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What is MORFEO

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

• It’s called an ELT instrument, but it has 
no focal plane 

• Large field diffraction limited correction 
for: 

•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)
• I to K
•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
• I to K   
•R=7100
•Originally standalone- Now fed by MORFEO
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3 projects - 1 system (?)

● Interdependence require tight 
consortia collaboration

● ESO created an MMH team to 
assist 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 
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MICADO 
MCAO

HARMONI 
MCAO

MICADO 
SCAO

HARMONI 
SCAO

ELT M4 DM Y Y Y Y

MORFEO DMs Y Y static static

MORFEO LGS WFS Y Y

MORFEO NGS WFS Y
same design 

?
N N

MORFEO RTC Y (HEART)
same SW  –
copy HW ?

N (DAO) N (Cosmic)

MORFEO CU Y Y + hosting ? hosting hosting ?

MORFEO contract
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MORFEO in short

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

•7 large mirrors + dichroic (~1m Ø)

•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

•7x7x4m – 30 tons
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MORFEO as a system (WBS)
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MORFEO as a system 
(Requirements flow down)
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MORFEO as a system (External 
Interfaces)
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MORFEO as a system (Internal 
Interfaces)
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MORFEO as a system (Budgets)
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MORFEO as a system 
(Operations)
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MORFEO as a system 
(Operations)
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Calibration
Twilight operations

Nighttime operations

Maintenance

Special Operations

Daytime Operations
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Risks and Issues

● (inter)Facing to a telescope not yet in operation
○ requirements in evolution
○ “standards not clear”
○ Adaptivity

● Mix  of various project is a potential killer
○ Different evolution phases

■ Micado
■ Harmony

○ Different attitudes
■ Politics
■ Consortia Vs Industry

○ Different Approach
■ Request changed over time

● Late decisions have huge effect on schedule and costs
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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” Ø transmitted field.
• LGSO r=45”, F/5 telecentric
• Throughputs:

• INS 0.79 – to MIC input 
• LGS 0.24 – incl. QE
• NGS 0.32 – incl. QE

• Optics under procurement now

14



Strumentazione ELT a guida italiana - Napoli 12 maggio 2026 

Deformable Mirrors DM1 / 
DM2 

• 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
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DM2 Reference Body

DM2 Cold plate 



Strumentazione ELT a guida italiana - Napoli 12 maggio 2026 

Aspherical Mirrors M7M M8M

• ASpherical Concave

• Diameter 1190/ 1230 mm

• Radius of curvature 38403

• Zerodur

• In final design phase
• LLI review passed
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Flat Mirrors M6M M11M M12M 
FM1 and 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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Dichroic

• Flat

• Diameter 890 mm

• Radius of curvature infinity

• Silica

• Reflect all but 590nm

• Under Final design

18



Strumentazione ELT a guida italiana - Napoli 12 maggio 2026 

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 

● Transmits 589nm
● Delivers 

○ F/5 Beam
○ Telecentric
○ Gravity Invariant

● Optimized for 
○ 45”
○ 84 to 180km conj
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Calibration Unit

• NGS Mask

• LGS moving Mask

• OFDR passed

• KOM soon
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Test Unit and test equipment

• CU + DM

• MES-TAC-Minitac
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LGS WFS Module

LGS WFS module
•6 LGS WFS @ 45” radius fixed
•SONY IMX425 detector, 1100x1600px 

500Hz (e.g. First Light C-blue)
•68×68 subaps, 1.17"/px
•16.4" FoV square aligned with spot 

elongation
•Common focus to track elevation
•Derotator to track pupil
• Individual pupil steering mirrors
•FDR completed (waiting for board 

report) 
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LGS WFS Module
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NGS WFS Module

NGS WFS module
•3 Low Order and Reference units
•Partially overlapping 160” patrol 

field 
•Field derotated by MICADO
•LO: J+H band, 1kHz, ADC, FREDA

• 1x  SH 2×2 
• 2x  Full Aperture with LIFT 

•Ref: R+I band, SH 8×8, 4.5" FoV, 
10Hz, ALICE
•Each unit has XYZ positioning and 

pupil steering
• FDR completed (waiting for board 

report) 
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NGS WFS Module
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NGS WFS 
Module

NGS WFS module - LOR
•3 Low Order and Reference units
•Partially overlapping 160” patrol 

field 
•Field derotated by MICADO
•LO: J+H band, 1kHz, ADC, FREDA

• 1x  SH 2×2 
• 2x  Full Aperture with LIFT 

•Ref: R+I band, SH 8×8, 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 
the desired science FoV.

• Pseudo-open loop control (POLC).

• Tomography is split between high order 
modes and low order modes.

• Tomographic truth sensing.

• TT temporal control:
• IIR filter with ≥2 poles and ≥2 zeros.
•Adaptive Vibration Cancellation.

• Focus from Ref WFS or 2x2 LO WFS

• Petalometer
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Focus control

• Focus induced by sodium altitude 
evolution is faster than atmospheric 
focus for ELT → Focus from NGS to 
correct field-averaged Focus.

• High sensitivity to Sodium Profile lateral 
variations (5nm RMS/m) → Focus from 
LGS is filtered out.

• On the ELT we can talk of LGS Tilt & 
Focus indetermination 

focus PSDs
Overall residual PSD 

is dominated by 
Sodium (Na) layer 

evolution

In the NGS
magnitude range

considered
the turbulence 
correction is effective
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Phasing and Low Wind Effect

• 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 
FRIDA detector
•10% flux

•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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Defocused 

beam

«normal» beam

Co-phased 
LIFT spot

LIFT spot 
with 
petal

LIFT spot 
with 

scrambled 
telescope

On-axis PSF in K
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Real Time Computer
HRTC (Hard Real-Time Core) based on HEART, developed 

at NRC

• AO pipeline from 12 WFSs to 4 DMs and 6 JMs: slope 

computation, modal reconstruction, truth sensing, loop 

control, petal control, LGS jitter loops.

• 4 dual-socket AMD EPYC

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

Toolkit, customized at INAF

• 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

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

MORFEO performances depend on many parameters
• Seeing
• Cn2 profiles
• LGS asterism radius
• Elevation
• Scientific field size
• NGS asterism shape
• NGS magnitude

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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Huge variety of 

combinations

A few 

configurations
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MORFEO Performances

Cumulative Distribution Function:
• 1000 pointing at South Galactic Pole
• median atmospheric conditions - seeing 0.64”
• 60” scientific field
• Z=30°

EE(K)
16×16masSR(K)

FWHM(K)
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.. and similar plots for 

atmo profile (Q1/median/Q3), 

MICADO field (small/large)

wavelength  (I to K)
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Performance drivers
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credit S. Oberti, E. Valenti

• 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
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From statistical analysis to Tech Specs
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credit E. Valenti

New refined specs: science driven, unambiguous, 
verifiable, and deterministic

Different performance regimes:

• Best conditions / small FoV

• Medium conditions / large FoV

• Bad conditions / small FoV

• Best conditions and 1 faint NGS
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Technical Specifications recap
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Good atmo
Medium atmo 
/ Large field

Bad atmo High Sky Cov

Atmospheric profile Q1 Median Q4 Q1

Scientific Field size 20” 60” 20” 20”

NGS 2+ 2+ 2+ 1+

Brightest NGS [mH] <16 <17.5 <17.5 <19

NGS barycenter <40” <40” <40” <65”

Sky Coverage @ SGP >50% >50% >75% >85%

Strehl Ratio (K) 60 44 28 50
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MORFEO performance

SR in the field vs atmo & NGS

Small 
MICADO 
FoV

Large 
MICADO 
FoV

Q1 (seeing = 0.43”)
2 NGSs, Hmin=16.0
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Small 
MICADO 
FoV

Large 
MICADO 
FoV

K band

SR in the field vs wavelength
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MICADO sky coverage on sparse 
field
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MICADO SCAO vs MCAO
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credit  Elena. Valenti
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W
F

E
 b

u
d

g
et

R-MAO-80 R-MAO-82 R-MAO-83

Total 245 317 449

High Orders 164 215 271

Tomographic error 124 135 155

Generalized fitting error 57 107 161

HF fitting error 77 108 112

Measurement noise error 32 33 34

Temporal error 36 60 100

Reference Loop 37 56 53

Correction residual -55 -55 -55

Truncation error 60 70 60

Sodium Profile Variations 15 15 15

Propagation of atmo disturbances 21 30 44

Non common field aberrations 10 10 10

MORFEO relay 91 91 91

Res. Des., Manuf. and Align. PFRO 70 70 70

Optical effects of air in the PFRO 20 20 20

Fitting error on DM1 30 30 30

Fitting error on DM2 30 30 30

Vibrations of post focal DMs 35 35 35

Calibration errors 31 32 33

Actuators / sub-apertures mismatch 30 30 30

Periodic update of RTC control matrices 7 10 14

Telescope 70 49 49

Residual HO Telescope (M1 & M2) 45 45 45

Telescope dome seeing residual 20 20 20

Low-Wind Effect 50 0 0

Telescope Off-Axis aberrations 8 24 8

Atmospheric Chromatism 17 24 27

Rayleigh scattering 20 36 20

Low Orders 96 140 274

Residual Windshake 63 112 250

Tomographic error 50 64 82

Temporal + Measurement noise error 52 54 112

Field average focus 52 116 179

Temporal + Measurement noise error 33 99 171

Anisoplanatism error 40 60 53

Others 50 50 50

Contingency 50 50 50
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• Most of the terms are evaluated in the 
E2E simulation with PASSATA

• For good & median seeing the dominant 
term is tomographic error

• In bad seeing the large TTF are caused by 
bad IQ on the NGS WFS

• A TT cascading control cooperating with 
the ELT WFSs should improve 
performance in the cases dominated by 
the wind shake
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Thank you!
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Best conditions

43

Best conditions

wl [nm] SR EE(16mas) FWHM

2200 0.60 38 13

1250 0.20 19 9

850 0.05 6 8

HUDF-S

Atmospheric profile Q1

Scientific Field size 20”

NGS 2+

Brightest NGS mH<16

NGS barycenter <40”

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

wl [nm] SR EE(16mas) FWHM

2200 0.44 28 14

1250 0.08 10 9

Atmospheric profile Median

Scientific Field size 60”

NGS 2+

Brightest NGS mH<17.5

NGS barycenter <40”

Sky Coverage @ SGP >50%
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Worst conditions

45

wl [nm] SR EE(16mas) FWHM

2200 0.28 16 14

Atmospheric profile Q4

Scientific Field size 20”

NGS 2+

Brightest NGS mH<17.5

NGS barycenter <40”

Sky Coverage @ SGP >50%
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Faint single NGS – High SkyCov
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wl [nm] SR EE(16mas) FWHM

2200 0.50 34 14

Atmospheric profile Q1

Scientific Field size 20”

NGS 1

Brightest NGS mH<19

NGS barycenter <65”

Sky Coverage @ SGP >85%
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Optical layout
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KsHJYI

Top view

Lateral view
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Pointing stability
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Source Pointing stability [mas]

15 minutes 1 hour

Stability of LO 
WFS

1.5 6

MORFEO relay 
distortions

1.14 4.9

Atmospheric 
refraction

0.45 1.8

Total [mas] 3.09 12.7

• Both MICADO and HARMONI don’t 
have flux-in-slit feedback

• Collaboration MORFEO/HARMONI
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MORFEO Organization
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MORFEO WBS
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Calibration Unit
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CU & TU
● 18 H band sources.

● 61 R band sources.

● 6 sources at 589nm with 2 

conj. alt. (104 and 150km).

● TU can host a ground DM 


