Alma Mater Studiorum - Universita di Bologna

DOTTORATO DI RICERCA IN ASTRONOMIA
Ciclo XXI

Settore scientifico di afferenza: Area 02 - Scienze Fisiche

FIS/05 Astronomia e Astrofisica

MCAO for Extremely Large Telescopes:
the cases of LBT and E-ELT

Presentata da: LAURA SCHREIBER

Coordinatore Dottorato Relatore
Ch.mo Prof. Lauro Moscardini Ch.mo Prof. Bruno Marano

Dott. Emiliano Diolaiti

Esame finale anno 2009






Ad Antonio






Contents

Introduction 5

1 The Giant Telescopes epoch 7

1.1  Multi-Conjugate Adaptive Optics . . . . . . . . . .. ... ... 7

1.2 The Large Binocular Telescope . . . . ... ... ... ... .. 12

1.2.1 LINC-NIRVANA Overview . . . . . . . . ... ... ... 13

1.3 The European Extremely Large Telescope . . . . .. .. .. .. 14

1.3.1 MAORY Overview . . . . ... .. ... ... ...... 16

1.4 Other MCAO systems . . . . . . .. .. ... ... ... .... 17

2 The NIRVANA post-focal relay integration 19

2.1 The post-focal Relay . . . . . ... ... ... ... ... ... 19

2.1.1 Collimator and Deformable Mirror . . . . . ... .. .. 21

2.1.2  FP20 Optics and K-mirror . . . . . . .. ... ... ... 22

2.2 The Mid-High Wavefront Sensor . . . . . . . .. ... ... ... 25

2.2.1 The Mid-High wavefront Sensor integration and alignment 27

2.2.2  The Mid-High wavefront Sensor verification tests . . . . 33

2.3 Integration of the MHWS to the LINC-NIRVANA post-focal relay 37

2.3.1 Alignment strategy . . . . . . . ... ... 39

2.4 Summary and future work . . . .. ..o 40

3 Laser Guide Star spot Elongation 43

3.1 Sodium Laser Guide Stars . . . . . ... .. ... ... ... .. 43

3.2  Geometry of laser guide star elongation . . . . . ... ... ... 45
3.3 The Shack Hartmann Wavefront Sensor: Efficiency of centroid

algorithms . . . . . . ..o 46
3.3.1 Method . .. ... ... 47
3.3.2  Weighted center of gravity . . . . ... ... .. .. ... 50

1



CONTENTS

3.3.3 Correlation
3.3.4  Quad-Cell

3.3.50 Noise propagation . . . . .. .. .. ... ... ...

3.3.6  Required number of detected photons . . . . . . . . . ..

3.4 The bi-prism Wavefront sensor . . . . . . . . ... ... ... ..

3.4.1 Signal recombination and noise propagation . . . . . ..

3.4.2 Bi-prism sensor performance evaluation . . . . . . . . ..

4 Application to the E-ELT case
4.1 LGS wavefront sensor: first order design for MAORY . . . . ..

4.2 Very preliminary considerations on fratricide effect . . . . . ..

4.3 The laboratory prototype . . . . . . ... ... L.

4.3.1 Prototypedesign . . . . . .. ...

4.3.2 Test plan
Conclusions

Bibliography

81
81
84
85
87
89

91

95



Acronyms

AO Adaptive Optics
CW Continuous Wave
DM Deformable Mirror

EAO Extreme Adaptive Optics

E-ELT European Extremely Large Telescope
ESO Furopean Southern Observatory
FDR Final Design Review

FoV Field of View

FWHM Full Width Half Maximum

GS Guide Star

GWS Ground Layer Wavefront Sensor
IFU Integral Field Unit

IR Infrared

K-L Karhunen-Loeve

LBT Large Binocular Telescope

LGS Laser Guide Star

LN Linc-Nirvana

MAD Multi Conjugate Adaptive Optics Demonstrator
MCAO Multi Conjugate Adaptive Optics
MHWS Mid-High Wavefront Sensor

MOAO Multi-Object Adaptive Optics
MPIA  Max-Planck-Institut fur Astronomie
NGS Natural Guide Star

OPD Optical Path Difference

RMS Root Mean Square

RON Read Out Noise

PSF Point Spread Function

PV Peack to Valley
SH Shack Hartmann
SR Strehl Ratio

SE Star Enlarger

TNT Thirty Meter Telescope
VLT Very Large Telescope
WF Wavefront

WFE Wavefront Error

WES Wavefront Sensor



CONTENTS




Introduction

Over the last years increasing interest has been given to the design of ground-
based telescopes with very large diameters (up to 40 m). The advantages that
such signal collecting surfaces offer to the progress of astrophysics research are
so relevant to justify such an effort. In an ideal diffraction limited telescope
the signal-to-noise ratio is proportional to the fourth power of the telescope
diameter and the angular resolution depends linearly on the telescope diameter
too. In this context the use of AO is crucial to approach this full potential.
However single reference AO presents many limiting factors due to the lack
of suitable reference stars and to the vertical extension of the atmospheric
turbulence structure. The main consequences are the reduction of sky coverage
(fraction of the sky where an efficient correction can be achieved) and the
small corrected field. The usage of LGSs as 'mobile’ reference sources partially
solves only the sky coverage issue. A very promising solution is given by
MCAQO, correcting more than one turbulent layer by means of many DMs.
The feasibility of the MCAO techniques has been demonstrated on sky in
March 2007 at VLT with MAD.

Several MCAOQO systems are under study to improve the angular resolution
of the current and of the future generation large ground-based telescopes
(diameters in the 8-40 m range). The subject of this PhD Thesis is embedded
in this context. Two MCAO systems, in different realization phases, are
addressed in this Thesis: NIRVANA, the "double’ MCAO system designed for
one of the interferometric instruments of LBT, is in the integration and testing
phase; MAORY, the future E-ELT MCAO module, is under preliminary study.
These two systems takle the sky coverage problem in two different ways.

The layer oriented approach of NIRVANA, coupled with multi-pyramids
wavefront sensors, takes advantage of the optical co-addition of the signal
coming from up to 12 NGS in a annular 2’ to 6’ technical FoV and up to 8

in the central 2’ FoV. Summing the light coming from many natural sources
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permits to increase the limiting magnitude of the single NGS and to improve
considerably the sky coverage. One of the two Wavefront Sensors for the mid-
high altitude atmosphere analysis has been integrated and tested as a stand-
alone unit in the laboratory at INAF-Osservatorio Astronomico di Bologna
and afterwards delivered to the MPIA laboratories in Heidelberg, where was
integrated and aligned to the post-focal optical relay of one LINC-NIRVANA
arm. A number of tests were performed in order to characterize and optimize
the system functionalities and performance. A report about this work is
presented in Chapter 2.

In the MAORY case, to ensure correction uniformity and sky coverage, the
LGS-based approach is the current baseline. However, since the Sodium layer
is approximately 10 km thick, the artificial reference source looks elongated,
especially when observed from the edge of a large aperture. On a 30-40 m class
telescope, for instance, the maximum elongation 6., varies between few arcsec
and 10 arcsec, depending on the actual telescope diameter, on the Sodium layer
properties and on the laser launcher position. The centroiding error in a Shack-
Hartmann WF'S increases proportionally to the elongation (in a photon noise
dominated regime), strongly limiting the performance. To compensate for this
effect a straightforward solution is to increase the laser power, i.e. to increase
the number of detected photons per subaperture. The scope of Chapter 3 is
twofold: an analysis of the performance of three different algorithms (Weighted
Center of Gravity, Correlation and Quad-cell) for the instantaneous LGS image
position measurement in presence of elongated spots and the determination
of the required number of photons to achieve a certain average wavefront
error over the telescope aperture. An alternative optical solution to the spot
elongation problem is proposed in Section 3.4. Starting from the considerations
presented in Chapter 3, a first order analysis of the LGS WFS for MAORY
(number of subapertures, number of detected photons per subaperture, RON,
focal plane sampling, subaperture FoV) is the subject of Chapter 4. An LGS
WES laboratory prototype was designed to reproduce the relevant aspects of
an LGS SH WFS for the E-ELT and to evaluate the performance of different
centroid algorithms in presence of elongated spots as investigated numerically
and analytically in Chapter 3. This prototype permits to simulate realistic

Sodium profiles. A full testing plan for the prototype is set in Chapter 4.



Chapter 1

The Giant Telescopes epoch

1.1 Multi-Conjugate Adaptive Optics

The development of AO techniques (Babcock, 1953) has permitted to enhance
the angular resolution of large ground based telescopes by correcting in real
time the aberrations induced by the atmosphere. The signal coming from a
reference source (usually a star) is used to measure the wavefront aberrations
and a DM corrects them to produce a diffraction-limited (FWHM ~ \/D),
rather than seeing-limited (FWHM ~ 0.5 - 1.0 arcsec) image of the science
target (see Figure 1.1). Since the atmospheric turbulence structure presents
a vertical extension, light from different directions experiences different

distortions (see Figure 1.2). In other words, although atmospheric refractive-
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Figure 1.1: Scheme of an adaptive optics system.
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Figure 1.2: Illustration of angular anisoplanatism. The wavefront measured
within Beam A (the guide star) is not valid for Beam B (the science object)
since the two volumes of atmosphere are different. Thus, a correction which
is perfect for Beam A will not be perfect for Beam B.

index inhomogeneities form a three dimensional spatial random process, an AO
system applies only a two-dimensional correction adapting the surface of the
DM. The correlation between the surface of the DM and the cumulative phase
distortion along other propagation directions decreases rapidly with the offset
angle between the reference and the scientific object direction. This effect is
commonly referred to as angular anisoplanatism (Roddier et al., 1993). In
order to achieve an acceptable correction on the science object it is therefore
necessary to select a guide star within the isoplanatic angle of the science target
(few arcsec in the visible and few tens of arcsec in the IR). A first evident
consequence of the anisoplanatism is the small corrected FoV. To provide a
sufficient signal-to-noise ratio for the WFS, the guide star has to be also very
bright, i.e. at least 15th magnitude for a diffraction limited image at 1.65
pm (Rigaut et al., 1998). These two requests, i.e. GS bright and close to
the object, severely limit the fraction of the sky where an efficient correction
can be achieved (sky coverage, defined in percentage of sky), and, for near-IR
wavelengths, it is few percent (Beckers, 1993). In this context the potential
power of LGS AQO, proposed by Foy & Labeyrie (1985), is clear. The basic
idea is to generate a bright GS in the upper atmosphere by means of a laser.
This smart alternative, however, does not solve another big issue of classical

AOQO: even within the immediate neighborhood of a GS, natural or not, the
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e Wweew | Im

Figure 1.3: Imaging improvement by means of adaptive optics technique. A:
blurred seeing limited image: the seeing is 0.7” at 550 nm; B: the application
of AO allows the compensation for the image degradation in a small field
around the GS (black cross); C: effect on the image of the MCAO correction
using more than one reference star (5 black crosses). (Rigaut, Ellerbroeck and
Flicker, 2000).

performance of AO is not uniform, producing a variation of the PSF across
the FoV (Simon et al., 1999).

MCAO is a technique described for the first time by Beckers (1989) to
overcome these limitations and obtain a more uniform correction over a larger
field (Ellerbroek & Rigaut, 2000). In MCAO multiple mirrors correct different
planes in the atmosphere, in principle producing uniform compensation over a
much larger FoV (see Figures 1.3 and 1.5). To calculate the three dimensional
distortion due to turbulence, and to command each mirror correctly, requires
optical distortion measurements from multiple guide stars (either natural
or artificial), each of which provides a measurement of the turbulence in a
different direction. Two different MCAQO approaches have been described (see
Figure 1.4): Star Oriented or tomographic MCAO (Foy & Labeyrie, 1985 and
Ragazzoni et al., 1999) and Layer Oriented MCAO (Ragazzoni et al., 2000).
Both methods correct at multiple heights in the atmosphere using multiple
DMs and multiple WFSs. Tomographic MCAO uses one WFS per guide star
(Figure 1.4 left panel) and converts numerically the linear projections of the
cumulative phase distortion along the guide stars directions into the original
three dimensional profile. In a Layer Oriented system, the WFSs are not
coupled to the GSs, but are conjugated with specific layers in the atmosphere.
The DMs are conjugated with the same layers as the WFSs and each of them
applies a correction proportional to what the corresponding WFS measures,

optically combining the light from the GSs.
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Figure 1.4: Schemes of two multi-conjugate adaptive optics approaches: star
oriented mode (left panel) and Layer Oriented mode (right panel).
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Figure 1.5: MAD at the VLT. Comparison between a natural seeing (0.5”), K
band image of the core of the globular cluster w Cen with ISAAC (left) and
a MAD image in the same filter obtained while the seeing was 0.7” (right).
The image is a 157 x 15”7 cutout from the 2’ x 2’ corrected FoV, and has
a very homogenous image quality (Strehl > 20% everywhere). (Gilmozzi &
Spyromilio, 2008).

11



12 Chapter 1. The Giant Telescopes epoch

1.2 The Large Binocular Telescope

The LBT Project is a collaboration between institutions in USA, Germany

and Italy. The telescope, situated on Mt. Graham in southeastern Arizona,
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Figure 1.6: The Large Binocular Telescope.

uses two 8.4 meter diameter primary mirrors mounted side-by-side to produce
a collecting area equivalent to an 11.8 meter circular aperture. This makes
the LBT the most powerful single mount telescope in the world in terms of
light collection capability. A unique feature of LBT is that the light from the
two primary mirrors can be combined optically in the center of the telescope
re-imaging the two folded Gregorian focal planes to three central locations,
giving the possibility to reach the diffraction-limited resolution of a 22.65 meter
telescope. For this purpose the interferometric instruments of LBT (LINC-
NIRVANA and LBTI) make use of adaptive optics. The main wavefront
correctors are the two adaptive secondaries mirrors of a Gregorian design
(concave ellipsoidal mirrors), undersized to provide a low thermal background
focal plane. LN will implement an additional wavefront corrector conjugate
at a higher layer after the Gregorian focus. The LBT has 10 focal stations

to host single-channel and interferometric instruments (see Figure 1.6). The

12



1.2. The Large Binocular Telescope 13

single channel instruments are replicated for the two channels and are: two
seeing limited cameras (LBC, prime focus stations), two optical Multi-Object
spectrographs (MODS, direct Gregorian focus stations behind the primary
mirrors), a high-resolution echelle spectrograph with two polarimeters (PEPSI,
again direct Gregorian focus stations) and two near-IR imagers - spectrographs
for both seeing limited and diffraction limited operations (LUCIFER, bended
Gregorian focus stations). Two interferometers, LN for Fizeau interferometry
and and LBTT for nulling interferometry, are between the two mirrors in order

to combine the bended Gregorian beams.

1.2.1 LINC-NIRVANA Overview

Focal plane )
1 Piston mirror
dichroic

o~

Figure 1.7: LN overview. It will be mounted between the two primary mirrors
on the same mount of the telescope, enabling the instrument to move rigidly
with all the telescope structure. The dotted-dashed line across the Figure
underline the symmetry of the instrument design.

The peculiar structure of the LBT is characterized by two 8.4 meter
primary mirrors on a single common mount. This 'double telescope’ offers
different configuration choices. One of these allows to combine the beams

coming from the two collecting surfaces in a Fizeau interferometric mode, to

13



14 Chapter 1. The Giant Telescopes epoch

make the beams interfere directly on the image plane. LN (Herbst et al.,
2003), positioned between the two primary mirrors, on the same mount of
the telescope, is the instrument designed for this purpose (see Figure 1.7).
Before being combined, the two beams are corrected from the distortions
due to the atmospheric turbulence effects on FoV of 2 arcmin. A double
MCAO (Ragazzoni et al., 2003) system based on the Layer Oriented approach
(Ragazzoni et al., 2002) is conceived to correct independently the wavefronts
coming from the two sides by means of two multi-pyramids (Ragazzoni, 1996)
WFS driving two DMs conjugated to different altitudes. Twelve reference
stars (maximum) in an annular field of view between 2 and 6 arcmin will feed
the Ground layer WFS (GWS), driving the deformable secondary mirrors of
the telescope. The central 2 arcmin beam passes through the collimator optics
which include two groups of three lenses each and the deformable mirror driven
by the Mid-High layer Wavefront Sensor (MHWS). This mirror in the post-
focal relay, will be mounted on a rail line to permit a range of conjugations
between 4 and 15 km. The system is designed to allow an improvement in the
future with a third deformable mirror dedicated to the medium atmosphere’s
layers (4 - 8 km). A piston mirror compensates in real time the OPD between
the beams coming from the two telescopes and folds them into vertical direction
where a dichroic splits visible and IR light: the latter is transmitted into a
cryostat where interference takes place on the scientific camera, the former is
reflected to the MHWS. Collimated visible light feeds an optical system, called
FP20 camera, consisting of four lenses and a K-mirror to compensate the field
rotation, ensuring a telecentric £/20 beam at the focal plane at the entrance of
the MWHS. A more detailed description of all these components (collimator,
DM, FP20 optics, K-mirror) forming the so called 'warm optics’ and of the
MHWS is reported in Chapter 2.

1.3 The European Extremely Large Telescope

The EELT (Gilmozzi & Spyromilio, 2008) is a project led by ESO with a
scheduled first light in 2017. With its 42 meters diameter primary mirror,
made of 984 1.45 m hexagonal segments for a total of 1300 meters square
collecting area, it will be the bigger ground-based telescope ever built. The
E-ELT size has been determined by a good compromise between the science

requirements, traded off with the technical feasibility, and the available budget.

14



1.3. The European Extremely Large Telescope 15

The optical design is based on a 5 mirrors design: three surfaces with optical
power (M1 = 42 m, M2 = 6 m convex and M3 = 4 m) and two flat mirrors
(M4 = 2.6 m and M5 = 2.7 m) that bend the beam in the direction of one
of the two Nasmyth platforms. The telescope provides also a Coudé focus for
large instrumentation and two gravity invariant focal stations (one for each
Nasmyth platform). M4 and M5 have adaptive and field stabilization roles
in the optical train of the telescope. The image quality of the telescope is

diffraction limited over the full field of view of 10 arcmin.

Intermediate

Nasmyth B
M6

Nasmyth A

Figure 1.8: E-ELT optical scheme and focal stations.

A phase A design study is underway for a number of instrument concepts.
The instrumentation complement has been matched to the science cases.
Under study are (see EELT Website): an high spectral resolution ultra
stable optical spectrograph (CODEX), a planet imager and spectrograph with
EAO (EPICS), a wide field multi IFU near-IR spectrograph with MOAO
(EAGLE), a single field wide band spectrograph (HARMONI), a mid-IR
imager and spectrograph with AO (METIS), a diffraction-limited near-IR
camera (MICADO), a wide field visual multi-object spectrograph (OPTIMOS)

15



16 Chapter 1. The Giant Telescopes epoch

and a high spectral resolution near-IR spectrograph (SIMPLE). Also two post-
focal AO modules are under study: a laser tomography AO Module (ATLAS)
and a MCAO module (MAORY).

1.3.1 MAORY Overview

The post-focal MCAO module for the European Extremely Large Telescope,
MAORY (Diolaiti et al., 2008), providing a corrected field up to 2 arcmin
over the baseline wavelength range 0.8 - 2.4 pum, will be suitable to feed high
angular resolution imaging cameras and spectrographs. To ensure correction
uniformity and sky coverage, the LGS-based approach is the current baseline.
The suitable number of guide stars (6) and post-focal deformable mirrors (2
DM conjugated to 4 and 12.7 km see Figure 1.9) has been evaluated optimizing
the system performance by means of a Fourier code (Conan et al., 2008). It
has to be taken in mind that ground-layer correction and field stabilization are
provided by the adaptive telescope, respectively through mirrors M4 and M5
(see Section 1.3). From the wavefront sensing point of view, the MCAO module
is characterized by a multiple Sodium LGS wavefront sensor for the high-order
sensing and a multiple NGS wavefront sensor, to measure the low-order modes,

that determines the final sky coverage.

The preliminary expected performance, including all the error sources,
is presented in Table 1.1 for the 2" FoV and considering two different seeing
conditions. The performance is reported in terms of Strehl Ratio, defined as the
ratio of the observed peak intensity at the detection plane of an imaging system
from a point source compared to the theoretical maximum peak intensity of a

perfect imaging system working at the diffraction limit.

Seeing | K band H band J band Y band I band
0.65” 0.51 0.32 0.15 0.06 0.03
0.85” 0.41 0.23 0.09 0.04 0.01

Table 1.1: SR average and RMS over a 2’ FoV considering two different seeing
conditions. Starting from the left, the considered bands are centered in: A=2.2
pm, A=1.65 pm, A=1.25 pm, A=1.1 ym and A=0.9 pm. The SR RMS over
the 2 FoV is < 0.13.

16



1.4. Other MCAO systems 17

M9
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Figure 1.9: MAORY preliminary optical design. Two post-focal flat
deformable mirrors correct the hight-altitude layers (DM1 and DM2) and a
dichroic splits the light between the LGS wavefront sensor channel and the
science-NGS wavefront sensor channel. (Courtesy of Emiliano Diolaiti, INAF,
Osservatorio Astronomico di Bologna)

1.4 Other MCAO systems

The MCAO technique feasibility was demonstrated with MAD (VLT), the
ESO Multi conjugate Adaptive optics Demonstrator (Viard et al., 2000, Hubin
et al., 2002). Since MAD is a demonstrator, it has been designed in a double
mode configuration: Star Oriented multi Shack-Hartmann wavefront sensor
(Marchetti et al., 2006), that benefits of maximum 3 natural guide stars, and
Layer Oriented multi-pyramids (Ragazzoni et al., 2000) wavefront sensor with
the possibility to co-add the light coming from maximum 8 natural guide stars.
The adaptive system is completed by two deformable mirrors conjugated to
0 and 8.5 km. The first MCAO loop on the sky was closed on the open
cluster NGC 3293 the night of 25 March 2007 in star oriented mode. After
routine checks on the closed loop stability, the telescope was pointed to Omega
Centauri (Bono et al., 2009).

The MCAO system designed for the Gemini-South 8 meter telescope

17



18 Chapter 1. The Giant Telescopes epoch

(Ellerbroek et al., 2003) will provide uniform atmospheric turbulence
compensation at near-IR wavelengths over a 1 square arcmin field-of-view.
Even if the SR degrades outside this field, the total usable field corresponds to
2 arcmin field in H and K bands, and approximately 1.5 arcmin at J. The design
includes three deformable mirrors optically conjugated to ranges of 0, 4.5, and
9.0 kilometers, five 10-Watt-class sodium LGSs (one 50 Watt CW laser splitted
in 5 beams, 1 on axis and 4 arranged on a constellation 30” wide) projected
from a laser launch telescope located behind the Gemini secondary mirror, five
Shack-Hartmann LGS wavefront sensors of order 16 x 16 subapertures, and
three tip/tilt NGS wavefront sensors.

The TMT (funded by USA and Canada) will also have a facility MCAO
system: NFIRAOS (Herriot et al., 2006). The requirements include 0.8 - 2.5
pm wavelength range across a 30 arcsec diameter output FoV. The reference
design for NFIRAOS includes multiple sodium LGSs over a 70 arcsec FoV, and
3 IR tip/tilt/focus/astigmatism NGSs. The beacons on the sky are arranged
in a 70 arcsec diameter circle plus a beacon at the center of the pentagon.
NFIRAOS uses two deformable mirrors in series conjugated to 0 and 12 km,
to correct a 2 arcmin diameter technical field to sharpen near-IR natural guide
stars and improve sky coverage. NFIRAOS is also capable of operating in

natural guide star mode when laser beacons are not available.

18



Chapter 2

The NIRVANA post-focal relay
integration

As described in the previous chapter, LINC-NIRVANA is an infrared camera
working in Fizeau interferometric mode. The beams coming from the two
primary mirrors of the Large Binocular Telescope (LBT) are corrected for
the effects of the atmospheric turbulence by two (identical) MCAO systems.
The corrected field of view is 2 arcmin diameter. One single arm MCAQO
system includes two WFSs, driving two DMs: one Ground Layer Wavefront
Sensor (GLW) that drives the LBT secondary mirror, and one Mid-High
layer Wavefront Sensor (MHWS). The first of the two MHWS was integrated
and tested as a stand-alone unit in the laboratory at INAF-Osservatorio
Astronomico di Bologna, where the telescope was simulated by means of a
simple afocal system illuminated by a set of optical fibers. Then the module
was delivered to the MPIA laboratories in Heidelberg, where it was integrated
and aligned to the post-focal optical relay of one LINC-NIRVANA (LN) arm
(Schreiber et al., 2008a). Scope of this chapter is to describe and summarize
the work done in Bologna and in Heidelberg in the framework of this PhD
Thesis.

2.1 The post-focal Relay

This Section describes the post-focal relay optical components of only one arm
of the telescope. Since LN is fed by both the telescopes forming LBT, all the
components exist in double copy. The warm fore-optics (Figure 2.1) consist of

the following sub-systems:

e collimator optics: two groups of lenses that collimate the f/15 light

19
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from the telescope focus. Between the two groups, where the DM
is located, the beam diameter for all fields is constant (constant
envelope, see Figure 2.2). The two sets of collimator optics must
have the same focal length to generate pupil images with the same
diameter, necessary condition to meet the requirement on the pupils
homotheticity (the diameter and the separation of the two pupils
formed by the two collimators must be identical to the ratio of
telescope entrance pupil diameter to telescopes separation). Pupils
homotheticity is a fundamental condition for the interferometric

operations of the instrument.

DM: can be conjugated in a range of altitudes between 4 and 15

km, where the atmospheric turbulence is concentrated;

FP20 optic: they generate a F/20 telecentric flat focal plane at the
entrance of the WFS;

e motorized K-Mirror: for the compensation of the field rotation.

The F/20 beam is then folded up to the MHWS.

Figure 2.1: LINC-NIRVANA post-focal relay overview.

20



2.1. The post-focal Relay 21

All the optical elements of the post-focal relay before the MHWS that are
not cryogenic are called 'warm optics’. The main requirements of the warm

optics are summarized in Table 2.1.

Optical element Item Requirement
Collimator Input post-focal beam F/15.27
Wavelenght range 0.6 pm to 2.4 pm
Blur of pupil < 0.7 mm
Intermediate beams for DMs Constant envelope of ~140 mm
FP20 Input © 126 mm collimated beam
Wavelenght range 0.6 pm to 0.9 pm
Field curvature Flat
WFE < 30 nm
F /number F/20 £ 0.1
Non telecentricity angle < 0.014°
K-mirror Reflectivity > 96% in the range 0.6-1.0 um
Internal optical path 640 mm

Table 2.1: Main requirements of the optical elements of the post-focal relay
without the Mid-High wavefront Sensor.

The aim of this section is to give a description of each warm optics

component and to report the verification test results performed on them.

2.1.1 Collimator and Deformable Mirror

Constant envelope part

Collimated part

Telescope focus

Lens groub DM2&3
[&11 Pupil

/
=
Figure 2.2: Layout of the Collimator optics.

One collimator consists of two separate lens groups, each including three
air-spaced lenses on the same mount. Each mount is adjustable in three

dimensions. The range is 2 mm in centering tuning and 2° in tilt with an

21



22 Chapter 2. The NIRVANA post-focal relay integration

accuracy respectively of 0.02 mm and 0.0083°. The center of tilt is roughly in
the middle between the first and last surface, on the optical axis. The aim of
the collimator optics is to convert the F/15.27 beam coming from the telescope
in a collimated beam. Between the two lens group the beam forms a constant
envelope in order to make use of all the DM actuators at any conjugation
altitude. Both aligned collimators were tested (Roth, 2006) and meet the
specifications according to Table 2.1.

The DM was manufactured by Xinetics and contains 349 actuators located
on a square grid of 21x21 actuators, each made of a piezo-stack and attached
to a continuous face-sheet as the reflecting surface. The DM was tested for

linearity and hysteresis for different ambient temperatures.

2.1.2 FP20 Optics and K-mirror

F/20 focal plane

’,-__' I;Bendmirror

K-mirror Lens group 4 & 5

Lens group 3

Figure 2.3: Layout of the FP20 optics.

Three groups of lenses, with the same mountings as the collimator lenses,
form the FP20 optics (Figure 2.3). Fed by collimated light, they ensure a
telecentric F /20 beam over 2 arcmin field of view. The optical quality of the
system was tested without the K-Mirror and the distance between the first
doublet and the third lens was increased in order to compensate for the K-
mirror internal optical path. The collimated beam was generated by a FISBA
plens CDCI 2 Plano Objective with an aperture of 152.4 mm mounted on a
FISBA pPhase 2 HR Digital Compact Interferometer coupled with a 126 mm
diameter pupil stop. The FISBA Objective was mounted on a tilt platform and
on a precision rotation stage. The three groups of lenses were also mounted on
two orthogonal 25 mm translation stages for the alignment in centering respect
to the optical axis.

The optical system was aligned respect to a laser beam generated by
an He-Ne laser source. Starting from the last lens group (the closest to the

F/20 focal plane), each group was aligned using the back reflections from
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Figure 2.4: Setup for the on-axis (top figure) and off-axis (bottom figure)
verification tests.

each lens surface and monitoring the transmitted spots positions on a DVC
CCD. The measurement of the residual WFE, i.e. of the optical quality of
the system, was performed using the FISBA with the Plano Objective and
a Spherical-concave reference surface mounted on two orthogonal stages. To
characterize the residual wavefront error over the field of view of 2 arcmin,
the measurements were done on-axis and off-axis for five different directions
respect to the optical axis (see Figure 2.4). The measurements relative to one

of the two FP20 optics set are reported in Table.

Interferometer tilt angle Mean PV [nm] Mean RMS [nm]
(elevation, azimuth) [degree]

(0., 0.) 98.66 17.066
(0., -1.) 161.538 24.319
(0., +1.) 146.645 28.509
(+1.,0.) 179.697 30.629
(-1.,0.) 159.219 29.94

Table 2.2: Set number 2 of the FP20 optics wavefront error measurements.
These numbers are obtained averaging ten different measurements per each
interferometer tilt angle.

According to the values reported in Table 2.1 and 2.2, this set of optics
meets the specifications. The test has been repeated for the second set of FP20
optics, but the wavefront error measured was too high (around 70 nm on axis,
to be compared with values in Table 2.2) to meet the requirements. The cause
of the wavefront degradation was identified in an internal misalignment of the
doublet, that was sent back to the company.

A telecentric system has the location of the exit pupil at infinity and so
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Figure 2.5: Picture of the setup for the FP20 telecentricity verification tests.

the chief rays parallel to the optical axis after the propagation through the
system. The non telecentricity angle (see Table 2.1) was measured by means
of two DVC CCD mounted on a linear stage parallel to the optical axis in order
to trace the direction of the chief rays corresponding to different directions in
the sky and measure the angle between them (see Figure 2.6). Since the linear
dimension of the field of view at F/20 focal plane is bigger than the CCD,
we used a double 45° degrees (also mounted on the linear stage) to bend the
beams corresponding to different directions. The direction of the chief rays
was traced by measuring the position of the image produced onto the CCD
while moving the linear stage along the optical axis. The considered range was

80 mm, images taken every 10 mm.

C | f o

Figure 2.6: Setup for the FP20 telecentricity verification tests.

The centroid coordinates in the eight steps were recorded. After having

verified the linear behavior of the coordinates of the image position moving
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the linear stage (no appreciable wobbling of the stage), we took, for the non
telecentric angle computation, the coordinates of the position of the image in
the first and in the last acquired images (i.e. 80 mm far one from the other).

The coordinates (in pixel) are reported in Table 2.3.

Xccp1 768.972  772.187
Yocp1  775.322  765.755
Xccpe2 492.549  498.486
Yocp2a  561.63  553.865

Table 2.3: Calculated centroid positions in pixel units for a 8 cm travel range.

If a is the non telecentric angle, Az = Az(CCD1) — Ax(CCD2) (the
same for y) and Az is the shift of the linear stage in microns, the following

formula gives the non telecentricity angle in radians units:

VAz? + Ay?
VAT Ay (2.1)

Az

where p represents the dimension of one CCD pixel in microns (in this case

a=p-

1 pixel = 6.45 pm) and Az and Ay are given in pixels. Putting into Equation
(2.1) the measurements reported in Table 2.3, we obtained a non telecentricity
angle of 0.015°, slightly out of specifications (0.014°), but accepted because
the discrepancy is within the measurement error and therefore negligible.
The K-mirror optical derotator provides the derotation of the field for the
MHWS. The two identical units rotate in the same direction during operation,
avoiding mutual mechanical interference. The K-mirror has not optical power
and consists of three mirrors mounted together in a stiff and stable structure
that allows rotation of the assembly around the optical axis of the FP20
camera. There are several adjustment systems for internal alignment and
alignment to the post focal relay. The K-mirror verification tests were provided

by the manufacturer.

2.2 The Mid-High Wavefront Sensor

The Mid-High layer Wavefront Sensor (Figure 2.7) is a multi-pyramid WFS
based on the layer oriented concept. Fight probes move in the field using
16 linear stages, in XY configuration, in order to capture the light of the
guide stars. Every probe consists of an afocal system, called ”Star Enlarger”

(SE), that magnifies the star image individually by increasing the focal ratio,
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Pupil re-imagers

Beam
Splitter

Pyramids

; ’/ Star enlarger
-

¥ ‘

—

// F/20 Focal Plane L

Figure 2.7: A section of a 3D image of the MHWS. Originally it was designed
to accommodate two detectors conjugated to different altitudes in order to
drive two deformable mirrors.

thus reducing the angular size of the pupil leaving the separation between the
various stars across the FoV unchanged. This simple "trick” solves a known
problem of the layer-oriented approach that is the size of the re-imaged pupils,

which imposes the use of large detectors with massive binning.

Practical limits on the shrinking factor are imposed, for instance, by
diffraction effects, which blur the re-imaged pupils. The basic principle is
shown in Figure 2.8. The telecentric focal plane before the Mid-High wavefront
Sensor is characterized by focal ratio F'. The beam of each reference star
is collimated by a lens of focal length f;, producing a small pupil image.
A second lens of focal length fy, placed at a distance fy to the right of
the intermediate pupil in order to preserve telecentricity, forms an enlarged
image of the reference star with an equivalent focal ratio F’ = kF | where the

enlarging factor is given by k = fo/f1 . At this position, a glass pyramid is
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Figure 2.8: MHWS optical design concept. Only one pupil image is shown
here; there are four pupil images.

placed in order to split the light into four beams, which are focused by a 7
lens objective of focal length f onto four pupil images. The re-imaged pupils
corresponding to different reference stars are collected by the objective, which
optically co-adds the light of the stars. The size of each re-imaged pupil is
s = f/F" . The choice of the SE magnifying factor & = 11.25 and of the pupil
re-imager focal length f = 99 mm derives from the pupil diameter, imposed
by the requirement to fit the meta-pupil of the 2 arcmin FoV at the maximum
conjugation altitude (15 km) onto a quadrant of the available detector (EEV
CCD39, 80 x 80 pixel, pixel size 24 pm). With this choice each detector
quadrant is filled by a meta-pupil, leaving a nominal 1 pixel thick edge around
each meta-pupil and the meta-pupil at the highest conjugation range is mapped
nominally onto 38 x 38 CCD pixels, corresponding to 19 x 19 sub-apertures
in the 2 X 2 binning mode and approximately to 10 x 10 sub-apertures with
a 4 x 4 binning. The angular divergence 3 of the beams at the output of the
pyramids depends on the linear separation between the meta-pupils on the
CCD and on the focal length of the objective. Its value is fixed to 3 = 0.786°,
that corresponds to a pyramid vertex angle o = 1.535°. Table 2.4 summarizes

the main constrains, requirements and parameters of the MHWS designs.

2.2.1 The MHWS integration and alignment

The MHWF is divided into three main units and each unit is formed by

components. Units and components need to be integrated and the optical
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Input focal plane F /20, telecentric, flat
Input FoV 2 arcmin
Working wavelength range 0.6 - 0.9 pym
Maximum number of reference stars 8
Minimum distance between two reference stars ~ 20 arcsec
Conjugation range 4km - 15km
Maximum (meta)pupil sampling 21 x 21
Star Enlarger FoV ~ 1.2 arcsec
k 11.25

fi 14 mm
f2 157.5 mm
f 99 mm

16} 0.786°

Table 2.4: Basic requirements, constraints and main parameters of the MHWS
design.

parts, to be aligned. The three main units are represented in Figure 2.9. They
are: the reference stars selection unit, composed by the main structure with 4
legs and 16 linear stages for the Star Enlarger positioning in the field and the
tip/tilt stages for the Star Enlarger mechanical alignment to the optical axis
of the system; the 8 star enlargers, each formed by optics and optics holders;
the pupil re-imager, formed by the 7 lenses objective with its support structure

and the CCD camera with its position stages (X, Y and Z).

Assembly and mounting of components to units

Units and components were integrated and aligned in the laboratory of the
Observatory of Bologna. A CCD camera with a smaller pixel size was used
(Electrim 2000, 8 um pixel size). The eight XY pairs of the star enlargers
positioning stages were coupled and mounted on the main structure. The
coupling process required some trials to obtain a group of eight stages with
performance as good as possible in order to minimize the misalignment of the
pupil images on the detector plane. Four pairs of stages were mounted on
the lower plate of the main structure and the other four pairs on the upper
plate. The maximum angle between the nominal direction of the SE axis and
its actual direction (wobble) was between 11.7 arcsec and 18.9 arcsec. Each
XY pair, after being orthogonalized with an error of about 8 arcmin PV, were

mounted in such a way that:

e One of the axes (e.g. X) was parallel to a pre-defined direction (for

instance defined by an edge of the square hole in the base plate of
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Figure 2.9: Picture of integrated MHWS with units indicated. The SEs are
hidden inside the main structure of the reference stars selection unit. A top
view of the eight mounted SE is depicted in the panel.

the main structure).

e The X and Y axes coverd their own quadrant (48.3 mm x 48.3 mm)
and the two adjacent quadrants by ~ 2 - 2.5 mm (the exact allowed

value depends on the exact travel of each stage)

The assembly of each SE was done as explained in the following: each of
the three elements that compose the SE, two lenses (diameter D = 6 mm and D
= 12.7 mm) and one pyramid prism (diameter D = 12 mm), were placed inside
its mount. The mount of the lens D = 6 mm and the mount of the pyramid
D = 12 mm were connected to the SE support by retaining screws. Each of
the optical components was optically aligned respect to the others and all of

them respect to the mechanical axis of the star enlarger mount. The mount
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of the lens D=12.7 mm was glued to the SE support. The SE tip/tilt stages
were mounted onto the SE positioning stages (see Figure 2.10). Then the SE,
already pre-aligned optically, were mounted onto the SE tip/tilt stages.

Star enlarger
positioning stage

," -
Star enlarger
positioning stage

-

Figure 2.10: Two SE positioning stages (one attached to the lower plate of the
main structure, one attached to the upper plate) and two SE tip/tilt stages.

The objective was then mounted on pupil re-imager support structure
(see Figure 2.9). The centering and tip/tilt screws were set in order to perform
a preliminary mechanical alignment of the objective, in preparation of the

optical alignment (next section).

Definition of optical axis

The optical axis for the alignment of the MHWS optics (pupil re-imager
objective and star enlargers) was materialized by a laser beam. This optical
axis should ideally match the mechanical axis of the MHWS main structure,
but thus tolerance is not very stringent since the SEs can be aligned in tip/tilt

respect to the objective. The direction and centering of this mechanical axis
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Figure 2.11: Left: down-looking side of alignment target. Right: up-looking
size of alignment target; note the housing for the placement of a mirror
(reflecting surface looking down).

may be identified by means of the target shown in Figure 2.11. This target was
mounted below the MHWS main structure, at the level of the entrance focal
plane; the target diameter matched the size of the square hole at entrance
of the MHWS: the tightest the fit, the most precise was the identification
of the centering of the mechanical axis. The target was held by means of
clamps attached to the lower surface of the main structure. The hole at the
center of the target defined the centering of the mechanical axis (Figure 2.11,
left). On the upper part of the target (Figure 2.11, right) it was possible to
accommodate a mirror, with its reflecting surface looking down: this mirror
defined the planarity of the MHWS main structure and therefore the direction
of the mechanical axis. The laser was adjusted in centering and tip/tilt until
it passed through the hole in the target and it was orthogonal to the mirror.
After this procedure, the laser beam identified the mechanical axis to be used
as reference for the optical alignments.

The degrees of freedom to perform the laser beam adjustment described above
may be the tip/tilt of the axial position of the 45° folding mirror below the
MHWS and of another folding mirror in the optical setup on the bench.

Alignment of pupil re-imager objective

This procedure applies when the MHWS is aligned as a stand-alone unit and
the optical axis has been defined as described in the previous section. The tilt
alignment of the objective was performed by checking the spurious reflections
of the incident laser beam, projected onto an observation screen. The decenter

alignment was performed checking the beam transmitted by the objective and
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projected onto the CCD camera at different focus positions: if the objective is
centered to the beam, the position of the transmitted beam spot on the CCD
camera remains fixed for every focus position. This procedure assumes that
the parallelism of the focus movement to the laser beam axis has been verified
before mounting the objective. In alternative, one may check the laser spot
position on an observation screen before mounting the objective and comparing
this reference to the position of the spot when the objective is mounted. When
the MHWS has to be aligned to the LN warm optics, the objective may be
assumed to be already aligned and may be used as a reference for the check of

the optical axis tilt alignment.

Alignment of star enlargers integrated on Mid-High wavefront Sensor

The following steps describe the procedure for the alignment of the star

enlargers when integrated on the Mid-High wavefront Sensor.

e Alignment of rotation angle of pyramids: a plate with a small
central hole was placed in the aperture stop of the system or in
an intermediate pupil image; the masked pupil was illuminated
by a point source (fiber) and re-imaged onto the MHWS detector,
through a given SE, forming four spots (one per pyramid face). The
rotation angle of the pyramid was adjusted in order to align the four

spots to the XY reference frame of the detector.

e SE focus adjustment: In order not to reduce the dynamic
range of the MWHS and to avoid introducing large non common
path aberration, the defocus measured by the sensor considering
just static aberrations should be as small as possible. This was
accomplished by adjusting the axial position of each star enlarger,
nulling the defocus measurement on the image of a point source,

placed for instance at the center of the entrance focal plane.

e Alignment of SEs tip/tilt: Since the tilt of a SE produces a
shift of the four pupils on the detector, to ensure an acceptable
superimposition of the pupil images produced by different SE, an
accurate tip/tilt alignment has to be performed. A plate with a
small central hole was placed in the aperture stop of the system or

in an intermediate pupil image; the masked pupil was illuminated
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by several point sources (fibers) across the field of view materializing
the telescope field of view in the system. The masked pupil was re-
imaged onto the MHWS detector, without SEs. The detector focus
position was adjusted until the images of the hole (one image per
point source) are superimposed. This procedure defines the MHWS
conjugation to the pupil. The position of the focused image of the
masked pupil was the reference for the following phase of alignment
of the SEs. Each SE was positioned at the middle of the respective
field quadrant, by positioning the XY positioning stage carrying the
Star Enlarger itself at their mid travel position; this configuration
was the optimal one from the point of view of the axis wobble due
to the pitch and roll of the stages. Then the SE was aligned in
tip/tilt using the tip/tilt stage (Figure 2.10), matching the center
of gravity of the four pupil images on the detector to the reference
position defined before, during the conjugation to the pupil plane.
The relative alignment of the 8 SEs to this common reference was

performed with an accuracy of 1/10 sub-aperture.

The three steps described might have to be iterated.

2.2.2 The MHWS verification tests

The MHWS was tested in the optical laboratory at INAF - Osservatorio
Astronomico di Bologna by means of a lens-stop-lens telescope simulator to
provide the F/20 focal plane at the entrance of the sensor (Figure 2.12). The
guide star asterisms were provided by a set of 160 um core optical fibers

mounted on a dedicated plate.

The main requirements and specifications that have to be met after the

alignment are summarized in Table 2.5.

Input focal Plane F /20, telecentric, flat

WFE < 45 nm (~ 9.1 pm RMS pupil blur)
Star enlarger tilt 10 arcsec (1/5 sub-aperture)
CCD focus 0.001 mm

Table 2.5: Requirements for the MHWS.
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Fiber plate

Fiber light pattern

Laser + spatial filter

Folding mirrors

Figure 2.12: The MHWS test set-up.

Setup for the verification tests

In order to reproduce the telescope F/20 focal plane at the entrance of the
MHWS, the telescope was simulated by means of a lens-stop-lens telecentric
optical system (see Figure 2.12). A set of optical fibers was mounted on a
plate with holes designed to emulate different asterisms of NGSs. A collimated
laser beam represented the alignment reference. The F/num of the telescope
simulator was measured using a pupil plane mask with two holes of known
distance and measuring the distance between the two holes images on a CCD
in two different out-of-focus positions. The measured F//num was 20.01. This

number meets the requirement reported in Table 2.1. The position of the
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entrance focal plane respect to a mechanical reference was also measured and

the actual position matched the nominal one within 0.05 mm.

SE Alignment

The SEs defocus adjustment and tip/tilt alignment was done as described
in Section 2.2.1. A SE mechanically positioned in the entrance focal plane
was chosen as reference for focus adjustment of the other SEs. The residual
defocus after regulation was 7 nm PV. The SEs were aligned at half range of
the stages to provide the minimum tip/tilt caused by the motors’ wobbling.
A misalignment of the SEs translates into a bad superimposition of the pupil
images on the CCD. Values of the measured RMS pupil blur are listed in Table
2.6.

Pupil RMS blur

1 5 pm
2 5 pm
3 8 pm
4 6 pm
average 6 pm

Table 2.6: RMS of the four pupils center positions considering the 8 SEs.

The average RMS is around 6 pm, that corresponds to 1/4 of CCD39
pixels (24 pm). With a 2 x 2 binning it corresponds to 1/8 subaperture, in

agreement with the requirements (listed in Table 2.5).

Pupil blur

Using a mask with holes in the aperture stop (see Figure 2.13), a measurement
was taken with one star enlarger on axis. The central spot of the four re-imaged
hole patterns was considered. The four spots presented a very small elongation
towards the center (elongation < 15%). The typical spot standard deviation
(measured by a 2D gaussian fit) was in the order of o = 1 pixel. The re-imaged
hole dimension was 0.7 pixels. Removing in quadrature the intrinsic re-imaged
hole size, gave a blur of about 0.7 pixels = 5.6 um. This included the telescope
simulator optical quality and chromatism and the blur due to the MHWS optics
(SE diffraction, SE enlarging factor k, SE lens misalignment, vertex angle,
chromatism, pupil re-imager optical quality). Considering also the pupil image
blur measured by the geometric superimposition of the pupils of 8 SE (average

blur ¢ ~ 6 pum), the two effects gave an overall pupil blur of ¢ ~ 8.2 um, to
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be compared with the expected blur of o ~ 9.1 um, corrensponding to 45 nm
WFE, reported in Table 2.5. The measured value fully met the requirement,
although it included the degradation due to the telescope simulator.

Figure 2.13: Image on the WFS detector of the pupil mask (right) and the
pupil mask. Central hole is marked.

Pupil image quality and SE transmittance

The cosmetics through all SEs looked good. All the SE images showed the
same feature present in Figure 2.14 in the upper right pupil. This feature was

therefore due to the common path among all the SE (e.g. telescope simulator).

Figure 2.14: Four pupil images on the Electrim CCD (left panel); zoom of the
bottom left pupil (right panel). Pixel size = 8 pm.

The absolute transmittance of the SE is reported in Table 2.7.

The measurements of the transmittance were compatible with ~ 1% light
losses per surface, with a total of ~20 surfaces (telescope simulator + MHWS).
The repeated measurements of the transmittance of some SE, taken after

several minutes, gave a repeatability estimate in the order of 5%.

36



2.3. Integration of the MHWS to the LINC-NIRVANA post-focal relay 37

Star Enlarger Transmittance
82.6%
86.0%
84.4%
80.0%
83.7%
79.2%
80.3%
79.9%

0~ T W

Table 2.7: Absolute transmittance of the SEs.

Pupil dimension

In Figure 2.14 a pupil image is shown (right panel). The pixels looking black in
the picture have a value of 0. Taking all the non-zero pixels and computing the
diameter of a circle having the same area as the non-zero region, a diameter
of 58.9 Electrim pixels was obtained, that converted into pixels of the CCD39
(24 pm), gave a pupil image diameter D = 19.6 pixels. The nominal pupil
diameter on the CCD39 should be D = 18.3 pixels. The measured diameter
has to be considered an upper limit, since various effects (e.g. SEs diffraction)
tend to smooth the pupil edges and increase the pupil image diameter when
the above criterion (all non-zero pixels considered) is adopted to measure the

pupil diameter. In conclusion the pupil diameter met the requirement.

2.3 Integration of the MHWS to the LINC-NIRVANA
post-focal relay

The final configuration of LN as described in Section 1.2.1 will be integrated on
the final bench at the MPIA laboratories in Heidelberg. A preliminary setup
was designed to test the post-focal relay (Section 2.1) including one single arm
warm optics and MHWS (Section 2.2) in closed loop in order to ensure the
performance of each single element in an almost final configuration, to check
the alignment strategy, the software and electronics functionality. The Thesis
work was to test and align the components of the setup in preparation of the
future single-arm experiment, setting the standard for an alignment strategy
for the final bench. The software and the electronics were not ready to be fully
tested.

The aim of this section is to describe the laboratory setup (see Figure

2.15) for the future first single arm closed loop tests.
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FUup1l maskK

Figure 2.15: Setup configuration for the post-focal relay alignment and
tests from a lateral view. Every component is shown as set in the MPIA
laboratories.

The fiber plate (see Figure 2.16) was designed to reproduce the curvature
of the focal plane of the LBT. 34 holes were designed to connect 12 fibers in
several positions at the same time, simulating different asterisms of GS over
the whole field of view. It is mounted on a completely motorized module:
three translation stages for the positioning and one rotation stage to emulate
the rotation of the field during the night.

The Multipurpose laboratory Atmospheric turbulence simulator MAPS
(Hippler et al., 2006), together with the fiber plate, is an optical system that
generates realistic atmosphere-like optical turbulence by means of rotating
glass phase screens over a field of view of 2 arcmin. The fiber plate is one
of three parts forming the MAPS unit. Two lens groups have the function
of collimating the point sources and focus the F/15 beam. Between the two
groups, the rotating phase screens can be adjusted to simulate the turbulence
of a defined layer.

The F /15 beam is then collimated by the collimator optics and focused by
the FP20camera that produces a telecentric flat focal plane at the entrance of
the wavefront sensor. A mask holder is positioned in a pupil plane between the
