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Abstract
ARIEL, the Atmospheric Remote-sensing Infrared Exoplanet Large-survey, was 
selected as the fourth medium-class mission in ESA’s Cosmic Vision program. 
ARIEL is based on a 1 m class telescope optimized for spectroscopy in the waveband 
between 1.95 and 7.8 micron and operating in cryogenic conditions. Fabrication of 
the 1.1 m aluminum primary mirror for the ARIEL telescope requires technological 
advances in the three areas of substrate thermal stabilization, optical surface polish-
ing and coating. This article describes the qualification of the three procedures that 
have been set up and tested to demonstrate the readiness level of the technological 
processes employed. Substrate thermal stabilization is required to avoid deforma-
tions of the optical surface during cool down of the telescope to the operating tem-
perature below 50 K. Purpose of the process is to release internal stress in the sub-
strate that can cause such shape deformations. Polishing of large aluminum surfaces 
to optical quality is notoriously difficult due to softness of the material, and required 
setup and test of a specific polishing recipe capable of reducing residual surface 
shape errors while maintaining surface roughness below 10 nm RMS. Finally, opti-
cal coating with protected silver must be qualified for environmental stability, par-
ticularly at cryogenic temperatures, and uniformity. All processes described in this 
article have been applied to aluminum samples of up to 150 mm of diameter, leading 
the way to the planned final test on a full size demonstrator of the ARIEL primary 
mirror.

Keywords  Aluminum mirrors · Opto-mechanical stabilization · Protected silver 
coating · Polishing · Cryogenic temperatures

Paolo Chioetto and Paola Zuppella contributed equally to this work.

http://orcid.org/0000-0002-3379-2142
http://crossmark.crossref.org/dialog/?doi=10.1007/s10686-022-09852-x&domain=pdf


	 Experimental Astronomy (2022) 53:885–904

1 3

886

1  Introduction

The main design drivers of the telescope for the ARIEL mission are a collect-
ing area of at least 0.6 m2, diffraction limited performance at a wavelength 3 µm 
on a Field of View of 30", and an average throughput of 96% in the operating 
waveband of 0.5 µm to 8 µm [, 5, 11]. The telescope will operate at a temperature 
below 50 K.

To guarantee the desired throughput while keeping the size of the primary mir-
ror small, an unobscured Cassegrain design was chosen, leading to an off-axis 
parabolic primary mirror featuring an elliptical aperture with major and minor 
axes measuring 1100 mm and 768 mm respectively.

In terms of optical performance, the diffraction limit requirement imposes the 
total wavefront error at the telescope exit pupil to be below 200  nm RMS, of 
which 160 nm RMS have been assigned as the primary mirror tolerance budget.

Aluminum alloy 6061, in the T651 temper, was chosen as construction mate-
rial for the mirrors substrates and most of the supporting structures of the tel-
escope, based primarily on JWST MIRI heritage Kroes et al. [18] and on consid-
eration of manufacturability and cost [6].

Aluminum mirrors of such large size, operating at cryogenic temperatures in 
space, are however relatively untested, and present specific manufacturing chal-
lenges, related in particular to opto-mechanical stability of the substrate at cryo-
genic temperatures and polishing of the optical surface.

Aluminum is also prone to oxidation and its spectral reflectivity in the visible 
band does not lead to the required throughput, so a suitable protected coating 
with space heritage has been identified.

In order to demonstrate the viability of the manufacturing procedures selected 
for the primary mirror of ARIEL, a specific qualification campaign on substrate 
thermal stabilization, optical surface polishing and coating was conducted on 
samples of Al 6061-T651. Results of the campaign will then be translated to a full 
size prototype of the primary mirror (PTM) that will demonstrate the readiness 
level of the technologies employed.

This paper reports the results of the qualification campaign, starting from a 
description of the samples used in the qualification, and then presenting the three 
procedures under test.

1.1 � Samples description

Aluminum samples of three different sizes have been used in the qualifica-
tion activities: disks of 150 mm of diameter and 19 mm of thickness have been 
employed for machining, polishing and thermal stabilization tests; disks of 
50 mm of diameter and 10 mm of thickness have been used for setup of the pol-
ishing process and finally disks of 25 mm of diameter, 6 mm of thickness, have 
been used for the coating qualification. All sample types have been cut from the 
same plate of rolled Al6061-T651 used for the PTM.
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Additional glass samples (NBK-7), 25 mm of diameter by 4 mm of thickness, 
have been used for profilometry of the coating depth.

The 150  mm disks, four in total, have been used to qualify the thermal stabi-
lization and polishing procedures. They have been machined flat before initiating 
the thermal cycles of the thermal stabilization procedure described in 2.2, and later 
underwent a series of polishing runs on a Lamplan M8400 flat lapping machine.

The first disk to be processed, identified as “LTU-1”, had been manufactured dur-
ing Phase A of the ARIEL mission in 2017. It was then used to set up the thermal 
stabilization procedure and test it for the first time. The three remaining disks have 
been used to confirm the results and qualify the procedure since the outcome on 
LTU-1 was deemed satisfactory.

All aluminum samples and the PTM have been procured by MediaLario.1

2 � Thermal stabilization

Dimensional stability is one of the main issues of aluminum as substrate material 
for cryogenic mirrors, especially when a large aperture is required, as is the case of 
ARIEL.

The purpose of a thermal stabilization procedure is to minimize residual substrate 
stresses that may be released during flight and final cool down of the telescope, 
causing an unpredictable variation of the shape of the optical surface of the mirrors 
that can ultimately affect optical performance.

The following paragraphs describe the sources of dimensional instability, iden-
tifying residual stress as the most prominent and actionable one, the stress release 
process that has been identified, adapted and tested, and the steps taken to verify 
compliance of the procedure with the program goals.

2.1 � Sources of dimensional instability

There are four major types of dimensional instabilities that can affect optical perfor-
mance of mirrors: temporal instability, thermal/mechanical hysteresis, thermal insta-
bility and other instabilities [1].

The first two are irreversible dimensional changes caused by the simple passage 
of time, or from changing mechanical or thermal environmental conditions. They 
are both caused by relaxation of residual stresses present in the material, and we 
expect them to be the main source of instability in aluminum mirrors.

The thermal stabilization procedure described here was identified and set up to 
tackle these two sources of instability.

“Thermal instability” refers to changes that are independent of the environmen-
tal change path, such as an intrinsic inhomogeneity in the coefficient of thermal 

1  Media Lario S.r.l., Via al Pascolo, 23,842 Bosisio Parini (LC), Italy.
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expansion in the material. This type of instability cannot be improved by stress 
release processes.

Finally, there are other sources of instability that are specific to the environmental 
change path, such as the rate of temperature change, but have been rarely observed 
in metals, so they have not specifically targeted by the risk mitigation effort.

2.2 � Thermal stabilization procedure

T651 temper specifications already include a thermal/mechanical hardening and sta-
bilization procedure performed by the aluminum plate supplier, and consisting of a 
sequence of “solution heat-treating”, “artificially ageing” and “stress relieving by 
stretching” processes [2].

While this may be sufficient for less demanding applications, use as optical mate-
rial requires further stress release cycles to minimize the possibility of surface shape 
variations [9].

Many stress release procedures are available in the literature. Based on a recom-
mendation by the samples manufacturer, we decided to employ as baseline the one 
proposed by R. G. Ohl et al. from NASA/Goddard Space Flight Center and success-
fully applied to the Infrared Multi-Object Spectrograph (IRMOS) instrument [10].

The main reasons for choosing this procedure are the similarities between the 
two projects: same substrate material, observation wavelength in the IR and similar 
operating temperature (80 K).

The procedure, after adaptation according to the availability of cryotesting and 
manufacturing facilities, was first applied to LTU-1.

The test took place in 2019, and results were satisfactory, leading to a mirror that 
did not exhibit any change in optical surface shape, within the reproducibility error 
of the interferometer used, when measured at room temperature before and after the 
last verification thermal cycle. A detailed discussion and results of this test have 
been published elsewhere [4].

Based on the results, the procedure was then validated on the three additional 
150 mm samples.

The procedure consists of a series of thermal cycles at high temperature fol-
lowed by a second series of cold/hot thermal cycles (Table  1). Mirror machining 
and polishing phases are interspersed with the thermal cycles. A final thermal cycle 

Table 1   Steps of the thermal 
stabilization procedure 
employed to minimize residual 
substrate stresses on mirrors

1. Thermal aging at 175 °C for 8 h
2. Finish machining
3. Age again at 175 °C for 8 h
4.Perform three thermal cycles from -190 °C to 150 °C, rates not to 

exceed 1.7 °C/min
5. Repeat three thermal cycles as in Step 4
6. Diamond turning/polishing
7. Repeat three thermal cycles as in Step 4
8. Repeat three thermal cycles as in Step 4 (validation cycle)
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serves as validation step to confirm that the mirror surface reached stability with the 
required optical shape given by the last polishing phase.

2.3 � Verification methods

To assess the effectivity of the procedure, the optical surface of the mirrors under 
test was measured at room temperature before and after each thermal cycle with 
either a Wyko 8600 Fizeau-type interferometer or a MPR 700 optical profilometer 
by MediaLario.

If the last thermal cycle of the procedure (validation cycle) had not produce any 
measurable difference in surface shape, within the reproducibility error of the instru-
ment, the test was deemed as successful.

The comparison of two measurements at room temperature, instead of assessing 
surface form variation between room and operating temperature, was carried out 
under the assumption that any release of residual stress would produce a permanent 
variation in surface shape, and would therefore be detectable also after bringing the 
sample back at room temperature.

Final qualification of the procedure will then be completed on the prototype of 
the primary mirror (PTM) with the assessment of the optical surface shape varia-
tion between room temperature and operating temperature, validating the assump-
tion stated above.

Surface roughness measurements have been performed with a Taylor Hobson 
CCI White Light Interferometer (WLI).

2.4 � Results

The samples underwent the initial hot thermal cycles of the procedure along-
side the PTM in a Nabertherm W 2200/A air circulation oven at TAG,2 and 

Fig. 1   Comparison of surface error measurement of the first sample with the Wyko interferometer, 
before (left) and after (right) the validation thermal cycle

2  TAG s.r.l., via Guglielmo Marconi 9, 23,843 – Dolzago (LC) Italy.
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Fig. 2   Comparison of surface error measurement of the second sample with the Wyko interferometer, 
before (left) and after (right) the validation thermal cycle

Fig. 3   Picture of the LamPlan 
MM8400 flat lapping machine 
used by MediaLario to test dif-
ferent slurries and pads to set up 
the polishing procedure

Fig. 4   Pictures of the Zeeko IRP 1200X robotic polishing machine at MediaLario: ensemble view (left) 
and close up of the spindle while operating (right)
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the cold/hot cycles at INAF-OAS Bologna,3 at their CryoWaves Lab for the 
cryogenic part of the cycle and in an Angelantoni CH250 climatic chamber 
for the hot part of the cycle.

The validation cycle was performed in a thermal vacuum chamber at Criotec 
Impianti.4

In the case of LTU-1, to bring the optical surface to its final shape, an actual 
fly-cutting process had been applied. For the other three samples, instead, to ease 
scheduling of the entire validation procedure, figuring was performed through heavy 
polishing on a LampPlan 8400 polishing machine at MediaLario, and final polishing 
was performed on a Zeeko IRP 1200 polishing machine, again at MediaLario.

The first measurements of surface error of the samples had been taken before and 
after the first cold/hot cycle with the MPR 700 optical profilometer (see [15], for 
a description of the instrument), since the low reflectivity of the unpolished sur-
face was not measurable on the Wyko. Variation in SFE RMS was in the range 
0.3–0.9 µm.

The following thermal cycle caused a smaller form variation in the range 
0.2–0.6 µm, measured this time with the interferometer.

Final polishing was performed, as anticipated, on the Zeeko IRP1200 using an 
aggressive procedure in order to bring the form error to specification as much as 
possible to make form variation assessment more meaningful, while sacrificing sur-
face roughness.

Results were satisfactory on the first two samples, achieving 101 nm RMS and 
96 nm RMS of SFE respectively after several polishing runs. For the third sample, 
polishing had to stop before the required SFE was achieved since by simple visual 
assessment the optical quality of the surface was degrading so quickly that a serious 
concern on its interferometric measurability was raised. The sample was then left at 
217 nm RMS SFE.

Surface roughness of the three samples, as measured on the Talysurf CCI at 
10 × and 50 × magnification, was in the range 32–101 nm RMS.

Measurement of the samples using the Wyko interferometer proved anyhow prob-
lematic because of surface quality degradation. Eventually, surface shape variation 
was assessed by comparing a central circular region of 100  mm of diameter, and 
proved to be within the measurement error for the first two samples: 5 nm RMS and 
1 nm RMS respectively, with an error of 10 nm (Figs. 1 and 2). As a comparison, 
form variation for LTU1, after the last thermal cycle, was (6 ± 10) nm.

The third sample showed a larger variation: 26 nm RMS. This result, and the low 
reflectivity of the sample, prompted further evaluation of the quality of the interfero-
metric measurement. Measurement error on this sample was then assessed to be in 
the order of 30 nm, higher than the measured difference itself.

A summary of the measurements is presented in Table 2.

3  INAF-Osservatorio di Astrofisica e Scienza dello spazio di Bologna, Via Piero Gobetti 93/3, 40,129 
Bologna, Italy.
4  Criotec Impianti SpA, Via Francesco Parigi 32/A, 10,034 Chivasso (TO), Italy.
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3 � Optical surface polishing

Optical surfaces are polished to reduce surface roughness, lowering scattering at the 
waveband of interest and improving reflectivity. Depending on the process, polish-
ing can also achieve a sufficiently high material removal rate to affect surface shape 
and mitigate residual surface errors left from the previous machining steps.

Aluminum alloys are notoriously difficult to polish down to less than a few 
nanometers RMS of surface roughness, and for this reason they are used mostly for 
IR instruments that have less stringent requirements on surface finish [9]. For this 
reason, and based on the expertise and manufacturing capabilities of MediaLario, 
the requirement on surface roughness was set at 10 nm RMS for the qualification 
phase of the polishing procedure.

Results of directly polishing aluminum alloys are heavily influenced by grain 
structure and orientation. In particular, polishing of Al6061-T651 in rolled plate 
form proved particularly difficult because of easy detachment of aggregates of heavy 
components (such as iron and magnesium) that produce micro-holes and scratches 
on the surface.

Set up and qualification of a suitable polishing procedure required several iter-
ative steps. For comparison purposes, the tests involved also samples of Al6061-
T651 in extruded form, and RSA6061-T6, a rapidly solidified Al alloy from RSP 
Technology.

The first step was carried out on a flat lapping machine, and consisted in screen-
ing existing polishing recipes and setting up a suitable combination of rotating 
speed, pressure, polishing slurry and pads. Once a promising combination was 
found, the second step had been transfer of the procedure on the robot polisher. The 
whole procedure was carried out by MediaLario.

3.1 � Optical surface polishing procedure

In order to set up the polishing procedure, several tests were carried out on a Lam-
Plan M8400 flat lapping machine (Fig. 3). The short machine setup time allowed for 
fast screening of different combinations of pads and slurries to determine the most 
promising one.

After a good candidate had been identified, the process was transferred to the 
Zeeko IRP 1200X deterministic polishing machine. The Zeeko consists of a rotating 
platform on which the piece to polish is secured, and a spindle mounted on a robotic 

Table 2   Summary of surface 
error measurements of the three 
samples before and after HT5 
(validation step of the stress 
release procedure)

SFE RMS before 
validation cycle

FE RMS after 
validation cycle

Difference

Sample 1 101 nm 96 nm 5 nm
Sample 2 77 nm 76 nm -1 nm
Sample 3 217 nm 243 nm 26 nm
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arm (Fig. 4). The spindle contacts the surface to be polished through an inflatable 
rubber head covered by a polishing cloth or pad. A lubricating liquid and/or an abra-
sive slurry are sprayed on the spindle while rotating [17].

The machine operates deterministically, using a surface map of the piece to be 
polished (usually an interferogram) to determine the optimal polishing path, spindle 
dwell time on the spots to be polished, rotation speed, angle and inflating pressure.

Small surface form errors can also be corrected in the process, up to a micron on 
NiP plated mirrors, according to MediaLario experience. Several polishing runs are 
usually required to achieve the desired shape and surface roughness.

3.2 � Verification methods

Surface roughness of the polished samples was measured using a Taylor Hobson 
Talysurf CCI optical profilometer and a Zygo White Light Interferometer (WLI). 
Measurement spots have been chosen to be representative of the whole surface.

Additional micrographs and SEM–EDX analyses have been performed on the 
samples during the tests to determine the nature of the imperfections and problem-
atic morphological feature visible on the profilometric images.

In particular, 25 mm diameter samples have been encapsulated in epoxy adhesive 
and polished in order to perform further metallographic analyses.

Surface form error was measured with a Wyko 8600 Fizeau type interferometer.

3.3 � Results

3.3.1 � Reference results with aggressive polishing process

The first round of tests was performed on the LamPlan MM8400 flat lapping 
machine (see paragraph 3.1) on a 150 mm sample disk.

Purposes of these initial tests were to perform a baseline characterization of the 
results obtainable with the aggressive polishing process normally used by Medi-
aLario on aluminum mirrors with an electroless nickel-phosphorous plating, to 
use as basis for assessing progress, and to study in details any issue than might had 
appeared.

Results were in fact unsatisfactory: visually, the surface of the sample appeared 
affected by opacity, and measurements on the Talysurf CCI confirmed the impres-
sion, showing that surface roughness was generally higher that the requirement of 
10 nm RMS (Fig. 5). In particular, the increased surface roughness seemed to be 
caused by localized defects, clearly visible at 50 × magnification (Fig. 5, center): the 
areas between defects has instead a roughness below 10 nm RMS (Fig. 5, left).

Appearance of the defects is of holes on a generally even surface, leading to the 
hypothesis that the aggressive polishing process removed grains of material, prob-
ably aggregates of alloy solutes. Additional investigation efforts had then been made 
to characterize the localized defects, with the aim of guiding the polishing process 
development effort, using 25 mm aluminum samples.
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Firstly, the 25 mm samples were measured with a Zygo WLI to confirm that sur-
face morphology after polishing is equivalent to the one obtained on the 150 mm 

Fig. 5   Representative roughness measurements of a 6061-T651 rolled plate 150  mm sample, with the 
aggressive polishing process, taken at different magnifications with the Talysurf CCI optical profilom-
eter. The leftmost picture shows a specific area at 50 × magnification with no significant surface defects

100 μm

ISO 25178 
Height Parameters 
Sq 21.0 nm 
Sp 48.2 nm 
Sv 99.3 nm 
Sz 148.0 nm 
Sa 15.7 nm 

Fig. 6   25 mm Al sample after aggressive polishing measured with the Zygo WLI

4

40 μm

Spectrum O Mg Al Si Fe Total 
1 15.15 19.27 43.36 22.22  100.00 
2 76.87 23.13 100.00 
3 14.10 18.92 48.32 18.66  100.00 
4 18.45 66.68 14.87 100.00 

Processing op on: all elements analyzed (normalized) 
All results in weight% 111

2

3

Fig. 7   SEM–EDX report of the analysis of one of the 25 mm sample in Al 6061-T651
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samples (Fig. 6). The sample in 6061-T651 rolled plate clearly shows large hollowed 
structures, also found in the 150 mm samples.

The samples were then analysed with a Scanning Electron Microscope perform-
ing Energy-dispersive X-ray spectroscopy (SEM–EDX), as shown in Fig.  7. The 
analysis identified two kinds of agglomerates: dark areas with generally high con-
centrations of Mg and Si, and light areas with high concentration of Fe.

Micrographs of the cross-section of the samples (Fig. 8) were also taken, show-
ing that the agglomerate structures are in fact uniformly distributed throughout the 
material.

3.3.2 � Final procedure development

The final polishing procedure was developed on the LamPlan, working on 50 mm 
flat samples of 6061-T651 rolled plate and using a different combination of polish-
ing pad and slurry, and then transferred to the Zeeko IRP1200. The procedure con-
sisted in three polishing phases, with each phase seeing a reduction in removal rate, 
lowering the pressure of the rotating head and speed at each step.

In the first phase, the 50 mm samples were first lapped to a flatness of approxi-
mately 1  µm RMS, while also removing machining marks. The second phase 
removed the deeper scratches left from the first phase. These two phases used rela-
tively standard tool parameters of rotational speed and pressure applied.

The third phase required more experimentation, as empirical observations high-
lighted a strong dependence of final roughness on pressure, but eventually results 
were satisfactory, with roughness in the range of 3–5 nm RMS. A sample measure-
ment of the resulting surface is presented in Fig. 9.

Adapting the identified procedure on the Zeeko required another phase of exper-
imentation with different tool parameters, in particular spindle rotation speed and 
dwell time, using the same polishing slurry and pad materials identified on the 
LamPlan.

The final procedure was then tested on the LTU-1 aluminum sample, that had 
been previously machined flat on a fly-cutting tool. Two polishing runs on the Zeeko 
were then sufficient to bring the shape error from 220 RMS to 76 nm RMS, within 

Fig. 8   Optical micrograph of cross sections of a 25  mm sample subjected to aggressive polishing, at 
200X magnification (left) and 500X magnification (right)
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specifications, and surface roughness to 12  nm RMS, with large areas within the 
requirement of 10 nm RMS (Fig. 10).

Although the final results on LTU1 were not compliant with the specification 
of surface roughness, it was decided to proceed anyway with the final test on the 
PTM itself: the diffuse surface defects identified on the samples polished with the 
reference procedure were in fact mostly absent with the new process, the removal 
rate was enough to correct expected shape errors and the polishing runs could be 
kept within 24 h of duration on the larger PTM surface, allowing reasonable process 
performance.

100 μm

ISO 25178 
Height Parameters 
Sq 3.2 nm 
Sp 16.7 nm 
Sv 5.5 nm 
Sz 22.2 nm 
Sa 2.3 nm 

Fig. 9   Surface roughness measurement on the Zygo WLI of a 50  mm diameter disk of Al6061-T651 
rolled plate, polished on the LamPlan using the developed procedure

100 μm

ISO 25178 
Height Parameters 
Sq 12.4 nm 
Sp 54.8 nm 
Sv 32.7 nm 
Sz 87.5 nm 
Sa 8.29 nm 

100 μm

ISO 25178 
Height Parameters 
Sq 8.36 nm 
Sp 36.1 nm 
Sv 19.7 nm 
Sz 55.8 nm 
Sa 6.5 nm 

Fig. 10   Representative surface roughness measurements on the Zygo WLI of the LTU1 Al sample, after 
applying the final procedure on the Zeeko polishing machine
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4 � Optical surface coating

During Phase A, the ARIEL Consortium decided to apply a protected silver coat-
ing to the aluminum mirrors of the telescope to protect them from oxidation and 
increase reflectivity. The choice of silver, as opposed to gold or aluminum was 
dictated by the throughput requirement at the operating waveband, with particular 
regard to the shorter wavelengths.

Protected silver on aluminum substrate has a strong heritage both for ground and 
space based telescopes, operating also at cryogenic temperatures [3, 13, 14].

A detailed qualification study was nonetheless required because of the large size 
of ARIEL primary mirror, with particular emphasis on the possible issues caused by 
process deposition uniformity and CTE mismatch between the specific aluminum 
alloy used for the mirror substrate and silver.

Another area of concern was the environmental durability of silver, and the effec-
tiveness of the protecting coating layer to avoid exposition and corrosion from com-
mon atmospheric pollutants [7, 16].

For the study, a protected silver coating with space heritage from CILAS5 was 
selected and tested, mainly based on coating characteristics and capability and avail-
ability of the supplier of coating a 1.1 m diameter mirror within the timeframe of the 
mission.

The study, still ongoing at the time of writing, involves two main activities: a 
qualification of the coating on aluminum samples, and testing of the coating on the 
PTM itself. This paper describes the first activity.

4.1 � Coating process

CILAS coating process is based Physical Vapour Deposition. The coating platform 
consists in a large magnetron sputtering chamber capable of holding objects up to 
2 m by 2 m of footprint, 0.4 m of thickness [8].

The tray holding the samples is able to move back and forth inside the chamber, 
allowing uniform deposition from the cathodes [12].

The protected silver coating consists of three layers: an adhesion layer in NiCr, 
less than 10 nm thick, the silver layer and a dielectric capping and protection layer. 
The actual coating composition and thickness is a trade secret. The total coating 
thickness is approximately 350 nm.

4.2 � Verification methods

A total of 30 samples of 25  mm of diameter were lined up for coating on the 
major and minor axis of an elliptically shaped sample holder with a curved sur-
face modeled after the optical surface of the PTM (Fig. 11), alternating 11 glass 
samples and 19 aluminum samples.

5  CILAS-ArianeGroup, 8 avenue Buffon, CS16319, 45,063 Orleans CEDEX 2, France.
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The 150 mm disks were instead coated lying flat on the coating tray outside 
of the sample holder. These were used exclusively to test stability of the coating 
after a series of cryogenic cycles.

Aluminum samples measured surface roughness was generally below 10  nm 
RMS, with two samples presenting the slightly higher values of 12.1  nm and 
11.3 nm RMS. Surface roughness of glass samples had not been measured, but 
presumed to be less than that of aluminum samples.

After coating, the samples were subjected to a series of environmental (humid-
ity and temperature cycling) and mechanical (adhesion, abrasion) tests to verify 
stability and performance. Spectral reflectivity, coating thickness and surface 
roughness have also been measured. A summary of the test specification and 
equipment used is presented in Table 3.

Visual inspections and relative reflectivity measurements were performed after 
each test step to identify possible degradation. Reflectivity measurements were 
limited by instrument availability to a waveband of 0.45–2.5  µm and incidence 
angles of 8 and 20 degrees, instead of covering the entire ARIEL operating range 
up to 8 µm and between 3 and 21 degrees AOI. Performance beyond 2.5 µm was 
positively assessed on a previous coating run, and repeating the measurement 
was not considered essential, as degradation is most likely to affect reflectivity at 
lower wavelengths; as for the AOI, results from reflectivity simulations indicated 
that the available setup would be sufficiently representative of the entire range.

Coating uniformity has also been assessed, both in terms of coating thickness 
and reflectivity at the lower end of the waveband of interest (500 nm). Glass sam-
ples were used for this measurement.

Further ageing tests have been planned to verify stability of the coating and 
effectiveness of the protection layer in normal storage conditions. These tests are 
however still ongoing and are not presented here.

4.2.1 � Test success criteria

Qualification tests were evaluated according to the following success criteria, 
applied to the aluminum samples only:

Fig. 11   Drawing of the samples 
holder used for the coating 
deposition, shaped as the PTM 
optical surface
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1.	 Reflectivity > 90% (goal > 95%) in the 0.5–2.5 µm waveband, best effort in the 
0.45–0.50 µm waveband, angles of incidence 8 and 20 degrees.

2.	 No change in reflectivity, within the measurement reproducibility error, after the 
tests.

3.	 No visually detectable signs of degradation or delamination.

The specification on reflectivity is the result of a compromise between mission 
requirements and the expected performance of the coating, and is applicable to 
this phase of the qualification campaign only.

Uniformity of coating thickness and uniformity of reflectivity had not been 
included among the success criteria, but as further means to investigate possible 
failure, and to provide a baseline characterization of the coating.

4.3 � Results

Spectral reflectivity was measured at 8 and 20 degrees of angle of incidence, for 
each sample, at wavelengths up to 2500 nm. The two measurements are identi-
cal within the instrument repeatability error, so the following considerations are 
valid regardless of the angle of incidence of the measurements.

Spectral reflectivity of the aluminum samples was generally above the 
requirement of 90% for wavelengths greater than 500  nm, as illustrated in 
Fig.  12, except for three of the outermost samples, positioned at the edge of 

Fig. 12   Reflectivity of all coated aluminum samples at 8 degrees angle of incidence, and comparison 
with the requirement of R > 90% at wavelengths > 500 nm
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three of the four “arms” of the sample holder of Fig. 11. Variation in reflectivity 
at 500 nm is in the range 89.1%–92.1%.

Glass samples reflectivity is on average higher than aluminum samples by 
less than 1%, probably due to better surface roughness. Reflectivity uniform-
ity on the glass samples also follows the same trend of the aluminum samples, 
showing a variation in the range 88.6%–93.6% at 500 nm. The wider range may 
be explainable by the fact that three of the outermost positions in the holder are 
occupied by glass samples.

Coating thickness was determined on the glass samples by applying a mask 
during coating, and measuring the height of the ridge with a profilometer. Sam-
ples further away from the center of the holder showed up to 10% higher thick-
ness than the central ones, however no physical relation to reflectivity could be 
established, and the measurement will only be used for reference with further 
coating runs.

All mechanical and environmental tests were performed successfully, with no 
visible sign of delamination or degradation, nor impact on measured spectral 
reflectivity. A series of representative pictures of the visual appearance of the 
samples before and after coating and tests can be seen in Fig. 13.

Results of the cryogenic cycles, especially on the larger 150 mm samples, are 
considered particularly important, since the specific combination of substrate 
and coating has not been tested at ARIEL operating temperature of 50 K. The 
coating did not present any visible change in morphology nor changed its spec-
tral reflectivity, leading to conclude that the exposure to high and cryogenic tem-
peratures did no produce any short term degradation. Tape stripping tests were 
also repeated after the temperature cycles, showing that coating adhesion was 
not affected.

Finally, reflectivity measurements after the tests showed no variation within 
instrument accuracy wrt. the measurements taken before the tests.

Fig. 13   Representative pictures of one of the aluminum samples before coating (left), immediately after 
the coating (middle) and after the tests (right)



	 Experimental Astronomy (2022) 53:885–904

1 3

902

5 � Conclusions

The three core processes required to build ARIEL telescope primary mirror, 
namely substrate thermal stabilization, optical surface polishing and coating were 
tested on samples of the same aluminum alloy foreseen for the mirror, with the 
purpose of assessing and improving the level of technological readiness.

Substrate thermal stabilization was successfully verified on two samples. A 
third sample was found not to be representative due to lower reflectivity affecting 
the measurement accuracy.

Polishing proved to be particularly difficult, requiring a very delicate and care-
ful process, leading to longer execution times than expected, but eventually the 
procedure proved to be able to produce the desired results.

Finally, coating reflectivity, although at short wavelengths was slightly lower 
for the samples at the outer edges of the holder, was on average above specifica-
tion and therefore compliant with the requirements.

In view of the successful results, the team decided to proceed with the applica-
tion of the coating to the full size demonstrator of the primary mirror (PTM).
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