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Abstract

MAORY will be the multiconjugate adaptive optics module for the ELT first ligtstmain
goal is to feed the higresolution NIR imager and spectrograph MICADO.

The presenfThesis address the MAORY system at the level of optical design and analysis.

MAORY is a complex science projects whose stakeholder is the scientific community. Its
requirements are driven by the science cases which request high resolutiorr@ndtast

accuracy.

In an ideal world without atmospheric turbulence, MAORY optics must deliver diffraction

limited images with very low optical distortions.

The tolerance process is one of the most important step in the instrument design since it is
intended to ensure that MAORY requested performances are satisfied when the final

assembled instrument is operative.

The baseline is to operate wavefront sensisigg six sodium Laser Guide Stars atitree
Natural Guide Stars to solve intrinsic limitations of artificial sources and to mitigate the

impact of the sodium layer structure and variability.

The implementation of a laboratory Prototype for Laser Guide \8avefront sensor at the
beginning of the phase study of MAORY has been indispensabtsm$wmlidate the choice of
the baseline ofvavefront sensing technique.

The first part of this Thesis describes the results obtained with the Prototype foGLader

Star wavefront sensor under different working conditions

The second part describes the logic behind the tolerance aretlybes level ofMAORY
optical desigrstarting from definition of quantitative figures of merit for requirements and
ending wth estimation of MAORY performances perturbed by eptchanical tolerances.

The sensitivity analysis on optoechanical tolerance of MAORY is also a crucial step to

plan the alignment conceftatconcludes the arguments addressed by this Thesis.
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Definitions, Acronyms and  Abbreviations

AIV Assembly, Integration and Verification
AS Aperture Stop

ELT Extremely Large Telescope

ESO European Southern Observatory
DOF Degree Of Freedom

FoV Field of View

GS Guide Star

HO High Order

LGS Laser Guide Star

LO Low orders

LOR low-order & reference

MAORY Multi conjugate Adaptive Optics RelaY
MCAO Multi-ConjugateAdaptiveOptics
MICADO MCAO Imaging Camera for Deep Observations
NCPA Non-CommonPath Aberrations
NGS Natural Guide Star

OPD Optical Path Difference
PSPhase Screen

PSDPower Spectral Density
PSFpoint spread function

PFR Post Focal Relay

RMS Root Mean Square

RON Read Out Noise

RSSRoot Sum Squared

SCAO Single-ConjugateAdaptiveOptics
SH ShackHartmann

SLM Spatial Light Modulator

SNR Signalto-Noise Ratio

SVD Singular Value Decomposition
TBD To Be Defined

TBC To Be Mnfirmed

TS Turbulence Simulator

TT Tip-Tilt

TTF Tip-Tilt and Focus

WF Wavefront

WFE Wavefront Error

WFS Wavefront Sensor






1. Background

Atmospheric turbulencéas been, for centuries, the limit of any grdubased optical/IR
instrument.Turbulent mixing of aiflead by large scale temperature fluctuations) generates

gpatial and temporal variations in taemosphereefractive index1].

One of the model to explain how WF aberration are generated by turbulence was proposed by
Kolmogorov[2]. This and many other moddI3] [4] are based on statistic approach and
describe thalistribution of the strength of refractive index variations through atmospheric
turbulence as a function of heightThis structure function is known &2, (z) profile and

models the atmosphere asuperpositiornof thin turbulent layers atariable heightwith

different strength5].

Three ae themain parameters thaharacterize atmospheric turbulence and direlrtiye the

desgn and performance of AO systems

A TheFried parameter,ro ¢ [ &2 ( ¢ o'JsL’L‘za(z)) dz}®®, gives the aperture over which

there is on average one radian of Rpttaise aberration. It could be considered as the
spatial scale at which an AO system needs to sample its corrfgjtion

A The isoplanatic angle do ¢ ( ¢ o go/h, avpre h is the height of a turbulence.
Isoplanatisndescribeghe angular dependenceaggtical path variationthatdeviate
by less than one radi&MS phase aberration from each othéthe isoplanatic angle.

A Thecoherence time W ¢ rolv, wherev is the average wind speed, descritfestime
scale atwhich optical path variations deviate by less than one ra@M® phase

aberration from each othds.defines the required AO temporalrrection bandwidth

The most basic AO systemsnsade by one WFS, one DM and a R[IfT. The AO system
tries tocorrect WF aberratiorisy measuring theptical pathdeviations usinghe WFS. The
RTC calculatesan appopriate correction, and applies this correction to Eid. This
feedback loopuns on frequencies ¢iundred times a seconi@pending on theequirement
set byld. The WF sampling carried out by the WFS and the spatial scale at which the DM

applies its correction are set y

The WFS isan optical device designed to be sensitive to the WF phase aechie works
with a high efficiency photon detector (e@hargeCoupled Deviceor Avalanche Photo
Diode).



Threetypes ofWFSs arethe mosused in ACdepending on the performances the system has

to achieve in terms of dynamic range and sensitivity. @ tle®e class of WFSs are:

1 TheShackHartmann WFS [8] is made by an array of lenslets which define an array
of subapertures across the pupil and produce an array of spots corresponding to the
local WF. The positions of these spots respect to theygakiure centre are strictly
related to the average WF pior gradient over the s@perture.

1 ThePyramid WFS [9] is made by a pyramid prism whose tip is placed on a focal
plane. A collimator, after the pyramid, generates multiple pupil images. When an
aberrated ray hstthe prism on either side of its tip, it appears in only one of the
multiple pupils. The intensity distributions in the multiple pupil images are a measure
for the WF phase (Verinaud et al. 2005). The pyramid prism is often modulated such
that a single naappears in either of the pupil images. The intensity distribution of the
pupil images, integrated over a modulation period, is a direct measure of WF slopes
in the pupil. The sensitivity of this WFS depends on the modulation amplitude and
can be tuned geending on the observing conditions.

1 Thecurvature WFS [10] is made by an oscillating membrane in the focal plane. It
measures intensity distributions in two different planes on either side of the focus,

comresendi ng to the wavefrontds curvature

The main role of the RTC is th&/F reconstructiorfrom WFS measurements. In practise,
RTC deals withthe WFS measurement vecto(e.g. all the slopes measurdry a Shack
Hartmannsensor)and calculatesan appropriate correction vectolin terms of voltageso
send taheDM.

The WFS approximately works itinear regimehence WHReconstructiorperformed by the

RTC can balescribed byhe linear system

Dc=v+n

wheren is themeasurement noise usually assumed to be Gaussian and uncoraeldizd

the interaction matrix between DM and WFS.



In order to solve for, the RTCderives a reconstruction matriR and multiplyit with v.
Basically Ris the MoorePenrosgseudoinversef D, sinceD is usually degenerate andt
directlyinvertible[5] [11].

The DM ismade byan array ofactuators which are connected to a thin opscaface that
deforms under the expansiontbé actuatordistance between two consecutive actuators is
a requirement lead by while, the number of actuators and hence, the DM diameter depends

on the conjugation altitude and the telescope aperture tiame

Any AO system needs at leassiagle GSto correct thaVF in its direction. Such aetup is
known asSCAO and achieved excellent performances on different instruments over the last
years[12] [13] [14].

The limit of SCAOQis the isoplanatic angle, this implies that the instrument PSF is not uniform

across the FoV and it is close to the diffraction limit only at GSiposit

AO wavefront sensing requir€Ss bright enough to reach a good SNRHerWFS measures
[1]. In many cases, laright NGSis notavailablein the FoV. The probability to find suitable
NGS iscalled sky coveragand it strondy depends on the observational wavelengibr.
instance, on A0 meters class telescopes, N@Eh magnitude M = 14 is required to

compensatémages at 2,2unwvavelengti15].

In this contexthe potential power of LGS AO, proposed byy & Labeyrie[16], is clear
The LGSsare introduced irsection3 along with the issues related to Heartificial sources
that has been object of studySectiord of this Thesis

The concept behind the use of LG&isncreasette size of the corrected af®ausing several
GSs to measure the turbulence in the complete 3D volume above the tel@dusfeld

adapted correctigmccounting for the field dependence nature ofthespleric turbulence,
is called MCAQJ17]. It is a concept that consists in using several DM conjdgdataltitude

to tune the correction gending on the lgation in the fld.

Of course, one also needs measurementeditbulencezolume. This is obtained by using
various WFSs pointing at different field positions, either at §jG5at LGS.

Themultiple reference sourcesein different directions sthat the columns of atmospheric
turbulence they probe overlap partially at high altitade fully at low altitude Separate

DMs, conjugated at specific heights, apply the correction as the sensed turbulence is fully
projected on the conjugated layer. Imgtice,the correction given to each DMas to



minimise the uncorrected turbulence, both alongatheosphere altitude and in the scientifi
FoV.

Science FoV

B Guide Stars

layer

High
altitutde
conjugate
DM

Figure 1: The MCAO concept. The metapupil is the DM projected diametecedain altitude

The wavefront reconstruction and MCAO control is a complex iS8IE@AO correction

computation is basicallg two-step process:

1. atomographic reconstruction giving an estimation of the turbulent phase in the volume
from multi-channel WFSlata. This estimation patepends on GS characteristiegy(
geometry, flux) and it uses priors on turbulence statistics and its distribution in

altitude

2. a projection of the estimated phase (in the atmospheric volume) onto the DM
subspace, accountingorf DM characteristics (e.g. number/pitch/altitude). The

projectionis optimized on a specific FoV.

To improve skycoverage, adium LGS constellations are used to measure high orders, with
HO WFSs. But since LGSs do not measuretitipand potentially have difficulties givingn
absolute defocus because oflmim profile fluctuationgSee Seabn 3), one also makes use

of few NGS to estimate low orders, wit® WFSs.



2. MAORY. The Multi-conjugate Adaptive Optics RelaY for
ELT

MAORY [18] is theMCAO postfocal moduleof the ELT [19].

The ELT will use a novel design with a total of five mirrors. The first tlasg#herianirrors

(M1, M2, M3) form aTMA design[20] for diffraction-limit image quality over the 10
arcminuteFoV. The diameter of the segmented primary mirror is approximately 39 metres.
The fourth and fifth mirror{M4, M5) provideAO correction for atmospheriaberratios
(M4), and tiptilt correction for image stabilisatiot®) [21]. These two mirrors can reflect

the light toward o Nasmyth platforms at either side of the rotatable telescope

MAORY is designed and built by a Consortium including INAF (Italy) and INSU IPAG
(France). ESO is the customer and is aldovely involved in the projectlt supports the
MICADO near-infrared camera by offering two adaptive optics mot#SAO andSCAQ.
MAORY and MICADO[22] are placed on the Nasmyth platform A.

MICADO, in imaging will have two options for the plate/pixel scale: onighw-1.5mas/px
and FoV diameter ~ 20arcseandone with~3-4 mas/px and full 53" x 53" FoV. It will be
equippedwith a large set of broad (I,, &, J, H K) and narrow band filters. MICAD@iill
also have a coronographic mode #énalill allow long-slit spectrgcopy (slit orientation along

the parallactic angle) with spectral resolution R ~ 408000.

The MCAO modas based on up to six LGSs and three NGS3$\fBrsensing In particular,
HO WF sensings performed bysing LGSs while LONF sensing is performeby using
NGSsto measure the modes which cannetaocurately sensed by the LG¥ke six LGS
are produced by excitation of the atmospheric sodium with six laser bgaopagated from
the edges OELT pupil. The laser beacons work at wavelength of.288m and excite the

sodium layer by optical pumping of the mesospheric sodium atoms.

At first light, MAORY will contain a singleDM with provision for a secon®M as an

upgrade.

In the MCAO mode, at least oi¥V within MAORY workstogether with the telescope M4

while M5 is used to perform only thél wavefront correction.

The two or more DMs are conjugated to different altitudes to provide aReidavith high

Strehl ratio and uniformity of theSF

The current baseline optical dgs of MAORY is based on six mirrors (including one or two

DMs) and a dichroic beasplitter. This dichroic bearsplitter is used to split the science


https://en.wikipedia.org/wiki/Three_mirror_anastigmat
https://en.wikipedia.org/wiki/Adaptive_optics

light from the LGS light that is transmitted to the LGS WFSs by meéres focusable
objective [5].MAORY optics are optimized for the spectral band between 0.8 um and 2.4 um

andthe current optidadesign is shown ifigure?25.

In MCAO mode, MAORY is required to provide an unvignetted-ected field of diameter
D & 75 arcsedor MICADO and an unvignetted fieldf diameterD O 200 arcsedor the
second instrumenthe AO correction will be performed ewthe whole BD200 arcsed oV,

although the performance is expected to elese at the edge of the field.

The NGS patrol field may be approximately depicted as the annulus enclosed between

D Zbarcsec and 200 arcsec

The size of outer diameter of NGS patrol field is currently under studyiraepend by the

sky coverage.

Within this patrol fieldthree probes (small movable piokf mirrors) will pick the light from
three suitable NGSto perform LOWF sersing in MCAO mode In principle MAORY can
work with less than three NGSwith lower performances.

The post focal DMs optical conjugates, inside MAORP, planned to be at 4km and 1&1b
altitude The LGSs are used for HO wavefront sensing and theyrajeced from the
telescope side on a circle not greater tRBaercmin angular diameter. The dichroic beam
splitter response curve may be aipass filter, with cubff at about 600 nm, or a notch filter
centred at the LGS wavelength. The light refledigdhe beansplitter propagates through

the last segment of the main path optics (science path) to the exit port. At the exit port, the
MAORY exit focal plane is delivered to MICADO through theled Green Doughnut

[23].

The Green Doughnut is the interface between MICADO cryostat and MAORY exit focal
pl ane. ltdés a cylinder of 800 mm high and 2
subsystems that works with NGSs.

The light picked up by the NGS probes viaél split bya dichroic into two beams:

1 Beam with wavelengthapproximately spanning the R and | bands

1 Beam with wavelengthapproximately spannintpe H band
Each beam feeds amdependent set WFSs:

1 Three NGS WFS approximately spanning the R and | bands
1 ThreeNGS WFSapproximately spanninipe H band



These two WFS channelsll take care of different components of the low order aberrations.
NGS WEFSs, working in the H band, are used for fast TT faeds corrections with
frequencies ~500Hz while the so called LOR WFSs, working in the R and | bands, operate at
frequencies in the range 611Hz and monitor the LGS NCPA not sensed by the LGS WFS
and discussed in the next Chapter.

A single NGS wavefrorgensor is deployed ithe SCAO mod&herewavefrontaberrations
are compensated llye telescope M4 and M5 mirrors. In this caee DMs inside MAORY

are kept at their reference shapgdie SCAO mode is expected to provide a better AO
correctiont@n MCAOi n a s mal |  F)sWroynding & brighOstaatiraondl secve
as a single NGSAO simulations shown that NGS at magnitide O  &llBw to obtain an
onraxis Strehl Ratio > 0.6 at= 2.2em [24].

MAORY also offers provision for a sead port for a future instrument which is still

undefined.

The instrument project entered its phase B in February 2016 and, at the time of writing, the
tradeoff studies, in preparation to the last phase of ghaiminary system requirement

review, are approaching the end of the analysis.

Theopto-mechanicatiesignof MAORY has to take care of the tolerance budget described in
Section6.7. The designwill be consolidated through an iterative process that will also
consider the thermoelastic model andefirced assembly/alignment procedurk sketch of
MAORY -MICADO on the Nasmyt platform is shown ifrigure3.

The MAORY product tree is showin Figure2. The instrument is divided into two main

parts:

1. Instrument. It is the principal system divided into other ssystems permanently
installed on the Nasmyth platform. It is composed by -opéghanical components,
software and electronics.

2. Auxiliary equipment. It is composed by tools used during the AIT phase and

instrument transport.



MAORY
INAF
E-MAO-000

INAF

INSTRUMENT

AUXILIARY EQUIPMENT

INAF

E-MAO-100 E-MAO-A00
POST FOCAL RELAY LASER GUIDE STAR AIT TOOLS
OPTICS WAVEFRONT SENSOR
INAF IPAG INAF
E-MAO-100 E-MAO-ILO E-MAO-AEQ
REAL TIME COMPUTER NATURAL GUIDE STAR TRANSPORTATION
WFS MODULE CONTAINERS
INAF INAF INAF
E-MAO-IRO E-MAO-INO E-MAO-ATO

THERMAL CONTROL

INSTRUMENT CONTROL

HARDWARE
INAF INAF
E-MAO-ITO E-MAO-IHO

MAIN STRUCTURE INSTRUMENTATION

SOFTWARE
INAF INAF
E-MAO-IMO E-MAO-ISO

Figure 2 : MAORY product tree

The Post-ocal RelayOptics product in the systelavel product treeRigure 2) is further
split into two main suiproducts:

1 Main Path Optics, which relay the telescope focal plane togbience instrument(s)
fed by MAORY;

1 LGS Objective, which creates an image of the LGSs, which are used by the MAORY
MCAO system for higkorder wavefront sensing.

These two suiproducts are addressedlis Thesist the level of optical design and analysis.

The Main Path Optics also include one or two gosal DMs, which are regarded in the
studies of thighesisas plain rigid mirrors. The full design and analysis report of these mirrors
is beyond the scope tfe Thesis

The PFROptics product in the systetavel product tree also include the optics mounts and
their interfaces to the MAORY Bench. The design and analysis report of these components is

beyond the scope of tidesis



Green Doughnut
(MCAO NGS WFS,
SCAO WFS,
calib. unit & dichroic)

MAORY relay

MICADO
cryostat

Figure 3: Concept of MAORYICADO mechanical structure on the Nasmyth platform

2.1 Scientific performance requirements

I n MCAO mode, MAORY wi | | have to provide S
median atmospheric conditions. This requirement is intended as average value over the
MICADO field for observations close to zenith. The requirenines to be achieved ovat

least 50% of the observable sky at the telescope. The performance goal is SRe=RXat

um: this performance level may be achievable with a second deformable mirror inside
MAORY.

Relative astrometric accuracy is one of the science drivers Bf@#O mode. MAORY will

have to permit observations with MICADO such that the relative position on the sky of an
unresolved, unconfused source of optimal brightmess an optimal set of reference sources

is reproducible to within 50as (goal 1@ as) ove a central field of 20 arcsec diametacross

the entire MICADO field as a ggabver timescales in the range of 1 hour to 5 years.

Concerning relative photometric accuracy, MAORY will have to permit observations with
MICADO such that the relative fluxfoan unresolved, unconfused source of optimal
brightnesawv.r.t an optimal set of reference sources is reproducible to within 0.02 mag (goal:

0.01 mag) across the MICADO field of view over timescales in the range of 1 hour to 5 years.
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3. LGS WF sensingin the ELT era

Wavefront sensing assisted h$Ssis considered essential for the AO systems of future

ELTs to achieve the required performance with high sky coverage.

The fraction of the skyhere an efficienAO correction can be achieved is limited to

requirements:

1. GSwithin the isoplanatic angle of the science target
2. GSbright enough to provide a sufficient SNR for the WFS

In this contextthe concept of LG§L6] is a solution to théack of sky coverageThe use of
LGSs, in principlecould substitute bright NGSbut other difficulties arise. These are linked
to the finite distancef LGS from the telescopats vertical extension and lower atmosphere

effects in the upward path of the laser beam.

Roughlyspeaking, LGS arartificial sourcesreated by the baekcattering of laser light by
sodium atoms in the higimesosphere or by molecules and atoms located in the low
stratosphere. In the firsase, the lasewvavelengths tuned to one of the sodiumdpectral

line and able to excite theodium layer in the atmosphere at an altitude of about 90km.
Sodium atoms aneumped from the ground state into an excited state from which their natural
decay produces the desired baclattered radiation. The secorase, thérayleigh scattering,
exploits the elastic scatter of the particles and dependeeoatmospheric density which
drastically drops with altitude. Rayleidfeaconsreless efficiento sample the atmospheric
turbulencebecause thesuffer most oftie secalled coneeffect, especially for largéelescope
asELT.That 6s the main reason why the AO corre
basedsodium laser beacon

The mesosphere contains a build of neutrasodium atoms located at a mdsight of 90
km (seeFigureb). An ideal LGS should be a point source, but the depth odabdeum layer
and its density variabilitforms an oblate thredimensional scattering volumeith slow
variable shapehen excitedy the laser

TT arethetwo lowest ordemwavefrontdistortion componestwhich caisethe overall image
motion in singleaperture AO. To stabilize an image, it i€@gsaryo use a separate reference
source that is not twice perturbed by the atmosphethe LGS case. If the laser is projected
and viewed by the full telescopgerture, its motions due to atmospheric turbulence on the
upward beam, idded to the sameffect resulting in the downward beam. This is valid

assumingthe wavefrontdoes not change within the propagation time and the result is no



overall tilt error is detected byWFS using the same aperture. Besides shown irfFigure
4, theTT contributions of the upward laser beam andidgg/nward cone are not separable

since the latter samples a wider atmosphamea[25].

The current solutiomo overcome this problemonssts in using an additional NG®r TT
compensation whose requested magnitude is much higher respbet poire NGS WF
sensing casd=or only TT measureshe pupil image can be considered IKkEHWFS wih
only one sukaperture equal to the telescope aperture incredsagetectable number of

photons and thus, the sky coverage.

altitude

Sampled
turbulence

}  Pupil

Figure 4: (Left) Tiptilt indetermination: when the laser is launched behind the secondary olistriot at the

side of the primary mirror). The THfit contributions from the LGS actual position and the atmospheric
turbulence cannot be disentangled. (Right) cone effect and MCAO solution to the angular anisoplanatism. At
the altitude Hiseveral LGSachieve a better coverage of the metapupil, the region at a given altitude inside the
scientific FoV.

A LGS is at finite altitudendits light return samples a corshaped volume of the turbulence
instead of a cylindrishaped volume of a sourcdr#inity. For the same reason, ttedescope
aperturaeceives a sphericalavefrontinstead of flat. The laser spot is formed at some finite
altitudeH above the telescope and a turbulent layer at altitide sampledifferently by

the laser and stelldeams. Besides, the turbulence abidvus notsensed by the LGS.
The footprint diameteDs for a telescope puph is:
Dt=D (1-H/H)

and the differential extension in the overlap between the LGS and scientificipd¥s that

part of the turbulenceolume is not sensed.



The best solution for the cone effect leads to the AGigamrationwith multiple LGSs.

To describe thisoncepta metapupil has to nsider ashe DM projected diameters

d=D+2b H (b is the angular radius of tHeoV)

The beams from scientific objects and guide stars do not sample the whole metaytupil,
have smaller footprints. Considering the cone effect, @éfaed layer of altitudéd,, the
reconstruction of the turbulence requires mb&Ss to sample the sge metapupil area
respect to the NGS cadeidure4). It is possible to achieve the same NGS sampling only in
the areas where two omnore conical beams intersect eacheot But, in practice, the WFS
measures coming from the LGSs are averayed the metapupil.

The depth of the sodium layer can vdérgm 520 km depending on locationeason, and
even time of dayj26]. While theorigins of sodium atom buildup in the mesosphere is
unknown, it has beehypothesized that it was formedbin the ablation of meteof&7].
Various groupsnterested in atmospheric physics have studied this layer, revealing that it is
variable in structure and thickness, and occasioealhybits a mulimodaldensity in height

[28]. (SeeFigureb)

This spurious defocus termue tosodiummean altitude fluctuatiorpropagates through the
AO loop introducing an RMSVFE:

With D telescope diameter and H altieudf ©dium layer.Even if this term is induced at a
much lower temporal frequency than gimospheri¢urbulence defocus, its dependence with
the square of the telescopiameter makes critical the possibility &psrate the two (e.g. for
the ELT). Again, the use of NG® measuralefocus errors, in addition to TT motions,
therefore necessarythe AOsystemsFor MAORY the reference WFS that witieasure the
first tens modesf thewavefront will use the visible light of threGSswhose near infrared
light is instead used to measure fA€ and defocuderms(as described in the previous

Section).

During the observation, the sky tracking changes the telescope zenitho amgleasing or

decreasing theoslium layer mean distance to the aperture taceorc o sThis effect leads



the focal plane of the LGS to move with time dhds, the AO desigmustprovidethe use
of a stage that carries the¢FS to follow the image position

3.1 LGS WFS Concept
On the ELT six sodium LGSs are planned. These are generated by projecting powerful laser
beams (589 nm wavelength) from the edge of the telescope apgrtiar¢he natural sodium
layer in the mesosphere at about 90 km height. The return light samples the turbulent
atmosphere and is collected by a seWWH#Ss which measure in reéime the wavefront
perturbations due to the atmospheric turbulence.

MAORY containsa PFR which creates an image of the telescope focal plane (entrance
optical interface of MAORY) for the science instrument located on the MAORY exit port.
The LGS light is propagated through this relay updechroicbeamsplitter, whichis locaed

after the deformable mirrors order to let the LGS W&s operate in close loop reginfde
dichroic lets the light of 6 LGSs, arranged arirale of about® 6 d i gasethraugh,and
reflects science beam and NGS light. Behind the diclarombjective creates the LGS image
plane forthe WFSs channelhe LGS WFS will be based on the SH WFS concept.

The current choice of the LSSWFS FoV is 15 arcsec. The detector size is 800xixels,

the pixel size is 24m, the number of swapertures i80x80, the numberfoixels per sub
aperture is 10x10 and the ELT saperture size is 0.4&2 The choice of LGS WFS FoV
greater than 10 arcsec has been done to avoid a large spot truncation (see8 Zeclibis
technical requiremeinplies the need of sukampling the LGS image and so to foresee some
calibrationsto recover a good spot resolution for slope measurerbig.is an aspect that

has been investigated through a laboratory experiment and discussed in&ection

6.6 6.8 7 7.2 7.4 7.6 7.8
UTG (hrs)

Figure 5: Sodium layer densi profile in function of time. ( credit: Paul Hickson, Department of Physics and
Astronomy, University of British Columbia.)
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Figure 6 : Geometrical representation of the LGS view from the LGS Staseittures.

In Figure6, O is the origin of thexyzreference frame and it is located in the centre of the
telescope pupil having diameter #.2B andC define theextremities of the LGS region of
interest (e.gsodium density mwfile FWHM when a single Gaussian density profile is

considered) and have coordinates inXyiespace respectively:
A= oo tanf o+ oy oo tant o+ @y o d;
A= ffrQuod-tanf o+ @y 6+ Qud-tanf o+ Wy o6t Qo)
where the coordinates of the Laser Launching Facility @sey[¢x -y 0] andb is the Laser
launching angle.

A generic sukapertureSi havingcentre coordinatesSw ; Siw ; 0] sees the LGS under an

angle:

—e= cos?!



Considering a circular aperture of diame@r 38.54Z and a SH WFS having 80 sub
apertures across the diameter, the worst case in terms of elongatioesemégd by the sub
aperture athe opposite side of laser launcher position

3.2 Spot truncation

Sodium layer
dh = 10km

/| LGS
H = 90km -

Atmosphere

] Telescope Pupil

| Wavefront Sensor

Slope

Distance from LGS launch position

Figure 7 : LGS Spot truncatianincreasing thedistance from the laser lagher position, the subpertur see
two distinctimages. There is a certain position where the finite gpérture FoV produes a truncation of the
second spot and crezg a discontinuity in the slopmeeasuremds.

Two subapertures placed at different distanfresn the laser launcher have the same FoV
centered at the altitude but see different segments of the LGS vertical extension. Hence,
only the on axis sufaperture detects the light from any altitudéhef LGS. Moving towards

the side of the lenslet array, the elongated spot could overflow into the adjacapestubes

and thus, it is necessary the use &€kl stop whose purpose is to truncate the image of the
LGS so that its real vertical extensioarresponds to that4ieaged by the most elongated

subapertures.

An interesting effect arises in the LGS WFS from the combinatitimedinite WFS FoV and
of the ®dium profile featuresConsiderFigure 7 where the sdium density profilehas an
ideal bimodal distributiorconsisting only of two distinct spots separated by a certain altitude



range In the LGS WFS sulapertures close to the lagerojection point, the perspective
elongation effect is negligible and the two tpare essentially superimposedthé LGS

WEFS is fa@used on one of these two spats,the distance of the saberture from the laser
projection point increases, the twpds produce two distinct images. The one in focubat
centre of the sulaperture FoV and the other closer to theapérture FoV edge. The centroid
thereforeshiftsaway from the suaperture FoV centre, in a linear fashion with the distance
from thelaser projection point, out to a certain safierture where the finite FoV produces a
truncation of the second spot. A kind of discontinuity is produced in the centroid
measurementgand hence the slopesicross the pupil, translating into more complex
wavefront aberrations than purg-tilt and defocus.In fact, under the assumption of
arbitrarily large LGS WFS FoV, the only wavefront terms related tedtieim layer profile
structure and variation would be defocus and, in the case of edge projégtidn,Because

of truncation effects due to the finite LGS WFS FoV, other wavefront aberrations are
generated: these are only due to the sodium layer and have no relation with the wavefront

aberrations due tatmospheric turbulence thaO system shouldompensate.

The sodium layer is also characterised by structured andvaneble density profile.
Besides any LGS WFS has finite field of view, typically because of the limited number of
pixels of the detector which imposes a trafiebetween sampling.e. spatial resolution of

the imaged LGS spots) and field of view (i.e. extension which can be imaged on the WFS
focal plane). The coupled effect of LGS spot truncation and sodium profile temporal
variations are spurious and variable wavefront modeghadre only seen by the LGS WFS:
their injection into the AO correction loop is detrimental to image quality and therefore an
external reference typically a WFS working on natural stargs needed for k&ping these
modes under controlThis exteral reference, independent fronodium layer issuesin
MAORY is the sacalled Reference WH®ovided by an atitional channel of the NGS WES

The preliminary Reference WFS requirements in terms of number @fmrtures, related to

the number of ZernikE29] modes to be monitored, and the sampling time, have been derived

using the simplified simulation tool described 30].

Spot truncation and other LGS issues previodskcribedhave been observed in numerical

simulations, but their experimental verification is also deemed essential.
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4. Laboratory experiment

The experimental work has been conducted by means obeataly prototype of a LGS
WFSdeveloped at INAFOAS. The prototype reproduces the expected conditions, in the ELT

case, when measuring the wavefront of LGS by means of\WESl
The laboratory experiment described here has been designed to achieve two main objectives:

1 Experimental vafication of LGS WFS performance under reggatative conditions
for an ELT

1 Supporting the design of the wavefront sensing systehed¥lAORY instrument for
theELT.

The prototype reproducesetlexpected conditions, in tHeLT case, when measuring the
wawvefront of LGS by means of a SWFS. A simplified version of the prototype was
successfully integrated and tested?BiLO[31]. It was able to generate realistic WFS data,
including LGS spot perspective elongatiand sodium profile features. The prototype has
been upgradefB2] [33] to improve the accuracy on the generation of the desired sodium

layer and to simulate, netmultaneously, a multiple LGS launching system.

The prototype SH has 40x40 illuminated sgertures and the array of spots ismeaged
onto a CCD camerdhis WFS order is representative of th&ET, considering that the LGS
WEFS on the EELT will havetypically 80x80 sukapertures.

The equivalent sodium layer extension which can be imaged by the prototype is about 20 km
in the most elongated swpertures, corresponding to about 20 arcsechenELT. The
conceptual scheme atite experimental setup shownin Figure8. The main Prototype SH
specifications are listed ifiablel1. The light source in the prototype is the output end of an
optical fibre, which is fed by an intensitgodulated light pencil: the intensity modulation is
applied by a remotelgontrolled spatial light modulator (HOLOEYE LC 2002 Transmissive
SLM). The SLMis placed between a poizer and an analyser in the-salled amplitude
modulation transmissive mode. This configuration permits the arbitrary choice of
transmittance set througth@ values for each SLM pixel (0o light ; 255= full light) in

order to simulate a realistic sodium density profile. The output end of the optical fibre and the
SLM are both mounted on a motorised linear stage, while the input end of the optical fibre
and the optics producing the light pencil feeding fibre are fixed. The range of motion of

the linear stage (about 10 mm) corresponds to the sodium layer extension which can be

imaged on the camera. Along the linear stage motion, the output end of the fibre spans the



full sodium layer extension while theput light pencil crosses different portions of the SLM
surface. The axial motion of the source is a variable defocus that translates into a lateral
motion of the spots in the WFS sabertures. The camera exposure time is set to a few
seconds, correspdimg to the time necessary for a full span through the sodium layer drawn
on the SLM. A tilt of the linear stage travel axis with respect to the prototype optical axis,
produces the typical elongation pattern, which is not radial, of daitheh geometrpf the

LGS.

The light source module in the prototype includes a Dove prism mounted on a motorised
rotation stage whose axis is-abgned with the optical axis. By changing the position angle
of the prism, it is possible to change configuration as IL8 was launched from a different

position around the edge of the telescope which is emulated by the prototype.

Atmospherielike turbulence may be optionally generated by two plastic screens placed at the
aperture stop of the prototype. The screens ar@tadwn XY linear stages to possibly apply

temporal evolution.

A field stop is placed at an intermediate focal plane: its diameter can be manually adjusted to

introduce different truncations on the LGS images produced by the WFS.

The prototype includes law-order deformable mirror (ALPAO DM52 with 52 actuators).
The purpose of the DM is to introduce loxder and static wavefront aberratsofor the test
described inSection 4.5. In the remaining test cases, there is no voltage applied to the

actuators and the DM surface can be approximated to a flat rigid mirror.

The core of the Shadlartmann WFS is a lenslet array, characterised by square geometry,
pitch size 30Qum, focal length 3.8 mm.

The array of ShaecKartmann images is recorded by a scientjiade CCD camera (pixel
size 13 um, 1k1k pixelg. Each WFS suaperture is mapped on2dx24 pixels of the CCD
cameraA re-imager module is necessary to fit thediet array pitch with an integer and even

number of detector pixels per saperture.

The LGS spots are sampled by 2 pixels per FWHM along theslomgated axis. Analogue
on-chip binning or numerical binning may be used to reduce the sampling to okl pei

FWHM and emulate severe unesampling conditions.

All the prototype functions are controlled by custom control software coded in C/C++. The
software controls all devices (motorised stages, SLM, DM, camera) and manages the



prototype configurationetup and the acquisition cycles. Data reduction is performed by
specific software coded in highvel language ID®.

e

- Deformable
Mirror

: ngiI_Stqp

Phase
screens

Tilt to simulate LGS
side-launch geometry
/I'

Beam

splitter  peformable

[7 E' mirror

SLM and source move U Lenslet array

along the optical axis ) M A0x40
@.eme & B Re-imager |
Pupil =
f Colimator ¢  pane
4
l—__'—ﬁ"_‘_,_ =
< ;l\' Sk R B | R " «—— Detector
=
P P2 p3 o =S
Source —
u—/‘_’\ﬁ

Plan Spherical
1) Wavefront Wavefronts

Figure 8. Prototype integrated on the optical berafd Prototype conceptual scheme. The axial motibthe
source is a variable defocus that transiginto a lateral motion of thepos in the WFS subpertures. Théight
intensity modulation is appligoly a transmissive SLMA tilt, respect to the opta axis, simulates the LGS side
launch configuration. Therism, rdating aound the optical axis, changes the LGS launcher poséionnd
the pugl. Phase screens can be pladagfore the pupil stop. After th&M, conjugated to the pupil, a+ienager

module is necessary to fit the lenslet armich with an nteger and even number of detector pixes sub
aperture.
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Tablel : Prototype buikin SH, main specifications

Shack-Hartmann specifications

Fully illuminated Sukapertures @ 1264
Subaperture diameter 300 um
Subaperture focalength 3.82 mm

Subaperture number of pixels | 24x24

Pixel size 13um

CCD camera Rea®utNoise 1lle

4.1 Common test conditions, limits and calibrations
The Prototype was integrated under a controlled room temperature to reduce thermal
fluctuations that effect the system performan€ming the temperature at 23°C, the air
conditioning system generateperiodic variation within 1 °CThis introduces a syematic
error in the measures that is translated in globa ¥entroids offset in function of the
temperature. The effect is a loss of precision, i.e. a dispersion of a set of WFS images. In
terms of RMS WFEa100nm of differential Tip and Tilt terms airgtroduced while the root
sum of squared higher order terms is below 12nm.

Every test was performed in a regimeSMR where the number of photons geibaperture
(n) stay within 500 and 5000. The labtmy CCD camera has a RON of 13gixel.
In a CCDRON-dominated:

SNR =

—
Scaling theSNR to a typical AO CCD RON afe /pixel, the equivalent number of detected
photon per suaperture stay within 360 and 4800.

In SH WFS, at linear regime, centroid coordinates are a direct measure aithedvefront
slope. The Center of Gravity (CoG) is a simple algorithm to estimate the spot position but it

IS very sensitive to noise. A solution to reduce the noise is to apply a threshold.
The threshold valuenlis determined as follows:

Th= To - max(l)



Where | is the percentage reta¢ to the maximum intensity (ma¥})l The threshold
modifies the intensity distribution as follows:

[-Th for nl

0 forl<Th

The CoG with a threshold reduces the noise but is still sensitive to the LGS density profile
shape and temporal variation. A solution to mitigate these effects is to use the Weighted
Center of Gravity (WCo@GB4]a |l gor i t h m nefarenceimages te evaluate thie spot
position and it is less sensitive to noise and LGS image intensity variations.

T h eefefence image" can be assumed equal to the mean LGS image inside -@pehtsud

within a given timesale[35]. The reference acts as a weighted function which reduces the
noise effects but introduces an error on the centroid estimation that is proportional to the
distance of the actual centroid from the centrthefweighting function. To compensate this
error, a calibration curve is empirically derived in each-apdbrturd35].

The prototye experiments didn't considére temporal aspects of atmospheric turbulence
and the LGS image, inside each sgerture, has a fixed position. This condition makes
negligible any biasing effects due to the weighting function which are not considered. The
experimental results, desceib in this paper, refer only to WFS performance using WCoG

centroiding.

Centroid measures were translated in Opt#RathDifference (OPD) as follows:

<

&
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WhereQis the lenslet diameter ardits focal length. Yo and Yo are centroid coordinates

respect to the suéperture centre.

Test results that consider the distribution of-aplerture OPD are always corrected for the

median RMS offset introduced by temperature variations.



Test results that consider the distribatiof RMS WFE are always corrected for prototype
static aberrations that are measured by taking as referencdat tepdium profile that does
not extend outside the field stop. These corrections on OPD and WFE are a kind of bias

subtraction in the resuttg data.

To retrieve a wavefront from centroid measures, the followed approach is a modal
reconstruction rathod with Zernike polynomialsThe numbers of modes used to fit the
wavefront aberrations are 252 Zernike. Further increment on the number of resdés r
negligible in terms of fit residuals which are within numerical accuracy. Everytime a total
RMS WFE is computed, Tipilt and defocus are exclud€d. to Z;). MAORY is designed

to work with a reference WFS based on NGSs to monitordler wavefrohaberrations.
Thus, some tests also considered the total RMS WFE for Zernike modes al{@dyg) 84 a
relevant information to support the definition of the requirements of the NGS wavefront

sensing susystem.

The SLM displays a chosen sodium densityfifg@n a grayscale from O to 255 levels that is
not linear. Any chosen sodium density profile has to be eaidrby the SLM curve response
(see Sectiod.2).

The Prototype light source, a multimode optical fibre, delivers an output beam whose intensity
distribution is approximately Gaussian in shape, involving a gradual drop of the pupil image
intensity at its borders. The multimode optical fibre allows the propagation of different light
modes whose superposition, at the output end of the fibre, generates lighdimpgeneities

at the pupil stop (see Sectidr®).

Simulated LGS launcher position is on the edge of telescope primary mirror and each sample
of images does not consider the temporal aspects of atmospheric turbulence. Given a static
sodium denisy profile, the smallest sample of images, used for the test statistic, contains 100
images. Data reduction takes care of background subtraction, hot pixels, bad lines and cosmic
rays. Corrupted pixels values were replaced by the mean of adjacent pxtelssive test
campaigns have been carried out with the experimental setup. Selected results are shown here.

4.2 End-to-end code verification
The same sodium profiles have been injected into the prototype and, for comparison, into the
AO endto-end simulatiortode developed for the MAORY instrument projdtte MAORY
endto-end smulation codd36] [37] has been designed to accurately model the LGS image



in the ShackHartmann (SH) WFS sulpertures and to allow sodium profile temporal
evolution. The code allows also the simulation of transverse structures, possibly leading to
differential effects among the LGSs. The fidelity with which the simulation teaslates

the sodium profiles in LGS images at the WFS focal plane has been verifiedthusing
laboratory PrototypeThis test has allowed to verify and to refine the LGS image modelling
method implemented in the etalend code.

The LGS is an extendedght source at a finite distance from the telescope. The LGS image

is strongly dependent to perspective elongation given by the laser launcher position relative
to the optical axis of a sudperture and the longitudinal distance between the LGS and the
subaperture. We numerically treat the extended LGS as the superposition of portions sliced
into planes which are perpendicular to the telescope optical axis. One of the consequences of
the cone effect or focus anisoplanatism is that the LGS section atlboyees is nearer the
telescope than that at the upper layers and this would cause a stronger intensity at the image
plane. Because of geometric optics, the LGS lower lagdions undergan increase in both
magnification and angular deviation of theirage positions. On the contrary, for unit
increment of LGS altitude, the peak intensity of its image, which undergoes a
demagnification, decreases as well as the angular deviation of its imsijerpdAfter
superposing allhe LGS portion images, the int&ty distribution of a perspective image is

determined.

The laboratory prototype requires a calibration procedure to retrieogect image from a
realistic ®dium density profile. Since we use a SLM which displays the density profile in
terms of graysale values, the required mess is the follow (sdéigurel3):

1. Chose aadium density profile

2. Calibrate for the SLM curve response. Variations of light intensity are on the grayscale

from O to 255 levels.

3. Associate the SLM pixels to layer altitudes@ing to perspective elongation. Since,
in the real casahe angular deviation of the image position as a function of a layer
altitude is not linear, we have to convére linear relation between the SLM pixels

and the perspective elongation of the §#images peculiar to the Prototype.

The differences froramulation are shown ikigurel4where the relative maximum intensity
of each sukaperture along the pupiiameter (that means with the elongated spot aligned
with the pixel grid) are plotted in the case of a LGS image. Due to elongation, we expect that

the image peak intensities reach their maximum close to the laser lapositem but, for



the reasonsliscussedn Section O, the Prototype behaves differently. Even if this effect
influences the absolute image shapes, it is not important for the sceypergtiestssince we

are interested in relative measures to be ethssked with the simulations.

The simulated MAORY control scheme is based on thested AO loops wiht a different

temporal ratg38]. The fastersare for the LGS WFS and a TFiplt Focus Astigmatism

(TTFA) NGS WFES which computes the first 5 Zernike modes. The slower is for the Reference
WFS. The number and type of W&&d ofDMs can be set as an input of the simulation. In

the case of LGS, itisgos i bl e t o vary the sodium density

from one LGS to another.

The flow diagram of the code is showrFigure9 where the green bordlicates the process

that run in open loop (wavefronts generation, including telescope aberrations) and whose
outputs, together with the blue box outputs, are used to run the closed loop simulation. The
cone effect and the laser-lipk propagation are tahinto account. The phase screens are
computed from the phase (Kolmogorov or Von Karman) Power Spectrum.

An accurate descriptioof the code is reported [B6].

{ Input IDL structures generation F fits

’{ Atmospheric Layers generation I— fits

' %{ Wavefronts generation |é fits
f-f*l Telescope aberrations I— fits
*AI Influence functions I——— fits
f%| Interaction Matrix calibration |—* fits
—>| Control Matrix I— fits
~>| Closed Loop correction I— fits
—I PSF generation I | Analisys |—> .ps

fits

Figure9: The simulation code main modules and their interactions. The input parameters are used to build IDL
data structures that feed the single modules. The coloured boxes highlight the dependency between the modules.
In the first block (green) the wavefroatie generated in open loop and stored; in the second block (blue) mainly

the control matrix is computed; then the closed loop takes place (red block); finally, the PSF is computed.

The LGS SHWFSs are simulated in order to accurately reproduce the @dje@S image

in each sukaperture. It is foreseen the possibility to divide the sodium layer in an arbitrary



numberofsud ayer s, i n order to take into account
sodium layer slicegzor each sdium sulayerthe step through which each SH saperture

is simulated follows this process

1. The sodium profile portion is projected onto a 2D array having a pixel size that
matches ondalf of the subaperture diffraction limit PSF. This transformation takes
into account dr the exact geometry of the laser launching system. A 1:1
correspondence between points in the-gpérture space and points in the sodium
profile space is ensured by analytical formulas, starting from a reference altitude that
refers to the subperturecentre. This reference altitude can change during the
simulation according to changes in laser focusing due to zenith angle or to sodium
layer variations. Once the pixels that are crossed by the projection of the sodium
profile in the subaperture are indiduated, they are translated into angles under which
the profile is seen from each pixel in that specificapbrture. Note that the projected
profile will intersect the pixel grid defining an irregular grid that depends on the
projected profile inclinabn with respect to the pixel grid, according to the relative

position of the suaperture respect to the launching laser position.

The value of the pixel that is crossed by the projected profile between two points of
intersection is set to the value dfet integral of the profile between the altitudes that
correspond to the intersection points. This operation is repeated for each of the pixels along
the projected profile portion. This computation is done for each considered profile, for all the
stars, inopen loop and stored in an IDL structure for the closed loop operations. Only the
value of the interested pixels is kept in memory.

a) b) ¢}

Sub-aperture
Centre -> reference

Altitude line
Sub-aperture
FoV

Figure 10 : The process of sodium profile projection in each-apbrture is illustrated. a) K and Hnax
represent the altitudes that limit the saperture FoV; the green dasheldtted line highlights the reference



altitude hk centered in the subperture FoV; the black dots along the altitude line represent the altitudes
corresponding to the projection of the points of intersection between the detector pixel grid and the projected
profile in the sukaperture (b). c) shows axample of projected profile in a simulated syerture.

The array size is gratequal than the su@iperture FoV multiplied for an integer number

given by the final WFS pixedcale divided by the actual oversampled pbadle. The WFS

pixel scale is stjhtly modified in order to be an exact multiple of the diffraction limit pixel

size (in the case of MAORY, the diffraction limit pixel size is always smaller than the WFS

pixel size). The enhanced FoV is given by the-gpérture FoV + the size of the long

exposure laser image FWHM, in order to avoid the introduction of spurious effects due to

truncation.

2.

The projected sodium profile portion is then convolved for the long exposure laser
PSF. The long exposure laser PSF (that can be either a 2D Gaussiangiviém
FWHM, or an arbitrary image) is shifted in X and Y by an integer number of pixels
corresponding to the integer part of the shift due to the local wavefront tilt (if any).
Consequently, the tilt contribution corresponding to that integer shsfipisacted by

the local wavefront. This operation is necessary to avoid the introduction of spurious

effects due to the simulation.

Now the Field stop can be applied, simply nulling the value of the pixels that fall
outside the Field Stop FoV. The Fieldgtcan be set different from the saperture
FoV (i.e. smaller).

The Diffraction Limited PSF is computed through sebidual WF Fast Fourier

Transform and used as a kernel for the convolution of the array previously computed.
This operation isepeated for each profile portion and summed up.
The resulting imageis#ei nned t o the ynal WFS pixel

The resulting saperture image is summed up to the total WFS image. Note that the
subaperture image size remains bigger than the size giyénebsubaperture FoV,

in order to not cut the image blur due to-serture diffraction.

Thephoton and readout noise are added.

<
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Figure 11: The long exposure laser PSF is shifted in X and Y by an integer number of pixels corresponding to
the integer part of the shift due to the local wavefront tilt.

Figure 12 : Simulated LGS WFS image process: the projectedusogirofile (e) is convolved for the shifted
laser image (d) and then convolved for the-aplerture diffraction PSF (g). The image (h) ishi@ned to the
final WFS pixel scale (i) and summed up to the global image (I).

The sodi um pr oy bneonesanlatibnestetdthemexeadd frbm one star to
another. For the SH WFS optimization, different algorithms for centroid computation have
been implemented (simple center of gravity, center of gravity with a given threshold,
weighted center of grayitand correlation)Eventhe pupil can be updated in order to study

effects of misregistration



To compare the LGS images, we used one of thekgrsodium density profildata from

Lick Observatory[39] and run the simulation excluding the atmospheric turbulence and
additional sources of noise (i.e. detector noise, background light, photon noise, etc.). In the
case of Prototype data, we acquired the image®in ligh SNRregime so that they are
almostnoise free. As reference for the comparison, we show in Fifuthe image of the

real ©dium density profile as seen by the most elongatedapeliure along the pupil
diameer. The image was converted aae dimensional profile by summing up the pixel
values perpendicular to the elongated direction. At this piiatlinear Pearson correlation
coefficient was used, as parameter, to compare the two profiles resulting from simulation and
prototype images. The computed coefficient was equal to 0.97 irgpbirvery high

correlation between the two reproduced profiles.
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Figure 13 : SLM calibration procedure. To reproduce a realistic sodium density profile irstefrgrayscale
levels (upleft Figure), the profile has tbe calibrated for te SLM curve response @uijght Figure) and finally,
the SLM pixels have to be associated to layer altitudes according to pevspelongation (bottorright
Figure). Here the symbols (black circles) follow the image demagnificatidheaaltitude of a LGS portion
increases.
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4.3 Wavefront sensor measurement erros
The measurement error at WFS sagerture level has been studied for different conditions
of SNR, sodium profile and centroid algorithm. In all the cases very good match has been
found between experimental results and theoretical expectations deriveddroarical
simulations. In this subsection, the experimental results refer to a Gaussian sodium profile for

three conditions of SNR.
Any centroid algorithms performance is mainly affected by the following sources of error:

1 Photon noise which follows a Powssdistribution and starts to be significant when
the light intensity is low.

Background noise which includes hot pixels, bad lines and cosmic rays.
Sampling error which is related to the detector pixels size.

Fixed pattern noise which is related to thgitization of light intensity by pixels.

= =/ =4 =4

Sidelobes of the spot irradiance distribution which depends not only on diffraction but
also on optical surface imperfection (i.e. scratches, dig, bubbles). If the sidelobes
symmetry was broken within the centroidasching area, it could cause centroid

errors.

In typical LGS images delivered by the prototype is not possible to distinguish these error
sources one from the other. For thessesons and many other aspects described in the previous

Section the simulatio and prototype data will always be different.

Figurel6shows the prototype WFS measurement errors in terms of RMS OPDs edrtypar
the theoretical behaviouGivena sample of images, the RMS OPD of eachap#rture is

the RMS position difference of centroid measurements with respect to the mean.

To assess the performances of WGoC for different levels of SNR, the mean photon counts
per subaperture is considered elicator of noise and the digiution of RMS OPD values

of the subapertures is the performance meas#igure 16 considers three levels of SNR
increasing from SNR3 to SNR1. The equivalent number of photon counts peraudrture

is & 1800 for SNR3, & 2700 for SNR2 anda 4700 for SNRL1. Considering a supupil of
0.5mand the LGS WFS operating #&0Hz these numbers are representative of expected
LGS returnflux per subaperture at ELT site. The three distitions are RMS OPD values of
40x40 subapertures. As expected, more photon counts pefagalbiure means a better

centroiding accuracy.
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for SNR3, 42700 for SNR2 anda4700 for SNRL. Box plots show minimum and maximum values and quartiles.

4.4 Effect of image truncation
Sodium profiles have been injected into the prototype and wavefront sensing has been
performed without and with truncation effects. Truncation effects make the WFS detect
additional spurious aberrations, especially affecting the first few tens of Zerodespwhich
would require a kind of ofine calibration of the LGS WFS measurements by additional

reference measuremeifesg. to be performed on NGS
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Figure 17 : Realistic dium dendy profile used tevaluate the effect &GS image truncation. Altitude range
(20Km) refers to the maximum saperture FoV (about 20 arcsec).

For comparison, we selectedaaim density profile entirely contained in the maximum-sub
aperture FoV which is varied by means of a field stop.félh@wving results are related to the
sodium density profile showm Figurel7. The image truncation is symmetric respiet

two density peaksFigure 18 shows the difference in terms of total RMS WFE for-sub



aperture FoV of 18 arcsec and 7.5 arc&ach boxplot is the RMS WFE distribution of all
images for a given test conditio Given a sample of WFS images at the same test conditions,
each box plot is the RMS WFE distribution of the sample. These results are not influenced by
data calibrations describeid Section4.1 since, as already mentioned, the calibration
procedure is a kind of bias sustraction of resulting datshown irFigure19. The measured
wavefronts, with and without image truncation, are not corrected for prototype static
aberrations and lead to the same conclusions. The LGS truncation introduces hundreds of

narometers of loworder WFE and it is less significant for modes ahtye

It has to be considede loss of photons of about%n the entire pupil due to the field stop.
The effect of different SNR combined to a fixed level of truncation is the subjewxof

session.
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Figure 18 : WCoG algrithm results described ineStion4.4.. Upper plot: Total RMS WFE abovg; Lower

plot: Total RMS WFE abovgs.. Given a sample of WFS images, these are the distributions of the total RMS
WEFE (in nanometers) introduced by thetist@odium density profile dfigure 17 for two different FoVBox

plots show minimum and maximum valaad quartiles.
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It has to be considered a loss of photons of about 10% on the entire pupil due td stefiel
The effect of different SNR combined to a fixed level of truncation is the subject of next

session.

4.4.1 Truncation vs SNR
This section evaluasehe effect of LGS image truncation compared to different levels of
SNR. The selecteddium density profile is entirely contained in the maximumapérture

FoV which is varied by means of a filed stop.
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Figure 20: Realistic #dium density profile used &valuate the effect of LGS image truncation vs SNRudti
range (20Km) refers to the maximum sagerture FoV (about 20 arcsec).

The following results are related to thedsium density profile showed on the rightFagure
20. The image truncation regards the low end of density distributionndinéerof photons
per subaperture are regulated by changing the source light intemsitylevels of SNRhave
beensetwhen there is no truncation whildiged SNR,that fallsbetween the other two, has

beenset when truncation occurs.

Figure 21 shows the difference in terms of tboRMS WFE for a sufaperture FoV of 19
arcsec and 13 arcseégiven a sample of WFS images at the same test conditions, each box
plot is the RMSWFE distribution of the sampl@&lue boxes refer tmo-truncated profile
whoseSNR decreasgyoing from left to rightOrange boxes refer to truncated profile whose
SNR is fixed.The effect of reduced SNR translates to greater RMS WA#kell as a wider
distributiondue to noise. However, the medians of RMS WFE distributions of not truncated

case (blue), are loweihian the truncated case (orange).
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Figure 21 : WCoGalgorithm results described ireStion4.4.1 Statistical distribution of the total RMS WFE

(in nanometer) introduced by the static sodium density profileigafre 20 for two different FoV. Truncated

LGS image is the orange boxplot. Upper plot: Comparison with higher level of SNR of not truncated case (blue);
Lower plot: Comparison with lower level of SNR of not truncated case (blue). The bordsaatlthe lower
quartile, median, and uppequartile values.

To avoid LGS truncation, dr a given number of pixels, the saperture FoV may be
increased by undezampling. Howeverin this case the WFS loses linearitywo different

approaches are under investigation:

1 To calibrate the gain of the centroid algorithm for thoearity effects introducing a
known periodic tilt signal on both axes W& GS WFS jitter compensation mirrors;

1 To introduce a blur in the LG®iage in order to reover Nyquist sampling in the

nonelongated axis, with a negligible effect on the elongated axis.

In thenext sectionthe first approach iexplained.

4.5 Effect of image undersampling
Undersampled WFS data have been producenlyerical binning of Nyquissampled data.
Wavefront measurements have been performed on both data sets, using thedsyojpiisd
data as a reference. A centroid gain calibration method has been implemented, based on spot
dithering. Undersampling degrade wavefront mesurement performance by up to%5
under the adopted test conditions; the calibration method brings the error down to about 5%.

To retrieve the wavefront from centroids measurements, the followed approach is a modal
reconstruction with Zerni polynomials. Offsets in terms of centroids translates into residual
WFE RMS. To mitigate the effect of undsmmpling, the implemented gain centroid

cali bration procedure is based on spots moc



the Nyquistsampéd LGS images by an integer amtsuof pixels (before applying thex2
numerical binning), in order to avoid errors due to numerical interpolation (x1 pixels). The
modulated images are then binned and a calibration curve is derived for eagresute.

The calibration curve links the detected centroids to the true amount of image shifts.

The calibrated centroids are defined as follows:
662 6) = B (@2 @) - 6ofca cyr

Wheredn(® o) are the coefficients of the calibration curiig(a «) are thewandwmeasured
centroids and is the polynomial degree used to fit thevau As a first approximatiorfirst

degree polynomial was used.

The sodium profile oFigure20has been used without truncation in order to disentangle non
linearity effects due to undsampling and nofinearity effects due to LGS image truncation.
The test has been conducted in vi@igh SNR condition to avoid centroid errors due to noise.
Through the DM integrated in the prototype, a certain amount ebloler aberrations can
be introduced for the purpose of shift the LGS spots within theapaliures and therefore
force the WFSd work in a nodinear regime (in case of undsampling condition).

A s i nasé feee" and Nyquist sampled LGS image has been acquired with-\hé&SH

The measured spot centroids are used as reference. Applying the 2x2 numerical binning on
the image new centroids coordinates are detected and their offset from the Nyquist case is
the performance measure. After the calibration procedure, the spot centroids offset due to

undersampling was again evaluated using the same reference.

To retrieve the wavebnt from centroids measurements, the followed approach is a modal
reconstruction with Zernike polynomials. Offsets in terms of spot centroids translate into
residual WFE.

The results, in terms of OPD, are showirigure22. Each dot is a single staperture offset

from the Nyquist case. They have been computed by subtracting the centroid values in the
case of 2x2 image binning from the corresponding centroid vatudseicase of Nyquist
sampling and summing in quadrature the x and y OPD. Black dots correspond to OPDs offsets
due to the absence of a gain calibration procedure, while red dots correspond to OPD offsets
when the calibration procedure is applied. It eaclthat sutapertures near the laser launcher
position strongly suffer the undeampling effect because in that region of the pupil, where
there is a moderate LGS elongation, the spots are severelysampled inboth axes. The

wavefront maps oFigure22 refer to residual aberrations i Zs excluded) introduced by



the effect of undesampling in the cases where a centroid calibration procedure does (left

panel) and does not (right panel) occur.

A centroid calibration, based on spot modulation, mitigates the effect of-sanhgaling
reducing the residual RMS WFE froa 103nm tod 26nm. This means that the deviation

o

fromaNyquistdet ct or i s r edudwhenubing sptmodulatiboor of a

Of course these results were obtained on a scaled model (40x4@partures instead of

80x80) and under simplified experimental conditions.

offset from Nyquist case
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Figure 22 : Test results described ire&ion4.5. The sodium profilef Figure 20 has been used. Upper plot:
Centroid offset on undesampled data, wit respect to centroid measurements obtained on Nysaispled
data, as a function of sudperture distance from the laser launching position. Red points are OPDs after
calibration for undersampling; black points are OPDs without calibration. Lower pRé&sidual wavefront
map (nm) due to centroid offsets with calibration (left) and without calibration (right).



4.6 Effect of sodium density profile variation
Within this sectionthe effect of variableaglium density profile is evaluated in terms of RMS
WEFE.
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Figure 23 : Sequence ofaslium density profile in function of Time and Altitude (right). One of the profile
extracted from the sequence and used for test measures (left). Herein is showed an example of how the maximum
subaperture FoV changes in the case we are monitoroge( or not monitoring (red) the complet@dium

density distribution.

Eleven sdium density profiles have been selectathin one hour of night observatians
choosing extreme cases of highly stawed dengy profiles as shown irigure 23. The
profiles are noentirely contained in the maximum sabperture FoV, so a spot truncation
unavoidably occurs. Thisoadition permits us to test the ideba device which monitors the
sodium temporal evolution and, talking to the AO system, changes the LGS reference altitude
accordirg to the number of significanbdium density structureg.ollowing the criteria of
keepthe maximum number of density major peaksdethe subaperture FoV, such a tool

could:
A prevent spurious aberrations, especially if a large spot truncation is foreseen.

A provide consistent statistic obdium density profés that might correlate with AO

system performance.

Figure24 shows he total RMS WFE related to 1ddium density profiles in the cases where,

in principle, we can (gen) and cannot (red) use a r&ale density monitor tool. To
understand the working condition of ttests, we must refer feigure23. If we could know

the completea@dium density profile, we would change the LGS reference altitude in order to

reduce the truncation of density major peaks. This translates to an overall lower RMS WFE



but the results are comparable considering Zernike malole@geZss. The profile variation

still affects these higlrder modes but it is less significant. The temporal evolution of sodium
density profile introduces hundreds of nanometers of WFE and it is comparable to the impact
of image truncation on the wavent sensing accuracy (seec8on4.4). The mitigation of

image truncation translates into smaller {owder aberrations. Profile variation coupled with
spot trunation is very detrimental to LGS learder wavefront sensing. We can say that a
sodium density monitor is useful to mitigate the wavefront sensing risks (since it reduces the
effect of truncation) but not sufficient to avoid a reference WFS, based ontbl@&®asure

the LGS spurious aberrations. The total RMS WFE related to sodium monitor data are also
wavefronts with the minimum defocus term. In principle, we could avoid a large spot
truncation and mitigate the wavefront sensing risks by using the farusressured by the
reference WFS. This is used as parameter to control the LGS focus mechanism in order to

change the LGS reference altitude.
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Figure 24 : WCoG algorithm results described $ection4.6. Upper plot: Total RMS WFE above;4 ower

plot: Total RMS WFE abovesZ Each boxplot refers to a static sodium density profile that is different for each
point of the plot. In blue: pplied principle of sodium density monitor; In orange: Not applied principle of
sodium density monitor that causes a large spot truncation.

4.7 Conclusions
This paper reported some laboratory experiments realised to verify the performance of LGS
wavefrontsensing with a SWFS under different working conditions. The precision of the
WEFS performance using WCoG centroiding was evaluated across a range of SNR
representative of LG80 facilities with currentadser technology in the case of 4@tass

telescopes.



Besides, three main LGS features affect the wavefront sensing as follows:

1 The LGS image truncation introduces spurious aberrations whose magnitude depends
on the level of spot truncation. These aberrations mainly fall within the first 60 Zernike
modes ad can be controlled by a reference WFS based on NGSs. To mitigate the
wavefront sensing risks, the focus errorameed by the reference WFS, can be used
to controlthe LGS reference altitude adoig a large image truncation.

1 The sodium layer temporalelution has the same impact of image truncation on
wavefront sensing accuracy. It can be controlled by the reference WFS on timescale
longer than atmospheric turbulence but short enough to monitor the sodium density
profile variation.

1 The LGS image undesampling is critical. It could be useful to avoid spot truncation

in a SHWFS but a mitigation error strategy has to be implemented.
The LGS WFS experiment has allowed crucial achievements, which are briefly listed here:

1 Supporting the development of rmmerical simulation code for modelling the
MAORY instrument for ELT. The numerical code is a much more flexible tool for
designing the instrument, however the support given by this experimental work has
been essential.

1 Supporting the definition of the artécture of theMAORY instrument andin
particular concerning the requirements for the NGS wavefront sensingyaibm
supplementing the LGS WFS.

1 Supporting the definition of mitigation strategies for spot truncation / tsatapling
which affect the pdormance of LGS WFS on ELTs.
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5. MAORY optical design overvew

MAORY [40] will be placed on a folded focus over the ELT Nasmyth platform, after M5
reflection. Therelevantmain pathoptical parameterarelisted inTable2. Aside from fitting

into the Nasmyth platform, MAORY will be integrated in a laboratory of about 18mx12m in
plant and about 12m in igt.

The Post~ocal Relay Optics subystem of MAORY ramages the telescope focal plane to

the exit ports. The sukystem contains the following channels:

1 Main Path Optics, which relay the telescope focal plane to the exit ports for the science

instruments (MICADO and" instrument as yet undefined);

1 LGS Objective, which creates an image plane for the LGSs, used by the LGS WFS
subsystem to measure in re@he the highorder wavefront aberrations for the
MCAO mode of MAORY.

Light separation beteen the two channels is accomplished by a LGS Dichroic Exaitter,

which splits the light according to wavelengths.

The layout of the Pogtocal Relay Optics is shown Figure 25. The layout of the LGS

Objective is shown iifrigure26.

LGS WFS volume _z MICADO volume

M11

Figure 25. PostFocal Relay Optics layout. Red rays: optical beam from telescope focal plane to exit port for
MICADO. Green rays: differential path to exit port for second instrument. Blue raysph@SThe lightgrey
circles in the background are the projection of theigiesolumes for the LGS WFS and for MICADO.
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LGS WFS volume
(projection)

Figure 26: LGS Objective layout

Inside the optical path, two clear planes are created, optically conjugated to two different

ranges from the telescope entrance pupil, allowingrngertion of up to two DMs.

The PSR optical design must also take in consideration a reasonable clearance for the

mechanical mounting of the optical element.

The baseline optical design of the Main Path Optics, showigire25, consists of:

)l

Concave offaxis mirror (M6) and convex cHixis 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
platformy,

Two concave ofaxis DMs (M8 and M9), with the same optical power, optically

conjugated to the required ranges from the telescope entrance pupil;

LGS Dichroic, close to the pupil image; in the baseline design, this component is

assumed to reflect the saice light;

Convex offaxis 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 grawiyvariant port for
MICADO.



The second instrument portashieved by inserting a flat folding mirror 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.

Given all requirements and constraints, the baseline designihesum number of optical

surfaces.

Two versions of the baseline design have been studied, concerning the optical shape of mirrors
M6, M7 and M10: pure conic sections and conic sections with even asphere coefficients (up
to &th order). The latter optionals significantly better performance in terms of geometric
distortion.A market consultation has demonstrated that such mirrors with even asphere terms
are feasible and the cost, at the present stage, is comparable to the pure conic section version.
For these reasons, the design version with even asphere coefficients has been chosen as

baseline.

The first order parameters the main path opticare listed inTable 2 while the estimated

performance and tolerance &rsas are described ineBtion6.7.

Table2 : MAORYmain path opticgeneral specifications

ltem Value

Exit focal ratio F/17.7

Exit pupil distance 8000 mm (towards telescope)
Focal plane curvature Flat

NGS patrol FoV (also called technical FoV) 200 arcsec diameter
MICADO science FoV Up to 75 arcsec diameter
Transmitted wavelength range at exit port 0.67 2.5 um

Lower wavelength limit set by LGS Dichroic.

Extension to shorter wavelengths TB&g. by means

of finotcho filter cent:
Postfocal DMs conjugation range 15088 m, 4411 m
Projected pitch of DMs on conjugates 2m,withinteract uat or spacing

The next table shows the optical prescription data of the Fiatin Optics. Concave surfaces
are | abelled as ficvo; convex surfaces as fc
is: positive if the centre of curvature is to the right from the surface vertex, negative if the

centre of curvature is to the lait the surface vertex.



Mirrors M8 and M9 are described here as two rigidrons, but theyaretwo DMs in the
MAORY PostFocal Relay. They have identical curvature radius and slightly different conic
constant. The slight difference in optical shape, a6 agethe deviation from the best fit
sphere, is in the order of only2um peakto-valley and may be probably applied by active

deformation of the surface.

Table3. Main Path Optics optical prescription data.

ID Diameter Surface Curvature Conic Aspheric terms
[mm] decenter radius [mm] constant
[mm] [1]
M6 1200 427 +14458 -2.3965 4. 3,007el4
(cv) 6" 5.612e21
8ih: -3.579e27
M7 750 918 +7874 -1.3591 4 2 92414
(cx) 6™ 3.260e21
8 -1.039e27
M81 DM 945 - +15042 -6.7009 -
(cv)
M9 DM 860 - -15042 3.9175 -
(cv)
LGS Dichroic | 680 - Infinity - -
M10 675 362 +42342 -0.0959 4. 7.735e13
(cx) 6" -3.480e19
8ih: 2.449e25
M11 900x690 - Infinity - -

The tilt angle between the DMs surfaces and the opticaisagie minimum angle to avoid
interference of the next optical element with the optical beam. This tilt causes different parts

of the mirrors to be conjugated at different altitudes, respect to the nominal conjugation
height. Due to the range mismatchjaggen DM act uadf-boc app ewir sh o
to the layer Figure27). Given a demagnification factom between the ELT metapupil and

MAORY DM diameterDgm, the layer maximummissc onj ugati on oh depend

angled:

ph  &aw2): Bend ) n?

Thismis-conjugation generates a blur that must be smaller than the projected actuator spacing.
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Figure 27 : The deformable mirror conjugate plane is tilted with respect to the turbulence layer.

The postfocal DMs are conjugated these ranges from the telescope entrance pupil:
1 H=15088 nf 226 m
T H=4411m" 171 m.

An actuator at the edge of the Dbkecauseofte quot ed fA-eobonpuge&at Doné
seen from the nominal conjugated layer under an aDgR0 arcsec (the NGS patrol FoV),

which corresponds to a projected blur diameter of
f 9710rad x 226 m & 0.22 m, on the wupper DI
! 9710*rad x 171 m & 0.17 m, on the | ower D]

In any case, the blur diameter is in the order of 1/10 of projecteehicitetor spacig, which
is deemed acceptable.

The following table includes the supplier requirements which directly affe@RROptics
optical design.ASuppl i er 6 st ands for t he MAORY con

consortium.

Table4. Supplier requirements for PeBbcal Relay Optics optical design.

ID Requirement description Rationale Derived from
1. Main Path Optics possibly based on Avoid chromatic effects and largg MAORY System
all-reflective design refractive elements, which are

difficult to manufacture

2. Main Path Optics to be designed wil Maximise throughput and MAORY System
minimum number of surfaces minimise thermal emissivity

3. PostFocal Relay Optics shall includ{ Separate LGS light from science| MAORY System
LGS dichroic beanrsplitter light, to feed LGS WFS sub

system




4, LGS dichroic beansplitter shall Avoid issues with substrate MAORY System
preferably reflect IR light material when transmitting IR
light
Avoid chromatic effects on
science exit port
5. DMs shall have opticglower Exploiting optical power on the | Req.2
DMs is helpful to minimise
number of surfaces
6. DMs shall have same optical power| To ease manufacturg and reduce; MAORY System
costs
7. DMs shall have optical diameter in | Smaller diameter, associated witf MAORY System
the range required FoV, implies offixis
750850 mm optics with short focal ratio, whicl
shall be avoided for easiness of
manufacturing
This diameter range is similar to
DMs with high TRL; already usec
in other projects (e.g. LBT, VLT)
8. DMs conjugation range H (high DM) > 15000 m MAORY System
H (low DM) > 4000 m
9. DMs optical conjugate tilt shall be aj Avoid affecting MCAO MAORY System
small as possible compensation
10. DMs optical conjugate image quality Ensure good wavefront MAORY System
1/10 actuator spacing compensation
11. PostFocal Relay Optics size in plani Fulfil allocated design volume MAORY System
<8m
12. MICADO exit port position w.r.t. Provide convenient mounting MICADO
telescope focal plane: location for MICADO
X =3050 mm
Y = 6000 mm
13. MICADO exit port shall be gravity | Ensure mechanical stability of MICADO
invariant MICADO (this is particularly
important to achieve reqeid
astrometric performance)
14. MICADO focal plane height 1800 | Leave enough vertical clearance| MAORY System /
mm below telescope optical axis for MICADO and for MAORY MICADO
NGS WFS suksystem
15. Second instrument port position Ensure accessibility to both MAORY System /

should be on oppositde of
MAORY Bench with respect to
MICADO

MICADO and second instrument

MICADO




16. Second instrument port baéécal Ensure for second instrument MAORY System
length shall be outside MAORY accessibility to focal plane
envelope

17. Lateral clearance (orthogonal to Ensure appropriate design volun] MAORY System
optical axis) for second instment for second instrument
port shall beat least 4000 mm

18. Clearance around optical elements | Ensureaccessibility PostFocal Relay
shall be > 100 mm Optics

19. Clearance around DMs shall be > 1] Ensure accessibility PostFocal Relay
mm Optics

20. Clearance behind mirrors shall be >| Ensure accessibility PostFocal Relay
300 mm (measured from optical Optics
surface)

21. Clearance behind DMs shall be > 8( Ensure accessibility PostFocal Relay
mm (measured from optical surface) Optics

22. LGS dichroic size shall be Ensure manufacturability PostFocal Relay
significantly smaller than 1 m Optics

23. Focal ratio on MICADO exiport Same as telescope MICADO
Fi17.7

24. Exit pupil position on MICADO exit | Different from telescope exit pupi MICADO
port > 8000 mm toward telescope | position, but acceptable for

MICADO

25. Exit focal plane curvature radius Field curvature nofarger than MICADO
> 9900 mm tel escopeds

26. NGS patrol FoV shall be Ensure large patrol FoV for sky | MAORY System
a 200 arcsec diameter (TBC) coverage

27. WFE on MICADO FoV (nominal Ensure diffractiodimited optical | MAORY System /
value) < 30 nm RMS quality (with margin for MICADO

toleranéng)

28. WFE on NGS patrol FoV < 100 nm | Avoid large offaxis aberrations, | MAORY System
RMS which need to be calibrated

29. Differential geometric distortion on | Ensurestability of NGS image MAORY System /
MICADO entrance focal plane over astrometric exposure MICADO
< 8 um for a field rotation of 2.6°

30. Geometric distortion after Ensure achievement of relative | MAORY System /
transformation of fth order (n TBD) | astrometric requirement MICADO
< 20 micrearcsec (TBC)

31. Tolerable NGS mion due to Avoid field warping by MCAO MAORY System /

geometric distortion < 1.8 mas

MICADO




small as possible.
Goal < 200 nm RMS (TBC).

WEFS subapertures.

Remove residual aberrations by
means of calibrations/loelp
table, with 8890% level accuracy

32. Exit pupil optical quality (ellipticity | Pupil blur shall be small to avoid | MICADO
and blur) on MICADO FoV unwanted thermal background
< 1/100 pupil diameter throughMICADO cold stop
33. Exit pupil optical quality (ellipticity | Ensure pupil quality for LOR NGS WFS Module
and blur) on NGS patrol FoV WEFS
< 1/400 pupil diameter
34. LGS Objective focal ratio F/5 Reduce focus offset of LGS w.r.t} LGS WFS
zenith angle
35. LGS Objective exit pupil at infinity | Avoid exit pupil diameter LGS WFS
variation w.r.t. zenith angle
36. LGS Obijective exit pupil quality Ensure pupil quality for LGS WF{ LGS WFS
(ellipticity and blur)
< 1/1600 pupil diameter
37. LGS Objective wavefront error as | Avoid large spot offsets in LGS | MAORY System /

LGS WFS

5.1 Main path Optics geometric distortion

Geometric distortions from the Main Path Optics are asymmetric. As the imaged sky rotates
with respect to the optics during an exposure, the PSF of ali@irsiource on the exit focal
plane follows an imperfect trajectoryhich may be described as an arc of a circle, with small
perturbations due to the geometric distortions from the optics. Fieldtakon only
compensates for the circular part of the trajectory. The residual deviations from a circular

trajectory have diierent effects, which are describedSectiont.

5.1.1 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. A technical requiren@2® ofTable4) has been agreed with

MICADO and is described in the following:
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1 During this raation, the FWHM of the longxposure PSF due to the MAORY optics

should not increase by more than 1/10 of its nominal value.

T For wavelength & = 1 & m, the amount of
exit focal plane on the MICADO FoV (F/17.7 focatic.

5.2 LGS Objective design
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
Objective to create an image of the 6 LGSs for the VGZ5 subsystem.

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

Table5. Main Path Optics general specifications.

Item Value
Operating wavelength 0.589 um
LGS range to be ramaged 8071 240 km
Exit focal ratio F/5

Exit pupil distance Infinity

LGS constellation maximum angular diameter | 120 arcsec

The LGS Objective is designed to deliver LGS images in the altitude r@ndg8km. The
output focal ratio of F/5 allows reasonable motion of thé¢ iexage 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 apsaile
to the variation of the mean distance of the LGS from the telescopg/asto s ( d )na Wher

o

a 90 k mdidmdayer ean adtitude above the ground.

The LGS Objective, shown irigure26, consists of three wedged lensed (the wedge is on a
plane surfaceo that these lenses may in principle be replaced by normal lenses plus wedges),
a powered mirror, a flat mirror and four lenses. The baseline materialll foefractive

elements is optical glass (BK7-B55L7 or equivalent glass).

The LGS Objective contains an intermediate image plane and an intermediate pupil plane.
The last part of the optical axis is folded by the flat mirror H@& so that the LGS WFS

subsystem is mounted in gravity invariant configuration.



The next table shows the prescription data of the optical elements in the LGS Objective.
Detailed performance and tolerance analysthefLGS Objective is shown ire§tion6.9.

Table6. 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 swdzof the optical element.

ID Diameter Thickness Radius Conic Wedge
[mm] [mm] [mm] constant
[1]

LGS-L1 660 61 Infinity - yes
(cx) 8946 -10.000

LGS-L2 600 55 Infinity - yes
(cv) 3234 -

LGS-L3 580 55 (cx) 1830 -0.827 yes
Infinity

LGS-M1 620 - (cv) 23516 -4.605 -

LGS-L4 380 41 (cx) 1585 - -
(cx) 641 -4.709

LGS-M2 420 - flat - -

LGS-L5 240 21 (cx) 109 -1.258 -
(cv) 76 -1.007

LGS-L6 340 48 (cv) 666 -0.018 -
(cx) 331 -0.260

LGS-L7 420 63 (cx) 1376 -1.625 -
(cx) 1475 -2.866




6. Tolerancing MAORY PFR

Tolerance process of optical systems is one of the most important stemstrin@entdesign
since it involves complex relationskipcross fabrication, assembly and alignmeinthe
system. The tolerananalysis is intended to ensure that MAORY resjee performances
aresatisfied when the final assembled instrument is operaiivihe end, thessignment of
tolerances to #various optanechanicaparametershould be a tradeff between final cost

of the system and its resulting performances.

Theguiding philosophy in estaiBhing tolerances should begeta tolerance akrge aghe

performanceequirement®f the optical system will permit.

This sectiondescribesthe logic behind the tolerance analystarting fromdefinition of
quantitative figures of merit for MAORY requiremengsd ending with estimation of

MAORY performances perturbed bptomechanicatolerances.

The method used to estimate tolerances takes care of compensation of errors during
assembly/alignment proceduraduses a RSSmerit function to combine independesttor

contributions
One possible way to establish a tolerance budget using this principle is as follows:

1. Select a preliminary tolerance budgeable7 can be used as a guide to appropriate

tolerance values.
2. Perform the sensitivity analysidescribedn Section6.7).

3. Compute RSS for all the aberrations for each individual tolerance. This will indicate

the relative sensitivity of each tolerance.
4. Compute RSS for athe effects calculated in steg8mbined.
5. Compare the results of stepvith the performance required of the system.

6. Adjust the tolerance budget so thaetresult of step % equal to the required
performance. Since the larger effects dominate the R§3,the most sensitive
tolerancs. Conversely, one should be surd tha tolerances are not tightened beyond

a level at which fabrication becomes impossible

7. After one or two adjustments (stepthBough § the tolerance budget should converge
to one which is reasonable economically amdich will produce acceptable
performanceslif the tolerances necessary to geteptable performaneare too tight

to be fabricated economicallgne way to ease the situation is to add compensators



and set allowable ranges for the compensators: thepeadjusted to minimize the
aberréions The default compensator is the back fatiatance, which controls the

position of the image surface.

There ardwo requirements that limit the allowable changes of -opézhanical parameters.
The mean RMS WFE and the optical distortidhe firstone must satisfy diffraction limit
performance over the MICADO FoV while the second one must satisfy high astrometric

accuracy and precision.

Considering a narrowband filter, within a single exposure, MICADQ integrate for 120

seconds. Considering arath avoidance of 0t he maxi mum fi el d rot at
at ELT site latitude During this rotation, the FWHM of the lorexposure PSF due to the
MAORY optics stould not increase by more than% ®f its nominal value. This means, for
wavelengtre= 1em, the amount of distortion shhhe <8 em at the MAORY exit focal plane

(assuming F/17.7 focal ratio).

Relative field distortion residual, over all timescales in the range of 1 hour to 5 years, shall be
< 50 Oas (goal <10 3®ads )x i5n3 6ad ogfobud)sfoRmaitdne(rg ona |

comprehending all error sources.

Consdering the RMS WFEthe objective was to maintain a maximum difference respect to
the nominadesign below 30%. The allowed changais 6 r ul e of thumbsd f o

tolerance analysiand keeps the system below the diffraction limit of MICADO FoV.

Few words should be spent regarding the error sources in astrometry from a purely opto
mechanical point of viewA full discussion of the final astrometric accuracy is dray the
scope of thi'hesisand is addressed at systéguel.

6.1 Opto-Mechanical astrometric errors
MAORY/MICADO astrometryrequires observations to be taken at different epochs in order
to detecitnotions ofastronomic sourcesither with the motions afiescience objects relative
to each other or with respect to the sky coordinate system (gr botre are two categose

of astrometric observations:

1. Intra-epoch observatiorere those for which the science and/or references objects can

be consideredtationary. If motions of science objects were detected, they would be

caused by measurement errors. In general,-egoeh observations are used to



increase the SNR and accuracy of the measurements and, potentially, to estimate the

errors and uncertain8eof the measurements.

2. Inter-epoch observationare those for which the science and/or reference objects

cannot be considered stationary. These are the observations used to determine the

motions of science objects.

Distortionsdue toopto-mechanics causgstrometric errors thato be major contributors to

the astrometrgrror budgetDesigning MAORYis extremely important to minimize system
distortionsthat could have effect on the relative astrometry accuracy. Given a FoV, the term

0r el at i v aefeassomeaswemerniof diff rent science objecteparationselative to

each other or relative to other fieldjetts Thesemeasuremesthaveto beconvertedn sky
coordinatedo be scientifically usefthnd t hat 6s t he ai m anfan 6abso
optomechanical point of view, in terms of calibrations, we are interested onbbject

separatiosrelative toeach other ratheéhan their positions in the sky.

Consideringhe MAORY optical design,tiis not possible to keep distortions atb@iow the
level of accuracyrequired for relativastrometryEven if the optics were perfectly builhe
distortions present in the systemould beorders of magnitude larger thamcro-arcsec scale

anda calibration procedure is required to achieventieo-arcsec magnitude.

If distortionsare eithe stable in time owary in a deterministic way can be measuaad
calibratedbefore or akr the science observations. This is usually donelsgrving a field
of calibration sources, such as a pinholekmaserted into th&1AORY focal planeor a dense
star field. A distortion calibration solution is then cédted from these measurements.

Errors related to this calibration solutidapends on the SNR of the measurertbathumber
of calibration source and the stability of the distortiondViultiple configurations of
MAORY/MICADO must be taken into account and the calibration process must be repeated
for each different configuration. At the time of observations, the calibration solution has to be

interpolated to the observational conditions.
The residuals of this solution are:

distortions not sensed and/or introduced by the telescope
uncertainties and errors in the repeatability of the configuration

variability of distortions

To o To >

uncertainties and errors elto the interpolation between different configurations



A commonpath distortions of spatial or temporal frequency too high to correct for
MAORY (e.g. HO irregularities of optical surfaces)
A noncommon path distortions.

Residual distortions can be considepaditially systematic duringntra-epochobservations
while for interepoch observationthey canbe considered random realizatiofi$ius, they

could be average out as the root square of number ofepterth observations.

The currenMAORY optical design has distortions of uptems mill-arcsec at the edges of
the field. These diortions are calibrated using a pinhole grid that is inserted inMAIRRY
focal plane. We have performed detailed simulations of this process, testingya ofagied
configurations, which show that it is possible, albeit not easy, to meetmse distortions to

asufficientlevelto fulfill the MICADO sciencerequirements.

Results ofSection6.7 show thatl2 parcsecof static distortion residuals on averageMsS)
across the MICADQ@ield can be achievedlter calibration with the grid arafter removal of

plate scale distortions in pegtocessing (see below for anptanation of the latter).

It is not necessary (nor possible, in fact) to know the positions of the pinholes on the grid to
this same accuracy, whiahof the order ohanometerat MAORY entrancdocal plane, by

measuring them with microscopes or simifetruments.

6.2 Plate scale errors due to NGS position measurement errors
In MCAO, the position of th&NGSs on the NGS WFS focal planees the plate scale. If the
FoV is affected by optical distortion, it will introduce a differential TT (shift) of @S
constellation respect to the nominal-sky position. This translates intocal plate scale
distortions that will affect and potentially destroy the astromptfy. The effect, if not
properly calibrated, cdd be the worst offender to astronomy performanbemditheringr,
in general, when the telescope pointing is differBetause of static optical distortictne
relative distance between the N&&®anges when the whole constellati®translded in tre
NGS WEFS focal plane atting the plate scale on the science im@gere are a total of three
plate scale modes: plate scale stretched in X and Y, respectively, andlslusafr.three or
more reference objecése available in the fieldt, is possilte to usehemto calibrate the ljate
scaleerror. If the NGSs are used as refences, differential flexure between the probes will
introduce the same kind of error as the optical distortion. These errors could be defined as

positioning errors and has be properly calibrated.



6.3 MAORY optical surface error calibration residuals
During the tolerance analysis, threegularities and imperfections of the optical surfaces in
MAORY where evaluatedbn the order of a fewo tens of nanometers RM3hese
irregularitiescause distortionshat are large compared to the relatistrometry error budget

requirements.

Considering different field points, their beam footprints overlaps differently on each MAORY
mirror surface. As the field rotates during the observations, the beam footposgghe static
errors on eachirrorssurface The lower is the overlap of défent footprints, the bigger is

the difference in terms of irregularities introduced in each optical trail relative to a given field
point. As the optical footprint on a surface is the smaller the farther the surface is from the
pupil plane, this error ig¢argest for the surfaces with the largest conjugate ranges. For
MAORY, this means that it is largest for the instrument selection mirror (M11) followed by

the first mirror after the entrance focal plane (M6).

Our results show thdt2 parcsecresiduals shald be achievable with realistic requirements
for the surface qualities and calibration tifsee Sectio®.7). This is not a hard limit as it
can be reduced with esky observations of more objects and/or for longer timhkserrors
depend on the relevant length scales in the science &iettthus, for relativastrometry

science case with a very small figtdight ke smaller than the J2arcsecassumed here.

There is an additional error due to random or systematic beam wander/translation across the
static errors on each surface. Such beam wander can, for example, be caused by instrument

boresighting errors ahimage deotation.

6.4 Telescope optics calibration residuals
The shapes, alignment and opticalface errors of the fivéelescope mirrors all cause
distortions. Alignment errors are mostly low order and will be removedA®RY . Shape
and surface errorsf the telescope mirrors habeen investigated separately @hdy have
gualitatively the same etict as theMAORY distortions described above. As the footprint
overlap of the beara on the telescope mirrors is orders of magnitude larger than on the
MAORY - M11 mirror, residual distortions from the telescope mirraresmaller Besides,
even the footprint diameters aveders of magnitude larger thather MAORY optics and

thus the efctof beam wander is much smaller.



Their residuahigh-order componenis foreseen to béncluded in thecalibration solution

derived from orsky calibration observations.

6.5 De-rotator errors
Rotator errors enter through two effects, theati#ince between the assumed and real rotator
angle, and the (small, but norgligible) misalignment error between the rotation and optical

axes, which causes the beam footprint to wander on the optics.

The rotation agle error needs to be treated drftly as it does not produce its own distortion

but a rotation of part of the already existing distortion, and therefore an additional calibration
error. This rotation can partially be eliminated, for lovder distortions, through coordinate
transformatios in fields with manyobjects, but might need to be considered for absolute
astrometry and in sparse fieldad its high spatial frequenclystortion content needs to be
investigated. Also, if the rotation error varies during an exposure, thsegsamagenotion

with all the efects that go along with it (reduction of Strehl, PSF eldongadnd coupling

with variable efécts).

6.6 MAORY Main Path Optics tolerance analysis: starting point
The sensitivity analysis on system performances considers each tole@dinmiually and,
defined a merit function, the introduced errors are combined by &f8fl the net effect of
all the tolerances on the systendm terms of WFE, the sensitivityis basically the partial
derivatives of the aberrations with respect tottherancegcurvature, asphericity, thickness,

surface quality, etc.) multiplied by the individual t@eces

In generalthe estimated error by RSS is

WhereE is the nominal error anithe sum is taken over tisensitivty of a single parameter
O E @dueto its tolerancep x This methodassumethaterrosintroduced byach individual

toleranceare statistically uncorrelated\dditionally, it does not assist in defining what the



tolerance values should be. Insteadpiiovides a translation between error limits and
performance degradation.

The analysisllows to identify parametes which are highly sensitive to certain errors, such
assurface curvature radiir decentes andit is alsovaluableto find the optimum numér of
compensatorfor required adjustment3he sensitivities related only #ailable DOFcan

be also used during the alignment phase of the instrudmefact, the system requires an
accurate inspection to the type of aberrations that are introduced by each DOF in order to

choose the most effective DOF to be used as compesdatang the alignment (Sectiof).

Table7 : Typical manufacturing tolerance chart (credit: Optimax Systems, Inc.)

Attribute Commercial Precision High Precision
Glass Material (§ Va) +0.001, +0.8% +0.0005, +0.5% Melt Data
Diameter (mm) +0.00£0.10 +0.000/0.025 +0.000/0.015
Center Thickness (mm) +0.150 +0.050 +0.025

SAG (mm) +0.050 +0.025 +0.015

Clear Aperture 80% 90% 90%

Radius (larger of two) +0.2% or 5 fr +0.1% or 3 fr +0.05% or 1 fr
Irregularityi Interferomete(fringes) | 2 0.5 0.2

Irregularity - Profilometer(um) +10 +1 +0.5

Wedge Lens (ETD, mm) 0.050 0.010 0.005

Wedge Prism (TIA, arc min) +5 +1 +0.5

Bevels (face width @ 45°, mm) <1.0 <0.5 <0.5

Scratch DIG (MIL-PRF~13830B) 80-50 60-40 20-10

Surface Roughness (A rms) 50 20 10

AR Coating (Rve) MgF, R<1.5% BBAR R<0.5% | V-coat R<0.2%

At the time of writing, two optical design are object of study. They manly differ having

pure conical mirrors or nerero aspherical terms for mirror surfac€ke light through the
science ptn of MAORY is shown inFigure25. In the alternatie design, all mirrors except
the two DMs (M8 and M9) and M11 are even aspheric surfaces witlzeroncoefficient

until the 8" order. Thetwo DMs (M8 and M9 should be intended as rigid mirrors for the
scope of this paper. In fact, in a partial impleraéioh of the instrument, at least thi M9
would be replaced by a rigid mirror. Moreover, it is of interest to evaluate the feasibility of

mirror M8, for instrument test purposes.



Before a detailed description of tolerance analysis, the two opticalndepiipns were
compared, in terms of nominal performances, byfwithg the criteria listed here:

1. WFE in thecircle containingl CADO FoV (750 di ameter)
22 WFE in the NGS FoV (annular, 1800 < FoV

3. Astrometric residual error after the 3rd and 4th (5timeéded) order coordinates
transformation in the circle containing the MICADO FoV (for a range of field

rotations)

4. Star centroids movement after the maximum rotation for a single astrometric image in
the circle containing the MICADO FoV

5. Star centroid moements due to optical distortion in the NGS FoV (for a range of field

rotations)

The two designs have a very similar RMS WFE in terms of absolute values. Tévasoff
mirrors are decentred and tilted in one axis only, hence the WFE map is symmetritbalong t
other axis. RMS WFE maps of MICADO FoV and NGS FoV are showigare28. They

refer to MAORY design with even aspheric terms for mirror surface.
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Figure 28 RMS WFE mapef MICADO FoV (left) and technical FoV (right). The blacksar e i s t he 53
MICADO FoV

Optical distortion is the main difference between the two deskigure29 shows (for both
designs) the star centroids movements in the MICADO FoV for 120ndscof single

exposure.
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Figure 29: Star centroids movement for a singistrometric image in the circle containing the MICADO FoV
(black square). Left plot refers to the design with even aspheric terms for mirror surfaces. Rigéfepdoto
pure conical mirrors

In two different astrometric exposures, the images of a giwarce in the MICADO FoV are

in slightly different positions, because of the w@mtralsymmetric distortion pattern. The

typical calibration procedure adopted in astrometric observations with MICADO is that any

two astrometric images are transformed a#oh other by an astrometric transformation (e.g.
polynomial transformation of ' order, TBC), using field sources to determine the
coefficients of the tramgfdermatdicn.¢nihion si I
the example adopted herey &8 corrected on the dartdertoher
distortions need to be small enough, in order to avoid complex calibration procedures based

on lookup tables.

In order to analyse this effect, a regular grid of stars on the MICADO FoV has beeo used
evaluate theastrometric residual error. Lelp,Yinp) be the initial coordinates of the stars
centroids, Xo,Yo) the coordinates of the stars centroids for a given FoV rotation aKg¥e, (

the corrected stars centroids according tetta orderpolynomial transformation of the form:
O=Fj 0 A’ A
=By O bl Ay
Typical order of transformation is n = 3, 4, 5; the order indicates the maximum of the sum of
the powel andj in the equations above. G@andu «are (n+1)x(n+1) coefficients used to
model the distortions introduced by the optics for a given FoV rotation angle. The corrected
coordinatesX,Y)have been compared @y, Yinp) in order to compute the standard deviation

of residual errs. The final error in the position is the standard deviation computed as the

guadratic sum of th¥ andY error.



Figure 30 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 nord@anch = 4. The errar are

< 1 puas for all rotation angleshen n = 4well within the requirement reported Tiable4.
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Figure 30: Astrometric residual errors for a range of field rotatianghe circle containing the MICADO FoV
The error is thestandard deviation computed as the quadratic sum of the X and Y Eirstrrow: 3¢ order
polynomial fit. Second row:™order polynomiéfit. First column: design with even aspheric terms for mirror
surfaces. Second row: design with pure conical mirrors

Positioning errors of the NGS WFS probes are propagated by the MCAO system, producing
science field warping effects. Astrometric images calibrated according to the procedure

previouslydescribed. The residual errors shall be within the requirement defided in

One of the sources of positioning error of the NGS WFS probes is the geometric distortion
for the Main Path Optics. If the NGSFS probes are positioned on the respective stars at the

beginning of a sequence of astrometric exposures, in the course of the sequence the stars will



drift with respect to the probes, because of thenotational part of the geometric distortion

itself. The tolerable positioning error is < 1.8 maalfle4). Figure31 shows stars centroids
movements due to optical distortion in the NGS patrol FoV. Of course, no calibration is
applied in this case. The analysis summarised by the plétgume 31 has the purpose to

define under which observational conditions the NGS WFS probes have tpbstiened
according to a prealibrated lookup table, in order to bring the®$ drift below the required

level in a sequence of astrometric exposures. The observational conditions depend of course
on the NGS position in the patrol FoV and on the length (in terms of overall sky rotation) of

the sequence of astrometric exposures.
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Figure 31: Star centroid movements (for a range of field rotations) due to optical distortion in the NGS FoV.
First row refers to the design with even aspheric terms for mirror surfaces. Second row refers to pure conical
mirrors. Distortion maps on the left are median of the considered field rotation angles. Box plots on the right
show minimum and maximum values and quartilesanfcentroid movements in the FoV



6.7 Main Path Optics tolerance analysis
As criterion for toerancing, the defined merit function considers the RMS wavefront referred
to star centroid and adds boundary constraints on the compensatgearetric distortion
in MICADO FoV as @scribed irSection5.1.1

The tolerance analysis has been broken down into 4 blocks that consider different error

sources of the optical elements:

Block 1: Curvature radii, conic constants and, if present, aspheric terms

Block 2: Low order RMS surface irregularities (from Zernike 4 to Zernike 11)
Block 3: High order RMS surface irregularities (form Zernike 12 to Zernike 120)
Block 4: Alignment errors

Each block introduces a certain amount of performance degradations despite the considered
MAORY design with or without even aspheric terms for mirror surface, hence the computed

tolerance values are equal for both designs.

The first two blocks listed abeyare supposed to be compensated by a desaptimization

or during the instrument alignment.

Block 3 is a worst offender for astrometric requirements and needs a dedicated calibration

process to fulfil desired performances.
Block 4 is strictly relatd to mechanical accuracy and precision of optical mounts.

To evaluate the impact of tolerances on astrometry, a Monte Carlo simulation is mandatory.
This simulation generates a series of random systems which meets the specified tolerances. It
is a realistt simulation of expected performance since all applicable tolerances are

simultaneously and exactly considered.

For each block, a Monte Carlo simulation of 100 realization was run and the criteria listed in

Section6.7 were used to investigate the system performance degradations or variations.

The pupil image after the MAORY exit port, the focal aperture and the exit pupil distance
variations have also been cak@d. Their changes, for each tolerancekylace always less
than 1/1000.



6.7.1 Tolerance Hock 1 results

These tolerances are supposed to be compensated by desgmmieation once precise
measures on the considered parameters has been deliverecbriipanies in charge of
components manufacturing should deliver the final product within the limit imposed by these
tolerances. Once the optics are ready, precise measures of their final parameters can be used
as nominal values and the system can amptinized by means of free DOF used as variables

during the instrument design phase.

Computed tolerances are summarizedable8 together with their effect onNRS WFEand

optical distortions.

Table 8: Tolerance oncurvature radii, conic constants and, if present, aspheric terms. For flat mirrors, the
tolerance is expressed in terms diftance on the normal from the surface to the center of uheature
( A S a g iThe esdimajed changes of WFE and distortion should be combined by RSS to their nominal values.

Curvature radius | Conic Constant Aspheric terms

(if present)

Conical 0.08% + 0.05% +0.1%

mirrors

Flatmirrors [N 633 nm|- -

RMS WFE - Estimated change a 10 nm (A

Geometric distortion in MICADO FoV - Estimated change | & 0 . 1(Mediénjn

Max geometric distortionin the NGS FoV- Estimated change| a 1 2 . (Mediarg s

Astrometry performances. Since performance degradations are independent from design,
we show Monte Carlo results of MAORY with even aspheric terms for mirror surface. Monte
Carlo trials follow a normal distribution for considered tolerance values and results are shown
in Figure32 andFigure33. They should be compared to nominal values shoviaigare 30

and Figure 29. Figure 32, box plotsshow minimum and maximum values and quartiles of
Monte Carlo trials distribution fathe astrometric residual error on a rangdialtl rotation

angle. InFigure33is shown the median 2D map of Monte Carlo trials and its distribution of
star centroids movement after the maximum rotation for a single astrometric image in the
circle containing the MICADOroV. Median values are almost equal to those of nominal
design, hence the effect of this tolerance block is negligible in terms of astrometric

performances.
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Figure 32 Astrometric residual errors for a range of field rotatiamsthe circle containing the MICADO FoV
The error is thestandard deviation computed as the quadratic sum of the X and YRwroplotsshow minimum
and maximum values and quartiles of Monte Carlo trials distribution. Since the considered tolerancksetr
low order distortions, the distributions width is very narrow.
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Figure 33 Star centroids movement for a single astrometric image in the circle containing the MICADO FoV
(black square). Right: 2D distortion map of medierues given by the Monte Carlo trials. Left: distribution of
values given by the Monte Carlo trials.

6.7.2 Tolerance Hock 2 results

These tolerances are supposed to be compensated during the instrument alignment by means
of the most sensitive DOF that haveebehosen as the best set of compensators for required
adjustments. Surface irregularities are modelled by means of standard Zernike coefficients
whose max tolerance value is the exact RMS error of the surface. We verified that available
DOF are able to copensate aberrations until Zernike coefficient 11 (the "spherical” term),

hence the computed tolerances start from Zernike 4 (Z4 (the "defocus" term)) and end to



Zernike 11 (Z11). Tip and Tilt terms (Z2Z3) are not considered because they are part of
tolerance Block 4. Z4although is part of curvature radii tolerance (Block 1), has to be
considered for offixis mirror whose defocus term must be centered on FoV footprint instead
of mirror vertex. Oraxis surfaces tolerate Z4 as extra defocus (e.g. gosttiess) in addition

to that introduced by tolerance on curvature radii.

Computed tolerances are summarize@able9 together with their effect onN®S WFE and

optical distortions.

Table 9: Low order RMS surface irregularities. The estimated changes of WFE and distortion should be
combined by RSS to their nominal values.

Z4 Z5 Z6 z7 Z8 Z9 Z10 Z11

(nm) (nm) (nm) (nm) (nm) (nm) (nm) (nm)
M6 15 7 9 9 7 6 9 5
M7 15 7 7 6 7 4 7 7
M8 25 6 6 6 7 4 7 7
M9 20 5 5 5 7 4 7 7
Dichroic 25 4 5 4 4 4 5 5
M10 15 6 6 6 7 8 9 5
M11 20 7 7 7 7 7 7 7
RMS WFE - Estimated change a 20 nm (Ave
Geometric distortion in MICADO FoV - Estimated change & 0. OMediénn
Max geometric distortionin the NGS FoV- Estimated change | & 9 (Medlian)

Results of the Monte Carlo trials in terms of astrometric performances are shéigure
34 andFigure35. Refer to Sectiol.7.1for the meaning of the plots.
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Figure 34: Astrometric residual errors for a range of field rotatioinghe circle containing the MICADO FoV

The error is thestandad deviation computed as the quadratic sum of the X and Y &warplotsshow minimum

and maximum values and quartiles of Monte Carlo trials distribution. Since the considered tolerances introduce
low order distortions, the distributions width is veryrroay.
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Figure 35: Star centroids movement for a single astrometric image in the circle containing the MICADO FoV
(black square). Right: 2D distortion map of median values given by the Monte Carlo trials. Left: distribution of
values given by the Monte Carlo trials.

6.7.3 Toleranceblock 3 results

These tolerances cannot be compensated by means of components DOF. The high order
surface irregularities, in addition to WFE, cause astrometric residual errors that are large
compared to those introduced by other tolerances. Surface irregularities adéednbgle

means of standard Zernike coefficients whose max tolerance value is the exact RMS error of
the surface. The Zernike terms greater than 11 (the "spherical” term) are set to a value so that

the square root of the sum of the squares of the coefcyeits the specified RMS value.



Considering different field points, their beam footprints overlaps differently on each MAORY
mirror surface. As the field rotates during the observations, the beam footprints cross the static
errors on each mirrors suriacThe lower is the overlap of different footprints, the bigger is

the difference in terms of irregularities introduced in each optical trail relative to a given field
point. As the optical footprint on a surface is the smaller the farther the surfacmighe

pupil plane, this error is largest for the surfaces with the largest conjugate ranges. For
MAORY, this means that it is largest for the instrument selection mirror (M11) followed by
the first mirror after the entrance focal plane (M6). Our reshltsv that 12uas residuals
should be achievable with realistic requirements for the surface qualities and calibration time.
This is not a hard limit as it can be reduced witksky observations of more objects and/or

for longer times

Computed tolerancemre summarized iffable 10 together with their effect on RMS WFE

and optical distortions.

Table 10: High order RMS surface irregularities. The estimated changes of WFE and distortion should be

combined by RSS to their nominal values.

Square root of the sum from Z12 to 2120

All surfaces 10 nm

RMS WFE - Estimated change a 12 nm (
Geometric distortion in MICADO FoV - Estimated change & 0. 2Mediénir
Max geometric distortion in the NGS FoV - Estimated change| & 7 (Medlian)

Results of the Monte Carlo trials in terms of astrometric performances are shéigure

36 andFigure37. Refer to Sectiol.7.1for the meaning of the plots. Because of high order
effects previously described, in this case with need @éer polynomial fit to minimize the
astrometric residual erroFigure 36 also reports the only contribution of M11 high order
surface irregularities. M11, which is close to the MAORY focal plane, is the worst offender
in terms of astrometric residuals and its contribution to the total error is about 75%.
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high order distortions, the distributions width is larger than that seen in other tolerance block results. Upper

plots refer tothe only contribution of M11 high order dace irregularities. Lower plots refer to high order
surface irregularities of all mirrors. In this case, we show values for a shoatege of field rotations since

around 30 degree the residual error reach a plateau.
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6.7.4 Toleranceblock 4 results

These tolerances refer to mechanical accuracy and precision of optical mounts. Sensitivity
analysis on DOF tolerance of MAORY is a crucial step to understand the coupling between
component misalignments and their effect on sysparformance. The DOF, used as
compensators of misalignments, are rigid body motions of each optical surface that can be
controlled by active components (i.e. hexapod or similar device) when needed. These are:

1 TT about x and y axes
1 Decentre in x and y axes
1 Axial position,
where x and y are two axes orthogonal to the optical element axis.

The compensators shall work in combination with a metrology system or other measurement
method which provides the necessary information to change the optical path actording

estimated misalignments.

Computed tolerances are summarisedable 11, together with their effect on RMS WFE
and optical distortions. During the instrument afigent, available DOF have to move within
these values in terms of repeatability. These tolerances also refer to the system stability during
operation. Tolerances of DOF and compensation motions used during the alignment are

shown inTablel2.

Tablell: Tolerance on surface DORhe estimated changes of WFE and distortion should be combined by RSS
to their nominal values.

Tilts Decenters Axial position

All mirrors +17.5 prad + 50 um + 50 um

RMS WFE - Estimated change

o

25 nm (

Geometric distortion in MICADO FoV - Estimated change a 1. edixam

Max geometric distortionin the NGS FoV- Estimated change|a 11. 7 ma
(Median)

In this case, the Monte Carlo simulation considers a parabolic distribution since it yields
selected values that are more likely to be at the extreme ends of the tolerance range. Results
of the simulation in terms of astrometric performances are shokigume38 andFigure39.

Refer to Sectior.7.1for the meaning of the plots. We can say that, by using a polynomial



fit greater than 2 order, the atrometric residual error is independent from misalignments
sincethe distributions widtlof Monte Carlo trialss close to zero (sda@gure38).
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Figure 38 Astrometric residual errors for a range of field rotatianghe circle containing the MICADO FoV
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Through sensitivity analysis and SVD of the sensitivigtnix (a method described 8ection

7), eighteen DOF are chosen as compensators to establish tolerances of the remaining DOF.
Results are summarized irable 12 together with the motion range of each compensator
necessary to correct misalignments introduced by tolerance values. These numbers are results

of Monte Carlo trials used to simulate the systalignmenthatis the subject of Section



Table12: DOF used as compensators to system misalignments introduced by the remaiRibgiéd&nhces

DOF to compensate misalignments Motion range
X-Y Tilts (M6 - M7 1 M81 M9 1 M10)* + 5 mrad
Axial position (all Mirrors) + 50 mm
Tolerances ofremaining DOF
X-Y Decenters +1 mm
X-Y Tilts ( Dichroic ) + 0.5 mrad
Mirrors clock + 1 mrad
(off-axis rotation around optical axig)*

** M6 worst offender

* M11 is free to move in TT to align MAORY and MICADO optical axes at telescope site

6.8 MAORY LGS objectivetolerance analysis: starting point
The performance of the LGS Objectivestsown in the next figures.

Figure40shows the WFE map over the possible range of LGS constellation angular diameter,

for three different cases of Zenith angle.

Figure4lshows the WFE vs. Zenith angle (after removal ofitigand focus). The variation

of wavefront with Zenith angle is very slow. The calimatprocedure to remove these quasi
static aberrations from the LGS measurements might be based on temporal filtering of the
LGS WFS measurementSigure 42 shows the variation of residual WFE vs. Zenith angle
(after removal of tigtilt and focus), assuming that the average wavefront computed over the
last 4 minutes in time is subtracted from the wavefront at a given Zenith angle. The residual

WEFE is irdeed very small, 10 nm for all possible Zenith angles.

Figure 42 shows the differential focus shift among the 6 LGS vs. Zenith angle, giving an

indication of the requed amount of differential Focussing among different LGS probes.
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6.9 LGS Objective tolerance analysis
The same approach which has been applied to the Main Path Optics has also been used to
tolerance the LGS Obijective. The tolerance analysis has been performed with a limit of WFE
degradation of about 30%nd a pupil blur degradation of 1/10 of saerture (considering
80 subapertures along the diameter). The analysis has been split into three blocks:

1 Block 1: Manufacturing errors;
1 Block 2: Surface irregularities;
1 Block 3: Alignment repeatability.

In thetolerance analysis, the main differences between the LGS Objective and the Main Path
Optics are:

The LGS Objective contains lenses in the optical path;
The RMS WFE of the LGS Objective shall exclude the TT and defocus terms;

Geometric distortion is not assue for the LGS Objective;

A =_ =4 =4

LGSs are not focused at infinity but in a range of finite altitudes.

The next tables show the optical tolerances of the refractive elements in the LGS Obijective.



Table13. LGS Obijective refractivelements general tolerances.

Parameter Tolerance
Curvature radius +0.1%
Conic constant +0.05 %

Sag of flat surfaces (residual curvature) + 316 nm
Wedge + 50 micrerad
Centring +0.05 mm
Surface irregularity RMS 30 nm

Table14. LGS Obijective refractive elements material tolerances.

Parameter Tolerance
Glass refractive index +5e4
Glass Abbe number +1%

Mirror tolerances inside the LGS Objective are the same as for the mirrors in the Main Path
Optics: the only exceptivis surface irregularity, which, in the case of the mirrors in the LGS

Objective, is 30 nm RMS for all orders.

The sensitivities related to available DOF can be used during the alignment phase of the
instrument since the worst offenders to system pedooa are also the best set of
compensators for required adjustments. Motion ranges to compensate the tolerances of DOF

and repeatability of chosen compensators are showalite15.

Tolerance analysis results are shown through Monte Carlo simulations, where the figure of
merit is the RMS WFE (without tHilt and defocus). 100 Monte Carlo trials were generated
assuming Normal statistical distribution. The displayallies are for 6 LGSs at a radius of

45 arcsegcfor 15 sampled Zenith angles.

Figure 44, Figure 45 and Figure 46 show the increment in WFE due to the computed
tolerances for Block 1, Block 2 and Block 3 respectively. The results regardinggihélpr

degradation are compliant with the requirement, as showeigime47.



Table 15. LGS Objective refractive elements DQ&lerances. Some DOF (first 2 rows) are used as
compensators to system misalignments. The tolerated misalignments are reported in the last 3 rows. The
compensators must satisfy the repeatability requirements reported in the table.

DOF used as compensators Motion range to compensate tolerances of

remaining DOF

Axial position (Lenses 34 -5 - 6) =30 mm

X-Y Decentres (Lenses-B -5 - 6) +2mm

Tolerances of compensators (repeatability)

Axial position =50 um

X-Y Decentres + 30 pm

Tolerances ofDOF

X-Y Decentres +0.5mm
X-Y Tilts + 0.5 mrad
Axial Position 0.5 mm
Montecarlo trials residual WFE (Z > 4). Median residual WFE (Z > 4). LGS FoV =45" radius
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Figure 44. Monte Carlo trials for manufacturing errors of the LGS Objective optics. Left: variation of WFE at
the LGS Objective image plane wittspect to the nominal value as a function of Zenith angle. Right: median
values of the left plot, different colours correspond to different positions around the 45 arcsec circle FoV of the
LGSs.



Montecarlo trials residual WFE (Z > 4). Median residual WFE (Z > 4). LGS FoV =45" radius
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Figure 45. Monte Carlo trials stface irregularities of the LGS Objective optics. Left: variation of WFE at the
LGS Objective image plane with respect to the nominal value as a function of Zenith angle. Right: Median values
of the left plot, different colours correspond to different fiass around the 45 arcsec circle FoV of the LGSs.
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Figure 46. Monte Carlo trials for DOF tolerances. Left: variation of WFE at the LGS Objective image plane
with respect to the nominal value as a function of Zenith angle. Ritgdian values of the left plot, different
colors correspond to different positions around the 45 arcsec circle FoV of the LGSs.
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tolerances.



7. MAORY optical alignment concept

The sensitivity analysis aspto-mechanical toleraze of MAORY is a crucial stejo plan the
alignmentconcepthat would be required in the AlV phaskthe instrument. In this Section,
the logic behind thecgence path alignment as well as the criteria in choosing compensators

are described

Thescience patloptical alignment plan is based aughly positioning the optiosithin the
precision of daser tracker, then using TT and axial adjustmentgfine the alignmentt is
important, as first stepo definea local and global coordinate system origin. Theoydinate
metrologycan be used to aliggach optic (or subsystem) in XYZ with respect toM#&ORY
global coordinate system origiBad optical element is installed on the main structure by
meanf the optical mounandan interfaceplate.A kinematic interface between the interface

plate and thepticalmountis foreseernwith a repeatability ofens of microns
Themain stepdor the PFRalignment are the folloing:

1. The opticsarepre-aligned in their mounts prior to installation on thgtical bench
structure.

2. Retrospheresreinstalled on the optic and their coordinaaesknown with respect
to the optidocal coordinatesystem. These local coordinates will then be transferred
into theMAORY global coordinate system.

3. The laser tracker system reads the repbere locations once the interface plate is
installed on the optical bench. Then it is shimmed and settled intoopa@ccording
to the lasetracker measure.

4. Once the optics are gerly located on the benctiney haveto be aligned withthe
optical axis.A laser beam defines the incoming optical axis asdwace simulator

is used to align the rest of the system.

The DOF, used as compensators of misalignments, are rigid body motions of each optical
surface that can be contied by active components (e.g.haxapod structurer other

automatic adjustmentiuring operations. These are:

1 Tiltinx and y axes
1 Decentein x and y axes

1 Axial position



The active compensatorsaild work in combination with th@etrology system that provigde

the necessary information to change the optical path according to estimate misalignments.
The idea is to analyse all the availaDl®F and select the best set of compensators that can
control the system performances to required accuracy. This method is based on SVD and

regularization of the sensitivity matrix.

The DOF sensitivities are measured in terms of Zernike coefficients abedld. By
perturbing each of the individual DOF for each optical surface, the change of each Zernike
coefficient is recorded in a matrix whose rows and columns are respectively the total number
of Zernike values per field point and the total numb&®©fF. This sensitivity matrix includes

all the necessary information to simulate alignment using the best set of compensators. It is

defined as:

Si= DDx

Where the WFE is decomposed into n Zernike polynomiatsi€®, n) and the RSS of i
the t ot alQxwWeéasured fdm the nominal configuration as:

(Zperturbed, - Znominal,) / (jth DOF perturbation)

During the alignment phase, the Zernike coefficients are measured for different field points
by means of a SMVFS and once theoupling between DOF and their effect on Zernike

coefficients is understood, a solution on misalignments could be found.

Letds consider the Zerni ke coefficients as

and all the available DOF listed in act@r (xdof). The relation between the two can be written:

MF =f (Xdof)

The goal is to find the bestor that minimize MF. This relation could be nénear and
interdependences between DOF could occur. The method followed to solve the problem is
based on the one describey Chapman et a[42] where, through the\® of sensitivity

matrix, the Eigen vector define the best set of DOF used to compensate for misalignments.



The sensitivity matrix is decomposed as follow:

S=UmvT

Where U and V are column orthogonal matrices and M is a diagonal matrix containing the
singular values listed in decreasing order along the diagonal. They are always positive
numbers and define the strength of the type of aberration that result from<hatigeDOF.

The most sensitive aberration due to a set of DOF misalignment has the largest singular value.
Columns of U are Zernike coefficients introduced by changes in DOF listed in columns of V
and whose strength is given by the M singular values.gbla¢ is to find the most linearly
independent set of compensators within the sensitive subspace of aberrations. This is done by
truncating the sensitivity matrix until the sum of residuals of the new singular values are below

a given threshold.

Thetrunat ed sensitivity matrix S0 contains | e:c
conditioned. The converging solutions in terms of changes in DOF that minimize the WFE is

the following:

OX -\=0Wét-Ub-Z

Wher eOWNB'V@ ) is the pseudinv er se SVD of S6 and Z is

aberrations.

This method gives accurate solutions only when the misalignments of optical components are
located within the linear regime of sensitivities (i.e. perturbations around the nominal
positions). Incases of large misalignments, a new algorithm for minimization process must

be used.

The method implemented for MAORY is based on damped least squares algorithm of
Zemax® raytracing software. Once a merit function for system performances is defined, the

goal is to minimize the function:

Bw w 7Y
Bw




Where V is the current values of each Zernike coefficientghd@ target values, andi\the
weight. The best set of compensators is defined by the method previously described and their

perturbations, that should be corrected to align the system, are found by minimizing MF.
Thedevelogdalgorithmis based on ZPL macr@ndoperates as follow:

1 Read the Ernike values from the SM/FS located at different field points

1 Allocate the Zernike values to target column in merit function editor

1 Optimize the system using the Zemax damped least squared algorithm

1 Read the perturbed compensator DOF. These amniga@ignments that generated

the measured Zernike values and that should be compensated.

sﬁ\/%tt%erlrh —-— } Corrections to align the actual system
Zemax Get compensator
optimization perturbed DOF
Nominal [
system

Figure 48 : Flow diagram to give a syntetich view of the alignment process

7.1 Ray-Tracing simulations of MAORY main path alignment
TheMAORY FoV has to ramage theELT focal plane with diffraction limited optical quality
and low geometric distortion. To keep track of optical distortion during the alignmeet, a
of artificial sources arplaced at the entrance focal plane to sateibre-imaged star field by
ELT. To exactly reproduce the ELT focal plane, soeirces must be fixed with a proper chief
ray angle in order to reproduce the E&Xit pupil positonand shoul d del i ver
limitedd images. It is possible to test the aomd of optical distortion by measuring PSF
centroids of twasource that are at the same distance fromRo¥ centre. In the real case,
the FoV rotates at different speeds as the teledcagksand a deotator is used to counter
rotate the field. Durig rotation, imagedairces dondt follow a circl
distortions. This introduces an error that propagates in the ceotadion and translates in
PSF elongation.



Analytical description of how we test distortion is showRigure49. A source of coordinates

"Q RQ , keeps the same radial distaiterom the FoV center when the optics are distortion

free. If we measure the coordingf@ HQ that are different from analytical expectation of

rigid body rotation {Q , Q ), these deviations are values used to quantify optical distortions.

For a given rotational angie, the differences’Y 'Y are additional targetalues of the

merit function.

Y Q Q

M QA0 QOEI

N QAITO QOEI

Y Q Q

OQi 0€1 vQeve

Figure 49: Pinhole mask concept and analytical evaluatidriield distortions

In addition to intrinsic optical distortion, mirrors misalignments related to environment

effects, shift the optical axis in a way that it is no maligned with the field deotator
mechanical axis. The mismatch generates stas tes shown inFigure 50 and can be
compensated by tilting M1 hat 6 s

for geometric distortion.

FP shift
—_—

Field de-rotation

r «iles ssoadditional coenpledsatdvisl 1

+» MAORY FoV centre
° MICADO FoV centre

Figure 50: Geometric distortion due tiwtator errors Focal plane shift w.r.trotational axis.
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Considering distortion, the developed algoritbperates as follow:
Measure the Zernike coefficients from tBEWFSdocated at different field points
Measure the distortions as definadrigure49.

Allocate the Zernike coefficients to target column of the merit function.

= =4 =2 =4

Optimize the system using the damped least squared algorithm and the compensators

as variables
1 Allocate the distortion values to target column of the merit function.

1 Optimize the system using the damped least squared algorithm aMiLaddts as

variables ifnecessary

1 Read the perturbed degree of freedom of compensators. These are the misalignments
that generated the measured Zernike coefficients and distortion values and that should

be compensated.

To test the accuracy of the Zerdaased algorithm, 500 Mont€arlo trials were run
simulating randm misalignments of different magnitudes. Monte Carlo trials follow a normal
distribution for considered DOF maignments.The maximum amounof misalignments

assignedo DOF are as follow:

1 Decentes=+1.1 mm
M Tilts =+ 4.5 mrad

1 Axial position =+ 1.1 mm
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Figure51: From left to right : distribution of DOF perturbations given by Montecarlo Trials for mirrors axial
positions, decenters and Tilts



The sensitivity analysis identifiedleven DOF as best set of compensafor WFE. A
schematic view of necessary compensators is showigure52. X-Y Tilts of five mirrors

plus one mirror axial diance are enough to compensate WFEs but, in addition tavthat,

tilts must be controlled to avoid misalignments between the optical axis and the rotational

axis of field derotator.

Given the same set of 500 Monte Carlo tridig,a@lignmentsimulation was ruigeveral time
varying different parameter3his approach was adopteranalyse all possible error sources
that could affect the measurements and the accuracy of the algorithm. The variable parameters

among differenalignment simulatiogare the folloving:

Field sampling: related to the number and geometry of the saurces
Errors on artificial sources position w.r.t. the nominal stars positions on sky
Mirror surfaces fregularities related touncertaintiesn the measured WFE data of

mirror surface

To give an idea of the effectivenasscorrection of misalignmentgigure54 andFigure55
show the starting point in terms of WFE and geometric distortion of the syisteaghthe
Monte Carlo trials. Considering Bield source®n aregular grid,sampling the entiréoV,
the medan resultsof the alignment procedurare very close to the nominal system

performances showed kigure28 andFigure29 (left).

Figure53 shows the distributions of movemenas result of the algorithm outptitat DOF
compensators had to apply through the Monte Carlo thiaks extremes of each distributions
are almost theasne even in presence of different sources of error which are described in the

following Sections.

Compensator WFE | Distortion

X-Y Tilts compensators
Extra
Compensator
Distortion M6 - M7 - M8 | M6 - M7 - M8 -
Distance Dichroic - M9 - M10 M9 - M10- M11

(] Axial position compensators
Tilt x-y M8/DM1
T M7 7 M8 M7 7 M8

Figure 52 : MAORY science path optics and thBIOF compensators. Boxes and greeolor indicate
compensators necesgao achieve diffraction limitedptical quality during the alignment. Cyasolor indicates
additional compensator motions to achieve the requested optical distortion.



M11

M6 - M7 - M8 - M9 - M10 M3 o
200 LI o e B0 [T T T T T T T T T T T T TR

500 & -

150 — £ 5
400 £ E

Frequency
=

=)

8
[T
Lol

Frequency
IS
5]
I
|
Frequency
w
<}
a

w
=3

2 0 2 BT 0 1
Tilts compensation (mrad) Axial compensation (mm)
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2615 2858 3100

Median RMS WFE

100 _l T ‘ T | T ‘ T ‘_ 250 l T T T | T T T I T T T | T T T \_
| i bt |
- Al i§ i
_ 5ol AN ] 200 : -
9] - - :E :
g B il b= [t .
g C 1 S 150 —
© L 4 o [ ]
= 0 N 1 = e ]
= C 1 T a i
i) B 1 L 100 -
[ B 1l w B 1
T 50 F i ]
_1001'...‘;.‘.J|‘.‘.\.‘H' jF I i ]
-100  -50 Q 50 100 0 R e R

X Field (arcsec) 0 ZOO%MSAr(\]/\(I)EE (EI%())O 8000

14 53 92

Median RMS WFE . .
100 7I T o | T T T 7T | T T T T | LI \7 r TTT ‘ J+\‘-I | T 1T ‘ T 1T \_
i N 10000 — E 7
i ] F = -
L J - c -
- S0f ] 8000 [ g ]
o - - [ T ]
g - i T C & ]
A ] @ 6000 £ =
o - 1T I " 1
] o 19 | E =
[ N 7« 4000 ]
> 50 ] .
N ] 2000 .
R P R S B : ]
109100 _50 O 50 100 0 1 i 111 ‘ 111 ‘ - | | L | N - ‘ L

20 40 60 80 100 120

X Field (arcsec) RMS WFE (nm)

Figure54 Bl ack square i s t h éTopMdwiRgH:QD FRIVE WED Bapf medaw values
given by the Monte Carlo trialhat simulate system misalignmeniteft: distribution of values given by the
Monte Carlo trials.Every field point is above the diffraction limit due to misalignments. (Bottom Rayhy:
2D RMS WFE mamf median values given by the Monte Carlo triafger the alignment proceduré eft:
distribution of values given by the Monter{@atrials. Values are very close to nominal design.

By using the reverse optimization on compensators and applying the computed DOF
movements, the system performances reach vahatsare very close to nomin&esults

from Monte Carlo trials reveal th®®0% of aligned systems, following the algorithm



previously described, are within 4 nm of residual WFE and within the limits for optical
distortions (see Sectidnl.l).
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Figure55: Bl ack square i s t h dTopMowiRigbt@D disBiion tnapdf medavvalues
given by the Monte Carlo trialthat simulate system misalignmeritgft: distribution of values given by the
MonteCarlo trials. Median values are above the performance limit due to misalignments. (BottorRigh)
2D distortion mapof median values given by the Monte Carlo triafter the alignment procedure eft:
distribution of values given by the Monte Carlials. Values are very close to nominal design.

7.1.1 Field sampling

Field samplingshould be considered to address the best ratio of alignment performance and
number of sourcesSince the artificial source, as further discussed in Segtignmust
reproduce the ELT focal plane with the right exit pupil posjtidififerent geometries of
sources wergnvestigated to find the most reliakile terms of mechanical manufadng.

ELT is nottelecentricand the chief ray angle of a star changes along the pupil radius (see
Figure 66). Thus, at the focal plane, if the sources will be fixed on a circumference, they
would have the same chief ray angle reducing the complaxityerms of mechanical
manufacturingThe consideed sources number and geometry are shoviagre 56.



Figure 56: Artificial sources numbers and geetry The black square is the MICADd2tector FoV.

The simulation was run considering three different set of 5, 9 and 12 sources. The results are
summarized irFigure 57 in terms of mean residual WFE.is the difference between the
meanRMS WFE across the entire FQWetween the@ominalvalueand the measuredilue

after the alignment procedurBoxplots are the distributions of values across the 500 Monte
Carlo trials. To highlight the stability ¢fie algorithmFigure57 also shows the outlier values

of the simulation Except for theéd sources caséhe maximum geometric distortion of each
realization is lowethan 1.5um (within the MICADO FoV)

Figure 57: Residual RMS WFE. It is the difference between the nominal WFE and the measured WFE (mean
acrossthe entire FoV) after the aligment procedureBox plotsshow minimum and maximuwalues and
quartiles of Monte Carlo trials distributiorOn the right, the values of outliers are showatliers are those

values that are either less than Q3 * IQR or greater than Q3 + 3 * IQRvhere QL1 is the lower quartile, Q3

is the upper quartiland IQR is the inner quartile range (Q®1).






















































