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I. ABSTRACT

In the last years, INAF-Astronomical ObservatonBoéra (INAF-OAB) has started to develop a glass
slumping technology for the realization of thin dhekible mirror substrates for adaptive opticapbpations.
In particular, the study was financed in the frarodiof OPTICON FP6 — E-ELT Design Study. With this
approach we aim to reproduce with adequate accthagcghape of an optically figured mould. At thel efithe
process we will have a thin, flexible and extrematweight glass mirror substrate. The shapénisf glass
shell will be of optical quality. In this paper yweopose and discuss a technique for the manufagtofi stiff
and lightweight mirror panels. Each panel showaralwich-like structure with two thin glass skinstmth
sides, the optical one being the substrate produieeglass slumping. This mechanical structurelésl to limit
the optics weight but keeping the quality of thbsttate itself; key points for space-based aptinat
Moreover, the proposed phase of sandwich assemislych that the glass shell does not lose its Shepality.
The approach here presented is derived from aqus\development conducted by INAF-OAB for mirraus f
Cherenkov Telescopes. We present the basic idiee @pproach and some preliminary results obtdimed
tests realized.

[I. TECHNOLOGICAL APPROACH UNDER INVESTIGATION

The process hereafter described produces commpage mirror panels with a sandwich-like structiitach
panel is composed by two thin glass sheets glus#tias of a suitable material being the core ofghrel itself
(core’s board). The front glass sheet is confortodtie desired optical shape using a two-step psobased on
the replication of a master, while the rear onasisd to increase both the stiffness and the thestahllity of
the panel when exposed to temperature variations.

This process has been already partially discussg] and [2] and it is herein summarized for coetphess.
It can be divided into two separate steps showfign1: the first one uses a thermal forming pracedo
conform the shape of a thin glass sheet to a mefide during the second step the sandwich stredsur
assembled.
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Fig. 1. Technological process under investigation. Thet fitep uses a thermal forming procedure to shaping
(up to optical quality) a commercial thin glassethd& his procedure is completely developed in INDAB.
The second step permits to assemble this glasksistitsl final configuration without major optical
degradations.
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A. First step: hot glass slumping

The first step of this process is used to preciskping a common float glass sheet. Applying enthé
cycle up to temperatures above the glass trandgimperature Tg, i.e. where the glass's viscogitpmes low
enough, permits to the glass to slump and retaimgeently the new geometry when it is cooled down.

This is derived from an ongoing R&D program starfi@dan ESO FP6 activity for the development of a
technique based on hot slumping of thin glass sheanhanufacture floppy glass shells for adaptjtce
[3][4][5]. A mould, having as a shape the negati¥¢he desired optical profile, is manufacturedisuitable
material; it has to withstand high temperature withmajor shape changes during the thermal cydeaéiar
repeated ones. In addition, the CTE of the mouttlikhbe as similar as possible to the glass tduemed to
have a close replica. After having performed adraff, for the material of the mould it was chosea
ZERODUR K20 [6]. For what concern the glass, thedfioat™ 33 was chosen due to its good quality and
CTE match with the mould. Both these materialsprogluced by the Schott company. This decision was
mainly supported by the following considerations:

« The ZERODUR K20 has not shown sticking attitudéh® Borofloat" 33 glass up to 660 °C, hence
there is no need of an anti-sticking coating.

* The dimensions of ZERODUR K20 blank can be easilexd-up to 1.5 meters in diameter.

« The ZERODUR K20 has a CTE near to that of the Boad" 33.

» The CTE homogeneity of the ZERODUR K20 is the hgilaf all the other considered materials. This
avoid local changes in height and shape of the doul

* The cost of the finished mould in ZERODUR K20 ig far from that of the moulds made in other
materials considered.

After a deep cleaning of the two components (maud glass sheet), they are placed onto a muffle wit
vacuum capability. Roughly, the muffle is a stasslsteel box that permits to remove the air comwectvith
advantages in terms of homogeneous heat distribatid cleanness from the dusty ambient of the oven.

The muffle is placed inside the oven. A suitablerthal cycle is applied up to 650 °C (dependinghenglass
type); during the slumping a uniform pressure aflati50 g/crhis applied on the glass so to force it against
the mould surface. This ensures the full contathefglass against the mould. At the end, the glasst will
have copied the shape of the mould.

The process is able to replicate with high accutheygeometry of the mould profile, but also thetdees at
higher spatial frequencies are copied and in pdaigart of the surface microroughness. For #dson a
superpolishing of the mould is needed.

Based on the finite element analyses and experswesthave done using our facilities it is posstbleesach
the maximum temperature in about one day maintgilimited thermal gradients (< 1% over a mould diten
of 0.7 m). The total thermal cycle has a duratibatmut 3-4 days before the complete cool dowrtmr
temperature.

B. Second step: stiffening and sandwich assembly

After the thermal shaping phase it is possiblerteed with the second and final step where thesgiaell
will be assembled in its final configuration. Thgsaccomplished exploiting a vacuum suction betweershell
and the mould, and then gluing the core's boardaaratiditional glass sheet on the rear.

This concept is derived from a R&D program fundgdNbAF-PRIN-2006 grant for the development of
innovative mirrors for Imaging Atmospheric CheremKicelescopes. In particular, from this study campehe
so called “cold slumping” technology successfullippted for the production of more the 100 squareermef
mirror panels [7][8]. These mirrors compose almwf of the optical surface on the MAGIC Il Cheremk
telescope installed in La Palma, Canary Islands.

Following the scheme proposed in Fig. 2, the giiiedl is uniformly pushed against the mould using a
vacuum suction. This eliminates any geometricairserbetween the mould and the glass, residual fhem
thermal forming phase and due to the CTE mismatdtioa thermal gradients. Anyway, if both the chaite
the materials and the thermal cycle timing havenreperly done, the geometrical errors are verglisamd in
the order of tens of microns at most.
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A thin layer of glue is uniformly spread on theggdahell and the core’s board is assembled togeitiethe
rear glass sheet. The adhesive is cured followiagptoper thermal cycle, if needed, and then thdwih is
released from the mould.

At last, the sandwich panel can be coated wittptheer reflecting layer.

/ Vacuum suction and Glue curing Vacuum release Mirror panel coating
] sandwich assembly

Core's board
pre-machining

Fig. 2. Detailed scheme of the second step of the pro@éssglass shell thermally formed in step 1 is now

placed in contact with the same forming mould byanteof a vacuum suction. Then a core’s board and a
second glass sheet are assembled together tolierfimal sandwich structure.

[Il. CONSIDERATIONS ON MATERIALS FOR THE CORE OF THPANELS: FOAM AND GLUE

The choice of the material for the core of the pap&ys a very important role in the design. Tteab
panels with areal density in the order of 20 Kgamd with high stiffness, we use materials witloanf
structure. In fact, they show good performancesnwampared with the bulk materials.

We are experimenting the use of Foamglas® boaijdsdé Pittsburg Corning company as core of theromir
panels. However, this is probably not the best rat® be used for this kind of applications, angbarticular
if we aim to deliver very high performance mirrasusually needed in space-based applications. glas®
shows a quite fragile surface and a good thernsallting behavior, meanwhile materials like Silicdarbide
or Fused Silica foams should be able to deliveranipanels with better thermo-mechanical perforreanc
However, the experience gained and the resultsritaising Foamglas® are interesting and quitenfsiog
in view of further developments that we are schiegulith the above suggested materials.

In the following are reported some consideratioeshave drawn from the present experience we hdd wit
Foamglas®.

Foamglas® is an all-glass closed-cell structureentcomposed of millions of completely sealedsglaells.
It shows a number of interesting characteristies thade it attractive for our development. It cornes
lightweight boards produced in several thickneses 40 to 120 mm, and density ranging from 120¢go
165 kg/m, it is stiff and easy to work. Moreover, it is wgtroof, stable in time with a low CTE of about 9
um/K - m and, last but not least, the cost is beiowdred of Euro per square meter.

Due to the limited dimensions of the boards comimé#lycavailable and due to its intrinsic stiffnesspnumber
of Foamglas® boards shall be assembled togethter feom the tile shape. At this point we have anplplano
panel, and this is machined on the front side Vailhg a profile that fits the curvature of the fongimaster.
This plano-concave tile is then used as core’sohthe final mirror panel. The machining of thisnk panel
has been done in the labs of INAF-OAB using a dadit facility, a CNC milling machine similar to a
pantograph, it is capable to work on pieces upb@0x1700 mrh

We think that exploiting this approach it will begsible to produce mirror panels with very goocept
mechanical characteristics. Some expected impronenage here summarized.

Since the panel’s core is machined to match thpesbathe curved glass sheet, the final mirror paheuld
results to be in a very stable condition. The gphiack effect is essentially absent or it is atthcasised by the
small bending that happens with the vacuum suction.
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Using glass also for the core of the panel we zeassentially an all-glass mirror panel in whicis strongly
reduced the CTE mismatch between the principal corapts of the panel itself, i.e. the two skins Hrlcore.
This should gave a net improvement in the stabilftthe focal spot produced by the mirror when esqubto
environmental thermal gradients, because of a negtyced differential expansion/contraction betwinenskins
and the core.

The glue can be an epoxy adhesive showing adeghatacteristics in terms of shrinkage, CTE andnepri
temperature. In particular, a very low percentdgekage is mandatory to minimize overall streshasng the
curing phase, as well as the application of aleinding layer with a uniform thickness to avoiddbstresses.

Also, milling or turning the foam boards on therftgide (i.e. shaping them to match the curvatfitbe
glass shell) helps to maintain as constant as lpedsie thickness of the layer of glue. This avaliferential
shrinkages (i.e. from point to point) of the glueldence it allows a better copy of the masterapsh

IV. PRELIMINARY RESULTS

In the present section are reported a number aftsesbtained measuring and testing some mirroepan
prototypes realized by the authors. These protstyjaee been realized using the approach presanthibi

paper.

All the measurements and tests here reported heese done using equipments installed in the labhil AF-
OAB. The metrology adopted is mainly aimed to shbevfocusing capability and the shape quality (tigio
interferometric measurements) of the mirrors.

The prototypes presented in the following have repiicated from a mould already available in INSAB
from the ESO FP6 R&D program. It is made in ZERODKR), a ceramic material from Schott with a circula
tile shape of 700 mm in diameter. Its surface gaonteas been figured with a classical optical gotig
process. It is a convex sphere of approximatel\09%éh radius of curvature with a figure RMS erroabbut 1
or 2\ at 632.8 nm, while the microroughness finishinglds of about 3-5 nm RMS. The glass sheets used ar
disks of Borofloat 33 type from Schott, 500 mm iardeter and thickness of 1.7 mm.

In Fig. 3 are shown some phases of the prototyprifaaturing. In particular, from left to right & visible
the preparation of the blank with Foamglas® boattts slumped shell placed on the mould and theHed
mirror panel after the vacuum release. In the e¢ntrage the curved glass sheet is in contact tivétmould
through the vacuum suction distributed all arouredlass circumference. In this condition a nunafer
interference fringes should be visible. These aregated by the shape difference between mouldlantged
shell. If no difference is present no fringes isibfie, this means that the glass matches exaalyntbuld shape.
The present situation returns an almost completem@n a wide central area covering more than 80&beo
total, with just some islands due to not perfeetning of the glass surface. On the contrary, albeglass
perimeter a corona of dense fringes is visiblepines once again from a lack of adequate clearitigeashell
edge.

A preliminary evaluation of the optical performarafehe mirror panel has been done through itslgiéipa
to form images; in Fig. 4 are presented few of th&mthe left panel it is shown a small, sharp @y intense
disk of light generated pointing the mirror onte tBun. The central photo is the focal spot derfveah the
concentration of a spherical laser wavefront plamethe radius of curvature. The bulge of the $pobntained
in about 3 mm, while the measured radius of cureaigi9850 mm. At last, in the right panel therthisimage
of a filament lamp as generated by the mirror. &fle it is possible to recognize some featurethas
incandescent filament itself and the glass bulb.

The mirror has also been measured with a ZYGO GPInterferometer equipped with an optical reference
sphere for the generation of the laser wavefrooe @ the long focal length of the mirror it wag possible to
measure it using a vibration dumped optical befitie. result of the measure is reported in Fig. fddt the
whole surface generates interference fringes \uithréference laser beam, while the dark areasatite
respect to it. The overall figure error of the roiris of about 1.3, in complete agreement with the figure
manufacturing specification of the mould.
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Fig. 3. (left) Foamglas® boards assembled to form the lpzore. (center) Hot slumped glass shell in contact
with its forming mandrel. Only a narrow corona adhe glass circumference deviates from the maduéghe.
(right) Mirror panel after the curing of the gluedathe vacuum release.

Fig. 4. Images generated by the prototype mirror pandizesh (left) an image of the Sun disk, (centes tbcal spot on
the radius of curvature and (right) a filament lamp
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Fig. 5. Interferometric measure of the mirror panel pryptetrealized from a previously hot slumped thirsgla
sheet. The overall figure error is of about A.BMS respect to a perfect sphere. The higher frecjas
contribution is attributed to a not optimized glgiiprocedure.
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V. CONCLUSIONS

From this experimentation we summarize that inldlnespatial frequencies domain the procedure here
adopted permits to copy with good fidelity the alegeometry of the forming mandrel. Superimposethis
shape, there is an irregular set of fringes thgtattes the surface quality of the mirror at thénbigrequencies.
In our understanding this contribution can be sitpmttributed to the glue layer. In fact, we war able to
apply an adequately uniform layer of adhesive. Phisolem should be solved in the near future désggand
using an ad hoc tool.

In the opinion of the authors, the use of this téghe for the manufacturing of lightweight mirr@gments
for high quality segmented primary mirrors shoukdtéken into account. Main applications can becteal in
the upcoming ground-based projects, but this teglenivorth to be considered also in view of the atleéthe
new and large space-based telescopes such as 8 However, there are a number of improvements tha
have to be done in order to make this type of msrommpliant with a sort of “standard requiremerfits”
astronomical mirrors, in particular concerning titical quality. Nonetheless, the very low areaisiey, the
fast and cost production rates of such panelslen@ticeable characteristics. In the future plahthe authors
there is a strong intention to carry on a carefukstigation of the presented approach.

Moreover, for high performance optical telescopés imandatory to use different materials, rathent
Foamglas®, as well as higher optical quality mouldgarticular, concerning the core material ththars
want to concentrate both on very low CTE open-stellcture Fused Silica foam and Silicon Carbiderfoa
Also the use of different glues will be investightén this ways, we think to be able to improvensgfigantly the
copying capability of the mould and hence the fimatical quality of this kind of mirrors.
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