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Activity Goals

ÅImprove the production of Highly 
aspherical mirrors for small/medium 
series

Materials

Design of lightweighted mirror

Metrology

Manufacturing and treatment cycles

Polishing and figuring approach

State of the Art of 
Polishing technics for 
Aspherical Mirrors

WP1 

Requirement 
Specifications

WP2 

Conceptual Design of 
Mirrors

WP3 

K-O

Opto-Mechanical 
design and analyses

WP4 

Manufacturing process 
and Tests definition

WP5 

CoDR

DR

Manufacturing setup 
and Commissioning

WP6 

MRR

TN1 - State of the art Report
TN2 - Requirement Specification report

TN3 - Conceptual Design Report

TN4 - Opto-Mechanical and Analysis Report
TN5 - Manufacturing Process Definition Report

TP - Test plan

TN-6 Manufacturing Setup and Commissioning 
Report

HW1 - Test samples

LW Mirror 
Manufacturing

WP7

LR Mirror 
Manufacturing

WP8

TRR
HW2 - Light Weight Mirror

HW3 - Low Roughness Mirror

LW Mirror Testing

WP9

LW Mirror Testing

WP10

Test Results 
assesment

WP11

FR
TN7- Light Weight Mirror Testing Report

TN8 - Low Roughness Mirror Testing Report
TN9 - Test Results Assessment Report

ES - Executive Summary Report
FR - Final Report

Deterministic 

convergency 

ÅDemonstrate the thermal behaviour of the 

lightweighted mirror under TVAC

+/- 30°C themal qualification cycles

Metrology at 200K



Mirrors Description

From Statement of Work

ÅLightweighted mirror (LW) with the specifications of a primary mirror of an aspherical telescope 

(200mm)

ÅLow Roughness mirror (LR) suitable for an element of a spectrometer



Instruments description

ÅPV-EVO is a 30m GSD evolution of the Vegetation instrument onboard Proba-V, with 
compact design, straylight reduction and improved alignment strategy 

 

 

ÅMain Specification
Å Material : Nickel plated AlSi40

Å Radius: ±0.13mm

Å Surface form error: ɚ/30 RMS @ 
633nm

Å Surface roughness: Ò 1(TBC)nm 
from 1.5mm-1 to 1000mm-1 

Å Surface quality: 40/10 per MIL-PRF-
13830B

Å Coating : Enhanced UV protected 
Silver coating

M1 Mirror



Instrument Description

ÅCHIMA is a compact imaging spectrometer (freeform design) with high spectral resolution 
(0.15 nm) over 600-800 nm range 

ÅMain Specification
Å Material : Nickel plated AlSi40

Å Radius: ±0.08mm

Å WFE : <10 nm RMS (Ø60 mm sub-pupils)

Å Surface roughness: Ò 0.5 nm from 1.5mm-1 to 
1000mm-1 

Å Surface quality: 40/10 per MIL-PRF-13830B

M3 Mirror



LW Mirrors Mechanical Design

ÅInitial Design (AMOS) 
Areal density 25 kg/m²

First frequency 588 Hz

ÅFinal Design (OIP) 
Areal density 38 kg/m²

First frequency >1000 Hz

2.9 nm rms quilting effect



LR mirror Mechanical Design

ÅLR Design
Useful area : 100 x 94 mm²

Areal density : 40 kg/m²

First frequency : 608 Hz

0.3 nm rms quilting 

effect
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LW mirror Manufacturing

Milling

Lightweighting

Thermal treatment 

Stress relieve

Single Point 

Diamond Turning

NiP Plating

Single Point 

Diamond turning

Polishing

(Smoothing)

Figuring

(Shape correction)

SFE <10 nm rms
NO

YES

SFE <200 nm rms?

YES

Review mirror or 

tool design

NO

SFE<40 nm rms?

Rq < 1 nm rms?

Rq < 1 nm rms?

YES

NO

NO

YES

NO YES

Mirror Testing

Raw material 

procurement

YES

Raw Machining

Nickel Plating

Diamond Turning

Final



Mirror mechanical tolerances

Mirror
Before 

Ni 

plating

Final
Diff. wrt

drawing

M1 1107.9 g 1240.8 g 9.55%

Radial: 43.8 µrad
Tang: 41.7 µrad

Radial: 54 µrad
Tang: 83.6 µrad

Radial: 59.8 µrad
Tang: 35.6 µrad

RadialandTangentialtilts arewithin the specification.

Mirror mass M1 interface planarity tests

This document canôt be neither duplicated nor transmitted 

without our authorization.

38.6 kg/m² 43.2 kg/m²



LW Mirror Surface Form Error (SFE) 

SFE measured before coating
Spec PV EVO : <21.2 nm RMS

This document canôt be neither duplicated nor transmitted 

without our authorization.



Monte Carlo 100 sub -pupils analysis

This document canôt be neither duplicated nor transmitted 

without our authorization.

Sub-pupils:

SFE RMS:

Spec: <10nm RMS



Mirror RoC results

M1

Axis Actual, mm Nominal, mm Deviation, mm

Vertex position 

X 

(wrt ref C)

101.051 101 0.051

Vertex position 

Y

(wrt ref B)

171.967 172 -0.033

Radius of 

Curvature
-691.96 -692.035 -0.075

Vertex position and Radius of Curvature

This document canôt be neither duplicated nor transmitted 

without our authorization.



Mirror Surface Form Error (SFE) of M1

SFE RMS

After coatingBefore coating

This document canôt be neither duplicated nor transmitted 

without our authorization.



Roughness measurement 

Combination of x5 and x25 magnification Rq: RSS

╡▲ Ȣ ╡▲ Ȣ ╡▲

This document canôt be neither duplicated nor transmitted 

without our authorization.

White light interferometry: Zygo NOMAD

Surface map to Power Spectral Density (PSD)

Surface Map

PSD

Rq calculation from PSD (within Vision 32 software)

in x5 [0.6-600]mm-1 and x25 [3-3000]mm-1 magnification



M1 Mirror roughness

Values 

in nm 
rms

Rq

[1.5 ï150] 

Rq

[150 ï1000]

Rq

[1.5 ï1000]

Rq

[0.6 ï300]

Point 1 1.066 0.365 1.127 1.539

Point 2 1.288 0.534 1.394 1.915

Point 3 0.956 0.373 1.026 1.187

Roughnessis:

Åslightyabovethe specification(1nm) over the 1.5
to 1000mm-1 range

Ådominatedby low frequency

Ådecreaseslinearly (in log-log scale) with the
increasingspatialfrequencies

This document canôt be neither duplicated nor transmitted 

without our authorization.



LW Mirror convergency

SPDT : 31.20 nm RMS Post-Pol : 484.47 nm RMS IBF#1 : 162.3 nm RMS

IBF#2 : 36.9 nm RMS IBF#4 : 21.15 nm RMSIBF#3 : 29.5 nm RMS



LW Mirror convergency



Convergency on Spare LW mirror

After SPDT After IBF#1

87%



LW Spare mirror Surface error

ÅCompliant sub-pupils Monte-Carlo analyses of the Spare LW mirror: Max = 9.3 nm RMS, 
Mean = 7.2 nm RMS 



Cosmetic Inspection

Å A serie of about 30 small dots (~ 0,01 mm 

diameter) is present on the top-left corner of the 

mirror (in red). These are below the diameter of 0.1 

mm specified by the digs specification. A detailed 

picture of this cosmetic defect is nevertheless 

presented here below.

Å Four isolated digs of about 0.04 mm diameter are 

reported on the drawing (in green). These are also 

below the maximal admissible diameter.

Å Three scratches of grade 40 are reported (in blue). 

The length of each scratch is characterized and 

noted (in mm). The sum of all length is 48 mm, just 

below 1/4 of the useful diameter.

Å A pinhole of 0,16 mm diameter have been reported 

after the coating of the surface (in black)
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LR mirror Manufacturing

Raw Machining

Nickel Plating

Diamond Turning

Final

Milling

Lightweighting

Thermal treatment 

Stress relieve

Single Point 

Diamond Turning

NiP Plating

Single Point 

Diamond turning

Polishing

(Smoothing)

Figuring

(Shape correction)

SFE <5 nm rms
NO

YES

SFE <200 nm rms?

YES

Review mirror or 

tool design

NO

SFE<40 nm rms?

Rq < 0.5 nm rms?

Rq < 0.5 nm rms?

YES

NO

NO

YES

NO YES

Mirror Testing

Raw material 

procurement

YES



LR mirror Mechanical tolerances

MASS LR

Nominal mass according to drawing 0.580 kg

Measured mass with NiP Plating 0,630 kg

Difference wrt drawing 7,9 %

Feet co-planarity (after unmounting and re-processing) 

Plastic deformation observed on one feet

Back face planarity < 60 nm rms SFE

Axis Actual, mm Nominal, mm Deviation, mm

Vertex position X

In optical axis
referential

0.13 0.0 0.13

Vertex position Y

(wrt ref B)

-0.014 0.0 -0.014

Radius of Curvature -246.524 -246.678 -0.154

- TheRadiusof curvatureis abovethe requiredspecification.
The deviation is neverthelessacceptable as it can be
compensatedduringthe alignment.

- Theresidualimpactof the MTFis lessthan 1%(sensitivityis
0,4%for 0,1 mm RoCerror).

Inspections with 3D CMM



LR Mirror SFE

ÅFull pupil : 7.7 nm RMS SFE

ÅSFE on Sub-pupils (Spec < 5 nm rms)
Mean value : 4.6 nm rms

Max Value : 6.38 nm rms

80% of sub-pupils < 5 nm rms



LR mirror : Roughness measurement

Values in nm

rms

Rq[1.5 ï150] Rq[150 ï1000] Rq[1.5 ï1000]

Point 1 1.29 nm RMS 0.17 nm RMS 1.30 nm RMS

Point 2 1.34 nm RMS 0.18 nm RMS 1.35 nm RMS

 

 X5 X25 

Point 1 

 

Rq=1.98 nm RMS 

 

Rq = 0.495 nm RMS 

Point 2 

 

Rq=1.64 nm RMS 

 

Rq=0.631 nm RMS 

 

Very uniform slope of the PSD on Log-log scale 

(no residual periodic structure)

0.5 nm rms achieved only for spatial frequencies < 3 mm-1

Large contribution for spatial frequencies 1.5 to 3 mm-1



LR Mirror convergency

SPDT : 32.4 nm RMS Post-Pol : 47.94 nm RMS IBF#1 : 17.6 nm RMS

IBF#2 : 7.7 nm RMS



LR mirror convergency

ÅMuch better conservation of SFE between SPDT and Post-polishing

ÅStable convergency of IBF run ~ 60% 

Å2 runs ! (Spec <6 runs)



Cosmetic Inspection

Å No digs of specified diameter have been detected in the useful area

Å Two scratches within the specified grade have been identified on the top right corner with a length of 13 mm and 5 mm respectively

Å Some faint scrapes are notice on the bottom left corner but below the specified grade. 

Scratches

Scrapes



Thermal Test LR04



Thermal Vacuum Test setup (LR mirror)

ÅGoal
To qualify the wavefront error of the LR 
mirror at cold temperature (200K). 

ÅTest facility
AMOS TVAC chamber.

ÅRequirements
Interferometric image entirely included in 
the interferometer FoV

Surface temperature control

Suitable Observation window

Capability to re-focus

Any distortion induced by mechanical 
support

AMOS TVAC facility



Sub -systems definition

Copper Shroud

Sub-system test setup



Mirror accommodation and re -focus mechanism

Mirror accommodation on Hexapod 

(qualified until -40deg)

Travel range Resolutions

Tx ± 20 mm 0.1ɛm

Ty ± 20 mm 0.1ɛm

Tz ± 10 mm 0.1ɛm

Rx ± 10° 2 ɛrad

Ry ± 10° 2 ɛrad

Rz ± 15° 2 ɛrad



Inspection of the Viewport

ÅTransmitted wavefront impacted but 
expected invariant with Temperature 

Interferometer

Viewport

Flat reference

+ Spherical Abb (conv. beam)

+ Coma (parallelism)

22 nm rms WFE



As -run Test 

ÅLR Mirror temperature tracking during the TVAC test. 

Å3 thermal sensors on the mirrors : Back center ïBack corner ïClose to optical face

23°C

Atm + Vaccum

-20 °C

®and  ¬

-60 °C

-70 °C

-75 °C

Thermal gradient ~0.6 K 

(back vs front)



Optical Viewport effect

ÅVariation on PtV error for Amb->Vaccum and Vacuum -> Ambiant

ÅMainly Astigmatism effect due to differential pressure on Viewport faces 

ÅOther errors below reproductivity of the measure



Thermal stability of the mirror

Variation RMS

Coefficient

RMS Variation over 

100K Before/after test

Ast0 5.3 nm 4.8 nm

Ast45 16.7 nm 11.5 nm

ComaX 19.8 nm 13.8 nm

ComaY 8.1 nm 12.8 nm

Spherical 10.2 nm 2.3 nm

Residual RMS Z1-Z9 removed 18.6 nm 7.1 nm

Total 34.8 nm 23.7 nm

Limited variation of most Zernike coefficient (PtV)

Main contributors : Coma X and Residual Zernike (>Z9)

Hysteresis effect observed -> stress relaxation ?

3.5 nm rms per 10°C



Conclusions of thermal tests

ÅTest equipment and procedure can probably be improved but is considered reliable for 
the demonstration

ÅThe deformation of the LR mirror in cryogenic temperature (200K) is in the order of 
magnitude of ‗Ⱦςπrms SFE.

Not negligible 

ÅProvided that it is correctly taken into account in the error budget, this value may be 
acceptable in a certain number of applications. 

In particular, cryogenic temperature is usually required for Infrared application where surface quality 
requirement is typically less stringent. 

ÅThe objective of < 10 nm RMS variation, expected for UV-Visible applications, can only be 
achieved on a thermal excursion of about 30 K, which is a reasonable limit for many 
instruments.

ÅPossible relaxation of residual stress between substrate and NiP layer.
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Background about Thermal Stability of AlSi40

ÅIn a 2014 paper, IOF reports stability test within the AlSi40 
alloy plated with NiP. The authors show that the dimensional 
stability of AlSi composites is a major challenge due to 
thermal mismatch stresses of the two phases, aluminum and 
silicon. Such plastic deformation of the materials must be 
prevented completely in order to make the material usable for 
space application. Thermal treatments for AlSi materials, 
avoiding plastic shape changes at the relevant operating 
temperature over the lifetime of the optics are highly 
recommended. 

J. Kinast, K. Grabowsky, A. Gebhardt, R-R Rohloff, S. Risse, A Tünnermann, 

ñDimensional Stability of Metal Optics on Nickel Plated AlSi40ò, Proc. SPIE 

10563, International Conference on Space Optics ð ICSO 2014, 105635W

Microstructure of AlSi containing a 42 wt% share 

of silicon (dark grey).

Dimensional stability of AlSi_A and AlSi_B in a temperature range from -196 °C to 20 °C.



Implementation of Stabilization cycles

ÅTest performed on the Spare 
model of the LW mirror

ÅTwo stabilization sequences are 
introduced in the Workflow

One after blank machining and SPDT

One after Nickel plating

ÅStability test performed after 
final figuring (IBF)

Thermal 

Cycling Stability

Test

Mirror SPDT

Thermal Stabilisation of 

the blank

Mirror Milling

Thermal Treatment

NiP Coating

Thermal 

Stabilization of 

Nickeled mirror

SFE Metrology 

IBF figuring

SFE Metrology

SFE Metrology

Thermal Cycling 

Test } Long term stability 

test

SFE Metrology

Mirror SPDT

SFE Metrology 



LW Stabilization cycles on Blank after first SPDT

ÅInitial Shape after SPDT

 
 

Cryo

Cycles

Thermal 

Cycling Stability

Test

Mirror SPDT

Thermal Stabilisation of 

the blank

Mirror Milling

Thermal Treatment

NiP Coating

Thermal 

Stabilization of 

Nickeled mirror

SFE Metrology 

IBF figuring

SFE Metrology

SFE Metrology

Thermal Cycling 

Test } Long term stability 

test

SFE Metrology

Mirror SPDT

SFE Metrology 

ÅShape after Thermal Stabilization



Nickel plating and Reshaping

ÅAfter Nickel plating SPDT and 
2nd thermal cycle

 

IBF

87% 

convergence

Thermal 

Cycling Stability

Test

Mirror SPDT

Thermal Stabilisation of 

the blank

Mirror Milling

Thermal Treatment

NiP Coating

Thermal 

Stabilization of 

Nickeled mirror

SFE Metrology 

IBF figuring

SFE Metrology

SFE Metrology

Thermal Cycling 

Test } Long term stability 

test

SFE Metrology

Mirror SPDT

SFE Metrology 



Thermal Stability Test

Asa conclusionwe validatedthat the mirror is stableand there
is no significantvariation of the SFEvalue before and after
thermalcycling.

Pixel-to-pixel subtraction only reveals variable constraints
inducedby the mirror mountingto carryout the measurements.

Thermal 

Cycling Stability

Test

Mirror SPDT

Thermal Stabilisation of 

the blank

Mirror Milling

Thermal Treatment

NiP Coating

Thermal 

Stabilization of 

Nickeled mirror

SFE Metrology 

IBF figuring

SFE Metrology

SFE Metrology

Thermal Cycling 

Test } Long term stability 

test

SFE Metrology

Mirror SPDT

SFE Metrology 
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