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Abstract — METIS, the Multi Element Telescope for Imaging
and Spectroscopy, is the solar coronagraph foreseen for the ESA
Solar Orbiter mission. METIS is conceived to image the solar
corona from a near-Sun orbit in three different spectral bands: in
the Hell EUV narrow band at 30.4 nm, in the HI UV narrow
band at 121.6 nm, and in the polarized visible light band (590 —
650 nm). It also incorporates the capability of multi-slit
spectroscopy of the corona in the UV/EUV range at different
heliocentric heights.

METIS is an externally occulted coronagraph which adopts an
“inverted occulted” configuration. The Inverted external occulter
(IEO) is a small circular aperture at the METIS entrance; the
Sun-disk light is rejected by a spherical mirror M0 through the
same aperture, while the coronal light is collected by two annular
mirrors M1-M2 realizing a Gregorian telescope. To allocate the
spectroscopic part, one portion of the M2 is covered by a grating
(i.e. approximately 1/8 of the solar corona will not be imaged).

This paper presents the error budget analysis for this new-
concept coronagraph configuration, which incorporates 3
different sub-channels: UV and EUV imaging sub-channel, in
which the UV and EUYV light paths have in common the detector
and all of the optical elements but a filter, the polarimetric visible
light sub-channel which, after the telescope optics, has a
dedicated relay optics and a polarizing unit, and the
spectroscopic sub-channel, which shares the filters and the
detector with the UV-EUV imaging one, but includes a grating
instead of the secondary mirror.

The tolerance analysis of such an instrument is quite complex:
in fact not only the optical performance for the 3 sub-channels
has to be maintained simultaneously, but also the positions of M0
and of the occulters (IEO, internal occulter and Lyot stop), which
guarantee the optimal disk light suppression, have to be taken
into account as tolerancing parameters.

In the aim of assuring the scientific requirements are optimally
fulfilled for all the sub-channels, the preliminary results of
manufacturing, alignment and stability tolerance analysis for the
whole instrument will be described and discussed.

Keywords: coronagraphy; tolerance analysis; optical simulation
and performance prediction; imaging and spectroscopy

L INTRODUCTION

Although over the past decades a major push-forward in the
knowledge of the solar corona and its interactions with the
heliosphere has been carried out thanks to several space
missions (for example Skylab, SOHO, SPARTAN, TRACE,
STEREO, and many others), many open questions remain. As
a matter of fact, the region in which the heliospheric structures
are formed and the solar wind is generated is still not entirely
investigated and the physical processes underlying the
formation of these structures are not completely known.

The Solar Orbiter (SO) mission [1], foreseen to be launched
in 2017, is one of the mission foreseen in the framework of the
Cosmic Vision 2015-2025 ESA program. With a combination
of in-situ and remote sensing instruments and thanks to its
inner heliospheric mission design, SO is conceived for the
circumsolar region exploration with the purpose of giving an
answer to the scientific questions on how the heliosphere is
generated and controlled by the Sun.

The Multi Element Telescope for Imaging and
Spectroscopy (METIS) is one of the remote sensing
instruments allocated in the SO spacecraft.

The SO designed orbit will bring the spacecraft up to 0.28
AU from the Sun and thus METIS will be able to acquire the
first images of the Sun from an out of the ecliptic orbit.
Moreover, this specific orbit will allow a quasi-
heliosynchronous phase of observation, making possible the
investigation of low atmospheric structures, precluded for the
near-Earth orbits, the study of the source and acceleration
phase of the solar energetic particles, slow and fast solar winds,
eruption and early evolution of the coronal mass ejections.
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To fulfill all these scientific requirements, METIS [2][3] is
conceived to perform both visible and UV/EUV imaging, and
UV/EUYV spectroscopy of the solar corona.

II. METIS OPTICAL DESIGN AND PERFORMANCE

A. METIS optical design

The METIS instrument is conceived to image the solar
corona from a near-Sun orbit in three different spectral bands:
the EUV narrow band Hell Lyman-o at 30.4 nm, the UV
narrow band HI Lyman-o at 121.6 nm, and the polarized
broad-band visible light (590 — 650 nm). It also incorporates
the capability of multi-slit spectroscopy of the corona in the
UV/EUV range at different heliocentric heights.

The annular Field of View (FoV) covered by METIS
telescope ranges between 1.4 and 3.0 solar radii, when the
spacecraft is at the perihelion, at 0.28 AU; the attained scale
factor is 20 arcsec per pixel.

METIS is an externally occulted coronagraph which adopts
an “inverted occulted” configuration [4][5]. The Inverted
External Occulter (IEO) is a small circular aperture on the
spacecraft Sun facing thermal shield. The disk-light passing
through the IEO is rejected back by a spherical heat-rejection
mirror (MO0). The coronal light, on the other hand, is collected
by an on-axis Gregorian telescope. To allocate the
spectroscopic part, one portion of the secondary mirror, M2, is
covered by a grating (i.e. approximately 1/8 of the solar corona
will not be imaged). Fig. 1 shows a schematic layout of the
METIS “inverted occulted” coronagraph.

The suppression of the light diffracted off the edges of the
IEO and MO is achieved, respectively, with an Internal
Occulter (I0) and a Lyot Stop (LS) [6][7].

METIS consists of a single optical head which incorporates
3 different sub-channels: UV and EUV imaging sub-channel,
in which the UV and EUV light paths have in common the
detector and all of the optical elements but a filter; the
polarimetric Visible Light (VL) sub-channel which, after the
telescope optics, has a dedicated relay optics and a polarizing
unit; and the spectroscopic sub-channel, which shares the filters
and the detector with the UV-EUV imaging one, but includes a
grating instead of the secondary mirror.

EO Boom Boom Door MO
Baffle Baffle

Lyot Slits Interference UV &
Stop & Filter EUV
Field Focal
Stop Plane

Fig. 1. METIS telescope layout.

B. UV/EUV and Visible-light imaging paths

The coronal light gathered by the METIS Gregorian
telescope is divided in the different UV, EUV and VL paths
through the filters mounted on a filter wheel mechanism. The
filter wheel is inclined at 12° with respect to the telescope
optical axis and it is inserted in the converging beam exiting
the M2 mirror. The filter wheel hosts:

e an Aluminum thin filter that selects the EUV 30.4 nm
line;

e an interference (Al+MgF,) filter that reflects the VL and
transmits the UV 121.6 nm.

The primary (M1) and secondary (M2) telescope mirrors are

coated with multilayer (ML) coatings which are optimized to

enhance the reflectivity for the narrow bandpass at 30.4 nm [8];

those ML coatings have good reflectivity also in the UV and

visible-light bands [9].

Inside the polarimetric path [10], see Fig. 2, a broad band
filter selects the VL bandpass (590-650 nm). The VL
polarimeter sub-channel includes a polarization modulation
package (PMP) with a liquid crystal variable retarder (LCVR)
[11] together with a fixed quarter-wave retarder and a linear
polarizer in “Senarmont” configuration. The PMP is placed in-
between a relay optics system that collimates, through the
PMP, the linearly polarized VL from the K-corona and
refocuses it on the VL detector.

EO Boom Boom
Baffle Baffle  Plane Lens Lens

Door VLFocal Relay LCVR Relay

Fig. 2. METIS VL polarimetric path layout.

C. Spectroscopic path

The METIS spectroscopic path is shown in Fig. 3. It is
obtained through the insertion of two optical elements: a multi-
slit block in the focal plane of M1 and a grating in front of M2
[12].

The slit block is composed by three slits positioned at 1.5°,
1.8°, 2.1° FoV; the grating is a spherical varied line-spaced
(SVLS) diffraction grating which diffracts the HI 121.6 nm line
at 1% order and the Hell 30. 4 nm line at the 4™ order.

Concerning the optical performance at least 50% of the
energy is enclosed within 2 pixels for each of the slit in the
direction of the spectral dispersion. With regards to the spatial
resolution, it is limited for each of the slit respectively to 2, 3, 4
pixels.

Proc. of SPIE Vol. 10564 105643B-3



ICSO 2012
International Conference on Space Optics

Ajaccio Corse
9 - 12 October 2012

UV & EUV
Facal Plane

Boom SVLS Lyot  Slits &
Raffle Grating  Stop  Field Stop

Fig. 3. METIS spectroscopic path layout.

A summary of the METIS instrument characteristics and
performance are presented in TABLE I.

The estimated optical performance of the EUV, UV and VL
path, including the diffraction effect, is shown in Fig. 4.

TABLE I. SUMMARY OF METIS INSTRUMENT CHARACTERISTICS

METIS instrument performance

Coronal Imaging
VL: 590-650 nm
UV: 121.6 + 10 nm
EUV:30.4+2nm
VL: 10 arcsec/px
UV/EUV: 20 arcsec/px

FoV 1.5°-2.9°
VL< 107
UV/EUV< 107

Coronal Spectroscopy

UV:121.6 £0.9 nm
EUV:30.4 +0.22 nm
UV:0.072 nm
EUV: 0.018 nm
45 arcsec/px

Slit radial positions: 1.5°, 1.8°, 2.1°

Wavelength range

Spatial resolution

Avarage Straylight
(BCOI’/BSI.IH)

Wavelength range
Spectral resolution

Spatial resolution

Fov Slit extension: 0.8°
Detectors
Detector VL: 2048x2048 18 um pixel
UV/EUV: 1024x1024 30 pm pixel
——RMS_Vis
- - - -RMS_Diff_Vis
27 e RMS_HI

20 | =——RMS_Hell
wsd | Px_eq_Vis

—-—--Px_eq_UV
16 - 4

RMS radius (microns)

T T T T
0.0 0.5 1.0 15 20 25 3.0 3.5 4.0

Fig. 4. METIS telescope performance.

III. ERROR BUDGET ANALYSIS

The aim of the error budget analysis is to estimate the
optical ‘manufacturing and alignment’ tolerance, the optical
quality stability tolerance over the whole mission lifetime (long
term stability), and that over the time of one (or 4, for the VL
path) image acquisition (short term stability).

The tolerance analysis has been done taking into account
that METIS has 3 different sub-channels and that the telescope
mirrors (M1 and M2) are in common to both the UV/EUV and
the VL path. Moreover the interference filter is in common for
the UV and VL channel. So the tolerance analysis has to
consider the degradation of all the configurations at the same
time.

For a coronagraphic instrument the straylight issue is
extremely important, so the tolerance process has also to pay
attention to the impact of the tolerance on the straylight
suppression level.

For the UV/EUV and VL path, the figure of merit
considered for the ‘manufacturing and alignment’ and the long
term stability tolerance analysis is the rms spot radius. A
degradation of 30% of the rms radius has been considered in
both cases, thus accepting a global 40% degradation in total
(quadratic sum).

For the short term stability tolerance analysis, the boresight
error has been taken as the figure of merit and a shift of about 1
px has been considered as the maximum acceptable
degradation.

As the imaging of the internal parts of the corona is the
most interesting part for the scientific analysis, the internal
fields have been weighted more than the external ones in the
tolerance analysis process.

The tolerance analysis for the VL and spectroscopic path
has been divided in two steps, the tolerance analysis of the
telescope unit is done per se, then the VL and spectroscopic
path are considered as two independent modules.

A. Telescope Error Budget

The telescope tolerance analysis has been done at the focus
of the UV/EUV configuration and at the intermediate focus of
the VL configuration, i.e. the telescope focus.

In TABLE II the ‘manufacturing and alignment’ tolerances
are reported; the manufacturing tolerance includes also the
effect due to the element mountings (for example the
deformation induced on the mirror surface due to its
mounting).

The long term and short term tolerances are reported
respectively in TABLE IIl and TABLEIV.

For the alignment and integration phase, the position of the
detector has been considered as a compensator, while for the
VL path, the position of the whole polarimetric module has
been considered as a compensator.

As for the filter, the tolerance analysis considers both the
tolerance on the positioning of the filter inside the filter wheel
frame (F) and the tolerance on the position of the whole filter
wheel frame (FWF).
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TABLE II. TELESCOPE MANUFACTURING AND ALIGNMENT TOLERANCE

Telescope Manufacturing and Alignment tolerance
Mirror tolerance
ARM]’MZ 0.2 mm
Akmime 0.004/0.001
AdMl—MZ 0.15 mm
Adecyime 0.04 mm
Atiltvine 0.01°
Filter tolerance
AR k2 5310 mm
AdF]'}‘z 0.1 mm
AdCCFqu 0.2 mm
AtiltFl/Fz 0.20
AdecF/FWF 0.1 mm
Atiltgrwr 0.1°
Detector tolerance
Atilt 0.5°
Compensators
Detector position VL: %{}?Er{ljr{l/:(i)’li mlmm(fzn) (x,y)

TABLE III. TELESCOPE LONG TERM STABILITY TOLERANCE

Long term stability

Mirror tolerance
ARwmimz 35/15 pm
Akniine 0.003/0.001
Admive 15 pm
Adech/Mz 0.04 mm
AtiltMl/Mz 0.01°

Filter tolerance

ARg1p2 5310 mm
Adgye 0.05 mm
Adecg 0.2 mm
Atilt}rl/pz 0.15°
Adecgrwr 30 um
Atiltgpwr 0.04°

Detector tolerance
Atilt 0.35°
Ad 50 pm

TABLE IV. TELESCOPE SHORT TERM STABILITY TOLERANCE

Short term stability
~ ELV uv VL (4 exp)

Mirror tolerance
Adecyinn 4/2.8 pm 2.7/1.9 pm 1.4/0.9 pm
Atiltying 3/1.8 arcsec 2/1 arcsec 1/0.6 arcsec

Filter tolerance

AdecF/FWF - 7 um
Atiltgrwr 0.05° 3 arcsec

Detector tolerance
Adec ‘ 9 um 6 um 3 um

B. Visible Light path

VL path tolerances analysis is divided in two parts: element
analysis (i.e. decenter and tilt of the lenses/doublets) and
surfaces analysis (i.e. decenter and tilt of each lens/doublet
surface).

The results of the analysis are summarized in TABLE V;
where the tolerances have been divided considering the optical
elements composing the relay collimating optics and the PMP:

the first collimating doublet (Dj,), the PMP itself, the out
doublet (D) and the focusing lens (FL).

TABLE V. VL PATH TOLERANCE

VL tolerance

Man&Align Long Stab Short Stab

Doublet-in (Din) tolerance

ARpini23 0.4/0.16/0.4 mm 100/8/36 um 100/8/36 um
Adecpin 0.4 mm 0.4 mm 0.2 mm
Atiltpi, 0.4° 0.4° 0.2°
Adecpinias 0.12/0.11/0.4 mm 0.11/0.11/0.2 mm 2/35/5 pm
Atiltpini s 0.08/0.15/0.4 ° 0.08/0.15/0.2 ° 7/18/10 arcsec
Polarimeter element tolerance
Adec 0.4 mm 0.2 mm 0.2 mm
Atilt 0.4° 0.2° 0.2°
Adecgy s 0.4 mm 0.2 mm 0.2 mm
Atiltgyr 0.4 0.2° 10 arcsec

Doublet-out (Dout) & focusing lens (FL) tolerance

ARpout1 23 0.1/0.4/0.4 mm 0.062/0.2/0.1 mm 0.062/0.2/0.1 mm
Adecpou 0.07 mm 0.003 mm 0.003 mm
Atiltpoy 0.1° 0.1° 0.1°
Adecpoutias 0.07/0.4/0.4 mm 0.06/0.2/0.2 mm 2/70/7 pm
AtiltD‘,un/zn 007/007/0 14 ° 0.2° 10/18/6 arcsec
ARgp1 0.4/0.4 mm 0.2/0.2 mm 0.2/0.2 mm
Adecp. 0.08 mm 0.05 mm 0.05 mm
Atiltg, 0.4° 0.1° 0.1°
Adecgr 1 0.07/0.4 mm 0.07/0.2 mm 16/23 pm
Atiltppi 0.4° 0.2° 16 arcsec

C. Spectroscopic path

The characteristic and performance of the spectroscopic
path are different from those of the imaging paths, so a
different acceptable degradation has been considered.

In particular, the tolerances corresponding to a maximum
acceptable degradation of 50% (encircled energy) along the
spectral direction, and to a decrease of 20% of the flux passing
through the first inner slit have been calculated. Also, it has
been assumed a possible error of 1% in the grating radius of
curvature.

The spectrum is shifted by 0.25 mm, equivalent to 10 px, if
the grating is rotated by 1 arcmin in x or y and by 10 arcmin in
z (for the axes orientation see Fig. 5).

M1

Detector

Fig. 5. Detail of the spectroscopic path with the adopted reference system.

Slit block

The tolerance analysis for the spectrometer path includes
also the position tolerance analysis of the slit block.

The spectroscopic path tolerances are summarized in the
following table (TABLE VI).

Proc. of SPIE Vol. 10564 105643B-5



ICSO 2012
International Conference on Space Optics

Ajaccio Corse
9 - 12 October 2012

TABLE VI. SPECTROSCOPIC PATH TOLERANCE

Spectroscopic path tolerance
Grating manufacturing
and alignment tolerance
AR 1%

Adec, 1.25 mm
Atilt, 0.02°
Slit block tolerance
0.2/0.1/0.1 mm
2.5/8/4 °

Grating stability tolerance

Adec,xy
Atilty,

0.5/1/0.7 mm
1/1/10 arcmin

Adecgi
Atiltg

D. IEO and 10 tolerance analysis

The 10 and the LS block the diffracted light produced
respectively by IEO and MO edges. Since the IEO and MO
edges are conjugated, via the M1 mirror, with 1O and LS, their
blocking properties are directly related to the M1 tolerance.

For the LS an appropriate oversizing of the element is
sufficient to deal with the problem, considering that the
position of this element is not particular affected by MO shift
and M1 rotation. For IO instead, which is more critical, an
appropriate mechanism is foreseen to reposition it during the
flight.

IO and IEO tolerances for the integration phase on ground
and for the stability long term and short term in-flight are
summarized in TABLE VIL

TABLE VII. IEO AND IO TOLERANCES (‘MANUFACTURING AND
ALIGNMENT’, LONG AND SHORT TERM STABILITY).

IEO and IO tolerance

Man&Int Long Stab Short Stab
Adieomi 1 mm 1 mm 1 mm
Adeciro 0.3 mm 0.3 mm 0.03 mm
AdIO-Ml 0.15 mm 0.15 mm 0.015 mm
Adecio 0.15 mm 0.15 mm 0.005 mm
ARy 0.2 mm 35 um 35 um
Adecy 0.040 mm 0.04 mm 0.004 mm
Atiltu 40 arcsec 4 arcsec 3° arcsec

(*)The highlighted values are those of the parameters used as
compensators

IV. CONCLUSIONS

The preliminary tolerance analysis for the coronagraphic
METIS instrument for the ESA Solar Orbiter mission has been
presented. The analysis has been done considering the peculiar
design of the instrument. METIS comprises in one single unit
different sub-channels sharing most of the optical components.

The tolerance analyses for the different phase of the
instrument life have been calculated: manufacturing and
alignment tolerance for the realization on ground; long term
stability tolerance to assure the stability of the performance
over the whole mission life time; short term stability tolerance
to guarantee the quality and stability of the image during each
exposure.

The tolerances have been calculated for each of the optical
paths of the instrument: telescope unit, UV/EUV, VL and
spectroscopic  paths. The manufacturing and alignment
tolerances are well within the capabilities of the optical
manufacturers, long term and in particular short term stability
tolerance for the VL path are instead quite challenging.

For the telescope, the worst offenders during the whole
mission lifetime are the curvatures stability of the mirrors and
their relative position; for the VL path the stability of the
inclination of the interference filter is the major critical point.
For the grating the worst offenders are the rotations of the
grating, since these movements change the position of the
spectrum on the detector.

As for the short term stability over one single exposure, the
stability in term of rotation of the mirrors and filter is the major
concern.

Being the straylight due to the diffraction on the edges of
IEO and MO mirror an issue for this kind of instrument, a
discussion on the tolerance analysis for the 10 and LS stop has
also been given.
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