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ABSTRACT

Metis is a solar coronagraph mounted on-board the Solar Orbiter ESA spacecraft. Solar Orbiter is scheduled for launch in
February 2020 and it is dedicated to study the solar and heliospheric physics from a privileged close and inclined orbit
around the Sun. Perihelion passages with a minimum distance of 0.28 AU are foreseen.

Metis features two channels to image the solar corona in two different spectral bands: in the HI Lyman o at 121.6 nm, and
in the polarized visible light band (580 — 640 nm). Metis is a solar coronagraph adopting an “inverted occulted”
configuration. The inverted external occulter (IEO) is a circular aperture followed by a spherical mirror which back rejects
the disk light. The reflected disk light exits the instrument through the IEO aperture itself, while the passing coronal light
is collected by the Metis telescope. Common to both channels, the Gregorian on-axis telescope is centrally occulted and
both the primary and the secondary mirror have annular shape.

Classic alignment methods adopted for on-axis telescope cannot be used, since the on-axis field is not available. A novel
and ad hoc alignment set-up has been developed for the telescope alignment.

An auxiliary visible optical ground support equipment source has been conceived for the telescope alignment. It is made
up by four collimated beams inclined and dimensioned to illuminate different sections of the annular primary mirror
without being vignetted by other optical or mechanical elements of the instrument.
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1. INTRODUCTION

Solar Orbiter (SO) is a mission dedicated to study solar and heliospheric physics [1]. It was selected as the first medium-
class mission of ESA's Cosmic Vision 2015-2025 Programme. With a combination of in-situ and remote sensing
instruments, 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.

Scheduled for launch in February 2020, the mission will provide close-up, high-latitude observations of the Sun. SO will
have a highly elliptic orbit — between 0.9 AU at aphelion and 0.28 AU at perihelion. It will reach its operational orbit
three-and-a-half years after launch by using gravity assist maneuvers (GAMSs) at Earth and Venus. Subsequent GAMs at
Venus will increase its inclination to the solar equator over time, reaching up to 25° at the end of the nominal mission
(approximately 7 years after launch) and up to 34° in the extended mission phase.

Metis is one of the remote sensing instruments mounted on-board the SO spacecraft. The Metis coronagraph has been
conceived to acquire both visible and UV images of the solar corona. It has two channels: one to study the UV HI Lyman
o at 121.6 nm, and the other for the polarized visible light band (580 — 640 nm).

Metis adopts a configuration called ‘inverted externally occulted’ that is able to prevent the solar disk light to enter the
telescope; this light is back reflected outside by a mirror (M0). The passing coronal light is collected by the Metis telescope.
Common to both channels, the Gregorian on-axis telescope is centrally occulted and both the primary and the secondary
mirrors have annular shape. Moreover, the on-axis field is not available since it is anyway completely blocked by the M0
mirror. A novel and ad hoc alignment set-up has been developed for the telescope alignment [2] [3].

In particular, an auxiliary visible optical ground support equipment source has been conceived to align the primary and
secondary mirror. It is made up by four collimated beams inclined and dimensioned to illuminate different sections of the
annular field of view without being vignetted by the optical or mechanical elements of the instrument.

The integration and alignment, performed by the Thales Alenia Space integration team, and the on-ground calibrations of
Metis have been accomplished in an 1SO5 environment at the Optical Payload System (OPSys), a laboratory of the INAF
Astrophysical Observatory of Torino hosted by ALTEC S.p.A. in Torino (ltaly).

In this paper, after a description of the Metis optical design and performance, the telescope alignment philosophy, the
adopted set-up, the parameters used for the analysis and the obtained results for the Metis proto flight model alignment
are described.

2. METIS OPTICAL DESIGN AND PERFORMANCE

2.1 Metis optical design

The Metis instrument is conceived to image the solar corona from a near-Sun orbit in two different spectral bands: the UV
narrow band HI Lyman-a at 121.6 nm, and the polarized broad-band visible light (580 — 640 nm). The instrument is
designed to image the structure and dynamics of the full corona in the range from 1.6 to 3.1 solar radii (Rs), at minimum
perihelion distance (0.28 AU), and from 2.8 Rs to 5.4 Rs, at 0.5 AU. The annular Field of View (FoV) covered by the
instrument is between 1.6° and 2.9°, and the attained spatial resolution is 20 arcsec.

The “inverted external occulted” configuration (see Figure 1) [4][5] allows to reduce the thermal loads inside the
instrument. The inverted external occulter (IEO), a small aperture on the spacecraft thermal shield, also acts as the entrance
pupil of the instrument. The solar disk light passing through the IEO is back-reflected by a spherical heat-rejection mirror
(M0) and focused on the IEO itself. The coronal light, on the other hand, is collected by an on-axis Gregorian telescope.

The primary mirror (M1) focalizes the gathered coronal light in its focal plane, where a field stop (FS) is placed and limits
the outer FOV of the coronagraph. Then the secondary mirror (M2) focalizes the light again; part of the light passes
through the interference filter (IF) and then is collected by UV detector; the other part is reflected by the IF and is directed
to the polarimeter module.

Stray light minimization is a mandatory goal in any coronagraph and the worst offenders are the surfaces hit by the direct
solar disk light, IEO and MO. The internal occulter (10) and the Lyot stop (LS) are, respectively, conjugated with the IEQ
and MO via the primary mirror M1. 10 blocks the solar disk light diffracted by the IEO edge, while LS blocks the light
diffracted by the MO edge [6][7].
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Figure 1. Metis layout. Schematic view of the inverted-occulted coronagraph optical layout (not to scale) [6].

Metis consists of a single optical head which incorporates 2 different channels: an UV imaging channel and a polarimetric
visible light (VL) channel. The telescope optics (M1 and M2) and the stop system (IEO, MO, FS, 10 and LS) are common
to both channels, while the VL channel has a dedicated relay optics and a polarizing group. Each channel has its own
detector respectively called UVDA and VLDA.

The Metis instrument optical specifications are summarized in Table 1.

Table 1 Summary of Metis instrument optical characteristics.

Metis instrument optical specifications

FoV 1.6°-2.9°
1.7-31Rs @ 0.28 AU - 3.0-54 Rs @ 0.5 AU
Telescope type Externally occulted on-axis Gregorian
. VL: 200 mm
Effective focal length UV- 300 mm

VL: 580-640 nm
UV:121.6 +10 nm

VL: <20 arcsec @ > 2°
Spatial resolution <40 arcsec @ < 2°
UV: < 20 arcsec

Avarage Straylight VL< 10°
(Bcor/Bsun) Uv< 107
VL: 2048x2048 10 um pixel size
UV: 1024x1024 30 pum pixel size

Wavelength range

Detectors

2.2 UV and Visible-light imaging paths
The coronal light collected by the Metis Gregorian on-axis telescope is divided in two different paths:

e narrow band ultraviolet HI Lyman a (121.6 nm) path;
e polarized visible-light (580-640 nm) path.

The two different UV and VL paths are separated through an UV interference filter (IF), inserted in the converging beam
exiting M2, and inclined at 12° with respect to the optical axis of the telescope. The UV narrow bandpass interference
filter acts as VL-UV dichroic beam splitter by selecting the 121.6 nm UV band in transmission and reflecting the VL.
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The mirrors are coated with Al+MgF» with high reflectivity in the VL band and optimized to have an enhanced reflectivity
at 121.6 nm [8] [9].

Inside the polarimetric path a broad band filter selects the VL bandpass (580-640 nm). The VL polarimeter sub-channel
includes a polarization group (PG), comprising a modulation package (PMP) with a liquid crystal variable retarder (LCVR)
together with a fixed quarter-wave retarder and a linear polarizer in “Senarmont” configuration [10][11]. The PG is placed
in-between a relay optics system that collimates, through the PG, the linearly polarized VL from the K-corona and
refocuses it on the VL detector.

MO

Focal plane

Enesd

Detector
window

Y Z

Figure 2. Metis telescope layout. For clarity, only the raytraces for two angular field positions (+2.5°) are depicted.
The optical characteristics of the 300-mm focal length telescope system common to both paths are reported in Table 2.

Table 2 Summary of Metis Gregorian telescope characteristics.

Parameter Value
Entrance pupil diameter 40 mm
M1 curvature radius 272 mm
M2 curvature radius 312.4 mm
M2 magnification 2.2
M1-M2 distance 363 mm
Back focal length 500 mm

In Figure 2, to allow to follow the optical layout inside the telescope, the path of two incoming beams at field angles +2.5°
is depicted for the UV channel. Note that the incoming light is highly vignetted by MO and partly vignetted by the 10 and
LS. Over the nominal FoV of the telescope the fraction of unvignetted rays is always less than 50%.

2.3 Estimated UV and Visible-light imaging path optical performance

The estimated optical performance of the UV and VL telescope paths, including the calculation of the diffraction effect,
is shown in Figure 3. In Figure 3(b) the calculated RMS spot radius at the telescope focus is compared with an equivalent
pixel size for both the UV and VL paths. For the UV the equivalent size is simply half of the UV detector pixel size, while
for the VL channel it is 7.5 pm taking into account the effetcs of the polarimetric module. In fact it has a magnification of
0.67; thus the 10 um pixel placed in the VL channel focal plane corresponds to a 15 um pixel in the telescope focal plane.

The VL path aberrations are rather limited as it can be seen in Figure 4; the geometrical VL spot diagrams are depicted
only for a radial slice in the FoV, since the VL channel design is perfectly radial symmetric. This is not the case for the
UV path. The IF is a thick 6 mm tilted plate placed in a converging beam, thus some aberrations (mainly astigmatism and
coma) are introduced by the filter [12]. To mitigate these aberrations, the filter surfaces are not parallel but tilted by about
0.15°.
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Figure 3. Metis telescope performance. (a) Geometric spot diagrams versus FoV (the square boxes have 50 micron size). (b)
Mean geometrical RMS spot radius versus FoV compared with the diffraction limited RMS spot size and with the detector
equivalent pixel size, both for the UV and VL paths.
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Figure 4. Geometrical spot diagrams for the VL channel. The square boxes have 10 micron size. In red the 610 nm wavelength,
and in blue and green respectively the 580 and 640 nm ones, i.e. the central and the edge wavelengths in the considered range
(580-640 nm).

3. TELESCOPE ALIGNMENT

3.1 Alignment philosophy

The alignment of the Metis optical components has been realized mainly metrologically, that is through the use of
mechanical references and optical auxiliary instruments such as sighting telescope and theodolite. Only in a few cases it
has been possible to drive the alignment by evaluating the optical performance on the focal plane.

Due to the opto-mechanical concept of the instrument, completely enclosed in its mechanical structure, with absolutely
no accessibility from outside and with limited accessibility during integration, the alignment was strictly interlaced with
the integration sequence. Each successive integration step was authorized only after the successful achievement of the
previous alignments. The alignment and integration procedure has been determined on the basis of the tolerance analysis
performed during the instrument design phase [13][14].

Both M1 and M2 are equipped with a reference surface (ARS) orthogonal to the optical axis and a centering target (CT).
The first element to be provisionally integrated in the Metis structure is M2; its ARS and CT allow to define the direction
and the position of the Metis optical axis. Then M1 is provisionally integrated in the structure too, and its ARS and CT
are used to adjust its position and rotation for aligning it with M2 [2]. At this point a plane parallel plate (PPP) is located
in front of Metis and aligned perpendicular to the Metis optical axis and a co-aligned sighting telescope is installed on the
opposite side, so creating an external reference for the instrument optical axis and line of sight. This last step is necessary
because, to integrate the internal elements MO and IO, it is necessary to remove the two mirrors, so losing the optical axis
reference; moreover, their insertion inhibits the possibility to look along the system optical axis.

Once the external Metis axis reference has been defined, both mirrors are removed and the integration and alignment of
the 10/FS assembly is realized first, followed by the MO/LS one (see Figure 5 to locate the different parts inside Metis
envelope). Then M2 is integrated and checked via the sighting telescope and M1 is mechanical integrated again (note that
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this second integration of the two mirrors strongly relies on the repeatability of the mirror mechanical repositioning). The
distance between M1 (adjustable) and M2 (fixed) is corrected with the use of an auxiliary visible detector mounted in the
nominal focal plane of the telescope. The nominal focal plane has been determined via raytracing. It has to be taken into
account that the UV channel telescope focal position is slightly different from the telescope one, because the IF (6 mm
thick MgF,) and the optical window mounted in front of the UVDA flight detector (4 mm thick MgF,) introduce a focus
shift of about 3.8 mm.

M2
MO LS 10 FS IF M1

Auxiliary
detector

Supports Supports
for MO/LS for IO/FS
assembly assembly

Figure 5. Ray-trace of the four-beam source used for the alignment of the Metis telescope. All the internal elements and their
mounts are also depicted.

Even if used as compensator, a good pre-alignment of M1 was important to ensure the final result. The compensation of
decentering errors with tilt adjustments to suppress coma, would have been efficient only for small errors. For this reason,
an integration accuracy of 20" in tilt and 80 um in centering has been requested.

3.2 Auxiliary alignment source

The alignment of the telescope, i.e. of M1 and M2, with the expected accuracy requires a purely optical feedback based
on the imaging performance of the system. The performance is evaluated through 3 different parameters:

e the control of the image plate scale, in order to restore the correct focal length and magnification;
e the control of the image position, in order to minimize extra-axial aberrations due to centering and tilt errors;
o the control of the spot size, in order to maximize the Ensquared Energy.

The first two geometrical parameters are nominally sufficient to correctly align the UV channel; the spot size is instead
used for the VL channel, where the plate scale could be slightly different from the nominal one (max 2%) due to the
adjustment of M1 position.

An auxiliary alignment source has been designed (see Figure 6) to align the Metis telescope and obtain the visible channel
optical performance at once. To be able to balance the performance across the field of view, the source is conceived to
test Metis simultaneously in 4 different symmetric angular directions around the reference axis. Starting from a fiber
pigtailed laser source at 635 nm, the device delivers four 20-mm diameter (at 1/e?) collimated beams as it is shown in
Figure 6a. The size of the beams has been chosen as the result of the trade-off between vignetting and diffraction to obtain
the best possible optical accuracy.

The four Metis angular fields sampled by the source are: (0°, 2.5°), (0°, —2.5°), (2.5°, 0°),(-2.5°, 0°). The reference (0°, 0°)
axis shall be aligned with the Metis reference axis. The admissible error is 0.1°. The four beams diameter, position and
direction, have been designed to hit M1 without being vignetted by the preceding elements. The four beams are generated
from a single beam entering an assembly of beam-splitter cubes cemented together. A picture of the assembled source is
shown in Figure 6b.
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The source assembly provides some references for its alignment in the setup. In particular, there is a reference surface,
located in correspondence of the source axis, which is normal to the reference direction (0°, 0°) and hosts also a reference
for centering. The reference surface can be observed in autocollimation for tip/tilt adjustment and the centering target seen
by a sighting telescope. To be able to reach a successful alignment, the directions and the position knowledge accuracy
with respect to the reference surfaces should be better than 0.01° and £0.5 mm, respectively. While centering is not
demanding, the tilt accuracy requires the use of a dedicated tilting platform. In principle roll can also be adjusted, but in
practice, the rotation about the reference axis has not been considered of interest since the image analysis software provides
size and symmetry of the image regardless of its rotation. The distance of the source from the telescope is not critical, its
tolerance is of the order of millimeters of tolerance).

: 30 mm

(@) (b)

(c) (d)

Figure 6. The four-beam auxiliary alignment source. (a) Layout at the exit port (footprint of the sources not to scale). (b) A
picture. (c) and (d) front and rear views of the ray tracing in CODEV through the source.

By means of this auxiliary source, the position of the Metis UV detector is achieved by measuring the geometrical
characteristics of the image (scale and position) provided by the telescope (M1+M2) on the auxiliary detector. The final
alignment of the VL channel, instead, is reached through the optimization of spot size (ensquared energy) on the UVDA
flight detector, since the VL plate scale could have been slightly affected (max 2%) by the previous M1 longitudinal
adjustment. The alignment is performed at room temperature.

To provide a feedback in terms of plate scale (image size) and image position (with respect to the reference axis) of the 4-
beam source, the camera selection has been driven by the capability of providing a wide enough field of view to collect
the four beams, and a pixel size to adequately estimate the spots positions, i.e. determine the centroid with sub-pixel
accuracy.

The selected camera model is the FLI ProLine PL50100, whose sensor specifications are summarized in Table 3.
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Table 3 Auxiliary camera characteristics.

Parameter Value

Sensor Truesense KAF-50100
Pixels 8176 x 6132 (50 Mpixels)
Pixel size 6 um

Sensor size 49 mm x 36.7 mm
Anti-blooming 800x

The software for acquiring and compute the figures of merit has been developed by the TASI optical team in Labview
environment.

3.3 Alignment simulation and results

The auxiliary alignment source has been characterized by the producer and the outcoming direction of each beam has been
measured. Using these measurements, i.e. the angular direction of the four beams, a raytracing has been done to determine
the spot position and dimensions on the auxiliary detector. The expected spot diagrams are reported in Figure 7A.

A B C
2M 3M aM
Figure 7. Comparison among the ray-traced spot diagram (A), the expected (B) and measured (C) spots on the auxiliary

1 2 3 4 1-PSF M
detector. In (A) the theoretical spot diagrams 1, 2, 3, 4 are depicted. The scale is 24 microns, corresponding to 4 x4 pixels of
the auxiliary detector; the circle represents the Airy disk. In (B) the simulated theoretical point-source PSF on the detector.
In (C) real measured spot at the considered best telescope alignment.

i
&

The four beams have been numbered 1, 2, 3, 4 (see Figure 6), which on the detector corresponds to right and left (1,2) and
low and high (3,4); the spots are almost located along the x and y axis on the detector. The expected Airy diameter is
23 um, corresponding to approximately 4x4 pixel of the auxiliary detector. A simulation of the expected theoretical image
on the detector is reported in Figure 7B. The box is 20x20 pixels, each pixel has 6 um dimension as the pixels of the
auxiliary detector.

The expected distance between the four points has been derived. The distance between 1 and 2 is expected to be 26.07 mm
and the one between 3 and 4 26.31 mm.

In Figure 7C the spot obtained for the final alignment are given. The measured distances between the spots (1,2) and (3,4),
26.03 mm and 26.30 mm respectively, assure that the scale is correctly set to the theoretical value. The spots dimension
is however larger than expected, being the FWHM of the order of 3 to 6 px, with respect to the foreseen 1.5-2.5 px.
Diffusion and cross talk between adjacent pixels can justify a slightly larger dimension with respect to the expected one,
but are not considered fully responsible for the whole enlargement. This has been justified also by considering a not-
perfect collimation of the auxiliary source beams.

The correct verification of the image symmetry, with respect to the Metis reference axis, has requested a preliminary
alignment phase in which the projection of the reference axis on the detector, i.e. a reference pixel, has been identified.
The only way to identify the reference pixel was to project the sighting telescope beam, which is the materialization of the
reference axis generated by M2. As explained in Section 3.1, the external reference axis has been defined in the very initial
phase of the alignment, when all the internal elements were not yet present.

The focus adjustment on the visible channel has been based on image quality rather than on its geometry (plate scale) [2],
in fact the distance between the telescope focus and the polarimeter module, after the M1 and M2 alignment, was not any
longer the nominal one. Once the VLDA is integrated in its fixed position and given the actual conjugates distance, the
magnification produced by the polarimeter module is not expected to be the nominal one and it does not correspond to the
expected image quality. The resulting plate scale matches the design with an error of about 2%, fully acceptable, as
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predicted by the Monte Carlo simulation of the full procedure. For the alignment of the visible channel, being able to
operate in air, the VLDA flight model has been used.

4. CONCLUSIONS

The experimental set-up adopted for the alignment of the Gregorian telescope of the Metis instrument for the Solar Orbiter
mission has been described. The telescope is the core part of the Metis coronagraph and it is common to both the channels
(UV and VL) of the instrument.

Being the system centrally occulted, an ad hoc auxiliary light source has been designed to off-axis illuminate the system
without being vignetted by optical elements and stops present in the system. This guarantees the alignment of the primary
and secondary mirror to the necessary level of accuracy.

The auxiliary light source provides four 20-mm in diameter collimated beams inclined at 2.5° with respect to the axis of
the telescope. The generated spots, acquired on an auxiliary camera, have guided the alignment process. Following the
tolerance analysis done for the instrument, the scale on the auxiliary detector has been used as a target parameter for the
correct alignment of the UV channel. The adjustment of M1 position perturbs the magnification of the visible channel,
mechanically fixed. Hence, the visible detector adjustment has given priority to the optimization of the Ensquared Energy,
tolerating a maximum change in the plate scale of 2%, as predicted by Monte Carlo simulations.

As a lesson learned, it would be helpful to know not only the inclination of the auxiliary source with respect to the optical
axis, but also the degree of collimation of the beams. The possibility to check also the optical quality through a through
focus allows to have a better confidence on the obtained alignment.
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