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ABSTRACT

The Multi Conjugate Adaptive Optics RelaY (MAORY) is foreseen to be installed at the straight through focus over the
Nasmyth platform of the future Extremely Large Telescope (ELT). MAORY has to re-image the telescope focal plane
with diffraction limited quality and low geometric distortion, over a field of view of 20 arcsec diameter, for a wavelength
range between 0.8 um and 2.4 um. Good and uniform Strehl ratio, accomplished with high sky coverage, is required for
the wide field science. Two exit ports will be fed by MAORY. The first one is for a wide field Camera that is supposed to
be placed on a gravity invariant port with an unvignetted FoV of 53 arcsec x 53 arcsec where diffraction limited optical
quality (< 54nm RMS of wavefront error at the wavelength of 1 um) and very low field distortion (< 0.1% RMS) must be
delivered. The requirements regarding the optical quality, distortion and optical interfaces, together with the desire of
reducing the number of reflecting surfaces (and consequently the thermal background), optics wavefront error (WFE),
overall size, weight and possibly cost, drove the design to have 2 Deformable Mirrors (DMs) with optical power. The Post
Focal Relay (PFR) is also required to split the 589 nm wavelength light of the Laser Guide Stars (LGS), used for high
order wavefront sensing, by means of a dichroic that lets the light of 6 LGSs, arranged on a circle of about 90 arcsec
diameter, pass through and reflects science beam. Behind the dichroic an objective creates the LGS image plane for the
WEFSs channel. We present in this paper the optical design and the tolerance analysis of the PFR and the objective. The
tolerance analysis concerning the manufacturing and the alignment precision is also shown.
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1. INTRODUCTION

The Multi Conjugate Adaptive Optics RelaY (MAORY) [1] is foreseen to be installed at the straight through focus over
the Nasmyth platform of the future Extremely Large Telescope (ELT) [2]. ELT will be the largest ground based optical-
IR telescope of the world and will require, to exploit its potentialities regarding the angular resolution, the wavefront
correction of the star images caused by the atmospheric turbulence. Two mirrors of ELT, named M4 and M5, will be able
to correct the focal plane global tilt (M5) caused mostly by the wind shake and the fast atmospheric higher order aberrations
(M4, conjugate close to the ground) while the telescope itself should control and correct some the slow aberrations
introduces by the gravity. In order to achieve ah high sky coverage with Adaptive Optics (AO) observations, ELT will
provide up to 6 Sodium Laser Guide Stars (LGSs) [4] launched from the side of the primary mirror. Due to the tilt and
focus indetermination of the LGSs [5] up to 3 Natural Guide Stars (NGS) are still required to measure these aberrations
but their magnitude can be much fainter respect to the classical AO systems with only NGSs, till magnitude 18-19 instead
of 14.
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From the Adaptive Optics (AO) point of view, MAORY must deliver a good and uniform Strehl ratio, accomplished with
high sky coverage, 50% of sky coverage at the galactic pole with a Strehl ratio > 30% in K-Band. To achieve these
performances, the current Phase B study [1] gives a series of requirements concerning the AO system in MAORY. The
PFR optical design shall create along the optical path two clear planes where to put two DMs for the wavefront correction,
to be carried out together with the telescope adaptive and field stabilization mirrors m4 and M5. The requirements
regarding the optical quality, distortion and optical interfaces, together with the will of reducing the number of reflecting
surfaces and consequently the thermal background, optics wavefront error (WFE), overall size, weight and possibly cost,
drove the design to have DMs with optical power. The PFR is also required to split the 589 nm wavelength light of the
Laser Guide Stars (LGS), used for high order wavefront sensing, from longer wavelength light used for science observation
and for low order wavefront sensing by the use of Natural Guide Stars (NGS). The dichroic lets the light of 6 LGSs,
arranged on a circle of about 90” diameter, pass through and reflects science beam and NGS light. Behind the dichroic, an
objective creates the LGS image plane for the WFSs channel.

From the pure optical design point of view the PFR of MAORY has to re-image the telescope focal plane with diffraction
limited quality and low geometric distortion, over a field of view (FoV) of 200 arcsec diameter, for a wavelength range
between 0.8 pum and 2.4 um. Two exit ports will be fed. The first one is for MICADO [2] that is supposed to be placed on
a gravity invariant port at 1800m below the optical axis. An unvignetted FoV of 537x 53" with diffraction limited optical
quality (< 54nm RMS of wavefront error at the wavelength of 1 um) and very low field distortion (< 0.1% RMS) must be
delivered. The full FoV can be transmitted, by means of a deployable folding mirror after the last powered mirror, to the
second exit port to feed an instrument to be defined yet. The optical interface at the exit ports, as the focal ratio, the exit
pupil position and focal plane curvature have been agreed with MICADO team.

2. POST FOCAL RELAY OPTICAL DESIGN
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Figure 1: MAORY optical layout. Red rays: science path from telescope focal plane to MICADO. Green rays: science path to second
instrument port. The M11 flat mirror to create the second port is deployable. Blue rays: LGS rays path to the WFS.

The ELT is a 5 mirrors telescope where the first 3 mirrors have optical power and the flat M4 and M5 mirrors are used to
correct the wavefront aberration using the signals coming from the wavefront sensors. The baseline optical design of the
Main Path Optics (MPO) of the PFR, shown in Figure 1, consists of:



e Concave off-axis mirror (M6) and convex off-axis mirror (M7), which produce a pupil image of the appropriate size
(a concave mirror alone would not be enough, given the available space between the telescope focal plane and the
edge of the Nasmyth platform);

e Two concave on-axis DMs (M8 and M9), with the same optical power, optically conjugated to two turbulent high
altitude atmospheric layers;

e LGS Dichroic, close to the pupil image; this component is assumed to reflect the science light and transmit the LGS
light;

e  Convex off-axis mirror (M10), which produces the exit focal plane with the required focal ratio and exit pupil distance;
Flat 45°-tilted mirror (M11), which folds the light to the gravity-invariant port for MICADO.

The second instrument port is achieved by inserting a flat folding mirror (M11b) between M10 and M11.

The combination of convex mirrors (M7 and M10) and concave mirrors (M7, M8, M9) ensures flat focal surface on the
exit port.

The first order parameters and the optical prescription data are listed in Table 1 and Table 2. The estimated performance
and tolerance analysis are described in section 3.

Item Value notes

Exit focal ratio F/17.7 (same as telescope) same as telescope

Exit pupil distance 8000 mm (towards telescope) | towards telescope

Focal plane curvature Flat For AlV

NGS patrol FoV (also called technical FoV) 200 arcsec diameter From sky coverage simulations

MICADO unvignetted FoV Up to 75 arcsec diameter

Transmitted wavelength range at exit port 0.6 -2.5um Lower wavelength limit set by LGS Dichroic;
higher wavelength limit set by MICADO

Post-focal DMs conjugation range 15 km, 5.5 km From E2E calculations

Residual WFE in MICADO FoV <35nm From Error Budget

Residual WFE in the technical FoV <120 nm From Error Budget

PSF Blur for single image in MICADO FoV < 8um

Residual distortion after 4" order transf. < 10parcsec
Exit pupil blur in MICADO FoV <1/100

Table 1. Main Path Optics general specifications.

ID Diameter Surface decenter Curvature radius [mm] Conic constant Aspheric terms
[mm] [mm]

M6 1200 340 +13000 (cv) -1.91

M7 750 830 +6800 (cx) -1

M8 — DM 890 - +15000 (cv) -5.13 -

M9 — DM 820 - -15000 (cv) 2.25 -

LGS Dichroic | 680 - Infinity - -

M10 675 435 +53400 0 4th: 6.00e-13
(cx) 6th: -1.57e-19

gth: 7.52e-26
M11 900x690 - Infinity - -

*  Clear aperture, M9 actual diameter will be the same as M8

Table 2. Main Path Optics optical prescription data.



Table 2 shows the optical prescription data of the Main Path Optics. Concave surfaces are labelled as “cv” convex surfaces
as “cx”. The sign convention for the radii of curvature is: positive if the centre of curvature is to the right from the surface
verteX, negative if the centre of curvature is to the left of the surface vertex.

Mirrors M8 and M9 are described here as two rigid mirrors, but they are actually the two DMs in the PFR. They have
identical curvature radius and slightly different conic constant. The slight difference in optical shape, as well as the
deviation from the best fit sphere, is in the order of only 2-3 um peak-to-valley and may be probably applied by active
deformation of the surface.

2.1 LGS Objective optical design

LGS - L1 dichroic
LGS - M1
LGS - L2
LGS -L3

LGS - L4
LGS - L5

Image plane @ 240km

Image plane @ 80km

Figure 2: optical design of the LGS Objective.

The LGS light propagated through mirrors M6, M7, M8 (DM) and M9 (DM) is transmitted by the LGS Dichroic, which
is located closed to a pupil plane, and is focused by the LGS Obijective to create an image of the 6 LGSs for the LGS
WEFS sub-system.

The general specifications of the LGS Objective are reported in the next table.

Item Value
Operating wavelength 0.589 um
LGS range to be re-imaged 80 — 240 km
Exit focal ratio F/5

Exit pupil distance Infinity
LGS constellation maximum angular diameter <120 arcsec

Table 3. Main Path Optics general specifications.

The LGS Objective is designed to focus the LGS images in the altitude working range 84 - 240 km. This range covers
from Zenith, where the sodium layer mean altitude is about 90km to the maximum zenith angle for AO observations, 70°.
The output focal ratio of F/5 allows reasonable motion of the exit image plane, as a function of Zenith distance variation
during the observation.



The 6 LGSs are supposed to be launched form the edge of the primary mirror and thus they rotate as the Zenith angle of
observation. Their image plane shifts along the optical axis due to the variation of the mean distance of the LGS from the
telescope, as hna/cos(0), where hna = 90 km is the Sodium layer mean altitude above the ground.

The LGS Obijective, shown in Figure 2, consists of five lenses and a flat mirror. The baseline material for all refractive
elements is optical glass (BK7, S-BSL7 or equivalent glass) but since the light is monochromatic, any suitable glass can
be used. A part the first lens LGS-L1, all other lenses are placed after the folding mirror, so that the LGS WFS sub-system
is mounted in gravity invariant configuration.T he next table shows the prescription data of the optical elements in the LGS
Objective. Detailed performance and tolerance analysis of the LGS Objective are shown in section 3.

ID Diameter Thickness Radius Conic constant | Tilt
[mm] [mm] [mm] [1] /degrees)

LGS-L1 620 61 (cx) -1180 -2.7 -4
(cx) -2220 -0.8

LGS-M1 620 - flat -

LGS-L2 400 41 flat -24
flat 5

LGS-L3 390 - (cx) -1330 -2.78 -15
(cx) -1340 -0.8

LGS-L4 360 21 (cx) 450 -1.258 2
(cv) -1200 -1.007

LGS-L5 320 48 (cv) 960 -0.37 1
(cx) 515 0

Table 4. Prescription data of optical elements in the LGS Objective. When two values are contained inside a single row, they refer to
the front and rear surface of the optical element.

3. ANALYSIS REPORT

We present in this section the foreseen performance of the MPO and the LGS Objective. Besides the expected performance
for the WFE for both of the science channel and the LGS channel, a detailed explanation of the geometric distortion at the
instruments exit ports is given, since this requirement if one of most important science drivers for MICADO.

3.1  Main Path Optics wavefront error
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Figure 3. Lest: WFE at the exit port of MAORY for the nominal optical design. The MICADO FoV of 53x53 arcsec? is enclosed in the
75 arcsec diameter circle; right: WFE at the exit port of MAORY for the nominal optical design. The NGS patrol FoV is enclosed
between the MICADO FoV of 53x53 arcsec? and a 200 arcsec diameter circle.



The RMS WFE at the exit focal plane of the Main Path Optics, for the baseline design described in section 2, is shown in
Figure 3 left for MICADO science FoV and in Figure 3 right for the technical FoV.

3.2 Geometric distortion

Geometric distortions from the MPO are asymmetric. As the imaged sky rotates with respect to the optics during an
exposure, the PSF of a point-like source on the exit focal plane follows a trajectory, which may be described as an arc of
a circle, with small perturbations due to the geometric distortions from the optics. Field derotation applied by MICADO
only compensates for the circular part of the trajectory. The residual deviations from a circular trajectory have different
effects, which are described below.

PSF blur due to geometric distortion

On the MICADO FoV, the residual motion of the PSF, when integrated over a finite exposure time, translates into PSF
blur. The requirement has been calculated as following:
e T =Maximum integration time for narrow band astrometric observations =~ 120 s
e A =Maximum derotator angular velocity ~ 13.7 x (1/cos(80°)) = 79 arcsec/s
e TxA=26°
e During this rotation, the FWHM of the long-exposure PSF due to the MAORY optics should not increase by more
than 1/10 of its nominal value.
e For wavelength A = 1 um, the amount of distortion shall be < 8 um at the MAORY exit focal plane on the
MICADO FoV (F/17.7 focal ratio).

The requirement above has been used in the optical design optimization and is fulfilled by design, as is shown in Figure 4
left.
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Figure 4. Left: Star centroids movement for a single astrometric image in the circle containing the MICADO FoV (black square). The
longest integration time for a single astrometric image is 120 seconds, corresponding to 2.6° field rotation. Right: Star centroids
movement for a single astrometric image in the circle containing the technical FoV. The longest integration time for a single astrometric
image is 120 seconds, corresponding to 2.6° field rotation.

Effect of geometric distortion on NGS patrol FoV

Positioning errors of the NGS WFS probes are propagated by the MCAO system, producing science field warping effects.
If the NGS WFS probes are positioned on the respective stars at the beginning of a sequence of astrometric exposures,
during the integration time the stars will drift with respect to the probes, because of the non-rotational part of the geometric
distortion itself. Since only 3 NGSs are used, the maximum order of the distortion is quadratic. The induced distortion in



the MICADO FoV can be divided in global tip-tilt equal to the mean value of the NGSs and the field stretch that is
proportional to the distance of the star form the center. The very tight requirements for the PSF blur in the MICADO FoV
described in the previous sub-section make this requirement not to have a significant impact in the optical design.

Science field warping due to geometric distortion

In two different astrometric exposures, the images of a given source in the MICADO FoV are in slightly different positions,
because of the non-central-symmetric distortion pattern. The typical calibration procedure adopted in astrometric
observations with MICADO is that any two astrometric images are transformed onto each other by an astrometric
transformation (e.g. polynomial transformation of n-th order), using field sources to determine the coefficients of the
transformation. This implies that “low-order” distortions (of order < n in the example adopted here) are corrected on the
data themselves, while “high-order” distortions need to be small enough, in order to avoid complex calibration procedures
based on look-up tables.

In order to analyze this effect, a regular grid of stars on the MICADO FoV has been used to evaluate the astrometric
residual error. Let (Xinp,Yinp) be the initial coordinates of the stars centroids, (Xo,Yo) the coordinates of the stars centroids
for a given FoV rotation angle, (X,Y) the corrected stars centroids according to a n-th order polynomial transformation of
the form:

X=2%ijKxij- Xo'- Yol
Y=2%iKyij- Xot- Yoj

Typical order of transformation is n = 3, 4, 5.The final error in the position is the standard deviation computed as the
quadratic sum of the X and Y errors. Figure 5 shows the residual errors vs. field rotation angles; for each angle, a single
astrometric exposure has been assumed with exposure time of 120 seconds. Residual errors have been computed for an
astrometric transformation of order n =3. The errors are < 1 pas for all rotation angles, well within the requirement.
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Figure 5. RMS residual distortion after 3" order polynomial transformation over the MICADO FoV.

3.3 Main Path Optics exit pupil quality

The optical quality of the exit pupil, as it appears from the NGS WFS or the instrument point of view, has been tested by
a paraxial lens placed after the relay. In the case of the NGS WFS, the pupil image is produced collecting the rays over a
FoV of a few arcsec, which may be positioned anywhere on the full NGS patrol FoV (200 arcsec diameter). In the case of
MICADO, the pupil image is produced collecting the rays over the MICADO FoV. The RMS radius of the pupil blur is

e 1/2000 pupil diameter for the NGS WFS, at any position in the NGS patrol FoV;

e 1/1000 pupil diameter for MICADO.



3.4 Main Path Optics deformable mirror conjugates

The post-focal DMs are conjugated to these ranges from the telescope entrance pupil:

e H=15000m=+230m

e H=4500m=+170 m.
The quoted “errors” or “mis-conjugations™ are due to the small tilt of the DMs with respect to the optical beam. Because
of this mis-conjugation, an actuator at the edge of the DM is seen from the nominal conjugated layer under an angle < 200
arcsec (the NGS patrol FoV), which corresponds to a projected blur diameter of

e 4.4.10%rad x 226 m = 0.22 m, on the upper DM

e 4.4.10%radx 171 m=0.17 m, on the lower DM.

In any case, the blur diameter is in the order of 1/10 of projected inter-actuator spacing, which is considered as acceptable.

3.5  Main Path Optics simplified thermal analysis

A preliminary thermal analysis of the Main Path Optics has been carried out, considering the following assumptions:
e The positions of the optical elements change accordingly to temperature following the thermal contraction/dilation
of a steel bench (CTE = 12 ppm/°C);
e  Mirrors are made of “zero” expansion ceramics material (e.g. Schott Zerodur or similar); a CTE = 0.1 ppm/°C
has been considered (Zerodur Expansion Class 2);
e  Process is isothermal;
e The telescope focus has been used as compensator.

The thermal analysis has been carried out for a temperature range T = 5°C - 15°C.

Considering the entire system as a single configuration with a fixed temperature, multiple environments have been defined
within the single configuration. The temperature range of the environments within a single configuration is £3°C. The
main aberration due to the thermal change is astigmatism (Zernike mode Z6) and the effect is negligible.

At the time of the writing a more accurate thermo-elastic analysis, by means of FEM analysis on the mechanical structure,
is being carried on in order to better evaluate the possible impact on the PFR performance.

3.6 LGS Objective wavefront error

The performance of the LGS Objective is shown in the next figures. Figure 6 shows the WFE vs. Zenith angle (after
removal of tip-tilt and focus). The variation of wavefront with Zenith angle is very slow. The calibration procedure to
remove these quasi-static aberrations from the LGS measurements might be based on temporal filtering of the LGS WFS
measurements. Figure 7 shows the variation of residual WFE vs. Zenith angle (after removal of tip-tilt and focus), assuming
that the average wavefront computed over the last 4 minutes (that is a degree of variation of the Zenith angle at the
maximum rate) is subtracted from the wavefront at the previous angle. The residual WFE is indeed very small, < 10 nm
for all possible Zenith angles.
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Incremental Residual WFE (Z > 4). LGS FoV =45" radius
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radius FoV.

3.7 Tolerance analysis

The method used to estimate tolerances takes care of compensation of errors during assembly/alignment procedure and
uses a Root-Sum-Square (RSS) approach to combine independent error contributions. The sensitivity analysis on system
performance considers each tolerance individually and, once a merit function is defined, the errors are combined by RSS
to find the net effect of all the tolerances on the system. This method assumes that errors introduced by a given tolerance
are statistically uncorrelated and allows to identify parameters which are highly sensitive to certain errors, such as surface
curvature radii or decenters.

The sensitivities related only to available Degree-Of-Freedom (DOF) can be used during the alignment phase of the
instrument since the worst offenders to system performance are also the best set of compensators for required adjustments.
There are two requirements that limit the allowable changes of opto-mechanical parameters: the FoV-averaged RMS WFE
and the geometric distortion.

Considering the RMS WFE, the goal was to maintain the maximum WFE on all the MICADO FoV below the diffraction
limit @ 1um wavelength (7Onm RMS) while regarding the geometric distortion the goal was to remain below the
requirements of Table 1, since the nominal design has a better performance. The tolerance analysis has been broken down
into 2 blocks that consider different error sources of the optical elements.

Block 1 is the manufacturing tolerance and can be split into 2 sub blocks: curvature radii and low order surface irregularities
(4 <z < 11) and high order surface irregularities. Precision optics are required to maintain the WFE degradation below the
requirements for the fist sub block. Moreover a partial compensation con be done re-optimizing the optical design once
the real parameters are measured after the manufacturing. High order surface irregularities affect mainly astrometry, since
the PFR does not rotate as the sky. In particular M11, the mirror closest to the focal plane is the most critical element.
Block 2 is the mechanical tolerance and set the precision and stability of the mounts and alignment stages. Regarding the
assembly precision, the laser tracker precision is sufficient for our requirements and the high precision commercial stages
can fulfil our needs regarding the repeatability.

Alignment concept

The MPO alignment plan is foreseen to be carried on in two steps:

1. Optics, entrance focal plane (where to put optical fibers) and exit focal plane (where to put cameras and WFSs) are
positioned with laser tracker precision;

2. The final alignemnent.

The sensitivity analysis identified the worst offender DOF that are used as active compensators (Figure 8); they should
work in combination with the metrology system that provides the necessary information to change the optical path
according to estimated misalignments. A Monte Carlo simulation has been carried out simulating the entire procedure. For
each case it is assumed to use some sources at the entrance focal plane and measure both positions and WFs at the exit
focal plane. Zernike coefficients and distortion values are target values of the merit function of the nominal design. The
optimization is done using the damped least squared algorithm and the compensators as variables. The perturbed degree



of freedom of compensators are the mis-alignments that generated the measured Zernike coefficients and distortion values
and that should be compensated. This solution, called Reverse Optimization (RO) is described in detail in [8].

M9/DM2 ELT focal
plane

Figure 8. MAORY MPO and its DOF compensators. Tilts on local x and y axes are necessary compensators to achieve diffraction
limited optical quality during the alignment (plus one mirror axial distance Z). M11 Tilts are additional compensator to achieve the
requirement on the geometrical distortion.

The results of the RO are that the mean residual WFE in the MICADO FoV is few nanometers bigger than the nominal
design. Regarding the geometrical distortion, the error is about 1mas at the egde of the MICADO field.

We are currently adding to this procedure the possible errors in the measurement of the spots centroids and WF that we
expect to have in the real system during the alignment phase in the lab and during the commissioning at the telescope, in
order to give requirements to the Calibration Unit of MAORY.

4. CONCLUSIONS

We presented the current optical design of the PFR of MAORY, which is Phase B and is expected to have the Preliminary
Design Review at late spring 2019. We showed that the requirements concerning the residual WFE and the geometrical
distortion can be achieved together with the other requirements. Due to the non-center symmetric pattern of the distortion
even aspheric terms in one of the MPO mirror surface (M10) are necessary but a preliminary consultation with optics
manufacturing companies result that all MOARY optics are feasible. At the time of the writing, a detailed investigation on
the thermo-elastic behaviors of the optical bench and support structure of MAORY is being carried on. This could affect
the analysis regarding the alignment concept, causing the introduction of more compensators to actively adjust the
positioning of the optics. The next step regarding the optical design is the refinement of some crucial parameters, as the
DM conjugation altitude or the number of actuators that will be confirmed in the next months.
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