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“ What is MORFEO

« MORFEO (Multi-conjugate adaptive
Optics Relay For ELT Observation) is
the MCAO module of the ELT

e It's called an ELT instrument, but it has
no focal plane

« Large field diffraction limited correction

{e]p
* MICADO - NIR imager and long-slit
spectrograph

* HARMONI — NIR Integral Field Unit
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“ Morfeo - Micado - Harmoni

MICADO — NIR spectro imager
* SCAO and MCAO mode fed by MORFEO
20" (1.5 mas/px) + 53" (4 mas/px)
*ltoK
*16-48 mas long slit R=<20000
* 50 uas relative astrometry

HARMONI - IFU
*SCAO and MCAO mode
*FoV 1.3/5.3" - 6/25 mas/spaxel
[toK
*R=7100
» Originally standalone- Now fed by MORFEQO
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m 3 projects - 1 system (?) Pt

ELT M4 DM

MORFEO DMs

MORFEO LGS WFS

MORFEO NGS WFS

MORFEO RTC Y (HEART)

MORFEO CU

Y

same design
?

same SW —
copy HW ?

Y + hosting ?

Y

static

N

N (DAO)

hosting

Y

static

N

N (Cosmic)

hosting ?

Interdependence require tight
consortia collaboration

ESO created an MMH team to
as:)sist AO activities (S. Oberti &
co

Great potential for reuse of HW
Commonalities at system level:
analysis, design and test
MORFEO, HARMONI and MMH
teams share common platforms
(e.g. PASSATA / TIPTOP /
SPECULA simulator)

SCAOs excluded from this effort



*3 DMs (M4 + 2 post-focal DMs, ~7000
acts)

« 7 large mirrors + dichroic (~1m @)
«6 LGS WFSs (~50000 signals)

*3 NGS WFSs for:
* Tip/Tilt/Focus (J+H)
« Reference loop (R)
* Derotated by MICADO

* Calibration Unit for AO and Instruments
* Gravity invariant

* Thermal passive insulation

*/x7x4m — 30 tons
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Strumentazione ELT a guida
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\ MORFEO as a system
\ Requirements flow down

req [Package] 1 - MORFEO Requrements [ 1 - MORFEO Requirements ] ]

a - MORFEO -ELT MCAO- Technical Specification - Baseline 1.0
th

«requirements |
Tech spec
Id = "R-MAO-1" ‘

= |
! | erefines
| I
«AstronomyorientedRequirements 1 ‘ .
tech spec requirements. ¢ - Common ICD between the ELT Nasmyth Instruments and the Rest of the ELT System - Baseline 3.0
1d = "R-000-1"
levelvalue = 1
Rational = Direct flow down
Text = "Root for all 000-1 tech
spec deriven requirements”

b - Common Requive;nenls for ELT Instruments - Baseline 2.0
1- External interfaces

[requrements
Common

EELT
| Requirement
[lg="RINS-1"

5. Subsystems 3 System Use Cases

2 Micado Calibration Unit ‘
h

9. PLO Laser G’uide Star Wavefront Sensor |5 - SFO Post Focal Realy Optics

2LOR module | 1 [ | 1
h 10 - PDO Deformable Mirrors 7 - PUO Calibration unit 4 - PTO Thermal control system | -3 2-Internal Interfaces

6 - PFO Oplo}l\echanical Mountings 8 - PNO Natural Guide Star Wavefront Sensor

2-Internal Interfaces N2 diagram

1 ! 1 [
11 - PRO Real Time Computer | 3 . PMO Main Structure 12 - PV0 Test unit

) )
1-PS0 Instrument Control Software 2 - PHO Instrument control Electronics
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MORFEQO as a system (External
INnterfaces

rO——

0 . MORFEO Context
teccad indliume: 8
Harmony
MAZSI O o (0o o darfac
@ niecfazen

¢ Optical nter
- Nate o

MAQ MORFEO Optical MAO MORFEQ Mechanical
Catprminatc Neta o
Tire Rafecence Nase on

MAO MORFES Bectrical 2
56 (O MICADO :MICADO

MA LS - Opte ol rrtertace (O

MAO MORFEOD : E-MAD

M O Optical marfate (Of 2 - o
NAIUA O ~Opitc ol metace (O¢ - -
~Cptca roacface (O

fasmyth patform : Nasmyth Platform
MRUA M shechancal Thacmal mtertace (M

M - Mechanic sl Theomal merface (W
MA M Machanc ! Thermal merface (M
o 3

~Mac hanic ol Thermal Itactace (M1
“e :
L -

B Becreal bertace (8
e e NAIVA B ~Becvial nertace (B
VEVA S ~Becres Merface
NAZMA Q1. ~igue riecfece (O
18 - Moz hankc ol Thenmes rdert “Mec fanc ol Tharmal Foertace (M

O Lgua rerface (O

NAIMA DN

terminiatc Contral Neth ork (ON)

(- Trre Materans e Natw ook S

CRIVA TN . ~Time Reterence Netw ork

CRIVA M ~Mechanc al Trecmal interts ~Detacrwste Comrs Netw aov

CR2VA D

CRIVA DN - Dusermmate Conties Natw e

CRIMA TN Time Mafecen:

computer Room : Computer Room

CRIMA M - Mechancal Theemal inmter?.

CRAUVA B Dectrcw rtwrface (B
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MORFEQO as a system (Internal
Interfaces

phkg [Package] 2 - nternal reerfaces | 2

«Physicel Products
PNO LOR Wavetront Sensor
«tocks =] ebicchs =] thcronym = PN
PFO Optomechanical Mountings PUO Calibration Unit Dasarigton = "PNO LOR W

Elament Type = Assemohy

bk =
PT0 Thermal Control System

«biocks (=] ebiocks ]
ot Seracr cblchy PWO LGS camera PRO Real Time Compater
«Physical Products «Prysical Predects f§

2. PDR Structure

atlocks
<Prysial Prodects
E-MAO-PHO

Y )

Prysial Products
£MAO-PMO

ocks

PTO Thermal Control System

biocks =]
PRO Real Time Computer
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m MORFEO as a system (Budgets)

Subsystem Peak power | Average Safety = -
e Mass Kg consumption power power Unit Power (W) | Flow [I/min]

w ti w i
wp main structure 12430,00 (w) :&;;Sump ion | (W) cabinets 4369 853

wp optomech 2930,00 Enclosure 3924 18.20
wp DM 1744,00

PDO - Deformable Mirrors Recirculation 1440 2.73
wp CU 385,00 :

P 993‘00 PFO - Post Focal Relay Optics MORFEO Sub-Total
WP ngs ’ PHO - Instrument Control Hardware (Power _
wp Igs 625,00 Ml Distribution Cabinet) With Cont. 10706 32.40
wp electronic 3727,00 PHO - Management of cabinets (PEC, PFROC, MORFEO Tech Specs 14800 30
wp thermal control 350,00 AC and 8th cabinet) . _
tools 2000,00 PLO - LGS WFS Unit Power (W) | Flow [I/min]
total 25189,00 PMO - CU selector cabinets 3179.9 6.1
totl withmargin 29546,70 PNO - NGS WFS Enclosure 324395 o1

PTO - Thermal Control System
30000,00 Recirculati
PUO - Calibration Unit €circulation 240 1.2

PWO - LGS cameras MORFEO Sub-Total 6919

9733 29.46

Requirement

With Cont. 7610
MORFEO Tech Specs 10400

Total
Total with contingency
Requirement

Strumentazione ELT a guida italiana - Napoli 12 maggio 2026 10



MORFEO as a system

Operations

1

sLife Fhases
Phase D

Design Phase

?

L hazes (g
Phase A

Eurocpe
Inte gration

wl hases
Phase B

Departure

Fhases |
Transport
to Chile
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Fhases
Phase E

Fhases
AIV with ELT

Inte gration
Assembly
arsa

Inte gratio
on Nasm yth

aLife Ph:
Comm issioni



w\ MORFEO as a system
(Operations)

éélibration Special Operatioﬁs -

* Maintenance

L]

Daytime Ope‘rations’ L
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m Risks and Issues

e (inter)Facing to a telescope not yet in operation
o requirements in evolution
o ‘“standards not clear”
o Adaptivity
e Mix of various project is a potential killer
o Different evolution phases

m Micado
m Harmony

o Different attitudes
m Politics
m Consortia Vs Industry

o Different Approach
m Request changed over time

e Late decisions have huge effect on schedule and costs




“ Optical design

 Relay 1-to-1 with 5 mirror + 2DM+
dichroic (589nm transmitted).

- F/17.7 - flat output focal plane.

- Can serve 2 ports.

- 160" @ transmitted field.

- LGSO r=45", F/5 telecentric

- Throughputs:
« INS 0.79 - to MIC input
- LGS 0.24 - incl. QE
« NGS0.32 -incl. QE

Optics under procurement now
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m Deformable Mirrors DM1/
DM?2

» Optical conj. 17.5/6.5 km

« # Actuators 1026 / 1147

« Spherical Convex / Concave

* Diameter 930/ 1224 mm

» AdOptica voice-coil technology

« In manufacturing phase
» DM2 delivery Oct 27
* DM1 delivery May28

: DMZ Cold plate

R —
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» ASpherical Concave
 Diameter 1190/ 1230 mm
« Radius of curvature 38403
« Zerodur

 In final design phase
* LLlreview passed
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N\ Flat Mirrors M6M MTIM M12M |8
FMT1and FM3

Flats

« Max dimension
950/1200/724/1060mm

« Radius of curvature infinity

» Zerodur

« M11 and M12 active tip tilt
(0.4deg,1arcsec)

« M11 port selector
« cft Technical evaluation
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m Dichroic

* Flat

« Diameter 890 mm

« Radius of curvature infinity
« Silica

« Reflect all but 590nm

» Under Final design
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m Japan contrib FMCU CPM

» Flat + Flat/Aspheric offaxis
* Max dimension 950/800mm
» Zerodur/Suprasil

» under final design
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“ Laser Guide Stars Objective

e Transmits 589nm
e Delivers

o F/5Beam

o Telecentric

o Gravity Invariant
e Optimized for

o 45"

o 84 to 180km conj
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m Calibration Unit

* NGS Mask

* LGS moving Mask
 OFDR passed

« KOM soon

3038800

QH@ODQ

ag_tag 28 e 000

OO® 0 e o0

(e o (5O N Yol
(8 fo N(a (0)l0) 0) 6

dc‘gggbb

[:] MM ST termination fiber
[j SM+MM ST termination (dual core ferrule)

. SM ST termination
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« CU+DM
« MES-TAC-Minitac
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LGS WFS module
6 LGS WFS @ 45" radius fixed

* SONY IMX425 detector, 1100x1600px
500Hz (e.q. First Light C-blue)

«68x68 subaps, 1.17"/px ;
*16.4" FoV square aligned with spot |||

elongation i 5
« Common focus to track elevation g | [ L o
» Derotator to track pupil 3L S i A
« Individual pupil steering mirrors Tl system

pppppp
eeeeee

* FDR completed (waiting for board
report)

Detector
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w\ LGS WFS Module

Calibration

LGS WFS module pev
6 LGS WFS @ 45" radius fixed
() . . ) Translation

SONY IMX425 detector, 1100 0>
500Hz (e.q. First Light C-b L1 ]

68x68 subaps, 1.17"/px

16.4" FoV square aligned
elongation

Common focus to track el
Derotator to track pupil
Individual pupil steering

FDR completed (waiting fq
report)

Interface

1slet Array
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m NGS WFS Module

From M12 NGS WFS module
SCAO «3 Low Order and Reference units
WES -fl?alréially overlapping 160" patrol
ie

* Field derotated by MICADO

MORFEO
«LO: J+H band, TkHz, ADC, FREDA
NGS WFS « 1x SH 2x2

» 2x Full Aperture with LIFT
 Ref: R+| band, SH 8x8, 4.5" FoV,
10Hz, ALICE
« Each unit has XYZ positioning and
pupil steering
* FDR completed (waiting for board
report)
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SCAO
WES

_ T L SCAO
2y ‘ (MICADO)

=% N ORFEO
NGS WFS

MICADO
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NERRWIRS
Module

NGS WFS module - LOR

3 Low Order and Reference units
. ]Ealréially overlapping 160" patrol
ie

* Field derotated by MICADO
*LO: J+H band, 1TkHz, ADC, FREDA
* 1x SH 2x2
» 2x Full Aperture with LIFT
* Ref: R+l band, SH 8x8, 4.5" FoV,
10Hz, ALICE
« Each unit has XYZ positioning and
pupil steering
* FDR completed (waiting for board
report)
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MORFEO AO control

 Reconstruction MMSE estimator (w/
noise priors) on virtual DMs

* Projection to actual DMs is optimized for rols
the desired science FoV. t

* Pseudo-open loop control (POLC). |

Ref WFS #1

« Tomography is split between high order I
modes and low order modes. o >
!

Combiner

» Tomographic truth sensing.

» TT temporal control:
*lIR filter with =2 poles and =2 zeros.
» Adaptive Vibration Cancellation.

» Focus from Ref WFS or 2x2 LO WFS rowrsss
» Petalometer ronrese

HO WFS #1

HO WFS #2

TT and Focus filter

HO WFS #4

HO WFS #5
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w\ Focus control

Overall residual PSD

. . . is dominated by
* Focus induced by sodium altitude Sodium (Na) layer
evolution is faster than atmospheric svolufion

focus for ELT — Focus from NGS to
correct field-averaged Focus.

« High sensitivity to Sodium Profile lateral g 'rg;gii{fgsrange
variations (5nm RMS/m) — Focus from 7 [ turb, res, |considered™Ry
LGS is filtered out. — Nares. | netubulence

correction is effectg

» On the ELT we can talk of LGS Tilt & overall xes.

Focus indetermination ) - o
1.0 10.0 100.0
frequency [Hz]
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* Need a petal sensor to keep the
system phased and sense Low
Wind dome turbulence

* LIFT on both Tip/Tilt LO WFS
creating a defocused spot on the

Co-phased LIFT spot LIFT spot

FRIDA detector LIFTspot  with with
«10% flux petal scrambled

- — telescope
- spaced 0.6" from focused spot - =

« 2 units -> multiwavelength to
extend the capture range

*Narrow bands (30nm) at H
boundaries

* New ESO dome seeing volumetric
simulation to be analysed
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WOl Real Time Computer

HRTC (Hard Real-Time Core) based on HEART, developed T
LGSTT-ctrl

a_t NRC LGSTT-Proj -—.
* AO pipeline from 12 WFSs to 4 DMs and 6 JMs: slope 1
computation, modal reconstruction, truth sensing, loop wsios | HO Filt

control, petal control, LGS jitter loops. - o S

WFS-LGS

DMs FEEDBACK

» 4 dual-socket AMD EPYC

DMs FEEDBACK

SRTC (Soft Real-Time Cluster) based on the ESO RTC - H

Toolkit, customized at INAF T;;;-g ® 'm
X [

« 68 (!) auxiliary loops: control matrix recalculation, LIFT
(petalometer), misregistration monitoring, offload
computations, LO gain optimization, ... —

* HRTC configuration and supervision, PSF-R data
recording and storage, performance estimation,
interface with ICS

LO Filt

DMs FEEDBACK

* 3 dual-socket AMD EPYC + single NVIDIA GPU + 3 Xeon
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m N-dim performances

MORFEO performances depend on many parameters
Seeing —
Cn2 profiles
LGS asterism radius L Afew

Elevation configurations
Scientific field size _

NGS asterism shape - H : f
NGS magnitude uge variety o

combinations

A statistical approach
« Choose a configuration
« Simulate once the High Order AO correction in the field
« mimic 1000 asterisms at SGP and
« compute Low Order performance with semi-analytical approach
« Histogram performances (cumulative distribution function)
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Strehl Ratio
Encircled Energy
FWHM (mas)

SR(K) 16x16mas

0.4 0.6 0.4 0.6
Sky Coverage Sky Coverage

.. and similar plots for

Cumulative Distribution Function:
atmo profile (Q1/median/Q3),

« 1000 pointing at South Galactic Pole _
. . ... . " MICADO field (small/large)

« median atmospheric conditions - seeing 0.64 wavelength (I to K)

« 60" scientific field

« 7=30°
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w\ Performance drivers A

« Performance is primarily determined by the brightest NGS magnitude, then by the NGS barycentre
distance from the center.
* In the bright regime, 2NGS and 3NGS provide similar performance

Fitted SR

ATM=Med - LARGE FoV - z=30

12 14 16
H mag of brightest NGS

credit S. Oberti, E. Valenti
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New refined specs: science driven, unambiguous,
verifiable, and deterministic

Different performance regimes:
ATM=Q1 SMALL FoV - 2:30“:

* Medium conditions / large FoV

« Bad conditions / small FoV

« Best conditions and 1 faint NGS

ATM=Med - LARGE FoV - z=30°

12 14 16 18
H mag of brightest NGS

credit E. Valenti
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m Technical Specifications recap

Atmospheric profile Q1

Scientific Field size

NGS

Brightest NGS [m,,]

NGS barycenter

Sky Coverage @ SGP
Strehl Ratio (K)
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w\ MORFEO performance

SR in the field vs atmo & NGS SR in the field vs wavelength

| MICADO
I FoV

distance [arcsec]
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MICADO
FoVv

Q1 (seeing = 0.43”)
2 NGSs, H,,,=16.0

min

40 50
distance [arcsec]




Doc. Number: ESO-662349 Table 2: Total number and density of available NGS within the targeted fields, for
MCAO and SCAQ Sky Coverage of MICADO on Doc. Version: 1

S ‘ : both SCAO (i.e., GaiaRP<16) and MCAO (i.e., 9<H<21, and R<23) modes.
parse Science Fields Released on: 2026-03-23

Page: 2of21

SCAO MCAQ
Authors Field Name Stars Density Stars Density

Name Affiliation [counts] | [counts/arcmin?] | [counts] | [counts/arcmin?]
Elena Valenti ESO HUDF } 1026 0.12 8772 0.99
COSMOS r 1803 0.15 17694 1.46

uDs- 642 0.10 7123 1.12
CANDELS '

HDFS . 651 0.21 4817 1.53
Abell2744 . 444 0.08 3649 0.66

The luminosity function (i.e., magnitude distribution) of the suitable NGS for both SCAO and
MCAO mode is reported in Figure 1.

1000

Field
HUDF

COSMOS

UDS-CANDELS

HDFS

SCAO

Figure 4: lllustration of how users can rapidly overlay selected targeted sources (red
crosses) onto the generated MEF using its WCS information to assess observational GalaRPmag

feasibility. The example displays MCAO (left) and SCAO (right) MEF for the COSMOS Figure 1: Luminosity function of the potential NGS found within the targeted fields
field. for both the SCAO (left) and MCAO (middle and right) case.
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e Doc. Number: ESO-662349
+%§* MCAO and SCAO Sky Coverage of MICADO on Doc. Version: 1
e Sparse Science Fields Released on: 2026-03-23

Page: 2of 21

Field
HUDF
COSMOS
UDS-CANDELS
HDFS
Abell2744

Sky Coverage Fraction

c
o
=
9]
©
[
-
[
o
©
=
[
>
=]
(]
>
A
]

Field
- HUDF —— HDFS
— COSMO0S Abell2744
UDS-CANDELS

0.3 0.4 : o1 0.2 03
icted SR(K ‘ ' ' '
Predicted SR(K) Predicted SR(K)

Figure 8:SCAO sky coverage fraction as a function of the predicted average SR(K)

for ATM=Med (RD5) and z=30°. Colours refer to different science fields as shown in Figure 13: MCAO sky coverage fraction as a function of the predicted average SR(K)

the legend. for ATM=Med (RD5) and z=30°. Colours refer to different science fields as shown in
the legend.

credit Elena. Valenti
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High Orders

Tomographic error

Generalized fitting error
HF fitting error

Measurement noise error

Most of the terms are evaluated in the Temporal error

Reference Loop

E2E simulation with PASSATA Corecton esiual

Truncation error

For good & [EGIEN seeing the dominant S
. . Non common field aberrations

term is tomographic error NORFEG ey
Res. Des., Manuf. and Align. PFRO

In BELS| seeing the large TTF are caused by N

Fitting error on DM1

bad IQ on the NGS WFS ~ Fittingerror on DM2

Vibrations of post focal DMs

Calibration errors

A TT cascading control cooperating with P/ su-aperres ismaih
. eriodic update o control matrices

the ELT WFSs should improve Telescope |
. . Residual HO Telescope (M1 & M2)
performance in the cases dominated by Telescope dome seeing esidua

Low-Wind Effect
th e Wi n d S h a ke Telescope Off-Axis aberrations

Low Orders

Residual Windshake
Tomographic error
Temporal + Measurement noise error

WFE budget

Field average focus
Temporal + Measurement noise error
Anisoplanatism error
Others

Contingency
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EE(16mas) FWHM
38 13

19 9
6 8

Scientific Field size
NGS 2+
Brightest NGS mH<16
NGS barycenter <40”

Sky Coverage @ SGP >50%
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m Medium condition - large field

EE(16mas) FWHM
28 14

10 9

Scientific Field size
NGS 2+
Brightest NGS mH<
NGS barycenter <40”
Sky Coverage @ SGP >50%
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EE(16mas) FWHM
16 14

Scientific Field size
NGS
Brightest NGS

NGS barycenter

Sky Coverage @ SGP
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m Faint single NGS — High SkyCov N

EE(16mas) FWHM
34 14

Scientific Field size
NGS
Brightest NGS

NGS barycenter

Sky Coverage @ SGP
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Optical layout

Envelope

+ 5e+03 mm

Telescope focal plane

N M9M/DM1
M10M/DM2 — Sky (no moon)

-
e o
= >
= o
a 2,
2 8
—

- 8
%5 =

M10/DM2

Sky/ELT
~—— Sky/ELT/MORFEO up to LGS dichroic
—— Sky/ELT/LOR up to VISIR dichroic
~—— Sky/ELT/LO-WFS up to LA
—— Sky/ELTALO-WFS

/. LGS Objective

Dichroic <=

Lateral vie

Nasmyth Platform

Telescope focal plane 44—

Top view
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Nominal 98th perc. dist. + AO Source Pointing stability [mas]

15 minutes 1 hour

Stability of LO 1.5 6
WFS
£ MORFEQ relay 1.14 4.9
= distortions
Atmospheric 0.45 1.8
0 20 40 60 80 100 120 refraCtlon
Field rotation [d:zg]

=75 =50 -25 0 25
x [arcsec]

Total [mas] 3.09 12.7

« Both MICADO and HARMONI don’t
have flux-in-slit feedback
» (Collaboration MORFEO/HARMONI
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SCIENCE TEAM*

F. ANNIBALI (Project Scientist)
C. ARCIDIACONO (/nstrument
Scientist)

M. CANTIELLO, P. CILIEGI,

V. D'ORAZI, M. DALL’ORA,

G. DUCHENE, S. DOUTE,

A. GOLDLN, C. GRUPPIONI,
Y.HARIKANE, S. [EVA,

A. LUCCHETTI, F. MANNUCCI,
E. MAIORANO, A. MARASCO,
M. MENEGHETTI, D. MESA,
E. MORAUX, K. NAGAMINE
M. PAIOLA, L. PODIO,

M. REDMAN, P.SARACCO,
M. SPAVONE, E. VANZELLA
S.ZAGGIA, A. ZANELLA

MRFEO Organization

ESO

INTERF{(%O ESO

TECHNICAL ADVISOR
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CU&TU

e 18 H band sources.

e 61 R band sources.

® 6 sources at 589nm with 2
conj. alt. (104 and 150km).

® TU can host a ground DM




