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I. ABSTRACT

In the last years, INAF-Astronomical ObservatoryBoéra (INAF-OAB) has started to develop a glass
slumping technology for the realization of thin dhekible mirror substrates for adaptive opticapbgations.
In particular, the study was financed in the frarogwof OPTICON FP6 — E-ELT Design Study. With this
approach we aim to reproduce with adequate accuihecghape of an optically figured mould. At thel ofi the
process we will have a thin, flexible and extremgitweight glass mirror substrate. The shapésf 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 skinshosth
sides, the optical one being the substrate produeeglass slumping. This mechanical structurelésl to limit
the optics weight but keeping the quality of thbsttate itself; key points for space-based apdinat
Moreover, the proposed phase of sandwich assemislych that the glass shell does not lose its &hgpality.
The approach here presented is derived from aguevdevelopment conducted by INAF-OAB for mirras f
Cherenkov Telescopes. We present the basic idiée @pproach and some preliminary results obtéied
tests realized.

IIl. TECHNOLOGICAL APPROACH UNDER INVESTIGATION

The process hereafter described produces commage mirror panels with a sandwich-like structi@ach
panel is composed by two thin glass sheets gluattias of a suitable material being the core ofitheel itself
(core’s board). The front glass sheet is confortodtie desired optical shape using a two-step gsobased on
the replication of a master, while the rear onesisd to increase both the stiffness and the thestahility of
the panel when exposed to temperature variations.

This process has been already partially discussgl] and [2] and it is herein summarized for coetphess.
It can be divided into two separate steps showkidn1: the first one uses a thermal forming praredo
conform the shape of a thin glass sheet to a mewide during the second step the sandwich stradsir
assembled.

STEP 1: Hot slumping
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Fig. 1. Technological process under investigation. Thst 8tep uses a thermal forming procedure to shaping
(up to optical quality) a commercial thin glasseth@his procedure is completely developed in INOAB.
The second step permits to assemble this glasiistits! final configuration without major optical
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A. First step: hot glass slumping

The first step of this process is used to precisbhfping a common float glass sheet. Applying enthé
cycle up to temperatures above the glass tranditimperature Tg, i.e. where the glass's viscositpmes 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 statfi@dan ESO FP6 activity for the development of a
technique based on hot slumping of thin glass sheanhanufacture floppy glass shells for adaptitice
[3][4][5]. A mould, having as a shape the negabti¥¢he desired optical profile, is manufacturedisuitable
material; it has to withstand high temperature withmajor shape changes during the thermal cyadeattar
repeated ones. In addition, the CTE of the mouttlkhbe as similar as possible to the glass tdueped to
have a close replica. After having performed adraff, for the material of the mould it was choskea
ZERODUR K20 [6]. For what concern the glass, thed8oat™ 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 easififesi-up to 1.5 meters in diameter.

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

« The CTE homogeneity of the ZERODUR K20 is the hgited all the other considered materials. This
avoid local changes in height and shape of the dhoul

e 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 (mamnd glass sheet), they are placed onto a muffle wit
vacuum capability. Roughly, the muffle is a stagslsteel box that permits to remove the air coimmectvith
advantages in terms of homogeneous heat distribatiol 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 aftatl50 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 glhsst will
have copied the shape of the mould.

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

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

B. Second step: stiffening and sandwich assembly

After the thermal shaping phase it is possiblertxged with the second and final step where thesgihell
will be assembled in its final configuration. Tidsaccomplished exploiting a vacuum suction betwéeershell
and the mould, and then gluing the core's boardaaradditional glass sheet on the rear.

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

Following the scheme proposed in Fig. 2, the giledl is uniformly pushed against the mould using a
vacuum suction. This eliminates any geometricalrerbetween the mould and the glass, residual fhem
thermal forming phase and due to the CTE mismatclioa thermal gradients. Anyway, if both the choiée
the materials and the thermal cycle timing haventeperly 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 theggashell and the core’s board is assembled togeitiethe
rear glass sheet. The adhesive is cured followiagtoper thermal cycle, if needed, and then thdwih is
released from the mould.

At last, the sandwich panel can be coated wittptioper 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 prodéesglass shell thermally formed in step 1 is now

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

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

The choice of the material for the core of the p@p&ays a very important role in the design. Ttagb
panels with areal density in the order of 20 Kgamd with high stiffness, we use materials witlo@nf
structure. In fact, they show good performancesnrdtmpared with the bulk materials.

We are experimenting the use of Foamglas® boaidsdd Pittsburg Corning company as core of theromir
panels. However, this is probably not the best riat® be used for this kind of applications, angbarticular
if we aim to deliver very high performance mirrasusually needed in space-based applications. gias®
shows a quite fragile surface and a good thernsailéing behavior, meanwhile materials like Silicoarbide
or Fused Silica foams should be able to deliveranipanels with better thermo-mechanical perforreanc
However, the experience gained and the resultsreataising Foamglas® are interesting and quitengsing
in view of further developments that we are schiedulith 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 structureenltcomposed of millions of completely sealedsglaells.
It shows a number of interesting characteristies thade it attractive for our development. It conmes
lightweight boards produced in several thicknesies 40 to 120 mm, and density ranging from 120hKgo
165 kg/m, it is stiff and easy to work. Moreover, it is wgtroof, stable in time with a low CTE of about 9
pm/K - m and, last but not least, the cost is bdtawdred of Euro per square meter.

Due to the limited dimensions of the boards comim#ycavailable and due to its intrinsic stiffnessnumber
of Foamglas® boards shall be assembled togethier feom the tile shape. At this point we have apl@plano
panel, and this is machined on the front side Yalhg a profile that fits the curvature of the fongimaster.
This plano-concave tile is then used as core’soéthe final mirror panel. The machining of thisnk panel
has been done in the labs of INAF-OAB using a dedit facility, a CNC milling machine similar to a
pantograph, it is capable to work on pieces ups@0%1700 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 thpesbthe curved glass sheet, the final mirror paheuld
results to be in a very stable condition. The gphback effect is essentially absent or it is attheasised 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 whidls strongly
reduced the CTE mismatch between the principal coapts of the panel itself, i.e. the two skins Hracore.
This should gave a net improvement in the stabdftthe focal spot produced by the mirror when esqabto
environmental thermal gradients, because of a nayced differential expansion/contraction betwinenskins
and the core.

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

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

IV. PRELIMINARY RESULTS

In the present section are reported a number aftsegbtained measuring and testing some mirroepan
prototypes realized by the authors. These protstiyawe been realized using the approach presenthisi
paper.

All the measurements and tests here reported reem doone using equipments installed in the labsl AF-
OAB. The metrology adopted is mainly aimed to shb&focusing capability and the shape quality (tigio
interferometric measurements) of the mirrors.

The prototypes presented in the following have begticated from a mould already available in INSAB
from the ESO FP6 R&D program. It is made in ZERODKZO, a ceramic material from Schott with a cirecula
tile shape of 700 mm in diameter. Its surface gapnteas been figured with a classical optical guotig
process. It is a convex sphere of approximately09%th radius of curvature with a figure RMS erroabbut 1
or 2\ at 632.8 nm, while the microroughness finishingelas 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 prototypeufaaturing. In particular, from left to right & wvisible
the preparation of the blank with Foamglas® boattus slumped shell placed on the mould and theled
mirror panel after the vacuum release. In the e¢itrage the curved glass sheet is in contact thidhmould
through the vacuum suction distributed all arour&dlass circumference. In this condition a nunafer
interference fringes should be visible. These aregted by the shape difference between mouldlanthed
shell. If no difference is present no fringes isibie, this means that the glass matches exadlyntbuld shape.
The present situation returns an almost completehm@n a wide central area covering more than 80D#beo
total, with just some islands due to not perfeetining of the glass surface. On the contrary, albeglass
perimeter a corona of dense fringes is visiblepihes once again from a lack of adequate clearitigecshell
edge.

A preliminary evaluation of the optical performarafehe mirror panel has been done through its loidipa
to form images; in Fig. 4 are presented few of th&mthe left panel it is shown a small, sharp @eny intense
disk of light generated pointing the mirror onte thun. The central photo is the focal spot derfuech the
concentration of a spherical laser wavefront plamethe radius of curvature. The bulge of the spobntained
in about 3 mm, while the measured radius of curneai®i9850 mm. At last, in the right panel therthsimage
of a filament lamp as generated by the mirror. isgle it is possible to recognize some featurethas
incandescent filament itself and the glass bulb.

The mirror has also been measured with a ZYGO @PInterferometer equipped with an optical reference
sphere for the generation of the laser wavefrone @ the long focal length of the mirror it wag possible to
measure it using a vibration dumped optical beftie. result of the measure is reported in Fig. Bndst the
whole surface generates interference fringes \ighréference laser beam, while the dark areasdéite
respect to it. The overall figure error of the miris 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 Ipzore. (center) Hot slumped glass shell in contact
with its forming mandrel. Only a narrow corona adhe glass circumference deviates from the madudghs.
(right) Mirror panel after the curing of the gluedathe vacuum release.

Fig. 4. Images generated by the prototype mirror pandizezh (left) an image of the Sun disk, (cented fbcal spot on
the radius of curvature and (right) a filament lamp
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Fig. 5. Interferometric measure of the mirror panel prgtetrealized from a previously hot slumped thirsgla
sheet. The overall figure error is of about A.BMS respect to a perfect sphere. The higher frecjae

contribution ispgggrig}gg%t\goﬁl {ngé)%géié%%g@iprocedure.
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V. CONCLUSIONS

From this experimentation we summarize that inldespatial frequencies domain the procedure here
adopted permits to copy with good fidelity the atlegeometry of the forming mandrel. Superimposethis
shape, there is an irregular set of fringes thgtates the surface quality of the mirror at thenbigrequencies.
In our understanding this contribution can be sitpttributed to the glue layer. In fact, we ward able to
apply an adequately uniform layer of adhesive. Phisblem should be solved in the near future désigand
using an ad hoc tool.

In the opinion of the authors, the use of this téghe for the manufacturing of lightweight mirr@gnents
for high quality segmented primary mirrors shoutdtaken into account. Main applications can beckea in
the upcoming ground-based projects, but this teglenivorth to be considered also in view of the ateéthe
new and large space-based telescopes such as 8ie Wwever, there are a number of improvements tha
have to be done in order to make this type of mercompliant with a sort of “standard requiremeriits”
astronomical mirrors, in particular concerning titical quality. Nonetheless, the very low areaidity, the
fast and cost production rates of such panelslbneticeable characteristics. In the future plahthe authors
there is a strong intention to carry on a carefuéstigation of the presented approach.

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