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[bookmark: _Toc159943410][bookmark: _Toc183165446][bookmark: _Toc185258783][bookmark: _Toc361997185][bookmark: _Toc154377488]Introduction

[bookmark: _Toc159943411][bookmark: _Toc183165447][bookmark: _Toc185258784]Scope
This document describes the manufacturing specifications of the MORFEO LGSWFS optics.

[bookmark: _Toc159943412][bookmark: _Ref182996374][bookmark: _Toc183165448][bookmark: _Toc185258785]LGSWFS Module overview
MORFEO is a first-generation instrument for the Extremely Large Telescope (ELT). The instrument aims to compensate for the distortion of light caused by atmosphere turbulence. The instrument will use several natural guide stars around the scientific field-of-view and 6 laser guide stars (LGS) to provide the required image quality for the two scientific instruments fed by MORFEO. 
In MORFEO, the Institute for Planetary sciences and Astrophysics of Grenoble (IPAG) is responsible of the development of the MORFEO LGSWFS Module.
The LGSWGS Module – called PL0 – which consists mainly of 6 Shack-Hartman wavefront sensors mounted on a rotating and translating platform in order to follow the telescope’s elevation.
Each individual WFS – also called WFS channel – is composed of:
· A pick-off mirror which folds the beam
· A field-stop in the ELT’s LGS focal plane
· A narrow-band filter centered on the sodium wavelength (λ=589nm)
· A collimator that images the ELT pupil
· A lenslet array that samples the ELT pupil into sub-apertures and forms images of the LGS (the lenslet array is not in the components to be manufactured and specified in this document)
· A relay optic that transports the images of the LGS formed by the lenslets onto the detector
· A CMOS detector that reads the spots and sends the images to the AO RTC

The rotating and translating support is mainly composed of:
· A motorized rotation stage and angular position sensor that holds the 6 WFS and that follows the telescope’s elevation angle
· A vertical translation stage that holds the rotation stage and allows to move the WFS input focus to the focal plane to the LGS provided by the MORFEO optical path
· A calibration unit can send light into each WFS and can be removed from the optical path during observations
· An interface frame holds the translation stage on one side and is fixed to the MORFEO main structure on the other side
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[bookmark: _Toc179201313][bookmark: _Toc185258896]Figure 1‑1. Cut-through of a single LGS WFS channel

[bookmark: _Ref402536979][bookmark: _Toc159943414][bookmark: _Toc183165449][bookmark: _Toc185258786]Related Documents
[bookmark: _Toc159943415][bookmark: _Toc183165450][bookmark: _Toc185258787]Applicable Documents
The following applicable documents form a part of the present document to the extent specified herein. In the event of conflict between applicable documents and the content of the present document, the content of the present document shall be taken as superseding.
[bookmark: _Hlt322084090][bookmark: _Hlt322084144]Common Requirements for ELT Instruments
ESO-254547 Version 3
[bookmark: _Ref345747527]Common ICD between the ELT Nasmyth Instruments and the Rest of the ELT System ESO-253082 Version 4
[bookmark: _Ref334970467][bookmark: _Ref353196414][bookmark: _Ref388794497]LGSWFS Technical Specifications
E-MAO-PL0-INA-SPE-003
ZEMAX file for ELT Optical Design Specification
ESO-254351 Version 2
Standard Coordinate Systems and Basic Conventions
ESO-193058 Version 6
[bookmark: _Ref353195442]Relevant Atmospheric Parameters for ELT AO Analysis and Simulations
ESO-258292 Version 2
[bookmark: _Ref528673252]MORFEO Calibration Units User Requirements
E-MAO-000-ESO-TNO-002 Version 2D4
[bookmark: _Ref405036002]ICD between the WFS Cameras and the ELT Instruments
ESO-302894 Version 2
Instrument Control Hardware Guidelines for MORFEO Subsystems 
E-MAO-PH0-INA-TNO-001 1D4
MORFEO LGS WFS Optical Design ZEMAX file
MORFEO LGSWFS Module_PDR1_2021-03-01.zmx

[bookmark: _Toc159943416][bookmark: _Toc183165451][bookmark: _Toc185258788]Reference Documents
The following documents, of the exact version shown herein, are listed as background references only. They are not to be construed as a binding complement to the present document.
[bookmark: _Ref388794572]LGS WFS Module Analysis Report
E-MAO-PL0-IPA-ANR-013 Version 2
MORFEO LGSWFS Interface Control Document
E-MAO-PL0-IPA-ICD-014 version 1

[bookmark: _Toc183165452][bookmark: _Toc185258789]General Optics Specifications
The supplier is invited to propose alternate specifications, if some are not reachable by the manufacturing process, or if they lead to excessive costs to be reached.
If some tests are not possible for the supplier, or if they lead to excessive costs, these tests will be done by IPAG and the acceptance will be done after validation of these tests.
All specified dimensions shall be measured with a 0.01 mm accuracy and reported.
Radii of curvature and thickness will be adjusted to manufacturer available machining and control tools and glass melt data by IPAG, when possible.

[bookmark: _Toc84657977][bookmark: _Toc172127203][bookmark: _Toc183165453][bookmark: _Toc185258790][bookmark: _Toc83397725][bookmark: _Toc84253504]Environment Specifications
The environment specifications for nominal operation of MORFEO are the following:
· Functional air temperature range:			-10 to +30 °C
· Operational air temperature range: 			+0 to +20 °C
· Air temperature gradient at night: 			1.4 °C/hour
· Humidity: 						0 to 95 %
· Transport and storage air temperature range: 	-15 to +55 °C

[bookmark: _Toc172127204][bookmark: _Toc183165454][bookmark: _Toc185258791]Optical Materials Specifications
· All specified lenses shall be manufactured from the same glass melt.
· Glass melt data shall include refractive index measurements at standard visible wavelengths (C, d, F lines at least).

[bookmark: _Ref359668309][bookmark: _Toc83397726][bookmark: _Toc84253505][bookmark: _Toc172127205][bookmark: _Toc183165455][bookmark: _Toc185258792]General Coatings Specifications
See section 7.1 for a preliminary design study of the coatings.
· Coating design should minimize stress on surface (coated surface sagitta error should reach the component surface sagitta error or radius of curvature error specification).
· Coatings shall be optimized for reference wavelength 589.3 nm (sodium doublet line) and specified angle of incidence range.
· Coating Reflectivity shall be measured on minimum spectral band [530-650] nm, as close as possible to specified angle of incidence.
· Component surface scratch and dig specification apply to coated surface. 
· Coating durability:  comply with MIL-C-675, MIL-C-48497, MIL-M-13508, DIN  58197 (where applicable).



[bookmark: _Toc183165456][bookmark: _Toc185258793]SLAR_589 Coating Specifications
Single Layer MgF2 anti-reflection coating, normal incidence (0°)
	Substrate: S-LAH95 (Ohara)
	Reflectivity at 589.3 nm: RABS < 0.25 %
[bookmark: _Toc83397727][bookmark: _Toc84253506]	Reflectivity [570-610] nm: RAVG < 0.5 %
[bookmark: _Toc183165457][bookmark: _Toc185258794]VAR_589 Coating Specifications
V anti-reflection coating, normal incidence (0°)
	Substrates: S-BSL7, S-TIM25 (Ohara), Borofloat ® (Schott), Fused Silica (coating design to be adjusted to substrate refractive index when needed to reach specification)
	Reflectivity at 589.3 nm: RABS < 0.25 %
[bookmark: _Toc172127206]	Reflectivity [570-610] nm: RAVG < 0.5 %
[bookmark: _Toc183165458][bookmark: _Toc185258795]NBP_589_10 (Bandpass + Blocking) Coating Specifications
Narrow Band Pass coating, Central Wavelength 589 nm, FWHM 10 nm
In converging F# 5 beam, 28.4 % linear central obscuration (cone half angle 1.6° to 5.7°)
Incidence < 0.3°, working temperature range [0, 20] °C
	Substrates: Borofloat ® (Schott) or Fused Silica
	Substrate should be anti-reflection coated (VAR_589) to minimize ghost level at 589.3 nm (ghost level < 0.05 % (goal 0.01 %) of direct transmitted beam)
	In Band Transmission [586-592] nm: TAVG > 95 %, TABS > 90 %, TABS > 96 % at 589.3 nm
	Out Band Transmission [400-580] + [598-900] nm: TABS < 10 %, TAVG < 0.05 % (goal 0.01 %)
[bookmark: _Toc183165459][bookmark: _Toc185258796]HRD_589_120 Coating Specifications
High Reflectivity Dielectric Mirror coating, incidence 45 ± 6°
	Substrates: S-BSL7 (Ohara), Fused Silica
	Reflectivity [584-594] nm: RAVG > 99.5 %, RABS > 99 %
	Reflectivity [530-650] nm: RABS > 50 %
	Reflectivity [800-1200] nm: RABS < 5 % (Cold Mirror, Long Wave Pass design)
[bookmark: _Toc183165460][bookmark: _Toc185258797]BCR_589 Coating Specifications
Black Chrome Reflective coating, normal incidence (0°)
	Substrates: Fused Silica
	Reflectivity [584-594] nm: RABS < 1.0 %, TABS < 0.01 % (TBC)
	Reflectivity [570-610] nm: RAVG < 10.0 %

[bookmark: _Toc183165461][bookmark: _Toc185258798]Cleanliness Specifications
Dust contamination is an issue for the optical components.
	Any non-removable dust particle shall be counted as the equivalent scratch/dig in the specification.
	Optics shall be delivered cleaned in an adapted packaging.
	Dust particles removal shall be part of the coatings cleaning procedure.
[bookmark: _Toc172127208][bookmark: _Toc183165463][bookmark: _Toc185258799]ISO 10110 Specifications
Specification and control atmospheric conditions are temperature 20°C and pressure 1013 hPa.
Unless otherwise specified, reference wavelength is λ = 546.07 nm (green mercury line).
Opto-mechanical specifications follow ISO 10110 specifications format:

	Part 2: Material imperfections - Stress birefringence

	0/
	A
	A: max OPD (nm/cm)

	Part 3: Material imperfections - Bubbles and inclusions

	1/
	NxA
	N: number of bubbles
A: bubble grade number

	Part 4: Material imperfections - Inhomogeneity and striae

	2/
	A; B
	A: homogeneity class
B: striae class

	Part 5: Surface form tolerances   Surface form error specification is in fringes (half wavelength) unit

	3/
	A (B/C) RMSx < D; λ = E
	A: maximum permissible sagitta error
B: maximum permissible irregularity
C: maximum permissible rotationally symmetric irregularity
D: maximum permissible rms quantity of type x
   (x is t: total rms deviation, i: rms irregularity, or a: rms asymmetry)
E: reference wavelength (nm)

	Part 6: Centering tolerances

	4/
	σ
	σ: surface tilt angle (minutes (‘) or seconds (‘’))

	Part 7: Surface imperfection tolerances

	5/
	NxA; CN’xA’; LN’’xA’’; EA’’’
	N: number of allowed general imperfections, A: defect grade number (mm)
N’: number of coating blemishes, A’: coating blemish grade number (mm)
N’’: number of long scratches (> 2 mm), A’’: maximum width of scratch (mm)
A’’’: maximum extend of edge chips (mm)

	Part 8: Surface textureRq A
D
B / C


	


	

	A: rms surface roughness (µm)
B / C: measurement between sampling lengths B and C (mm)
D = G for ground surfaces, Px for polished surfaces (x: polishing grade number)

	Part 9: Surface treatment and coatingλ


	
	A
	A: coating specification reference

	Part 14: Wavefront deformation tolerance   Wavefront error specification is single-pass, in wavelengths unit

	13/
	A (B/C) RMSx < D; λ = E
	A: maximum permissible wavefront sagitta error
B: maximum permissible wavefront irregularity
C: maximum permissible rotationally symmetric wavefront irregularity
D: maximum permissible rms wavefront quantity (target subtracted) of type x
   (x is t: total rms deformation, i: rms irregularity, or a: rms asymmetry)
E: reference wavelength (nm)
Target: Ci = x
   i: index of the Zernike polynomial term of the target aberration
   x: numerical value of the target, in wavelengths unit



[bookmark: _Toc183165464][bookmark: _Toc185258800]Collimator Optics Specifications
LGSWFS Collimator Module (COL) consists in a collimator which re-images the telescope’s pupil on the lenslet array.
This section presents the specifications for the 3 lenses, 2 mirrors and Narrow Band Pass Filter inside the collimator assembly (see figure below).

[bookmark: _Toc183165465][bookmark: _Ref184887140][bookmark: _Toc185258801]COL Collimator Optical Assembly
[bookmark: _Toc182996293][bookmark: _Toc185258844]Table 4‑1. COL Collimator Prescription
Data in mm, except when unit is indicated, at 20 °C
	Element Name
	Radius Curvature
	Thickness
	Diameter
	Material
	Tilt
	Decenter
	Distance

	LGS Image
	Plane
	
	21.75
	Air
	
	
	-20.00 ± 0.1

	Folding Mirror 1
	Plane ± 0.5 fringe
	5.0 ± 0.1
	42.43x30.0
	S-BSL7
	
	
	20.00 ± 0.1

	Field Stop
	Plane
	
	21.75
	Air
	
	
	4.000 ± 0.05

	NBP Filter
	Plane ± 1.0 fringe
	3.3 ± 0.05
	30.0
	Borofloat
	
	
	42.98 ± 0.05

	Collimator
Lens 1
	CX 267.65 ± 0.268
CX 86.901 ± 0.087
	7.5 ± 0.05
	40.0 ± 0.02
	S-LAH95
	± 1’
	± 0.02
	1.889 ± 0.02

	Collimator
Lens 2
	CC 54.564 ± 0.055
CC 67.794 ± 0.068
	5.0 ± 0.05
	40.0 ± 0.02
	S-BSL7
	± 1’
	± 0.02
	42.68 ± 0.05

	Collimator
Lens 3
	Plane ± 1.0 fringe
CX 84.342 ± 0.084
	9.0 ± 0.05
	54.0 ± 0.02
	S-LAH95
	± 1’
	± 0.05
	81.40 ± 0.05

	Folding Mirror 2
	Plane ± 0.2 fringe
	6.0 ± 0.1
	60.0
	Silica
	
	
	40.00 ± 0.05

	MLA Pupil
	Plane
	
	22.576
	Image
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[bookmark: _Toc179201314][bookmark: _Toc185258897]Figure 4‑1. COL Collimator Optical Assembly Drawing


	Full Field Aperture


[image: ]Ø 6.42 ± 0.02
COL_L3
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49.2 ± 0.2
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(66.07)
Pupil Aperture
13/ — RMSi < 0.15;
      λ = 589.3
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	Note 1: Drawing intended for opto-mechanical assembly testing
Note 2: Focal length (λ = 589.3) 113.35 mm ± 0.2 mm
Note 3: Full object space Field of View ± 3.88 ° square
Note 4: WFE test object space Field of View ± 2 ° circular
Note 5: Image space F/# 5

	Ind. acc. ISO 10110
	Collimator Assembly
	



[bookmark: _Toc183165466][bookmark: _Toc185258802]COL Collimator Doublet (COL_L1+COL_L2)λ


	A

P1 Ø 36

[image: ]COL_L2
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	Note 1: Drawing intended for mechanical assembly


	Surface 1
	Surface 2
	Surface 3
	Surface 4

	Øe   36λ


       (SLAR_589)
4/    1’
	Øe   36
       (SLAR_589)
4/    —
	Øe   36λ


       (VAR_589)
4/    —
	Øe   36λ


       (VAR_589)
4/    1’

	Ind. acc. ISO 10110
	Collimator Doublet
	(COL_L1+COL_L2)





[bookmark: _Toc183165467][bookmark: _Toc185258803]COL Collimator Doublet Lens 1 (COL_L1)Rq 2
G

	A


Ø 40 ± 0.02

[image: ]7.5 ± 0.05
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	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    267.65 ± 0.268 CX
Øe   36
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.040; C3x0.063; L1x0.010; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    86.901 ± 0.087 CX
Øe   36
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.040; C3x0.063; L1x0.010; E0.5

	Ind. acc. ISO 10110
	Collimator Doublet Lens 1
	COL_L1




[bookmark: _Toc183165468][bookmark: _Toc185258804]COL Collimator Doublet Lens 2 (COL_L2)Rq 2
G

	A


Ø 40 ± 0.02

[image: ]3.05 ± 0.02
Rq 0.001

P4
0.002/1.0

Rq 0.001

P4
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5 ± 0.05




	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.2 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    54.564 ± 0.055 CC
Øe   32
Protective chamfer 0.4 - 0.6λ

       VAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-BSL7 (Ohara)

nd   1.5163 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    67.794 ± 0.068 CC
Øe   36
Protective chamfer 0.4 - 0.6λ

       VAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	Collimator Doublet Lens 2
	COL_L2




[bookmark: _Toc183165469][bookmark: _Toc185258805]COL Collimator Lens 3 (COL_L3)
	Rq 2
G
A


Ø 54 ± 0.02
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	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   48
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    1.0 (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    84.342 ± 0.084 CX
Øe   48
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	Collimator Lens 3
	COL_L3



[bookmark: _Toc183165470][bookmark: _Toc185258806]COL Narrow Bandpass Filter (COL_NBPF)Rq 2
G

	

Ø 30 ± 0.02


[image: ]Rq 0.002

P3
0.002/1.0

Rq 0.002

P3
0.002/1.0

3.3 ± 0.05
A




	Note 1: CTE (+20, +300 °C) = 3.25 10-6/°C
Note 2: Alternate substrate Fused Silica with thickness adjustment
Note 3: Coated transmitted WFE specification: 13/ — RMSi < 0.05; λ = 589.3 (all Ø 10)

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   27
Protective chamfer 0.4 - 0.6λ

       NBP_589_10 Bandpass
3/    3 (0.5); λ = 632.8
4/    —
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	Borofloat ® (Schott)

nd   1.4714 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    ∞
Øe   27
Protective chamfer 0.4 - 0.6λ

       NBP_589_10 Blocking
3/    3 (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	COL Narrow BP Filter
	COL_NBPF




[bookmark: _Ref179554330][bookmark: _Ref182996421][bookmark: _Toc183165471][bookmark: _Toc185258807][bookmark: _Ref179554363]COL Folding Mirror 1 (COL_FM1)
	
[image: ]                                      17 ± 0.05

45 ± 0.017 °
Ø 30 ± 0.05
Rq 0.001

P4
0.002/1.0


A
Rq 2
G
Rq 2
G


	Note 1: Incidence angle 45°
Note 2: S-BSL7 CTE (-30, +70 °C) = 7.2 10-6/°C, adapted to steering device mount material, Titanium, CTE (+20 °C) = 8.6 10-6/°C
Note 3: Drawing is not representative of mechanical design (See mechanical drawing for exact cutting layout)

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   38 x 27
Protective chamfer 0.4 - 0.6λ

       HRD_589_120
3/    0.5 (0.2); λ = 632.8
4/    —
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-BSL7 (Ohara)



0/    —
1/    —
2/    —
	R    ∞
Øe   —
Protective chamfer 0.4 - 0.6λ

       —
3/    —
4/    1’
5/    —
To be cemented

	Ind. acc. ISO 10110
	COL Folding Mirror 1
	COL_FM1



[image: ]
[bookmark: _Toc185258898][bookmark: _Toc183165474]Figure 4‑2. COL_FM1 Mechanical Drawing
[bookmark: _Toc185258808]COL Folding Mirror 2 (COL_FM2)Rq 2
G

	

Ø 60 ± 0.05


[image: ]9 ± 0.1
Rq 2
G
A
Rq 0.001

P4
0.002/1.0





	Note 1: Incidence angle 45°
Note 2: Alternate substrate Zerodur

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   54
Protective chamfer 0.4 - 0.6λ

       HRD_589_120
3/    0.5 (0.2); λ = 632.8
4/    —
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	Fused Silica



0/    —
1/    —
2/    —
	R    ∞
Øe   —
Protective chamfer 0.4 - 0.6λ

       —
3/    —
4/    3’
5/    —

	Ind. acc. ISO 10110
	COL Folding Mirror 2
	COL_FM2




[bookmark: _Toc183165475][bookmark: _Toc185258809]Detector Module Relay Optics Specifications
LGSWFS Detector Module (LDM) consists in a lenslet array which samples the telescope’s pupil image and an optical relay which re-images the lenslet array focal plane on the camera detector.
This section presents the specifications for the 6 lenses inside the relay optics (see figure below).

[image: ]
[bookmark: _Ref65243577][bookmark: _Toc64890259][bookmark: _Toc84253528][bookmark: _Toc172127219][bookmark: _Toc179201315][bookmark: _Toc185258899]Figure 5‑1. Cross-section of a single LDM

[bookmark: _Toc183165476][bookmark: _Ref184887156][bookmark: _Toc185258810]LDM Relay Optical Assembly
[bookmark: _Toc182996294][bookmark: _Toc185258845]Table 5‑1. LDM Relay Prescription
Data in mm, except when unit is indicated, at 20 °C
	Element Name
	Radius Curvature
	Thickness
	Diameter
	Material
	Tilt
	Decenter
	Distance

	MLA Image
	Plane
	
	22.576
	Air
	
	
	8.180 ± 0.05

	Relay
Lens 1
	CX 81.235 ± 0.081
Plane ± 1.0 fringe
	4.0 ± 0.05
	31.2 ± 0.02
	S-LAH95
	± 1’
	± 0.05
	59.93 ± 0.02

	Relay
Lens 2
	CX 38.847 ± 0.039
Plane ± 1.0 fringe
	4.2 ± 0.05
	25.0 ± 0.02
	S-LAH95
	± 1’
	± 0.02
	3.255 ± 0.02

	Relay
Lens 3
	CX 13.426 ± 0.013
CC 8.924 ± 0.009
	6.8 ± 0.02
	22.0 ± 0.02
	S-LAH95
	± 1’
	± 0.01
	3.936 ± 0.01

	Diaphragm
	Plane
	
	9.7
	Air
	
	
	6.796 ± 0.01

	Relay
Lens 4
	CC 8.353 ± 0.008
CX 13.263 ± 0.013
	6.8 ± 0.02
	22.0 ± 0.02
	S-LAH95
	± 1’
	± 0.01
	2.671 ± 0.02

	Relay
Lens 5
	Plane ± 1.0 fringe
CX 35.233 ± 0.035
	4.8 ± 0.05
	27.0 ± 0.02
	S-LAH95
	± 1’
	± 0.02
	2.455 ± 0.02

	Relay
Lens 6
	CX 43.482 ± 0.043
Plane ± 1.0 fringe
	4.2 ± 0.05
	27.0 ± 0.02
	S-LAH95
	± 1’
	± 0.05
	5.474

	Cam. Interface
	Plane
	
	25.0
	Air
	
	
	11.53

	Camera
Window
	Plane
Plane
	1.0
	25.4
	Silica
	
	
	3.0

	Detector
Window
	Plane
Plane
	0.5
	21.6
	Index 1.5
	
	
	1.5

	Detector
	Plane
	
	9.792
	Image
	
	
	



[image: ]LDM_L6
LDM_L5
LDM_L4
LDM_L3
LDM_L2
LDM_L1
Diaphragm
MLA
Detector
Det Window
Cam Window
Cam Interface

[bookmark: _Toc172127220][bookmark: _Toc179201316][bookmark: _Toc185258900]Figure 5‑2. LDM Optical Assembly Drawing

· Relay Lens 6 axial position is tunable with shims, to adjust magnification on detector.
· Camera axial position is tunable with fine pitch screws, to adjust focus on detector.

	Image Field Aperture
13/ — RMSi < 0.12;
      λ = 589.3

im

[image: ]Oversized Pupil Aperture
LDM_L61
Object Field Aperture
7.43 ± 0.02
Ø 4.90 ± 0.01
Ø 1.39 ± 0.01
Ø 6.42 ± 0.02
Ø 22.58 ± 0.02
LDM_L11
LDM_L41
LDM_L51
LDM_L2
LDM_L3
(109.84)
8.18 ± 0.05
22.5 ± 0.1
ob




	Note 1: Drawing intended for opto-mechanical assembly testing
Note 2: Magnification (λ = 589.3) 1:2.3056 mm (adjustment with LDM_L6 shimming)
Note 3: Object space Field of View ± 11.29 mm circular
Note 4: Telecentric object space F# 6.454 x 6.454 square
Note 5: Image space grid distortion < ± 4.3 µm

	Ind. acc. ISO 10110
	LDM Relay Assembly
	




[bookmark: _Toc172127210][bookmark: _Toc183165477][bookmark: _Toc185258811]LDM Relay Lens 1 (LDM_L1)Rq 2
G

	A


Ø 31.2 ± 0.02

[image: ]Rq 0.001
P4
0.002/1.0
Rq 0.001

P4
0.002/1.0

4 ± 0.05




	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    81.235 ± 0.081 CX
Øe   28
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.040; C3x0.063; L1x0.010; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    1x0.100
2/    —
	R    ∞
Øe   28
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    1.0 (0.4); λ = 632.8
4/    1’
5/    3x0.040; C3x0.063; L1x0.010; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 1
	LDM_L1




[bookmark: _Toc83397730][bookmark: _Toc84253509][bookmark: _Toc172127211][bookmark: _Toc183165478][bookmark: _Toc185258812]LDM Relay Lens 2 (LDM_L2)Rq 2
G

	A


[image: ]Rq 0.001

P4
0.002/1.0

Rq 0.001

P4
0.002/1.0

4.2 ± 0.05

Ø 25 ± 0.02




	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    38.847 ± 0.039 CX
Øe   22
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    ∞
Øe   22
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    1.0 (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 2
	LDM_L2




[bookmark: _Toc83397731][bookmark: _Toc84253510][bookmark: _Toc172127212][bookmark: _Toc183165479][bookmark: _Toc185258813]LDM Relay Lens 3 (LDM_L3)
	A
Rq 2
G

Rq 0.001

P4
0.002/1.0


[image: ]Rq 0.001

P4
0.002/1.0

Rq 2
G
B
3.94 ± 0.02

Ø 22 ± 0.02

6.8 ± 0.02


(10.74 ± 0.02)


	
Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    13.426 ± 0.013 CX
Øe   20
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    8.924 ± 0.009 CC
Øe   13
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’; 1’ AB
5/    2x0.100; C2x0.160; L2x0.016; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 3
	LDM_L3



[bookmark: _Toc83397732][bookmark: _Toc84253511][bookmark: _Toc172127213][bookmark: _Toc183165480][bookmark: _Toc185258814]LDM Relay Lens 4 (LDM_L4)
	A
Rq 2
G

Rq 0.001

P4
0.002/1.0


[image: ]6.8 ± 0.02
Rq 2
G
Rq 0.001

P4
0.002/1.0

4.48 ± 0.02
B

Ø 22 ± 0.02



(11.28 ± 0.02)


	
Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    8.353 ± 0.008 CC
Øe   13
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’; 1’ AB
5/    2x0.100; C2x0.160; L2x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    13.263 ± 0.013 CX
Øe   20
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 4
	LDM_L4



[bookmark: _Toc83397733][bookmark: _Toc84253512][bookmark: _Toc172127214][bookmark: _Toc183165481][bookmark: _Toc185258815]LDM Relay Lens 5 (LDM_L5)Rq 2
G

	A


[image: ]Rq 0.001

P4
0.002/1.0

Rq 0.001

P4
0.002/1.0

4.8 ± 0.05

Ø 27 ± 0.02





	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   24
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    1.0 (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    35.233 ± 0.035 CX
Øe   24
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 5
	LDM_L5




[bookmark: _Toc83397734][bookmark: _Toc84253513][bookmark: _Toc172127215][bookmark: _Toc183165482][bookmark: _Toc185258816]LDM Relay Lens 6 (LDM_L6)Rq 2
G

	A


[image: ]Rq 0.001

P4
0.002/1.0

Rq 0.001

P4
0.002/1.0

4.2 ± 0.05

Ø 27 ± 0.02





	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.3 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    43.482 ± 0.043 CX
Øe   24
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    — (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-LAH95 (Ohara)

nd   1.9037 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    ∞
Øe   24
Protective chamfer 0.4 - 0.6λ

       SLAR_589
3/    1.0 (0.4); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	LDM Relay Lens 6
	LDM_L6




[bookmark: _Toc183165483][bookmark: _Toc185258817]Calibration Unit Optics Specifications
LGSWFS Calibration Unit Module (CAL) consists in a lenslet array which samples the telescope’s pupil image and an optical relay which re-images the lenslet array focal plane on the camera detector.
This section presents the specifications for the 2 doublets, the pupil mask plate and the folding mirror inside the Calibration Unit optics (see figure below).

[bookmark: _Toc183165484][bookmark: _Toc185258818]CAL Relay Optical Assembly
[bookmark: _Toc182996295][bookmark: _Toc185258846]Table 6‑1. CAL Calibration Unit Prescription
Data in mm, except when unit is indicated, at 20 °C
	Element Name
	Radius Curvature
	Thickness
	Diameter
	Material
	Tilt
	Decenter
	Distance

	Source Object
	Plane
	
	1.408
	Air
	
	
	95.79 ± 0.1

	Doublet 1
Lens 2
	CX 92.005 ± 0.092
CC 37.998 ± 0.038
	3.0 ± 0.05
	30.0 ± 0.02
	S-TIM25
	± 1’
	± 0.02
	Cemented

	Doublet 1
Lens 1
	CX 37.998 ± 0.038
CX 74.210 ± 0.074
	8.0 ± 0.05
	30.0 ± 0.02
	S-BSL7
	± 1’
	± 0.02
	96.97 ± 0.05

	Pupil Mask
	Plane
	
	20.0 ± 0.01
	Black Cr
	
	± 0.01
	Deposited

	Pupil Mask
Plate
	Plane ± 1.0 fringe
Plane ± 1.0 fringe
	4.0 ± 0.05
	30.0 ± 0.02
	Silica
	± 1’
	± 0.02
	50.23 ± 0.05

	Folding Mirror
	Plane ± 0.2 fringe
	5.0 ± 0.05
	40.0 ± 0.05
	Silica
	
	
	44.0 ± 0.05

	Doublet 2
Lens 1
	CX 74.210 ± 0.074
CX 37.998 ± 0.038
	8.0 ± 0.05
	30.0 ± 0.02
	S-BSL7
	± 1’
	± 0.02
	Cemented

	Doublet 2
Lens 2
	CC 37.998 ± 0.038
CX 92.005 ± 0.092
	3.0 ± 0.05
	30.0 ± 0.02
	S-TIM25
	± 1’
	± 0.02
	95.79 ± 0.1

	CAL Image
	Plane
	
	1.408
	Image
	
	
	


CAL_FM

[image: ]Doublet 1
(CAL_L1+CAL_L2)
Doublet 2
(CAL_L1+CAL_L2)

Pupil Mask
(CAL_PM)
To Image
Source

[bookmark: _Toc179201317][bookmark: _Toc185258901]Figure 6‑1. CAL Calibration Unit Optical Assembly Drawing

	95.79 ± 0.1
(55.0)

CAL_FM1

[image: ]13/ — RMSi < 0.07;
      λ = 589.3
Ø 5.74 ± 0.01
Ø 20 ± 0.01
Image Field Aperture
Ø 1.41 ± 0.01
Object Field Aperture
Ø 1.41 ± 0.01
Pupil Aperture
CAL_PM1
CAL_L1
CAL_L2
(162.2)
CAL_L11
CAL_L2
95.79 ± 0.1
im
ob




	Note 1: Drawing intended for opto-mechanical assembly testing
Note 2: Unit Magnification (λ = 589.3)
Note 3: Object space Field of View Ø 2.5 mm
Note 4: Telecentric object / image spaces F# 5

	Ind. acc. ISO 10110
	Calibration Unit Assembly
	




[bookmark: _Toc183165485][bookmark: _Toc185258819]CAL Cemented Doublet (CAL_L1+CAL_L2)λ


	A


Ø 30 ± 0.02
P1 Ø 27

[image: ]CAL_L1
CAL_L2

13/ — RMSi < 0.032 (all Ø 20);
      λ = 632.8
(∞)
im




	Note 1: Focal length [(λ = 632.8) 100.06 mm; (λ = 589.3) 100.03 mm] ± 0.2 mm


	Surface 1
	Surface 2
	Surface 3

	Øe   27
       (VAR_589)
4/    1’
	Øe   27λ


       —
4/    Δ 0.2’
Cement: NOA61 (10 µm)
	Øe   27λ


       (VAR_589)
4/    1’

	Ind. acc. ISO 10110
	CAL Cemented Doublet
	(CAL_L1+CAL_L2)




[bookmark: _Toc183165486][bookmark: _Toc185258820]CAL Cemented Doublet Lens 1 (CAL_L1)
	Rq 2
G
A


Ø 30 ± 0.02

[image: ]8 ± 0.05
Rq 0.002
P3
0.002/1.0
Rq 0.002

P3
0.002/1.0





	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.2 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    74.210 ± 0.074 CX
Øe   27
Protective chamfer 0.4 - 0.6λ

       VAR_589
3/    — (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	S-BSL7 (Ohara)

nd   1.5163 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    37.998 ± 0.038 CX
Øe   27
Protective chamfer 0.4 - 0.6λ

       —
3/    — (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
To be cemented

	Ind. acc. ISO 10110
	CAL Doublet Lens 1
	CAL_L1



[bookmark: _Toc183165487][bookmark: _Toc185258821]CAL Cemented Doublet Lens 2 (CAL_L2)Rq 2
G

	A


Ø 30 ± 0.02

[image: ]Rq 0.002

P3
0.002/1.0

3 ± 0.05
Rq 0.002
P3
0.002/1.0




	Note 1: Radii of curvature and thickness will be adjusted to glass melt data and manufacturer test plates
Note 2: CTE (-30, +70 °C) = 7.9 10-6/°C

	Surface 1
	Material specification
	Surface 2

	R    37.998 ± 0.038 CC
Øe   27
Protective chamfer 0.4 - 0.6λ

       —
3/    — (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5
To be cemented
	S-TIM25 (Ohara)

nd   1.6727 ± 0.0005
νd    —
0/    10
1/    3x0.100
2/    —
	R    92.005 ± 0.092 CX
Øe   27
Protective chamfer 0.4 - 0.6λ

       VAR_589
3/    — (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	CAL Doublet Lens 2
	CAL_L2




[bookmark: _Toc183165488][bookmark: _Toc185258822]CAL Pupil Mask (CAL_PM)
[bookmark: _Toc183165489][bookmark: _Toc185258823]CAL Pupil Mask PlateRq 2
G

	
Pupil Mask
Ø 20

Ø 30 ± 0.02


[image: ]A
Rq 0.002

P3
0.002/1.0

4 ± 0.05
Rq 0.002

P3
0.002/1.0





	Note 1: CTE (-30, +70 °C) = 0.5 10-6/°C


	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   20
Protective chamfer 0.4 - 0.6λ

       VAR_589 + BCR_589
3/    1 (0.5); λ = 632.8
4/    —
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	Fused Silica

nd   1.4585 ± 0.0002
νd    —
0/    10
1/    3x0.100
2/    —
	R    ∞
Øe   20
Protective chamfer 0.4 - 0.6λ

       VAR_589
3/    1 (0.5); λ = 632.8
4/    1’
5/    3x0.100; C3x0.160; L3x0.016; E0.5

	Ind. acc. ISO 10110
	CAL Pupil Mask Plate
	CAL_PM




[bookmark: _Toc183165490][bookmark: _Toc185258824]CAL Pupil Mask Shape
	λ
VAR_589
Ø 0.4 ± 0.01

Ø 30 ± 0.02


[image: ]λ
BCR_589
Ø 5.68 ± 0.01

Ø 20 ± 0.01





	


	Ind. acc. ISO 10110
	CAL Pupil Mask Shape
	CAL_PM





[bookmark: _Ref179554379][bookmark: _Toc183165491][bookmark: _Toc185258825]CAL Folding Mirror (CAL_FM)Rq 2
G

	

Ø 40 ± 0.05


[image: ]6 ± 0.1
Rq 2
G
A
Rq 0.001

P4
0.002/1.0





	Note 1: Incidence angle 45°
Note 2: Alternate substrate Zerodur

	Surface 1
	Material specification
	Surface 2

	R    ∞
Øe   36
Protective chamfer 0.4 - 0.6λ

       HRD_589_120
3/    0.5 (0.2); λ = 632.8
4/    —
5/    3x0.100; C3x0.160; L3x0.016; E0.5
	Fused Silica



0/    —
1/    —
2/    —
	R    ∞
Øe   —
Protective chamfer 0.4 - 0.6λ

       —
3/    —
4/    3’
5/    —

	Ind. acc. ISO 10110
	CAL Folding Mirror
	CAL_FM




[bookmark: _Toc183165492][bookmark: _Toc185258826]Annex
[bookmark: _Ref179554395][bookmark: _Toc183165493][bookmark: _Toc185258827]Coatings preliminary Design
These designs are only informative and used as tentative designs for defining the specifications.
They are marginally optimized and could be improved.
Layers materials: (QWOT, Quarter Wave Optical Thickness at CWL, Center Wavelength)
H:		TiO2 (n @589 = 2.3588)	L:	SiO2 (n @589 = 1.4526)
N:		MgF2 (n @589 = 1.3777)	R:	Cr (n @589 = 3.3781)
[bookmark: _Toc183165494][bookmark: _Toc185258828]SLAR_589 Coating Design
S-LAH95 | N | Air
CWL 589 nm, 1 layer, 107 nm total thickness, T @589 = 99.9998 %
[bookmark: _Toc183165495][bookmark: _Toc185258829]VAR_589 Coating Design
Silica | 1.76H 0.64L | Air
CWL 589 nm, 2 layers, 175 nm total thickness, T @589 = 99.9985 %
[bookmark: _Toc183165496][bookmark: _Toc185258830]NBP_589_10 (Bandpass + Blocking) Coating Design
Bandpass: Silica | 1.76H 0.64L | (HL)2 2H (LH)2 L (HL)3 2H (LH)3 L (HL)2 2H (LH)2 | Air
CWL 589 nm, FWHM 10.6 nm, 35 layers, 3045 nm total thickness, T1 @589 = 99.9985 %
Blocking: Silica | 1.76H 0.64L | 0.74 (0.5H L 0.5H)14 1.38 (0.5L H 0.5L)14 | Air
CWL 589 nm, 60 layers, 5036 nm total thickness, T2 @589 = 99.8717 %
Total: T @589 = T1 T2 = 99.85 %, Ghost level @589 = R1 R2 = 1.925e-6 %

[image: ]
[bookmark: _Toc185258902]Figure 7‑1. NBP Filter Coating Simulations Transmission
[bookmark: _Toc183165497][bookmark: _Toc185258831]HRD_589_120 Coating Design
Silica | 0.59H 0.77L 1.25H 0.74L (HL)11 0.64H 2.21L | Air
CWL 639 nm, 28 layers, 2542 nm total thickness, R @589 = 99.9946 %
[bookmark: _Toc183165498][bookmark: _Toc185258832]BCR_589 Coating Design
Silica | 4.00R 0.53H 1.58L 0.70H 1.94L | Air
CWL 589 nm, 5 layers, 608 nm total thickness, T @589 = 0.000011 %, R @589 = 0.0045 %

[image: ]
[bookmark: _Toc185258903]Figure 7‑2. BCR Coating Simulations Transmission / Total Optical Density

[bookmark: _Toc183165499][bookmark: _Toc185258833]Total LGS WFS Coatings Transmission

	Coating Name
	Number
	Components COL + LDM (CAL)

	SLAR_589
	16
	COL_L1, COL_L3
LDM_L1, LDM_L2, LDM_L3, LDM_L4, LDM_L5, LDM_L6

	VAR_589
	4 (+4)
	COL_L2, LDM_MLA* (CAL_L1, CAL_L2, CAL_PM)

	NBP_589_10
	1
	COL_NBPF

	HRD_589_120
	2 (+1)
	COL_FM1, COL_FM2 (CAL_FM)

	BCR_589
	0 (+1)
	(CAL_PM)


(*) LDM_MLA not included in this specifications document

· LGS Probe: TLGS = TNBP RHRD2 TVAR4 TSLAR16 (TLGS @589 = 99.85 %)
· Calibration Unit: TCAL = RHRD TVAR4 (TCAL @589 = 99.99 %)

[image: ]
[bookmark: _Toc185258904]Figure 7‑3. LGS Probe Coatings Simulations Transmission / Total Optical Density
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[bookmark: _Toc185258905]Figure 7‑4. Calibration Coatings Simulations Transmission / Total Optical Density
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