

Operating T range K 293 + 323
Non-operating range K TBD
Other requirements TBD
Cleanliness
EMC requirementg TBD
DC magnetic TBD
Particulate TBD
Molecular TBD
Pointing
APE | arcmin <2 ILS
RPE <1 arcsec/10 s ILS
< 0.5 arcsec/10 s goal

Miscellaneous

Mechanisms| No. 6 COR mechanisms:
1. Extended external occulter insertion
2. Filter exchange
3. Internal occulter alignment (during
commissioning phase only)
EUS mechanisms:
4. Scanning mirror
5. Coronal telescope insertion
6. Slit selector
Detector doorg No. 4 Single shot (TBC)
1 for COR, 3 for EUS/SOCS
Orbit requirements N/A
AIT/AIV requirements TBD
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2 Scientific Objectives

The inclusion of instrumentation for EUV spectrgsgand near-Sun coronagraphy in the Solar Orbiggtoad is
motivated by the aim of addressing the three furetdal science questions identified as the focuthefjoint ESA-
NASA HELEX (Heliophysical Explorers) program, namyel

* What are the origins of the solar wind streamstarcheliospheric magnetic field?

» What are the sources, acceleration mechanismdramport processes of solar energetic particles?

» How do coronal mass ejections evolve in the inmiobphere?
Moreover, it will also:

» explore, at all latitudes, the energetics, dynaraius fine-scale structure of the Sun’s magnetizethsphere,

as defined in the Solar Orbiter Science RequiresnBocument.

Aim of the METIS (Multi-Element Telescope for Imagi and Spectroscopy) investigation, that we progosehe
Solar Orbiter, is to address the problems stilrom the field of coronal and solar wind physiedevant to the above
main science questions. The basic scientificeisshat are not yet fully clarified by the obseisas obtained with the
in-flight spectrometers and coronagraphs of SOHDp#e and STEREO missions and the solar wind ingniation
on Ulysses, concern the physical processes that:

e generate the slow wind

» deposit energy in the regions of acceleration efdblar wind

« determine the elemental abundances in the extecwteda and the solar wind

« supply the seed patrticles for solar energetic glagi(SEP) acceleration;

* heat the outer solar atmosphere;

« lead to mass and magnetic fluxes carried out oftinein transient events.

In order to advance significantly in these field TIS will have the capability to:

» identify unambiguously the slow wind source viaesdive high resolution observations, in space &né, t of
active region expansion, streamer formation andu¢ion;

« fully characterize the dynamics, kinetic temperasuand composition of the major plasma componéaets,
electron, hydrogen, helium and heavy ions, in tttereled corona, site of the solar wind acceleration

» detect populations of suprathemal ions that canfnecseed particles for SEP acceleration;

» study the velocity fields, temperature and compasibf the solar atmospheric plasma at unprecedenitsh
spatial, temporal resolution in order to eventuadlgolve the nature of the processes of energysitépoand
dissipation;

« determine the 3D distribution and the directioadif the coronal mass ejections (CMES).

2.1 METIS Investigation

By using a novel and unique approach which alloastmining ultraviolet spectrometry, on disk and laffib (out to

1.4 R)), with UV spectro-imaging and visible and UV imagicoronagraphy capabilities, METIS will provideanand

crucial observations, essential to address the ealdentified scientific objectives. METIS investigms are
furthermore designed to benefit from the Solar @rhinission profile characterized by quasi-corotaintervals, close
approach to the Sun and an out-of-ecliptic phase.

METIS significantly extends the spectroscopic anmthging capabilities of the spectrometers and @gmphs
operating at present in space by integrating thetfans of three telescopes in a single instrument.

 METIS COR, a visible light and UV coronagraphic imager, floe first time obtains simultaneous visible and
UV images of the full corona, which can provide easure of the polarized brightness (pB) of theokena
and the intensity of the neutral hydrogen H kl321.6 nm line, and, for the first time, can gemmchromatic
images of the full corona in the single-ionizedidmal He 1l Lyo 30.4 nm line. It can thus diagnose, with
unprecedented temporal coverage and space resoli@ewn to about 2000 km, with an improvement of
almost an order of magnitude relative to the SOl@magraphs), the structure, dynamics and enesgefic
the three main coronal and solar wind componeifgstren, hydrogen and helium.
The COR observations in the range 1.2 — 3.0 (46L} R, at minimum (maximum) perihelion at 0.22 AU
(0.3 AU), will provide i) the context for the EUS1A SOCS spectroscopic off-limb observations, aré the
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early propagation of coronal mass ejections closthe¢ limb and iii) investigate a region which isi@al for
linking the solar atmosphere phenomena to theilugiem in the inner heliosphere.

« METIS EUS element (Extreme Ultraviolet disk Spectrometerfasceived to perform ultra-high resolution
spectrometry of the upper chromosphere, transrégion and inner corona, by observing 6 key wagtle
bands within the EUV/FUV wavelength region 50 — 18, on disk and off-limb out to 1.4 RThis spectral
region is dominated by emission lines from a widiege of ionized atoms formed in the Sun’s atmosphér
temperatures ranging from 0.01 to 10 MK, so thabotospheric, transition region and coronal plasaratme
simultaneously characterised, describing the siracind dynamics of the Sun’s magnetized atmosiak
temperature regimes up to flare initial temperatuadtitudes and latitudes.

* METIS SOCS (Solar Orbiter Coronal Spectrometa&lpment has the capability of performing, in thensa
wavelength bands as the EUS, simultaneous speopigsabservations at 4 different heliocentric dists in
the outer corona, from 1.7 to 2.6 Bt minimum perihelion (0.22 AU). Two aspects &f 8OCS observations
are of paramount importance: for the first time cdpeimaging of the outer corona in the most ingens
emission lines (e.g. H | loy121.6 nm, O VI doublet 103.2,103.7 nm) is perfednand the He Il Ly 30.4 nm
intensity and profile is detected. SpectroscopthefHe Il line is crucial for the characterizatiofithe second
most important component of the corona and soladwind for the identification and diagnostics a& Holar
wind source regions.

The performances of the proposed instrument areompliance with the coronagraph and EUV disk specater
described in the Solar Orbiter PDD, with the augmagon provided by the possibility of carrying o&UV
spectrocoronagraphy (SOCS), that is a novelty éndissign of METIS. Thanks to the close approadhadSun during
the early phases of the mission (0.22 AU perihglitrere is a significant increase in the spagabtution of COR and
SOCS with respect to the SOHO coronagraphs, asaself EUS with respect to any previous EUV/UV $peoeter
(at least a factor of five). Moreover, the spatedolution of EUS is about a factor of two bettert that of the TRACE
imager. The spectral resolution of EUS is comparablthat of SUMER on SOHO, even better for theMlliéand C
IV doublets wavelength regions, and of EIS on Haodhilst that of SOCS is comparable to that of lB/@ SOHO.
The exposure times characterizing EUS observatf@rE) s), are an improvement with respect to thgpéecal of
SUMER (due to an average factor of three bettayuiinput in our case). In the case of COR and SO@Shave a
cadence at least one order of magnitude shortarthia of the coronagraphs on board SOHO and STERB@of the
spectrocoronagraph UVCS/SOHO, respectively. Thetshgadence of SOCS with respect to UVCS is adsodred
by the multi-slit system inserted at the entrant¢he spectrometer box, that allows observing siamdously at 4
heights in the solar corona.

2.2 Mapping the origins of the solar wind streams

The knowledge of the detailed magnetic topology dydamical behaviour of the source regions of thedvoutflow
are among the fundamental questions regardingrthm @f the fast and slow solar wind streams.

2.2.1 The case of the slow wind

Whilst it is well established that the source of fast wind resides in the large polar coronal $i@led the debate is
mostly concerning how the fast wind relates torttegnetic structure within coronal holes, the origirthe slow solar
wind remains one of the outstanding questionsrayisi the post-SOHO era. At solar minimum therevislence for an
association of slow wind with the streamer belt almlv wind streams appear as a combination of hlyiguctuating
component and of a quasi-stationary flow. ClosthéoSun however, the slow wind appears to consfsés least two
components (Wang and Sheeley,1990;Strachan @082, Antonucci et al., 2005). There is evidengeafocomponent
emergent from the edges of coronal holes and figwilong the streamer boundaries, which sharegdynibgr same
composition of the heliospheric slow wind, and titus probably its main source (Antonucci et d&0Q8). In addition,
slow wind leaks from the streamer regions and i ¢hse its origin can be ascribed to quite difieraechanisms.
Different models have been proposed for the sooftieese wind streams:
* aleakage from the closed field loops through raeeation at the cusp of the streamer due to corplasima
pressure (e.g. Einaudi et al., 1999; Wiegelmarai.e2000);
* an outflow arising at the edges of coronal holeg tb intermittent reconnection of the super-radiaén
magnetic field lines with closed magnetic loopsg(eFisk et al.,1999; Schwadron et al.,1999; Fisk &
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Schwadron, 2001), or to over-expansion of magrfatic tubes (e.g. Wang and Sheeley, 1990, Antonatci
al., 2005);
» the existence of narrow regions of open field libetween multiple closed field configurations witithe
streamer belts (Noci et al., 1997; Wang et al. 020ci & Gavryuseva, 2007).
During solar activity maximum the slow wind appetrsemanate from small coronal holes and from actagions
(e.g., Neugebauer et al.,, 2002) and to show inhgd@msphere a larger degree of turbulence and ghehihelium
abundance than the solar minimum slow wind.

METIS can assure a full spatial coverage of théoregvhere the slow wind is accelerated, from thablioutwards, by
means of combined EUS and COR observations, whilalao co-spatial from 1.2 to 1.4 Rt least in the first phase
of the mission. This will allow to map for the firéme with high accuracy and unprecedented spaselution the
outflow velocity, composition, density of the slavind close to limb, in order to identify the predoant mechanism
for plasma leakage from streamers and assesslétiveaole of the slow wind coming from the edgésoronal hole
and that generated within streamers. At preseiattiel slow wind measurements have been performidatove 1.7-

18R,

The observations with METIS EUS will provide haglatial, temporal and spectral resolution EUV spestopic data
on the disk and off-limb that, together with Etiaiges and magnetic topology data from VIM, can ati@rize the
plasma state (temperature, density and flow stmectand chemical composition) in closed and opeid fregions,
which all together may contribute to the slow solaind streams; detect plasma ejections from thessiwhere
reconnection between open flux and closed loop ocayr, also quantitatively evaluate differenceglia amount of
energy released with respect to the case of thk-$jigeed streams. The observations with METIS CQIRprevide
high spatial resolution outflow velocity maps of tmydrogen and helium components and the electeosity maps of
the slow wind in corona.

2.2.1.1 Slow wind sources identified with He abundance measements

METIS will obtain data on the He composition from the limb to 2.6 R, or at larger distances later in
the mission, that has never been measured yet, and will provide the definitive test to ascertain which
of the slow wind coronal source/s is/are predominant in the heliospheric slow wind.

The determination of the helium abundance in thereded corona is indeed strictly related to theassf the origin of
the slow solar wind. According to UVCS observatiotie core of solar minimum quiescent streamersvsta strong
depletion of five times ionized oxygen. This effeen be interpreted either in terms of gravitatiastling of heavier
ions in a coronal plasma confined by closed fiéghgd (Raymond et al. 1997), or in terms of dynastiatification
because of reduced Coulomb dragging of the iotisdrslow wind (Noci et al. 1997, Marocchi et @02). This latter
effect can occur in magnetically complex streameansisting of sub-streamers separated by oped fiaks
channelling slow wind streams.

METIS allows a comparative study of the helium atamce structure in streamers with the well-knowrygax

abundance structure, which will result to be alai order to distinguish between the above dififtrinterpretations
of core dimming. In fact, on the one hand heliuntighter than oxygen and thus less affected byitatiwnal settling,
and on the other hand, its drag factor in the skimd is the least favourable (Geiss et al. 1970).

METIS COR will obtain monochromatic imaging of the outer apa in the most intense ultraviolet lines, thesllines

of H I and He Il, in order to derive velocity anthundance maps of the hydrogen, helium componerntgistreamer
regions. METIS SOCS will obtain overlapping velocity and abundance may the hydrogen, helium and oxygen
components in 4 stripes of the streamer region. ddmaparison of He structure and evolution and thé Gtructure
and evolution obtained with SOCS will allow to atai@ the role of the slow wind in determining tbemposition
anomaly in the streamer core discovered by the U¥@& eventually in identifying one of the possisliev wind
sources.

2.2.1.2 Role of magnetic topology in controlling the solawind properties

METIS investigation will allow us to test the hypothesis that the outflow velocity of the coronal plasma
is controlled by the divergence of the flux tubes. It will indeed be possible to assess the role of the
coronal magnetic topology and its evolution by measuring simultaneously the helium abundance and
the wind velocity in corona.
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The wind velocity is supposed through experimeetdtience to be directly related to the expansiariofaof the
magnetic flux tubes channelling coronal expansidthiwvthe first 3 solar radii (Wang and Sheeley @ 98ntonucci et
al. 2005, Antonucci 2006). On the other hand tHm$gheric wind velocity appears to be correlatethe heliospheric
helium abundance (Aellig et al. 2001). The abundarariations can therefore denote temporal or spifarences in
the expansion factor of the open magnetic fieldd, @an be considered a signature of the magnetaldgy in corona.
Determination of the helium abundance thus willvisle a decisive test of the role of the flux tubeedgence in
controlling the coronal wind properties.

METIS COR will obtain sequences of visible light images, nwmomatic H and He coronal images to determine the
evolution of the outflow velocity and the He abumttarelative to hydrogen. These measurementseaid to infer the
coronal magnetic topology and its evolution.

2.2.2 The case of the fast solar wind

2.2.2.1 Role of the magnetic structure in controlling the slar wind emergence

METIS observations will test the hypothesis that the emergence of the high-speed solar wind,
originating at the base of large polar coronal holes present at solar minimum, is controlled by the
chromospheric magnetic structure.

Evidence for emergence of the fast wind from cofreagions located roughly along the boundarieshef ihagnetic
network cells (Hassler et al., 1999) and in asdiociawith coronal funnels (expanding magnetic fistductures rooted
in the magnetic network lanes) has been found (Tal.e2005). The ultra-high spatial resolutiontioé METIS EUS
spectrometer, achieved during the closest apprat@t22 AU, that will improve by at least a factdr 5 relative to any
previous EUV/UV spectrometer, will allow an extrdgnaccurate spatial association of the Dopplen gifithe initial
fast solar wind with the network structure as measgiy VIM, thus verifying in a definitive way whetr the magnetic
network is indeed controlling the emergence offést wind.

In order to assess the dependence of the emergénige fast solar wind on the chromospheric netwMETIS will
perform high spatial, spectral and temporal resmlUEUV spectroscopic observations of coronal haleseen on the
1\disk. Measurements of the Ne VIII resonance detulihes (77.0, 78.0 nm), expected with a resotutpt to detect
line-of-sight velocities around 1 km/s (by line teiding), and with a spatial resolution of 160 kpixel size) at 0.22
AU will be crucial. These lines form at the topthé& transition region in coronal holes, at tempeest ~ 0.6 MK, so
that the initial start of wind outflow can be ddtzt The EUV spectroscopic observations must beéechout with both
VIM and EUI on board Solar Orbiter, in order to mate Doppler-velocity and radiance maps in défeérspectral
lines with the magnetic field extrapolated from Higesolution photospheric magnetograms and theilelbtéine
structure coronal morphology of the examinedaegi

Although the end of the nominal mission, when tbeaf-ecliptic phase will allow the best conditiofus spectroscopy
of the high latitude coronal holes (higher linesight component of the outflow velocity), will mogtobably occur
around maximum of activity , a significant out-afliptic latitude of 20 degrees will be reached igbF2020 (P4).
Moreover, during the extended phase, when the maleonal holes will form again, it will be possibie exploit the
joint effect of high spatial and spectral resolnt@bservations and best line-of sight effect cood.

2.2.2.2 ldentifying the solar wind sources on the basis dhe elemental composition

Another approach that METIS investigations will pjan order to allow us to trace the fast solandvstreams back to
their solar origins, is based on a comparison eftiliospheric and coronal wind composition, expigithe combined
Sentinels ‘in situ” and Solar Orbiter ‘in situ’ anemote sensing observations.

Spectroscopic measurements of elemental abundamaee transition region and the low corona layefscoronal
holes will be performed at high spatial resolutlton METIS EUS, in association with the magnetic di¢gbpology
determined by VIM. Elemental composition resultdl Wé used to investigate the fractionation proesssccurring in
open magnetic structures (cf. Laming, 2004). Cdra@oanposition will also be compared with in-situnggosition
measurements from both Sentinels and Solar Orhpntjcularly during quadratures and conjunctionsprder to
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unambiguously link the solar wind streams to tlssilar sources. The combination of high-resolutiemate sensing
with in-situ measurements will be performed at bésting the co-rotation phase, early in the missiduwe to the
highest spatial resolution achieved because ofptb&imity of the Orbiter to the Sun (expected peliitn between
0.226 and 0.254 AU).

2.2.2.3 Determining the role of plumes in the generation ofhe fast wind

METIS will help to address the question concerning the role played by coronal plumes in the fast wind
outflow.

Following the path of the fast solar wind once egeerfrom the transition region, the next questioat thas to be
answered is whether the fast wind is channellesvanats along plumes or interplume regions. This ierm-lasting
guestion that can be solved by combining co-spMBETIS EUS spectroscopic observations and COR @g@aphic
images in the polar regions, close to the solab.li@utflow velocity will be determined by measuritige Doppler
dimming of HI Lymana (e.g., Giordano et al., 2000; Teriaca et al., 2@&briel et al., 2003) simultaneously with the
electron density from polarized visible light coabimages. The analysis of spectroscopic datapnaVide information
on the plasma properties such as density, temperand composition and outflow velocity of the g&p ions (via
Doppler dimming) at the base and along polar pluamesin the interplume regions.

The same observations will cast light on the natdinelumes as well. At present, there is contreyam the nature of
the elongated radial features observed in the awderna in visible light and UV emission and defines ‘polar

plumes’. Are they the extension of the featuresoked lower down close to the disk, or more simjly threads with

larger density that are by chance aligned alonditieeof sight? These alternatives can be verifigdbserving plumes
both in a rotating and in an almost non-rotating.Sua the latter case the changes in morphologyahg due to the
‘plume’ intrinsic evolution. During the quasi-coatibn phase of the mission the plumes can indeeseba on the
plane of the sky, owing to the small inclinationgEnwith the ecliptic of the spacecraft orbit, ateir observed
morphology is negligibly affected by solar rotation

2.3 Understanding the plasma heating and acceleration of the solar wind

2.3.1 Energy deposition in the fast solar wind via ion cyclotron dissipation of fast Alfvén
waves.

METIS will provide the definitive proof that the energy deposition needed to accelerate the fast solar
wind beyond the sonic point to reach the asymptotic speed up to 800 km/sec, occurs via ion cyclotron
dissipation of fast Alfvén waves by obtaining spectroscopic measurements of the He Il 30.4 nm line in
the region where the fast wind is accelerated.

The heating and acceleration of the solar wind mesna basic unsolved problem in solar and heliogphghysics.
SOHO has indeed provided the first observationsutflow coronal regions where the solar wind isedeated. The
highest acceleration of the fast solar wind emaggéftiom coronal holes occurs beyond the sonic guetiveen 2.0 and
3.0 R, (e.g. Telloni et al., 2007). The unexpectedly beged OVI 103.2,103.7 nm doublet observed wherevthe
acceleration is highest, is ascribed to an extrgtmelad ion velocity distribution, associated watlkinetic temperature
of the order of 1DK. These results have raised great interest sincettserved line broadening must be interpreted as
a signature of the energy deposition in the outfgwvind.

The suggestion is that collisionless wave dissipais acting, with ion cyclotron resonance dampaigthe high
frequency part of the Alfvén spectrum being the hnppsbable mechanism to explain the observed eféegt, Cranmer
2002). The transfer of mechanical energy from tirer atmosphere can only occur by low frequencyéxfwaves,
owing to the strong gradients and structuring i@ thromosphere and transition region, and is thetmibuted to
higher frequencies through turbulent cascade imther corona, where can be dissipated via wavecfgmteractions.
This explanation for the acceleration of the fastdican be definitely proved by measuring the eimissf ions with
different charge-to-mass ratios. This is becaussigktion can occur when the Alfvén wave frequas@f the order of
the ion cyclotron frequency, which is proportiotalthe charge-to-mass ratio Z/A. Essential in thipect is then the
observation of the intensity and profile of the IH80.4 nm line (Z/A =0.25), in addition to that the O VI ions (Z/A
=0.31), and of the protons (Z/A =1), whose outfleslocity and velocity distribution can be deduceshf the intensity
and width of H | Lyman series lines, due to thehhigte of charge exchange between protons andahéytirogen.
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In order to definitely prove the above hypothe8ig, high resolution UV spectroscopic observatiohshe extended
corona expected frofMlETIS (EUS and SOCS) from the solar limb up to 2.6 solar radii, andeenvfarther later in the
mission, will measure outflow velocities, via Digpglimming, and the line-of-sight velocity distrtion

of different ions with different charge-to-masdaat in particular H I, He II, and O VI.

In addition, METIS COR will obtain data on the visible polarized brightse(pB) of the K-corona, used to derive the
electron density distribution in the same regiofgdhe extended corona, and narrow-bandpass imafeke whole
extended corona from 1.2 to 3.0, the HI 121.6 nm Lyline and in the single-ionized helium Hell 30.4 bya line,
to derive the density distribution and radial oatfl velocities, through Doppler dimming, of the togn and helium
components. The acquisition of information on th#law velocities of both solar wind plasma compusall over the
extended corona will be crucial to clarify the nigwf the mechanism of energy deposition in terimth® above
discussion on Alfvén wave dissipation, and quaniiéy degree of energy transferred to the major titwents of the
solar wind.

2.3.2 Reconnection of closed and open structures as sources of waves and turbulence to
heat the fast solar wind

EUV spectroscopy and imaging will be capable tcedemagnetic reconnection in the transition regod corona,
e.g., by the high cadence (5-10 s exposures) ods@nvof plasma jets or explosive events as sedhdarheavy-ion
Doppler motions believed to mark the reconnectiomneth plasma outflow (Innes et al., 1997). The diéte of these
events in regions with open magnetic configuratisnvery important, since Tu et al. (2005) propogsbkdt the
reconnection resulting from interactions of smddised loops and the open structures supplies enerthe form of
waves and turbulent flows to the nascent fast swiiad.

2.3.3 Which is the origin of turbulence in the sola  r wind?

METIS COR will be able to provide, during quasi-corotation intervals, time series longer than 2-3 days
of visible and UV images of the same portion of the extended corona, well suitable to calculate power
spectra and relevant frequencies of the fluctuations occurring in the inner heliosphere.

Observations have shown the solar wind to be ahhightbulent and dynamically evolving magnetofluiolit the

sources of the turbulence and fluctuations arewwdt understood yet. Although simulations showttha a highly

stratified atmosphere, the nonlinear interactioh&lévén waves launched from the photosphere ale &b generate
and sustain an incompressible turbulent cascad&ghwdisplays the observed Alfvénicity in the solaind, the

efficiency of turbulence in transporting energythe dissipative scales is, however, still uncl&de know that the
slope of the Alfven energy spectrum at differemoc@al heights evolves with distance, owing to exgiamand driving
effects, affecting the radial dependence of dig¢mpa However, the initial spectrum of Alfvén wavés the

photosphere cannot be constrained by in-situ daltacted in the far solar wind, since local proesssontribute to its
shaping there (Verdini and Velli, 2007).

Remote-sensing observations of EUV and visible mar@mission, at high spatial resolution and termpoadence,
during quasi-corotation and over a range of distarevering from close to the solar surface o@-8R_ will help in
constraining the amplitude of the turbulence spect with relevant implications on the role of tukknce in the
acceleration of the solar wind and heating of thmwa, as well as in characterizing the plasma statctive region
coronal loops and open field regions that may doute to the fluctuations and fine structures pgateng in the solar
wind. Distinguishing pure temperature effect framrbulence amplitudes via a number of spectral piradiles acquired
off-limb by EUS and in the inner heliosphere by SO@ill be of paramount importance.

The comparison of remote-sensing with in-situ meaments should be particularly well-suited to idfgnthe solar
source regions of the fluctuations and fine stmegwbserved in the wind.

Moreover, extended observations of the same comaugdn during quasi-corotation intervals and thegdostics of
distribution function anisotropy will also set ctnaénts on the wave-particle acceleration in theona. In the
acceleration region large anisotropies may be dubé cooling of the distribution function in theettion parallel to
the magnetic field lines in comparison to the padieular one, so that the region of maximum angmtrprovides an
important information about the details of the waeeticle interactions.
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2.4 Which are the sources of solar energetic particles (SEPs)

METIS will provide definitive evidence for the acceleration of solar energetic particle events (SEPs) by
part of CMEs by means of spectro-imaging of the region covering the early propagation of the
transient coronal events.

There is mounting evidence that coronal mass ejest{CMESs) that are efficient accelerators of SBERsgenerally
preceded by another CME within the previous 24 sowith a mean delay of 11 hours (Gopalswamy eP8D4). The

preceding CME must also have been fast, i.e. vgted greater 700-800 km/s, so that it would haieedra shock in
the low corona. The suggested scenario then sfitlst CME supplies a population of suprathernoalsi (around 0.1-
1% of total number of particles) whose energiessarmewhat higher than the local plasma, that caorbe the seed
particles for SEP acceleration by the second CMies€ suprathermal particles are favoured in thelemtion of

SEPs, since their higher energy gives them a “Istad’ over the local plasma population. Studyihg time-varying

composition of the suprathermal particles in theeimheliosphere will give us critical insights intdat material is
actually being accelerated by fast CME-driven &soc

METIS SOCS will attempt to detect these suprathépopulations, spectroscopically, close to the Saroincidence
with the observations of CME shocks profiles. Déwias of line profiles from a Maxwellian into a kagp distribution
(with kappa values of order 2-3) will have to besetlved in the H | Ly and L8 lines and in the O VI resonance
doublet, against a coronal background most likelyned by Thompson scattering (and broadening) efdikk line
profile by coronal electrons. Preliminary simulasoof expected coronal line profiles show that a0 total counts
in the line will be necessary to distinguish anyPS&eed particle population. High signal-to-noisay Istraylight
spectroscopic observations with sufficient sigmahteasure line broadening due to kappa distribsiteme required,
together with a temporal resolution of some minirtesrder to follow the time evolution of the poptibns.

The SOCS observations will be combined with tB&JS spectroscopic data on disk a@DR visible-light/UV coronal
images that will provide the timing necessary istidguish flare sites vs. CME-driven shocks aaegieg energetic
particles, and the wide aperture long-term obsedora suitable to monitor sources that can be subsety seen in-
situ.

2.5 Investigating the evolution of coronal mass ejections in the inner heliosphere

The most energetic manifestations of solar actiaitg the drivers of the most severe space weatfeeteare the giant
disruptions of the Sun’s magnetic field observedaaoronal mass ejection (CME). During solar maximiCMEs
dominate the structure and dynamics of the heliespliield and plasma at all latitudes. They atemfssociated with
filament/prominence eruptions or flare events (€zgpalswamy et al., 2003).

METIS is expected to play a fundamental role inestigating how CMEs erupt and evolve in the innelidsphere
since it provides the capability to observe thdye@ME propagation from very close to the limb (fid..2 R in the
position of closest approach). In addition, thigpatality during the corotation phase provides amprenedented
opportunity not only to investigate the triggerioigthe eruption but also the evolution prior to @&IEs onset and the
reconfiguration of the magnetic fields followingethoronal mass ejection.

The observations obtained with METIS EUS will lead

o Identification of CME onsets, through detectioreggcta and coronal dimming events —
High spatial, spectral and temporal observationgretflaring filaments is essential to map the atioh of the
physical parameters of the filament and its envirent. Pointing EUS on the disk will allow observiimges from
the chromosphere to corona, in such a way to teatigarharacterise the thermal properties of thenfiént and the
surrounding corona, prior and during the initialapé of eruption. Density diagnostic will also besgible,
allowing disentangling mass motions from densityiateons, both responsible for intensity variatioB&JI/HRI
high cadence images will be used as context, ttupgicthe morphology changes at different tempeeatur
completed bywIM/HRT photospheric magnetic field measurements usecddi@mmal extrapolations.

With METIS COR will be possible to

® Observe the full sequence of pre-eruption, erupdod propagation of a coronal mass ejection, a$ agethe
reconfiguration of the extended corona following BME during a quasi-corotation interval -
This would be instrumental to: (i) identify the rhanism(s) driving the eruption among the severakqroposed
(e.g., Antiochos 1998, Forbes & Isenberg 1991, U®®6); (ii) ascertain whether the main source af fhjection
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into the heliosphere is indeed residing in the ow@rona; (iii) study the restructuring of the ghbbcorona
following mass ejections.

These observations need to be performed at vetydpgce resolution in order to resolve the finacstre of the
magnetic fields, plasma density and flows, wherierg toward the disruption leading to a coronalssajection.
During most of the nominal mission corotation oscat perihelion (0.226 - 0.254 AU), therefore apiavement
of almost one order of magnitude in space resalut@ative to the present SOHO coronagraphs caeasdy
achieved.

2.5.1 Study of the longitudinal structure of the ac  tive Sun

The out-of-ecliptic observations can provide infation on the longitudinal extent of the magnetisteyn involved in
coronal mass ejections. In conjunction with obstowa performed in the ecliptic, this allows theaastruction of the
three-dimensional geometry of these events andvhakiation of the total mass and magnetic fluxdtgam into the
heliosphere, all along the streamer belt. In cégk imclination with respect to the ecliptic is cbad when the Sun is
active, the most interesting scientific objectigethat of investigating the 3-D geometry of midghalatitude coronal
mass ejections. The latter have been identifiethduhe last maximum with the LASCO coronagraph eodur when
the solar magnetic fields reverse at the poles.

2.5.2 Spectroscopic detection of cool (~ 10 * K) plasma ejected in the inner heliosphere

Spectroscopic measurement in the off-limb coronk bé also used to diagnose with high spatial ngsmh the
filament material once erupted, by the observatminshromospheric lines (e.g., C 1ll 97.7 nm), wmlsin corona, in
the CME core (e.g., Ciaravella et al., 1997; Veatet al., 2002). The combination of EUS and SOCSfwiy cover
the distances from the disk up to 2.6 solar rdadianks to the presence of a multi-slit spectrométevill be possible
for the first time to separate between temporal spatial variations of plasma temperature, derssiibundances, etc.
inside a CME, providing for instance information e evolution of the CME bubble plasma temperatamed of the
energy carried by the CME. The estimate of linesight velocities (from line Doppler shifts) and i@dvelocities
(derived with the Doppler dimming techniques, alsing UV coronagraphic images) in different parftshe CME at
the same time will give important information o tBD structure and expansion of the CME bubble £ftonucci et
al., 1997).

2.5.3 Spectroscopic detection of plasma heated by r  econnection events after the CME
front transit

There have been also reports of current sheetd€®ytions in the extended corona, from observatigrCME events
by UVCS and LASCO (see, e.g., Akmal et al., 200ir&vella et al., 2002; Raymond et al., 2003; Beragcet al.
2006, 2007; Rakowski et al., 2007). CSs corresporgkneral to ray-like bright structures in the tghight LASCO
images, and have been identified in UVCS data filearpresence of unusual emission in the high teatper Fe XVIII
ion (97.4 nm), attributed to plasma heated by reeotion. The presence of a multi-slit spectromés&CS) will allow
the detection of this and other UV lines, comingnirthe same structure, at different altitudes atsdome time, playing
a fundamental role in the study of post-CME curshget evolution.

2.5.4 Observation of plasma shock heating at the CM  E front

A comprehensive determination of the propertiestafcks near the solar origin is essential if wetanmake progress
on understanding and predicting SEPs. On the dtlaed, direct imaging of coronal shocks remains dot fan
outstanding observational challenge (Gopalswana.e2001; Mann et al., 2003).

UV spectral observations of CME-associated coramalcks have been able to solve this problem, prayithoth
spatial resolution and unique diagnostics for thgspral processes in coronal shocks. The main &oicof the shock
passage in the UV spectra is represented by théesudimming and broadening of the O VI 103.2, 1017 line
profiles together with simultaneous brighteninggh# spectral lines from heavier ions, such as I548.9, 52.1 nm
and Mg X 61.0, 62.5 nm (Raymond et al., 2000; Mancet al., 2002; Ciaravella et al., 2005). The SO@Hi-slit
spectrometer ofETIS is designed to observe these lines, emitted bgdhenal plasma compressed and heated by the
transit of the fast and wide front of the CME, #fedtent radial heights at the same time, yieldimgortant constraints
on physical plasma parameters, such as the coptemiaBl and local Alfven speed (Mancuso et al., 2003), tued
relationship between the dynamics of the shockthadssociated CME (Mancuso & Raymond, 2004; Manc2@307).
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A direct observation of a CME-driven shock and theasurement of its properties and their correlatioith SEP
events (Reames et al., 1997) could be thus verfpluseestablishing the necessary or sufficientditons for shocks
to accelerate ambient solar wind or suprathernred io SEPs.

2.6 Determining the nature of the energy deposition and dissipation mechanisms

EUS, the EUV/FUV disk spectrometer dfIETIS, can greatly help to study the dynamics of theeowgolar
atmospheric plasma at high spatial (at perihelidactor of five better than any previous EUV/FUVesprometer),
spectral (up to ~ 47,000, better than that of SUMBRSOHO) and temporal (1 to 10 s exposures) résolun order
to determine the nature of the coronal heating reueisims.

The heat source that causes the hot corona hasceusive. It is well established however thatehs a direct link

between magnetic field strength and heat inputéncorona. The heating of quiet and active regi®fikely caused by

the same mechanisms, with active regions receiminge heat simply because the concentration of sstenagnetic

flux is higher. Dissipation of magnetic waves ancec magnetic dissipation of electric currentsintense current

sheets are the two most probable agents for cohmading (see, e.g., Klimchuk, 2006). In orderdsess the role of the
two main dissipation processes, it is necessargeaeh the capability of measuring coronal magnetwes, and

magnetic turbulence due to their decay, and oftifiémg, indirectly, current sheets and their effec

The optical design and technical characteristidsWd$ are suitable to:

o derive the plasma temperature, density, flow véyoceion-thermal energy input and chemical compasitn
transition region and coronal structures with digfg magnetic configuration (open coronal holes famaels,
closed loops and prominences), linking them with iragnetic field values derived at different spattales
(both directly and through extrapolations) fréfiM observations;

® determine, on the basis of the above plasma paeasnebllected in a wide range of magnetic loopsh wit
different spatial scales, whether heating is spwtlacalized or uniform, and time steady or tramgi (and
probably impulsive);

® make a step ahead in resolving the geometry af dlamental loop strands (Aschwanden et al., 2B@3je et
al., 2007), and define the possible multi-tempeamnature of such structures and their transvengadnsion
in the corona, giving insight to the level of tl@gling of the magnetic flux tubes (Lopez Fuentea.e2006);

® detect and characterize waves in closed and opectustes (see, e.g., De Pontieu et al., 2007),ihgpfor
signatures of their dissipation in the transitiegion and low corona, with a corresponding evatuatf the
energy released to heat the solar plasma;

® investigate the role of small scale magnetic flaxeegence in energizing the above laying layers, (seg,
Galsgaard et al., 2007);

® detect, measure and characterize dynamic and ditesignatures of reconnection in the chromosphere,
transition region and low corona, driven by magné#ld evolutionary processes - for instance, fegings
(Harrison et al., 1997), flows and jets (Inneslet1®97) and plasma evaporation (Klimchuk, 20Q8h close
coordination withvVIM .

All the above measurements will greatly benefinirthe cooperation with theUl imaging instrument, in both full
disk and high resolution mode.

We would finally stress the importance of improvithg observations of elemental abundances, in dodigrvestigate
in more details fractionation processes (for instarthe FIP effect, cf. Laming, 2004) and possi@dations in the
chemical composition of the outer solar atmosphétk respect to the photosphere, or among regiaitts different
physical properties in the same layer (e.g., Sgadamal., 1996). All this could also give us a olapicture of the
propagation of waves and turbulence in the solaoaphere, and of course get us closer to an uaaeliag of coronal
heating and activity.

2.7 Structure and evolution of streamers
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METIS will unveil the evolution of streamers on &nscales ranging from 3 to 10 days for the finstetduring the
guasi-corotation intervals..

The extended observation at the limb of the sam#igmoof corona is essential to address the studgteamer

structure, evolution and dynamics. This will focagpending on the mission launch date, either engthiescent,
slowly evolving streamer belt or on the rapidlyyiag active streamers. The investigation of therirglation of solar
wind acceleration region and magnetic topologyhef flux tube guiding the expansion necessitatesedislong-term

observations. The opportunity to freeze a streasmetion at the limb offers, in addition, the poasgibof increasing

dramatically the statistics, being, in this cas@ydimited by the intrinsic evolution of the stituce and not by solar
rotation. A significant increase in statistics lieh coupled with the possibility of observing agthispatial resolution;
this allows us to resolve the fine structure aridvant dynamics in the slow wind coronal sourcdamsg This kind of

studies requires the simultaneous knowledge otléetron density and morphology of the corona, byeovations in

visible light, and of the radial flow velocitieshmined with better accuracy and detail from imagfebe ultraviolet H |

and He Il emission, by Doppler dimming techniques.

A coronagraphic view of the longitudinal/azimuttstitucture of the global corona will be possible floe first time
during the out-of-ecliptic phase, after the endtl®f nominal mission, when the inclination anglehwithe ecliptic
increases from 30° to 34° while perihelion increasem 0.344 to 0.375 AU. This completely new pectjve will
greatly impact on the study of large-scale striggwf solar corona. If this phase occurs duringrsalinimum, from
high latitudes the Orbiter views the streamer hafining at low-latitude, or close to the equateraa approximately
continuous annular structure around the solar diskthermore, the out-of-ecliptic vantage pointnideed providing
another means to observe the corona not affectesblay rotation. When the morphology is relativeignple and the
relevant coronal features are at low-latitude, lose to the equator, their intrinsic evolution dadeed be easily
separated from rotational effects, if viewed froighhlatitudes.

Another interesting aspect concerns the possilititgtudy the dynamics of coronal expansion aluadbthe streamer
belt. During solar minimum, slow solar wind studiesuld be privileged, since their supposed lowdlate and
equatorial sources are predominant on the plamieeo$ky. It would then be possible to (i) asseesctintribution to the
slow wind of sporadic reconnection events, sucthasoronal blowouts, and (ii) evaluate the totasmand magnetic
flux injection into the heliosphere all along theeamer belt. The last aspect will represent a fetepard, crucial to the
understanding of the suggested secular variatibtisecheliospheric magnetic flux and of the relevafluence on the
global Earth climate

2.8 Solar Orbiter Mission Requirements
The achievement of the scientific objectives lisibdve critically depend on a series of points #natdescribed here.

2.8.1 Solar Orbiter spacecraft performance

It is important that METIS is placed on the —Z safehe spacecraft looking at the centre of theusdisk (spacecraft
coordinate system), in order to allow SOCS to oleséne West side of the solar corona, more intergst the study

of the temporal evolution of coronal structures.

In addition, it is important that the optical axifthe spacecraft coincides with the boresighM&TIS, ruled by the

COR element. This in order to guarantee that theriboundary of the FOV of COR at minimum perihelis as close

as possible to solar limb. Also the maximum spadfeaff-setting at 0.22 perihelion should be withire limits stated

in the RD1, in order to avoid that the disk lighters the COR optical path, with the consequergwrko of the entrance
door of the instrument.

Finally, the high spatial resolution of the instmmb, in particular of the EUS element, relies om dfignment stability

of the spacecraft, that should be within 1 arcsexr the typical exposure time of the spectrometer, 10 s.

2.8.2 Solar Orbiter orbit

METIS investigation will greatly benefit from alé nominal characteristics of the planned orlst, close approach to
the Sun, quasi-corotation and out-of-ecliptic phd$e quasi-corotation intervals are crucial inesrtb study in details
and on a mid-term (3-10 days) temporal scale thenetic topology, chemical composition, dynamicahdgour and
evolution of the source regions of the wind outflavioreover they are important to observe the fetjtence of pre-
eruption, eruption and propagation of a coronalsngsctions in the inner heliosphere, as well agdéigonfiguration of
the corona following the CME.
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2.8.3 Other Solar Orbiter payload elements

Studies of the initial acceleration of the solandvstreams in the relevant source regions seeheosdlar disk, together
with those related to the nature of the coronatihgamechanisms, will be more fruitful if jointlyacried out with the
EUI and VIM instruments, apt to provide data on therphology and evolution, and on the photosphenid coronal
(by extrapolation) magnetic fiels, of the targegioms. In this context a knowledge with great aacyrof the co-
alignment of METIS, specifically EUS, with theseitaris important.

2.8.4 Ground segment

It is very important to exploit at maximum the eatiavailable telemetry throughput for high cadence disk
observations of CMEs and transients, and of magmetionnection signatures also. Getting the eRd¥ of COR, in
particular during the phases of the orbit at h@ddc distances around 0.5 AU or larger, is alspartant to
complement the FOV of the heliospheric imager ptghim the Solar Orbiter payload, as well as forghmultaneous
remote-sensing observation of heliospheric reggamspled in-situ by the Sentinels.

3 Instrument Performances

The analysis of the expected instrument performargt®ws how METIS matches the observational remgnts
derived by the scientific objectives presentechipreceding section.

3.1 COR: Visible light and UVCoronagraphic-lmager

COR is a Visible light and UV Coronagraphic Imagdrserving the full corona in three wavelengthdsan
1. Linearly polarized visible-light, broadband: 500068m
2. UV HI Lyman-a, 121.6 nm; narrowband/AA=10
3. EUV Hell Lyman«, 30.4 nm; narrowband/AA=10

3.1.1 Instrument Observational Parameters and Sensi  tivities

Field of View: COR has an annular field-of-view (FOV) with anguéxtension oft 3.5 and with 13 arcsec spatial
resolution. The physical heliocentric distancethefFOV vary along the orbit and through the missio

Heliocentric distanceg FOV in heliocentric heighty Resolution on the plane of the sky
(AU) (Ro) (km)
0.22 1.2-3.0 2000
0.3 16-4.1 2700
0.5 2.7-6.8 4550
0.8 43-11 7300

Table 1: COR'’s physical FOVs and spatial resolusiais a function of orbital position

The FOV at perihelion (1.2-3 Ro) and at 0.5 AU (8.7 Ro), heliodistance which includes the Soldsiter nominal
observing modes during the initial phase of thesioig are shown in Figure 1. The FOV at maximunihgdion, at the
end of the nominal mission, falls within these tweses.
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FOV at 0.22 AU
(1.2 - 3.0 Ro)

Figure 1: Left: COR field-of-view at 0.22 AU: beging of mission perihelion (1.2-3 Ro). Right: CORVat 0.5 AU
(2.7-6.7 Ro). Nominal observations start below th&ance

FOV at 0.22 AU S/C offset pointing: COR will be capable to continue
(offset pointing) coronal observations during the S/C offset pointimg to
+1°, thanks to the insertion of the extended external
occulter (Figure 2).

Multi-wavelength efficiencies: The optical coatings of
the COR mirrors are SiC/Mg multilayers with a cagdr
capable of reflecting, in addition to the EUV (3@ also
the UV (122 nm) and visible-light (500-600 nm) ratibn.
Figure 3 (at the left) shows the reflectivity diese
coatings in the three wavelenghts bands of COR.

COR Effective Area: The effective areas in the three
COR channels, calculated by taking into account the
vignetting function, the coatings, filters and dtte
efficiencies are shown in Figure 3 (right).

Nominal Insertable
external extended
occulter occulter

Figure 2: COR FOV during S/C offset pointing.
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Figure 3: Left: Reflectivity of the SiC/Mg EUV nilalyer with cap-layer. Right: Effective area iretB COR channels.

3.1.2 Expected Countrates

The COR countrates are estimated from the cor@uténces values of the K-corona polarized brigtgerpB) and HI
Ly-a, obtained at solar minimum with SOHO LASCO and 8/GVhilst the Hell Lya countrates are derived from
modelled radiances (Figure 4 and 5).

For K-corona PB images, the statistics requiredafiiieving 1% accuracy is at leasf t6unts. For UV /EUV images
the accuracy required is 10% that is at least@0nts.

Counts/bin/s

100000

10000 -

1000

100 4

10

K-corona pB Countrates w. SiC/Mg (#6026)

0.226 AU
== Streamer
=& Coronal hole

3.5 4

1 15 2 25 3

Helioctr. Distance (Ro)

4.5

100.00

10.00

1.00

Counts/bin/s

0.10

0.01

UV & EUV Countrates w. SiC/Mg

0.226 AU
== Streamer 30 nm

e Streamer 122 nm
==+ = Hole 30 nm
—=# = Hole 122 nm

1.0

3.5 4.0

Helioctr. Distance (Ro)

15 2.0 2.5 3.0 4.5

Figure 4 Count-rates for observations from 0.22 Abrihelion at the beginning of mission.
Left: Polarized visible-light K-corona. Right: HP2 hm and Hell 30 nm coronal emission.
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K-corona pB Countrates w. SiC/Mg UV & EUV Countrates w. SiC/Mg
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Figure 5 Count-rates for observations from 0.3 Adrihelion at the end of nominal mission.
Left: Polarized visible-light K-corona. Right: HP2 hm and Hell 30 nm coronal emission.

3.2 EUS Extreme UV Spectrometer

The EUS instrument element is a spectrometer Wnitet EUV spectral channels. The bands are defin&adlble 2.

ID Boundaries (nm)  Wavelength Pixel Scale florder) Spatial Pixel Scale
A [“O VI" band] 96.8 —109.0 6 pm (18. km/s @ 100 nm) 1.2”
B [“Ly- o band] 116.2 - 126.6 5 pm (13. km/s @ 120 nm) 1.1”
C [“Ne VIII” band] 151.6 — 158.4 3.2 pm (6.2 km/s @ 155 nm) 1.0

Table 2: Wavelength ranges and pixel spacing ferttitee bands of the EUS spectrograph.

The main solar lines in these bands are showndargi6, along with a representative synthetic spectt{computed
with CHIANTI V. 5 of an “average” active region.
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Figure 6: Wavelengths bands accessed by METIS EUS
3.2.1 Instrument Observational Parameters and Sensi  tivities

Wavelength Coverage of the EUS Channels: Channel: Ahe most important lines are the He 11 108.5 @il 97.7
nm and Fe XVIII 97.4 nmChannel B, includes H I Lye, the C 11l 117.6 nm multiplet, that with the C BF.7 nm line

in band A, provides a density diagnostics in thregeafrom 16 to 10° cmi®, a doublet, 77.0, 78.0 nm the O V multiplet
at 63.0, 76.0 nm sensitive to density going frorf 1® 10 cm?®.

Temperature Coverage:The distribution in formation temperature of theosgest and/or most interesting lines in
these ranges is shown in the 7. One of the maim$p@ that the temperature range log T = 5.5 iSddvered only by
the Ne VIII doublet. Since that is an importamga in the study of the atmosphere of coronal haled thus of the
physics of the acceleration of the fast solar with@, inclusion of band C in the instrument set-sipf paramount
importance for that science objective.

Grating blaze angle: The grating profile is assumed to be a saw-toothwith blaze angle equal to °1Rlthough the

grating diffraction efficiency, calculated at théferent wavelengths and different diffracted orlés more than 90%,
the actual peak value is assumed to be 50%, dic@adlue is within the present capabilities oftigig providers. The
choice of the 15blaze angle is mainly driven by the possibilityspectroscopic observations in the outer corortheof
He Il at 30.4 nm line, at thé"Sliffracted order, with the SOCS element, whichrepthe doors to novel science.

Optical and detectors differential coatings:The baseline coating for the EUS optics i&Bfor its high efficiency for
wavelengths below 55 nm. The detector photocatl®delected to be potassium bromide (KBr), withhhiggiantum
efficiency in the whole EUV region and its longsterstability. The visibility of 2* and 3 order spectral lines is
definitely compromised unless the strong&mtder contribution is reduced at the detectorestag already shown by
SOHO-SUMER observations. Therefore differently eda{bare or KBr) areas are adopted on the detedtors
channels B and C. Channel A, on the other handa hesform KBr coating.
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Figure 7: Formation temperatures of the ions whlises are observed in the EUS channels . Colormgpdbr line
temperatures is: red for "chromospheric" lines; ngg "transition region”, green "coronal" and bluédre”.

3.2.2 Expected Countrates

On the basis of the range of intensity variabibfymost lines in different solar conditions, thega expected when
considering near-disk and off limb measurementd, thie fact that the variability in spatial obseiwas resolved at
unprecedented resolution (i.e., 160 km) is unknowe to an unknown filling factor, we assume a dyicahrange of
10°. This is covered by changing the operational regif the detectors that can work both in analog pimoton
counting mode. The expected Quiet Sun countratesa¢he detector of Channel B is shown as an examigure 8.
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Figure 8: Simulated Quiet Sun spectral count rateBand B. First order spectrum is shown in blaskcond order
spectrum in green. Bare detector areas are showgreyg bands. The shaded band centred at 121.6 time sy«
attenuator for reducing the intense flux of thiseli
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3.3 SOCS: Solar Orbiter Coronal Spectrometer

The Solar Orbiter Coronal Spectrometer (SOCS) etérizecomprised of an insertable, externally-omlltelescope
mirror that feeds the EUS spectrometer throughipielslits. For coronal observations, SOCS uses#me 3 spectral
channels of EUS. Table 3 summarizes the coronaitispdines covered by the 3 channels and the dektures and
events that are observables with such lines.

Element Wavelength lon Quiescent Active CME

[nm] Streamer Streamer
95.01 Si IX X
97.25 HI Ly y X X X
97.49 Fe XVIII X

Ch%nylel A 97.70 CIII X
102.57 HI Ly B X X X
103.19 oVI X X X
103.76 0o VI X X X
119.62 S X X X
120.65 Si I X
121.57 HI Ly a X X X
121.83 oV X

CUENIE) = 123.88 NV X X X

HiLy a 124.20 Fe XII X X

124.28 NV X
130.33 Si 111 X
134.94 Fe XII X
30.33 Si XI

Channel C 30.38 He IT

Hell Ly a

Table 3 Spectral coverage of the three SOCS channel

3.3.1 SOCS Instrument Observational Parameters and  Sensitivities

SOCS FOV - The multislits define four instantaneous FOVslidterent angular distances from the solar Wesbli

The spectra from each slit are used to obtain fidochromatic images tangential to the limb, ded#nt heliocentric
heights. A full 2-D image is then reconstructedifgrpolating the 4 simultaneous 1-D images. Fgarshows the
FOV covered by the multislit at 0.22 AU and 0.38 Alable 4 gives the slits angular and heliocergdsitions and
Table 5 the optical performance of SOCS.

Table 4: SOCS'’s slits angular and heliocentric fiosis

. . . Spectral Spectral Spectral
Slit Angular Heég%hts Heghts Heghts Channel | plate scale| resolution | resolution
ip | Positon 555 AU | 0.3AU | 0.378 AU [omipixel] | [pixel] | 3 [nm]
1 [ 2.000 1.69 225 284 B-LY-a 5.08 4 0.0203
2 | 2310 1.95 2.60 3.28
3 | 2705 2.28 3.05 3.84 (gm_ Hde“) 0.66 8 0.005
oraer
4 | 3.100 2.62 3.49 4.40

Table 5: SOCS'’s spectral resolution
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FOV at 0.22 AU FOV at 0.38 AU
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Figure 9: The SOCS’s multislit defines four instareous FOVs at different angular distances fromstlar West
limb. Left: physical FOV covered by the multialitd.22 AU. Right: the same at 0.38 AU. The upjggtinsets show
the full 2-D images reconstructed by interpolatthg four simultaneous 1-D images. The lower leféia show disk
images obtained from EUS (17-arcniinsters.

1£01 Effective Areas and Coronal Spectra:Figure 10 shows the
effective areas of the 3 SOCS channels.
£ /‘ The UV spectra in the wavelength range from 9512 im and
g bl 113 to 135 nm obtained with UVCS streamer datacddrs
- e channel2 minimum are used to simulate the SOCS observatidhs.
£

—a— Channel 3 composite UV spectrum reconstructed by superposing

UVCS spectral data obtained at the heights olbseby the
SOCS multislit, from a distance of 0.3 AU, is saimoin Figure

e 2s s 11 and 12, for the OVI and HI Lg-channels, respectively.

Radial distance (deg)

Figure 10 Effective areas of the 3 SOCS channel8.3.2 Expected countrates

for each of the 4 slits (in the Hell channel origt  The countrates expected in the SOCS HI and He llaLy
images of 2 slits fall on the detector C). channels will be given as examples.

s/c ot 0.30 AU Slits height: 2.25,2.60,3.05,3.49 Rg s/c at 0.30 AU Slits height: 2.25,2.60,3.05,3.49 Ry
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=
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Figure 11: SOCS OVI detector simulated composite Figure 12: SOCS LYA detector spectrum at 0.3 Ab, th
spectrum at 0.3 AU “bare” detector regions are highlighted in gray.
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Channel B — HI Lya: Figure 13 shows the countrates as a function oflgwsition on detector B, with the spatial
binning along the slit of 60 arcsec (15 pxIs) arm@l@5 nm spectral binning (4 pixel). Figure piots the total counts
for the integrated HI Lyx 121.6 nm line, as a function of dwell time. Thistpdemonstrates that a spectral HI dty-
121.6 nm profile of 1bcounts can be accumulated in about tens of seconds

Channel C — Hell Lye: Figure 15shows the countrates as a function of pixel pasito detector C, with spatial
binning along the slit of 60 arcsec (15 pxls) and @ixel, 0.005 nm spectral binning. Figure 16vwehdheplots of the
total counts, integrated over the spectral Helld.y80.4 nm line (log scale), as a function of dwatta. This plot
demonstrates that a Hell Lyman30.4 nm line intensity of £@ounts is accumulated with dwell times of the omfe
tens of minutesNote that the spectral dispersion of SOCS Channel & able to separate the Hell 30.38 nm from
the SiXl 30.33 nm line. This capability is importart for assessing the possible contribution of the %I to the
narrow bandpass (1 nm) of the Hell Channel of COR.

. s/c at 0. BO ALl Slits helght 2.25,2.60,3.05,3.49 Ry Streamer H 1 121.6 nm Counts @ 0.3 AU
& HI Ly-a channel slit 2 slit1 FOV binning element = (20 x 60) arcsec"2
S5 = 75000
- slit 3 —+—23R ,L
TAE = 60000 +— ©
& —=—2.7Ro
© slit 4 —_— /
X IE = | £ 45000 —— 3.1Ro
Q 3 —#-3.5Ro /
N ]
g E = | § 30000
+E i 15000
b=
2 0 : : : : :
o
o 500 1000 1500 2000 0 5 10 15 20 25 30
Detector pixel (4 pixel binning) Exposure Time (m)

Figure 13: Lya detector expected countrate over 4 pxl ~ Figure 14: HI Lya countrate integrated across the
(0.024 nm) spectral bin, vs spectral pxI numbed.8tAU. spectral line at 0.3 AU, versus dwell time.

s/c at O 225 AU Slwtg he\ght 1. 69 1.95 Ry Streamer Hell 30.4 nm Counts @ 0.3 AU
[ Hell channel FOV binning element = (20 x 60) arcsec"2

1250
1000 ———*23Ro
~#-2.7Ro

750 /

1.00

0.10

Counts

0.01

Counts,/s,/(22"«50")/0.01nm

500 1000 1500 0 5 10 15 20 25 30
Detector pixel (8 pixel binning)

(o)

Exposure Time (m)

Figure 15: Hell detector expected countrate ovepx! Figure 16: Hell 30.4 nm countrate integrated acrtiss
(0.005 nm) spectral bin, vs spectral pxl numbed.8tAU. spectral line at 0.3 AU, versus dwell time.

3.4 Summary of the METIS Elements performances

Table 6 summarizes for each element of METIS, theeovational drivers, observational requirementseoving
modes and data products.
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Table 6: METIS Elements Performance Summary

Element Observational Drivers Observational Requirements Observing Mode Data Product
Channel Spatial Res. FOV Spectr. Res. Cadence &
Exp. Time
Simultaneous UV, EUV & Visible-light 1.8-3.5 R0 100 nm @0.22 AU | High cadence pB Images
Visible images of full corona.| 500-600 nm @0.22 AU 1 min. (cad) | Synoptic (during
Density maps Ne, N Nye. m 13" (pB=4 Nominal Monochromatic He
He absolute abundance. Equiv. to frames) Observing Mode) | Il images at 30.4 nm
COR | Outflow velocity maps of H, 2”q@ 1‘ AU 10 sec (exp.) and HI images at
He+. UV 122 nm at022 AU | 1:2-3.5Ro AA =10 | UV (20 min 121.6 nm
EUV 30 nm ' @0.22 AU (2 nm) cad, 1min,
exp), EUV
(1 hr, 2 min)
Chromospheric, TR & coronal 96.8-109 nm OVI 1" (on disk) | Inst. FOV Doppler wres.| Exp. Time: | Sit & stare or| Spectral images of
ions temperature, density, anddoublet Equiv. to 1"'x 17 3 km/s 5s raster during the upper
l.o.s. outflow velocity (>3 FeXXIll, FeXVllI, 0.14” @1 AU | Rast. FOV (1/6 sub-pixel | Single step | Nominal Obs.| chromosphere, TR
km/s). SiXIl, OVI at0.22 AU | 17'x 17 centroiding) | time: 20-50s | Mode and inner corona
EUS lons velocity distribution 116-127 nm 2 km/s Raster corona on disk and
Elemental composition for FIP FeXIl, MgX, OV, 2" (off-limb) | Inst. FOV Cadence: atthe limb upto 1.4
effect assessment NV, OIV Equiv. to 2'x 40° 1-3 hr Ro (at 0.22 AU) at
Reconnection signatures 152-158 nm FeXXl, 0.28” @1 AU | Rast. FOV 1 km/s the brightest lines.
Waves and turbulence NeVlll, SV, OIV, at 0.22 AU | 60'x 40’
signatures NIV
Maps of ions kinetic T in the | OVI doublet 103,2, Rad: 1.7-2.7| 1/elosvel. | Exp Time: Sit & stare| Spectral images of
outer corona, outflow w 103.7 nm, FeXVIIl, Ro distr. 60 km/s | 1 min. continuously off-limb corona at
(>30km/s) via Doppler SiXIl 24" 60" Cad. 10 min.| during Time-share the brightest lines.
dimming and los Doppler HI Ly-a 121,6 nm Equi Tang to 50 km/s Obs. Modes and (Instantaneous FOV
) quiv. to oS il
sSOCS velocity. _ Hell 30.4 nm 35-7.4" @1 limb: 2.0 100 km/s selected per|0d> at1.7,1.9,2.3, 2.6
Images of reconnecting ' A.U Ro during Nominal| Ro, at 0.22 AU)
regions. OVI lines width at 0.22 AU @ 0.22 AU Obs. Modes
broadening (CME shocks) '
Outer corona images at the
West limb
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4 Instrument Technical Description and Design
4.1 Functional description

4.1.1 Combined Configuration METIS

The METIS instrument is an integrated suite whiohgtitute, from a system point of view, a singlteiface towards
the spacecraft for thermal, mechanical, electaca optical aspects.
This suite integrates three different elements osingle optical bench also to guarantee the neextgloility in
coalignment between the optical heads, that isssecg for best coordinated operations and datysisahnd between
the instrument and the other Solar Orbiter payloads
A schematic of METIS is given in Figure 17.
The METIS suite consists of three different eleragatich one dedicated to a specific scientific aim:

* COR, a visible-EUV coronagraph

* EUS, an EUV disk spectrometer

* SOCS, an EUV coronal spectrometer
The three elements share the same optical beradiraiics, and S/C heat shield aperture.

Figure 17: METIS layout: on the left the opticaérlents and the bench are shown; on the right, tisemeview of the
instrument with baffles and enclosure.

4.1.2 COR

COR is an externally occulted coronagraph desidoed

* broad-band polarization imaging of the visible Kraua;

e narrow-band imaging of the UV corona in the H | Lamax, 121.6 nm line;

e narrow-band imaging of the EUV corona in the Heyiman-a, 30.4 nm line;
in an annular FOV between 1.2 and 3.0 solar radiign the perihelion is 0.22 AU, and between 1.8 &Adsolar radii
when at 0.3 AU.
The coronagraph critical issue of solar disk lighjection is taken care of by means of a novelocaptilesign for a
reflecting coronagraph, widely used in traditiomedternally occulted coronagraphs. This optical giedhas been
thoroughly studied in the design of the SCORE cagpaph developed for the sub-orbital mission HERECH
A combination of multilayer coating of the mirroxgtimized to enhance reflectivity in the EUV Hedj and of band-
pass filters contribute to the capability of imagithe solar corona in three different wavelengthdsaby means of a
single telescope. These mirrors are coated withilaygr optimized for 30.4 nm, but still have goraflectivities at
121.6 nm and in the visible.
The visible light channel and the UV and EUV chdsrae separated after the secondary mirror. InU¥iemode, a
multilayer filter reflects visible light and tran#s narrow-band UV HI line. In this mode, both chafs work
simultaneously. In the EUV mode, the multilayetedilis replaced, by means of a two-position medrmanby a low-
pass aluminium filter that transmits the EUV Hetkel In this mode the visible light channel charieelot operative.
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The visible light channel includes an achromatiapmeter for measuring the linear polarized bniggss.

COR has the capability of being operative alsorduthe spacecraft off-pointings by means of a meishathat inserts
an additional external occulter system, calledpafifating external occulter, which is large enougiptevent disk light
from entering the coronagraph aperture stop. I ca®ff-pointing, COR FOV will not be symmetrioailth respect to
Sun centre.

4.1.3 EUS

The spectrometer adopts a stigmatic design in gpaohpackage with high throughput due to the mimmmumber of
reflections. The instrument consists of a singlveint parabolic telescope which creates the imagieeoSun on its
focal plane. An entrance slit acts as the fielgh $tselect the region of the Sun whose spectrusrtdibe acquired. A
toroidal grating with variable-line-spaced groogages a stigmatic spectrum of each of the poirdaglthe slit height.
The spectral imaging of an extended area is oldamerastering through the rotation of the primamror in the
direction perpendicular to the slit height. Thregedtors are aligned on the spectral curve to aegimultaneously the
imaging spectra on six spectral intervals in 1sl Ziffracted orders. Also we expect to acquire 8rder lines on
detector 3.

The spectral intervals to be acquired are the 15384+ A (1st order, detector 3), 1162-1266 A (1skeoy detector 2),
968-1090 A (1st order, detector 1), 758-792 A (2mdler, detector 3), 581-633 A (2nd order, dete2)pi505-528 A
(3rd order, detector 3). The spectral resolvingmant corresponds to a velocity resolution of 1B,ahd 6 km/s
respectively in detector 1, 2 and 3. These valagsbe definitely improved to a few km/s resolutipncentroiding of
the line profile.

Two operational modes are expected: 1) mode 1, fieilth-of-view of 17 arcmin (rastered) x 17 arcn@@multaneous)
and spatial resolution in the 1.0 to 1.2 arcsegea) mode 2, with field-of-view of 60 arcmin (rasd) x 40 arcmin
(simultaneous) and averaged spatial resolutiohar2t0 arcsec scale.

Off-limb observations up to 1.4 solar radii @0.20 Aan be done when the spacecraft is pointed offeceusing the
whole range of the raster mechanism in operatiorle 2. The present progresses in terms of surtacgness make
it possible to have a primary mirror which givekeeel of stray light that is suitable for corondiservations up to the
maximum rastered angle.

4.1.4 SOCS

The spectro-coronagraph acquires simultaneousrapaobges of the extended corona in three diffespectral bands
and at four different radial distances. The inseuatrshares with the spectrometer the grating seetinl the detectors.
An image of the solar corona is created on theaen# plane of the spectrometer by a low-resolugt@scope that is in
the shadow of the solar disk. A field stop with tipié slits is at the prime focus of the telescep@irror. This multi-
slit field stop is the entrance aperture for thecsppgraph. The grating creates stigmatic spetrages of the different
slits on the detectors. The number of strips infthkel of view is selected with enough separatiomtinimize the
spectral overlap of the lines dispersed by theiggat

Since the areas illuminated on the grating for mk-dnd coronal observations are different, al$fedint coatings can
be adopted to select a different spectral rang¢hfispectro-coronagraph, in particular both th®mal mirror and the
grating are multilayer coated to allow observatiahthe Hell Lye. @30.4 nm.

To instrument performs on the three detectors VUWWEspectroscopy and imaging at the OVI 103.2-108m
doublet, the HI 121.6 nm and the Hell 30.4 nm. bserves simultaneous spectral images at four diiferadial
distances (1.7, 1.9, 2.3, 2.6 solar radii @ 0.23.AU

4.2 Hardware description
4.2.1 Optical Design

4.1.1.1 Design of the coronagraph

Light enters COR through the external occulter (BPgrture that provides the Sun disk occultatidd.i&€a multiple
disk system that ensures both thermal protectiothf® optics and better stray-light rejection. Amalar sector shaped
Sun-disk rejection mirror (MO) reflects back thsldlight through the front aperture. The hole in,M0Othe shadow of
EO is the aperture stop through which the cororgit lenters the telescope. The telescope consisssherical
primary (M1) and secondary (M2) mirrors in an ofisaGregorian mount.
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The image of EO produced by M1 is blocked by a salfed internal occulter (10). Its function is dock the solar
disk light diffracted by EO. In addition, M1 fornas image of the aperture stop on the plane of MRithcollected by
a light trap behind M2, which acts as the Lyot stbipis light trap performs the final stray lighjeetion.

The coronal radiation reflected by the secondanyanimpinges the filter wheel. The filter wheelcacnmodates two
filters: a narrow band multilayer filter (HF) optized to transmit the HI 121.6 nm line, and to reffliihe visible light,

and an aluminum low pass filter (HeF) to selectitedl 30.4 nm line. With HF, the UV HI 121.6 nm ooia and the
visible-light K-corona are imaged simultaneousbBspectively on the UV detector and on the VL detedtvith HeF,

only the EUV Hell 30.4 nm is imaged on the UV dédecThe optical path diagram is shown in Figure 18

A detailed description of the COR element is giirethe EID-B document, part Il of this proposal.

Figure 18: COR Optical path diagram..

4.1.1.2 Design of the spectrometer

The spectrometer consists of a single-elementdepes an entrance slit which acts as the field, saidproidal grating
with variable-line-spaced grooves that gives anséitic spectrum of each of the points along thehdight and three
detectors aligned on the focal curve of the inseninThis design has been found to provide exdetifraxis imaging
in configurations with magnification higher thanityn permitting high-quality performance in companstrument
packages. Furthermore, it gives a flat focal s@rfiaca broad spectral interval allowing the sim#taus acquisition of
stigmatic images of spectral lines which are emiitbyy a broad range of plasma temperatures with@n sblar
atmosphere.

The detectors are MCP-based with output on phospdreen and APS read-out and can be operatedrbatialog and
photon counting regimes. The MCPs will be differalfy coated: 1st order lines are acquired on KBated areas, 2nd
and 3rd order lines on base areas, to enhancevibiility.

The primary mirror adopts a dichroic-coating desigth low absorption of the solar visible and nedrared and good
reflection of the VUV/EUV radiation to manage asbthe huge thermal load @0.22 AU. It is coated Itlyin layer of
boron carbide on a quartz substrate, so the thdoadlis transmitted to a great extent to the tsadk and dissipated
through a space radiator.

The scheme of the configuration is shown in Fidife

A detailed description of the spectrometer is givethe EID-B document, part Il of this proposal.
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Figure 19: Scheme of the spectrometer configuration

4.1.1.3 Design of the spectro-coronagraph

The telescope that observes the corona is an @ffparabola that is inserted in the optical pattwben the telescope
of the spectrometer and the entrance slit plarthénshadow of the disk, as schematically showniguré 20. The
mirror creates an image of the corona in the saroal plane of the telescope of the spectrometeg.siiigle slit of the
spectrometer is substituted by a multiple slitegstvith four slits that act as the field stop agidgropagate toward the
TVLS grating only the light coming from four distinareas of the corona at different radial distan@ée light coming
from the multiple slits hits the grating in a latearea distinct from the portion of the gratingedidor the on-disk
observations and is then focused on the detectors.

Since the areas illuminated on the grating for mk-dnd coronal observations are different, al$fedint coatings can
be adopted to select a different spectral rang¢hfispectro-coronagraph, in particular both th®mal mirror and the
grating are multilayer coated to allow observatiahthe Hell line @30.4 nm as 5th diffracted oridedetector 3. Since
the multilayer coating has rather good reflectivtyo for wavelength above 100 nm, also spectrséations of OVI
103.2-103.7 nm and HI 121.6 nm at 1st diffractedkoiare acquired on detectors 1 and 2.

A detailed description of the spectrometer is giwethe EID-B document, part Il of this proposal.
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Figure 20: Scheme of the spectro-coronagraph condition

4.2.2 Thermo Mechanical Design

The coronagraph (COR), disk spectrometer (EUS) radrepectrometer (SOCS) forming the METIS instrutreme
installed on a common optical bench and share dimesaperture in the satellite heat shield (Figug241). The
external occulter mask is supported by the exteomtical baffle, made in Carbon-Carbon compositd EG= 0.2
pm/m/°C, thermal conductivity = 34 W/m/°C), throughset of thermal washers providing a first thercatl The
external optical baffle crosses the whole heatldréed the S/C front panel, and its length can depted to the
thickness of the S/C heat shield. Preferably, tkiereal optical baffle should not be surroundedadbny additional
thermal baffle, but just by a frame (spacecraftvfgted) supporting the various layers of the he&dhavoiding the
direct physical contact between the shield and#fle, but letting the optical baffle sides freeradiate the heat in the
gaps between the layers of the heat shield. Oofttipe front shield, the frame shall overlap by athb cm the external
occulter mask (so to cover the gap between theagdiaffle and the front shield) but again withaythysical contact.

On the optical bench, an internal optical bafflesunds the sun disk and corona light beam tilldhe-light rejection
mirror MO. This internal baffle is inserted in at@ut of the optical bench and fixed to the bentkight points through
two longitudinal ribs. The external optical bafffeconnected to the internal baffle through anrfate frame and the
interposition of thermal washers to cut the haat fowards the bench. The whole optical baffle dexal + internal) is
sized so to avoid direct impingement of the intemalls by the sun disk light even duriag.25° off-pointing of the
satellite from the sun center.

The three disks forming the fixed external occuétex connected one by one to a support frame (Jdin¢he external
optical baffle) by means of titanium rods (CTE 2 fim/m/°C at 250°C, thermal conductivity = 16.4 W/m), @ith
interposition of thermal washers. The five disksnfing the removable occulter are connected by medrtbree
titanium rods (the four outer disks are connectea by two) to a hollow shaft made in titanium amkéd to the motor
installed on the optical bench (a 60° rotation ninesapplied to the shaft for moving the occulteskdifrom the parking
position to the operative position, interleavedhwihe fixed disks). A thermal breaker made of cécamaterial is
introduced along the shaft to prevent the heatgmapon towards the bench.

The optical bench is a 40 mm thick sandwich panith W€FRP skins and CFRP honeycomb. Titanium insars
embedded in the honeycomb in correspondence ohthats of the items installed on its surface. TBES elements
(entrance slit, grating, detectors, shared alst tie EUS) are grouped in a separate box, instaifethe bench by
means of three bipods. The SOCS primary mirrorwel as all the other elements of the EUS and C®iRrérs,
detectors, filters, mechanisms, internal baffles)iastead directly mounted on the optical bench.

The optical bench is interfaced with the satelbie means of three “pseudo-kinematics mounts” piiagich quasi-
isostatic support, designed to carry the launclidoand to minimize at the same time the transfehéobench of
stresses originated by deformations of the spaftestracture.

The hottest elements installed on the optical béi®, EUS heat absorber) are cooled by conductisimg thermal
links (flexible straps + heat pipes) to externaliators. The heat pipes (S/C provided), should theerequired I/F heat
transfer capability, while the flexible connectipnstrument provided) are dimensioned to dischéeg at the thermal
interface point (heat pipe) with the lowest mechahrestraints.
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Figure 21: Configuration of the METIS instrument
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Figure 22: Configuration with optical baffles remamyand detail of the external occulter
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4.2.3 Mechanisms

METIS has totally 6 mechanisms.
The COR mechanisms are:
1. Extended external occulter insertion
This is a precision two-position mechanism to ihgbe extended external occulter without mechabjcal
interfering with the fixed external occulter
2. Filter exchange
This is a precision two-position mechanism, thatoaemodates the multilayer filter and the aluminww-|
pass filter, to switch from Hydrogen-visible obsaion mode to Helium observation mode.
3. Internal occulter alignment (during commissioniriape only)
This mechanism is necessary to adjust during tihentesioning phase the position of the internal tiecuo
compensate for external occulter misalignment a@d®f-pointing. This mechanism is designed to atijhe
internal occulter position along the axes perpanidicto the local optical axis.
The EUS mechanisms are:
4. Primary mirror scan mechanism
This is a precision mechanism that rotates the-slictrometer telescope mirror around a verticl passing
through its centre to perform the rastering oveegended region. The minimum rastering step icéex and
the rastering interval +30 arcsec.
5. Coronal telescope insertion mechanism
This mechanism is used to insert the coronal tefgsdhat is used to look at the corona (i.e., plaoethe
shadow of the disk) in the optical path througmedr displacement.
6. Slit covering mechanism
This mechanism is used to insert a mask to coveroorfour slits alternatively through a linear désggment.
The single slit is used for the on-disk observatjdhe multiple-slit system for the spectro-coraaady.

4.2.4 Detectors and Front-End Electronics

4.1.1.4 COR detectors

The COR visible detector will be a custom developetive Pixel Sensor (APS).. The sensor has a foohak x 2k
with pixel size of 25 pum. The most critical paraarewith the currently available technology is teadout noise, which
in the baseline has to be less than 5 e—. Thig pould be addressed with a specific 1-2 years|dpweent program.
However, a readout noise of 10 e—, which is inciingent technological capability, could be toleebl

Due to the relatively long acquisition frame peritdte APS should be operated a low temperaturethéobrder of —50
°C) and therefore should be equipped with a theleotréc cooler device and a suitable radiator.

For this sensor, the ADC should be off-chip. Eviem ithis way the external electronics is more cterphis allows
more flexibility of ADC design, better radiation rdaess options and less complexity of the senseif,tallowing
better performance in terms of noise.

The COR UV detector works in photon counting anttased on the same design of EUS/SOCS detectang, the
same IAPS sensor. The difference in the requiredl gize (25um pixel size instead of 1gm) can be overcome
coupling a larger MCP intensifier (diameter > 50 yrbm the smaller sensor with a fiber optic taperappropriate
reduction ratio (2:1). Since the APS format is shene than the required detector format, no sub-pdselution with
event centroiding is required, but only the evesdlpdetection.

4.1.1.5 EUS/SOCS detectors

The spectrometer and the spectro-coronagraph asmthe detectors, but in two completely differaténsity regimes:
in fact, since the two elements look either at diek or at the corona, with orders of magnitudedifferent light

intensities, the detectors have to be able to waitk an extremely large dynamic range.

The baseline for the detector architecture is aenkified Active Pixel Sensor (IAPS), since it alkoperation in two
different modes, photon counting and integratiopasure, suitable, respectively, for low and higeleof flux. The

schematic of the IAPS detector is shown in Figuge 2
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MCP intensifiers can be operated both in analog iangdhoton
o Wl counting mode by changing their operating voltafee APS
w—" readout system is well suited for both operatingleso
\ M \—‘“““"p‘y + in analog mode the input image is read out by tHRSA
— / —— directly sensing the output of the phosphor screen

3 : e in photon counting, the APS is operated at a fraate high

enough not to have overlapping of the spots geeeday each

b primary photon; then each frame is searched togrise
these spots, computing the x, y coordinates of ttegiters

A 2kx2k pixel sensor will be used.

The three SOCS detectors will use basically theesdesign, with

,/{ differently coated area to optimize the sensitifdy each channel
/ - T\\ \\\J ‘\ at the %' diffracted order or at the higher orders.
The Front End Electronics will include the APS colier, which
red [es ] | e will provide the digital signal sequences to opetiie sensor, and
shreen a digital data processing block, implementing défe functions

. ) . in the two, photon counting and analog, operatinglen
Figure 23:Schematic of the IAPS detector. All the IAPS detectors (both for COR and EUS/SCOR) be in
open configuration: the intensifier will be hosted a vacuum
housing with a door (single shot aperture, TBChaoopened once in orbit and when in operation dutie laboratory
characterization and calibration phases.

4.2.5 Electronics

The METIS electronics (called MPPU, METIS ProcegsinPower Unit) is the unique interface of the fogtent with
the Spacecraft (Power, Science Data, TM&TC). OnSHhe side, the MPPU interfaces with the data hagdéystem
using a dual cold redundant Spacewire Interfacetrriorsmission of TM and reception of TC packets] aith two
independent primary power lines.

On the instrument side, the MPPU interfaces withftbnt-end electronic (FEE) boards of the 5 AP&®cters (COR-
VIS, COR-UV, EUS/SOCS spectral channels 1, 2, 3thwhe Thermoelectric Coolers of these detectding,
thermistors for the temperature monitoring, andhwite mechanisms described in section 4.2.3. Tha-level
architecture of the METIS electronics is provided Rigure 24, where the MPPU links with the detestand
mechanism are shown.

The main functions of the MPPU are:
. Receive the power from regulated bus of the Spaftemnd
0 generates all the voltages needed by the varioaisibanside the MPPU
0 supply the FEE boards (including the high voltageded by the Microchannel Plate - MCP - of the UV
detectors);
0 drive the Thermoelectric Coolers for stabilizing tthetector temperature;
0 supply all the motors of the mechanisms;
. Receive and execute the TCs coming from the S/C.
. Manage the operating modes of the COR, EUS, SO@S®amtrol the detector temperature.
e Collect the science data from the COR, EUS, SOQS&ctes FEE, store them into a Science Memory Buffe
and perform a first data processing/compression.
e Collect the HK of the whole instrument (includiregrtperatures).
*  Generate the HK and Scientific Telemetry packetsteamsmit them to the spacecraft through a Spaeelivik
using the ESA Remote Terminal Controller (RTC) guigalent device.

The main functions of the detector FEEs (to beqiags close as possible to each detector) are:
. Filter the power supply lines needed by the deteetod in particular the high voltages used asas bif the
MCP;
e Supply clock and bias to the five APS detectors gemkrates all the reference needed;
. Implement hard coded read-out routines windowingAsindowing.
. Implement the analogue to digital conversion using or more 12-bit (TBC) ADC.
. Interface with the MPPU using a fast serial digt@@hnection.
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The following boards are foreseen in the MPPU tplement its functions:
*  two DC/DC converter boards for high voltages of @@R-UV and EUS/SOCS detectors:
e two DC/DC converter boards for MPPU and FEE boandqy supplies;
e two digital interface boards to manage the deteekks;
e one board implementing the drivers for the Thermcteic Coolers (TEC) of the detectors;
e two boards implementing the drivers for all the headsm;
e one board to collect the analogue HK and implernttemnimass memory for science data;
e one micro-processor board with the cold redundaacgwire Interface;
e one micro-controller board,;
* one motherboard (backplane).

MPPU estimated volume = 22050<350 mn?
mass = 10.3 Kg (inclusive of 25% of margin)
power consumption = 37 W (inclusive of 25% of majumargin)

- METIS instrument

e e e e e e e e e e e e e e e e e e =

Power lines Payload Data
(main & redundant) = Management Unit
Spacecraft
| 5 EUS primary mirror totator
O COR - VIS detector 0 External occulter rotator | 1 SOCS primary mirror translator
8 COR - UV detector [ Electro-optical polarimeter | Slit selection mechanism
@ EUSISOCS = chi.l detector | O Intemal occolter translator |8 EUS/SOCS = ch. | detector door
© EUSSOCS —ch. 2 detector | 0 Filter wheel rotmor |0 EUS/SOCS ~ ¢h. 2 detector door
B EUS/SOCS = ch, 3 detector | COR = UY detector door | EUS/SOCS = ch.3 detector door

Figure 24:METIS High Level Electronic Architecture
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4.3 Software description

Software architecture is based on the highest bleskivel of integration, in order to achieve agéininterface to the
spacecraft and avoid duplication of functions thee common to Instrument Front End elements. Itiquéar, data
compression is centralized for all the elementzofmon communication protocol is identified for ik between
the elements and the common electronics. Spacémt@gface implemented within FPGA represents a leialoice,
thanks to its flexibility and speed. This approaels also the advantage to make the operationiofjke £lement easier
during assembly and verification, before its intdigm at instrument level. Spacewire is envisagednefor
communication between the main electronics andesatft, both for data link and for telecommandéneetry link.
Specific features to be developed for METIS on daaftware can be identified in the following togic
e Autonomous MCP protection. To increase the MCHRitife, an internal watchdog routine or task shall be
defined to verify if the incoming radiation is belaa specific threshold. Passing the threshold pull the
instrument in safe mode.
* S/C offset from the Sun center: The S/C will havel¢liver periodically the pointing offset telemetrom the
Sun Center in order to protect the COR element.

4.4  Operational modes

The functional operating modes of the METIS suiéta be subdivided in
e Off - instrument switched off before commissioning
e Safe/Standby(high voltage power supply off) - if S/C off-paing larger than + 1.2 @ 0.22 AU, emergency
Sun re-acquisition, orbital manouvers
e Calibration modes (ground and in flight calibration)
*  Observational modes

The observational modes defined in what followsaatepted to address the scientific objectives dmstiin Sect. 2.

The observational modes, subdivided accordingedMETIS element, are reported in the following éabl

METIS Channel Observational Pointing Observation Product
Element mode ID
COR Visible & UV Imaging COR-SC-UV S/C Sun Center Simultaneous images in|HI
Coronagraph Ly a 121.6 nm and polarized
visible light
COR Extreme UV Imaging COR-SC-EUV | S/C Sun Center He I Lya 304 nm
Coronagraph monochromatic images
COR Visible and UV Imaging COR-OP-UV S/C Off Pointing Simultaneous images in Hi
Coronagraph (OP) Ly a 121.6 nm and polarized
visible light
COR Extreme UV Imaging COR-OP-EUV | S/IC OP He II Ly a 304 nm
Coronagraph monochromatic images
EUS Disk Extreme Ultraviolet EUS-D S/C Sun Center EUV rasters on disk
Spectrometer (emission lines in the range
96.8-158 nm)
EUS Off Limb Extreme Ultraviolet | EUS-L S/C OP EUV rasters on disk
Spectrometer (emission lines in the range
96.8-158 nm)
SOCS Near-limb Extreme SOCS [OFF when S/C OR EUV coronal spectro-images
Ultraviolet Spectro- East of Sun Center]] OVI doublet, HI Lyx, He Il
Coronagraph Lya

Table 7: METIS Observational Modes
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4.5 Critical Technologies

4.1.2 Polarimeter

The COR visible-light channel comprises a liquigistal polarimeter that electro-optically modulaties K-corona pB
signal without the need of mechanically rotating polarizing optics. Although successfully provesnii the ground on
March 29, 2006 during an eclipse, some developrisen¢eded to space-qualify the liquid crystals. B@ORE sub-
orbital mission will demonstrate for the first tirttee operations of liquid crystals in space.

The use of liquid crystals has clear advantages mare classical methods of mechanical modulatipmdbation of

polarizing elements, since no mechanism is requtteticontrol hardware is compact and light-weidhaad the power
consumption is limited.

In case of space qualification delay or unavaiigbibf achromatic liquid crystals, a rotating halhve retarder plate
followed by a fixed linear polarizer acting as amalr will be necessary. This solution requires dditeoonal COR

mechanism to drive the retarder plate inside thealppath and the addition of a color filter imfit of the polarimeter
assembly.

4.1.3 Multilayers for COR and SOCS

Classical EUV multilayer structures, such as fatance Mo/Si, have the capability of reflectindomiger wavelengths
in the UV and visible thanks to the protective tayer deposited on top of the layer stack. Thecaptiesign of COR
and SOCS takes advantage of this capability by auimdpin one set of optics three wavelength chasinel

In order to extend and optimize the EUV multilayeftectivity into long wavelengths, a technologipabgram is being
carried out for the development of multilayers witip-layers with enhanced throughput at 103 nml&2dnm (SOCS)
or 122 nm and visible (COR). In particular, SiC/Muiltilayers with visible/UV cap-layer have been yed to give

definitely higher reflectivity in the EUV. At presg this coating needs further developments forsghece qualification.
We will pursue all the efforts to choose the besttitayer coating which optimizes the responsehi@ whole spectral
region of interest of COR and SOCS.

The backup solution for multilayers is to adopt #edl-known space-qualified Mo/Si combination w0, cap-layer.

4.1.4 |1APS Detectors for EUS/SOCS

Some testing and the space qualification are nape$s have a model of the IAPS detectors relidbteflight for
EUS/SOCS. In particular, some development will leeassary to guarantee the capability of maintainiveg high
spatial resolution in both photon counting and aga¢é modes on the same detector. All the othertpaie rather well
consolidated (such as APS, front-end electron@spote electronics) and do not need any specifieldpment.
However, in the worst case this detector will net ot available in time, a backup solution can bsile found
changing the SOCS optical design, and increasiagtating-to-focal plane distance. In fact, in ttése, a larger pixel
size is necessary, and consequently a larger detdnit at the same time this greatly reduces gadial resolution
criticality. In practice, an IAPS with a larger APSxel size would allow to maintain the foreseenestific
performance of the instrument, at the minor costamfie increase of the needed mass resource.

4.6 Minimum METIS configuration

The minimum METIS configuration is the following:

* Reduction of the spectral channels of EUS/SOCS f8oto 2 with a redefinition of the spectral bandikis
reduces the number of the EUS/SOCS detectors torsequently also the mass and the complexity ef th
electronics.

* Cut of the EUV channel of COR, that observes Hefman« line. This eliminates the filter exchange
mechanism.
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5 Summary of Experiment Interfaces

5.1 External Configuration Drawings

The external configuration of METIS instrument iown in Figure 21. The main dimensions of the exdeenvelope
are provided in Figure 25. The instrument powempsppnd data handling electronics is contained s (the METIS
Processing & Power Unit) having an envelope of28Dx350 mni.
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Figure 25: METIS external envelope main dimensions

5.2 Summary of METIS interfaces

Optical Bench Size 1408(*)x755x264mm

Electronic units Size 220x250x350Mm

Instrument mass (inclusive margin): 37.0 kg

Center of Mass (ecxluding electronics box) GoM-0.314m, CoM = -0.390m, CoM=0.116m.
Moment of Inertia: Ixx = 1.0 kgi? , lyy = 3.8 kdin’ , 1zz = 4.5 kg’
Power consumption (nominal, inclusive margin) 50/@28 V

Average Telemetry Rate 26.8 kb/s

(*) 400mm are protruding through the sun shield
Table 8: Summary of METIS interfaces
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6 Test and Calibration Plan

This section deals with the description of the\atitis to be carried out on ground during assenablg verification
phases and in flight during commissioning, cruisel abservational phases to fully characterize tigrimental
response.

6.1 Testing

6.1.1 Ground/pre launch Tests

6.1.1.1 Sub-system tests
Subsystems of the METIS elements for which teslisbe@iperformed and documented are reported in€rabl

COR EUS SOCS

External occulters Telescope TVLS grating
Heat rejection mirror Raster mechanism UV detectors
Telescope (including multilayer coating) Slit mepism

Internal occulter mechanism Coronal telescope nésha

Filters

Filter mechanism

Visible detector

Polarizer system

UV detector

Table 9. List of METIS sub-systems for which tedtde performed.

For each subsystem, the following documents, wipgtiGable, will be part of the FM delivery Data Rage:
= General
Functional Testing at Instrument Level
Functional Testing at System Level
EMC Testing
Structural Testing
Mechanism Testing
Thermal Testing
Log Book of test activities;
Data Book on the experimental set-up
= Data Book of the characteristics of subsystem unusasure
Considering the past experience of the Institutesladustries involved in the project, most of tequired equipment
for the tests described in the following is alreaalailable. Many of the above tests will be prodidey the
manufacturer; however in some instances testsbeifperformed by Institutes/Industries as approgriall the METIS
mechanism will follow a full qualification procesas required and explained in detail in sectioncéof EID-A.

6.1.1.2 Element tests
Each METIS element will be properly aligned and atignment verified prior to the final element igtation.

6.1.1.3 Instrument tests

METIS will be subjected to a Full Functional (Perfance) Test (FFT) to demonstrate that the hardesadesoftware
meet the performance requirements within allowddramces, compliant with the requirements describesection
6.4.2.1 of RD1.

6.1.1.4 S/C tests

After integration on the satellite, METIS will und® the qualification/acceptance test programmeralicg to agreed
system level requirements.

6.1.2 Cruise Tests
Presently, it is not foreseen to realize test @i during the cruise phase.
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6.1.3 In orbit Tests
Possible in-orbit tests on METIS elements or suftesys are still TBD.

6.2 Calibration
6.2.1 Ground/pre launch Calibrations

6.2.1.1 Calibration at element level

The calibration activity will provide the charadttion of the spectral, geometric, radiometric #indarity properties
of each assembled element. The measurements willelfermed in a meaningful sub-set of operative espdas
applicable. The list of the presently foreseenhbration activities at METIS element level is shown Errore.

L'origine riferimento non é stata trovata..

Element

Measurement type

Measurement subtype

Note

COR

Geometric calibration

Point Spread Function

Knife Edge Function

Field of view

Focal length

Scale plate factor

Distortion

Vignetting

Flat Field

ILS alignment

With respect to the reference cube

Focus stability

Vs temperature

Baffle alignment

Stray light rejection

Radiometric calibration

Background

Spectral responsivity

Photometric responsivity

Absolute and relative

Linearity

Versus time and flux

Saturation

EUS

Geometric calibration

Point Spread Function

Knife Edge Function

Low priority

Field of view

Low priority

Focal length

Scale plate factor

Distortion

Low priority

Vignetting

Low priority

Flat Field

Low priority

ILS alignment

With respect to the reference cube

Focus stability

Vs temperature

SOCS

Geometric calibration

Point Spread Function

Spectral resolution

Flat Field

ILS alignment

With respect to the reference cube

Focus stability

Vs temperature

Baffle alignment

Stray light rejection

Spectral calibration

Spectral resolution

Radiometric calibration

Background

Spectral responsivity

Linearity

Versus time and flux

Flat field

Along the slit

Vignetting

Along the slit
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Table 10. List of presently foreseen calibratiotivdaties at METIS element level.

Moreover additional calibration will be devotedthe functional tests of the digital electronics, as
» Verification of the data flow

+ Data compressor tests

e Operative modes evaluation.

6.2.1.2 Calibration at Instrument level

A subset of the calibration activities, mainly geiric and radiometric cross-calibration, will berfpemed on the
integrated IFE to verify the instrument behavidopto the delivery.

The verification of proper co-alignment among thé&aMS elements is required to guarantee the coiveladf
observations and to achieve the best scientifi'mtom the combination of parallel and/or subssdwbservations.
For the integrated suite of instruments the follogvactivities are planned:

» Co-alignment of each element boresight directiotihnéspect to the 4 axis

e Cross spectral calibrations

* Radiometric cross-calibration

6.2.1.3 Calibration at System level

Co-alignment with other instruments on board S@lebiter is foreseen. This activity must be perfodmathin the

AlV plan of activities at S/C level.

During the integration of the science payload ahoS/C, the system will be subjected to mechamindlthermal test
campaigns. It is foreseen to perform various imsgmt checks after each critical step, to verify iealth status of the
instrument.

6.2.2 Cruise Calibrations

During cruise periodic check-out are required. Tdrg cruise phase (more than 3 years) recommerddests of the
instruments be performed: hence every 6 monthstata (TBD) should be envisaged.

6.2.3 In orbit Calibrations

The general purposes of in-flight calibration meaments are:

» to provide post-launch calibration verification withe aim to check in-flight the validity of thestdts obtained
during ground calibration and take proper actidnseeded

» to monitor the instrumental performance and dedegtchanges, particularly those associated withadizgion by
contamination

» to establish the pointing of the instruments retatio spacecraft axes and other instruments arttdahy launch
induced changes

During the nominal mission, calibration run shadl implemented to verify element and instrument bighalnternal
calibration sources are presently envisaged (TB@gtform a detector sensitivity analysis.

A calibration session will be dedicated to the miigent of the COR boresight direction towards thetereof the Sun:
this is a rather critical alignment, and it will bearacterized by the analysis of the diffractimnf the external occulter
edge.

A potentially important absolute radiometric ingflit calibration could be observations of standakd dthrs (TBC).
These can be observed by the different elementls,ibémaging and spectroscopic mode, and can geoboth relative
and absolute response information (although owatlzer limited portion of the image/spectrum). Rarmore, stellar
observations will provide pointing information amill be used to determine the point spread functibthe telescopes.

7 System Level AlV

7.1 Verification Program

The instrument Verification Program, will be defithen compliance with the EID-A requirements andliloceed
through the following phases:

» Developmentaimed to demonstrate that the design, manufacfiand test process are in line with the applicable

requirements (scientific goals, mission environmspacecraft performance, spacecraft interfacesopadational
requirements).
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* Qualification aimed to demonstrate that the hardware and satvpeoduced according to the established design,
is compliant to the specification requirementsjudag proper margins.

» Acceptance aimed to demonstrate that the deliverable mogadgorm in agreement with the applicable
requirements and are free of workmanship defects.

The requirement verification will be performed #fatent levels. In particular:

« Equipmentevel (i.e., detectors, optics, baffles, mechasisehectronics, software)
» Assemblylevel (i.e. COR, EUS, SOCS)

» Systemlevel (the whole METIS instrument)

The verification methods will be:

» Test(functional, environmental, performance tests),

» Assessmenfoptical, structural, thermal, electrical analysis

» Inspection(visual determination of physical characteristics)

» Review of Design(reference to validated design documents, appralesign reports, technical descriptions,
engineering drawings etc., showing unambiguousdy tie requirements are met), or a combinatioretifer

7.2 Model Philosophy

The instrument model philosophy, defined accordnthe satellite AIT philosophy and requirementf.(EID-A) and

to the METIS development and qualification progreonsists of:

» Breadboard Modl (BB), already implemented during the instrum@htise B in support to the development of the
METIS equipments (in particular: detectors, FEEchamisms, optics, baffles, electronics and softyvanel of the
design of the thermal control and of the mechariitatfaces.

»  Structural Thermal Optical Mod¢éSTOM), for the qualification by test of the MET$§®ucture (including external
occulter, baffles, optics), mechanisms, thermalrbnthe verification of the structural and thetmaathematical
models, the verification of the instrument-S/C maadhbal, thermal and optical interfaces. After thsts at
instrument level, the STOM will be delivered to Belar Orbiter Prime Contractor.

» Engineering Model(EM), for the verification of the electrical anafawvare interfaces inside the instrument
(between MPPU, FEE, detectors and mechanisms) atwdebn the instrument and the S/C, verificatiorthef
operational modes and procedures, qualificatiorthef instrument flight software, verification by tesf the
electromagnetic compatibility of the electronicetattors and mechanisms. The MPPU and the FEHarequl to
be realized at Engineering Qualification Mo@&RM) level and subject to qualification testsdrefbeing used in
the instrument EM. After the tests at instrumemnelethe STOM will be delivered to the Solar Orbiterime
Contractor.

» Flight Model (FM), to be subjected to environmental and fun@idest campaign at acceptance level before the
delivery the Solar Orbiter Prime Contractor.

Flight Spares (FS) for the replacement of faileddamaged equipment at integration and launch sitebe also
realized. The list of the items for which a FS vk realized will be defined during the instruméftase A and
discussed/agreed with ESA.

7.3 System Integration and Test Flow

Since the METIS suite is a composite instrumentcWhincludes different elements each characterizedits own
specific scientific and operational task, plus sotoenmon parts, which functions are common to al ¢hannels
(MPPU, optical bench), the AIT / AIV activities system level are of large relevance.

A diagram illustrating the flow of integration adgties that shall be performed on METIS is shownEmore.
L'origine riferimento non é stata trovata.. It includes all levels of integration from equipnt (e.g. optics, detectors,
mechanisms), through elements, up to system irtiegra
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Figure 26. Flow diagram of the foreseen METIS indign activities.

7.4 Ground Support Equipment

Ground Support Equipment (GSE) is clarified in s#t.3.10 of RD1 as: “Optical, mechanical, fluidétectrical and
software support equipment or systems used forbredion, measurements, testing, simulation, trariapon,
handling... of space segment or of space segmemiegits.”

Together with each instrument model, the PI willig® the Mechanical Ground Support Equipment (MGSE
necessary to transport, handle and integrate #teument hardware, accompanied by appropriate dectation and
proof load and calibration certificates and theckleal Ground Support Equipment (EGSE) necessastiulate the
instrument and to perform quick look analysis aftinoment TM during system tests. The PI will rema&sponsible for
the maintenance of this equipment and will provide necessary manpower and expertise support égrate the
instrument EGSE into the system EGSE.

The PI will define the functional requirements bétinstrument and auxiliary equipment (e.g. MGSESE, etc.) at
instrument and spacecraft system level.

8 Flight Operations Concept
8.1 Observing concept

The METIS scientific observations is defined darection of the mission phases. As baseline we aitthaporbit profile
given in the Assessment Study Report, July 200@nGés in the Solar Orbiter mission profile willleet in the
METIS Operational Concept, although maintaininggheme philosophy.
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| indicative Mode Ghange Philasophy Nominal Observation Modes (NOM)—
During the Solar Orbiter Nominal
Time Share Observation Mode, Meminal Obseryation Mode

Moo e L st Observation Modes (3 interval, 30 days)
Lt the COR element acquires coronal
Visible and UV images at high cadence
Time Share Otservaton tode | (12 min) and EUV images at high cadence

(2 min). Coronal images in polarized
vt visible light and UV HI Lya 121.6 nm
B are obtained for 70% and images in the

EUV Hell Ly o 30.4 nm are obtained for
30% of the NOM observing time,
respectively. EUS will acquire high
cadence rasters (1-3 h) for 70% of the
observing time. For the remaining 30%
of the observing time SOCS will perform
e e AU a High Cadence Sit and Stare program (1
I min). SOCS and EUS are mutually
exclusive from the observational point of
view.

Low data rate acquisition

High Rate Downlink

Communication above 0.5 AU

Time Share Observation Mode |

Figure 27: Modes of operation during the nominateexied mission

Time Share Observation Mode I(adjacent to the Nominal Observation Mode at @didn) - In these phases, COR is
obtaining coronal images at a lower cadence (10n2(). EUS is not observing. SOCS is operating wita High
Cadence Sit and Stare program.

Time Share Observation Mode Il (including the aphelion) — In this phase, COR wilh a low cadence (1-2 h)
synoptic program, producing coronal images th#itrefiain a space resolution better than that oSICO C3.

According to this he data volume obtained by MEPES orbit, 29.8 GB, is compliant with the telemeatjocation
foreseen for COR and EUS in the PDD. By assumingrapression factor of about 10 for the imagesinbthby
COR and a factor of about 2 for the spectral raatet spectro-images obtained by EUS and SOCS, eiipgred
telemetry rate is 27 kb/sec.

8.2 In-Flight Calibrations

In flight calibrations will mainly consist of: anternal calibration; b) radiometric calibration listellar objects; c)
spectral calibration with reference chromosphénied. d) stray-light calibration during S/C nomiéi-pointing.

a) Radiometric calibration of EUS will be carried day use of calibrated UV lamps installed in the METI
structure capable of illuminating the EUS telescopeor. This type of calibration will be performeden the
METIS S/C door is periodically closed.

b) Observations of stellar objects will be used foflight calibrations of the radiometric responsel dne spatial
resolution of COR and SOCS. The stars will be wgitin the nominal FOV at aphelion, and without é&3/C
off-pointing

c) Chromospheric lines that display negligible Dopsleifts (i.e., < 1 km/s) will be used for the cadition of the
spectral scale of the spectrograph for EUS and SO®8 calibration observations will be performed at
perihelion, during co-rotation, to minimize the Qudgr shifts introduced by the S/C motion relatioetie Sun.

d) The opportunity will be seized during S/C nominéftmointings to perform stray-light calibrations @OR
and SOCS. In order to assess the instrumentalkgtaybehavior, disk light diffracted off the cirlar occulter
of COR and off the linear occulter of SOCS will&éwed to enter into these two instruments in atiadled
way (e.g., by fine-tuning the position of COR imtar occulter). The level of stray light in SOCS Ivailso be
assessed by measuring the intensity of disk (chspimgric) lines relative to coronal lines.

8.3 Support to MOC and SOC

The total manpower dedicated to Phases 2, 3 anfdtleoprogramme is about 160 man-years all overnitrainal

duration of six years. Details are provided inM@nagement Plan, Part V of this proposal.

The support to MOC will be given in the pre-laumttase to set up the needed HW and perform the@teseédures in
preparation to instrument and scientific operati@hsing the commissioning phase to prepare theguhares to switch
on the instrument and test its performance anchdutie standard operation by preparing the obdervatanning in



. METIS REF: INAF/OATO NR. 93

. o AmoNALE 1 ASTRORBCA SCIENTIFIC AND DATE: 15-JAN-2008
INAF TECHNICAL PLAN ISSUE 1

page 51 of 58

L 4

coordination with the other instruments, providiog a regular base the commands for scientific elsens and
calibrations, checking the instrument performarares the execution of the planned and implementedhcands .

The support to SOC will be given by providing theeded HW, ensuring the data reduction and dataavah, as
soon as the telemetry data are delivered to thm,temorder to check in a preliminary way the vayicf the scientific
data. The preliminary scientific analysis will berformed not only to trace anomalies in the exgkdatstrumental
performance but also to assess the results obtairader to possibly optimize the scientific ogaras.

9 Data Reduction, Scientific Analysis And Archival Support

9.1.1 Pre-launch phase

Early in the instrument development phase, a teammdd by scientists and instrument experts, fronthal METIS
elements, will be established to study and desligth@ data processing techniques that will be ssagy to reformat,
reduce, display and analyze the scientific datllo®wing this step, the second phase will consighe development of
1) reformat software, to process the Level O, data to the uncalibrated Level 1 data,

2) Data Processing and Analysis Software (DPASijtem in Interactive Data Language (IDL), to preséd.evel 1 data
to calibrated Level 2 data.

Preliminary DPAS versions will be released and uBmdreduction of the instrument ground calibratidata. A
database will be implemented to be used in thensfieedata reduction process during the in-fligiperations.

9.1.2 Cruise and Operation phase

A centralized METIS Operation Unit, located in awfethe scientific institutions of the proposers|lwie established.
The METIS Operation Unit will support ESA SOC vikearonic media and video-conferencing as requbgdhe
Science Management Plan, in the cruise phase amtgdine nominal mission. This will include the camssioning
phase and the scientific operation phase.

During commissioning data reduction will be lingiterimarily to housekeeping data to monitor therimeent health.
During the cruise phase, the first science oparatiwith the coronagraphs will be performed and dtaandard data
reduction will be applied.

This activity will continue during the operationgse for all the METIS elements, that is, also idirig EUS.

The METIS Operation Unit will process the data asrsas they will be transmitted in order to devetlop necessary
revisions of the data reduction procedures angtiate in real time the observation catalogue. Hitewh the Unit will
provide the data at all Levels to the Solar OrbESA scientific data archive, together with obsé&oralogs and
summary data.

9.1.3 Data reduction process

DPAS will be applied to the uncompressed, reforethttiata to perform the standard photometric andngéc
corrections, using both ground and on-board calitima and spacecraft attitude information.

The data reduction process will result in:

Spectral Data Files containing uncalibrated detector count data (t®per pixel) as well as instrument configuration,
pointing and exposure time data. (Each observiggesece will produce one Spectral Data File peraiete

Visible Light, UV and EUV Image Data Files containing uncalibrated detector count data ak aginstrument
configuration and exposure time data, along witimtrog information and information on the polarizer

Standard Formatted Data Unit Files: will provide, for each of the above data filestandard description

Calibration Data Files: Parameters files for pointing, spatial, wavelénghd radiometric calibrations, flat field and
dark count data, Solar Orbiter orbit and attitudead TBD format).

Data Catalogs: These will include an open source database toipesars to select observations based on pointing,
observation date, type of feature observed, orrathiteria. They also include the Mission Log Fiehich records the
observing sequences and other commands sent tasthement, as well as an evaluation of the datdityu A preview

of the data will allow the user to evaluate theadatfore the download via the data archives.

Applying the Data Processing Analysis Softwardwritten in IDL, TBC) to these files the scientisire allowed to
obtain calibrated data for scientific analysis.
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9.1.4 Scientific data analysis

In the phase preceding launch, the scientific t@dlinfocus on the development in a coordinated fastof all the
diagnostics techniques, simulations and softwadesmeeded for the analysis of the METIS data. attisity will run
in parallel with the development of the reductiowl alata analysis software.

During the observation phase, the data productstheg with the Data Analysis Software, needed taiolcalibrated
spectra and images, will be made available immelyiab the METIS scientific team, and to the largeientific
community according to the ESA policy. The scigatieturn of the METIS investigation will be ensdrand enhanced
by a team policy apt, on the one hand, to addiétseascientific objectives that are at the badithe METIS proposal,
and, on the other hand, promote collaboration anely exchange of results among scientists.

Main scientific results and significant outreachtenal will prepared and transmitted to ESA SOCregfular intervals.

9.1.5 Data archiving

All data categories relevant to METIS (e.g., rawlilirated, high-level data, etc.) as well as théwsoe libraries
developed according to agreed common standard$atarreduction and analysis will be transmitte@&®A SOC and
most recent data will be temporarily stored in aENB archival system compliant with the state-adf-trt data
management technologies in order to provide:

The proper data pipelining in the processing floanf the raw to the high-level stage.

The near-real-time data ingestion and indexing (wdlowed by near-real-time data availability) raquested
by quick-look purposes and/or space weather apjita

The dynamic construction of catalogs and meta-ogsalo minimize search time.

The scheduled online delivery to the ESA ScienctaRachive in the compliant format (e.g. ESA SDAdan
NASA NSSDC).

The on-demand deployment of the METIS softwarealies and related documentations.

Advanced capabilities like data visualization, datalysis and knowledge discovery can be implendeate added to
the data products transmitted to the ESA sciente atahive.

9.2 Compliance with the Agency scientific data policy

METIS investigation will be fully compliant with lthe requirements (as defined in the Science Mamagt Plan)
regarding scientific data policy, public relaticarsd public outreach.
Support for Science Communication purposes willgsevided to ESA.
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