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Zalstudy to consider these large telescopes was accomplished by ESO
~zropean Southern Observatory) with a project called OWL (Over-
<lming Large telescope): a 100 meter class primary mirror telescope,

sort of telescope is well beyond the technological capabilities that
10w In the market or even the new ones under development. This

7 feasibility studies to address the problems related to telescopes
= 20 to 40 meters of aperture. This new class of ground-based opti-
‘escopes now under investigation is called ELT (Extremely Large
copes). There are three major telescopes that may be in operation

d 2016-18: TMT (Thirty Meter Telescope), GMT (Giant Magelian
scope), and E-ELT ( mcﬁoﬁummm-mxﬂamgmq Large Telescope).
creasing telescope aperture permits astronomers to collect
s coming from the faintest sources located at the edges of the
2138, to reduce the time needed for imaging, photometry, and
7scopy, to improve knowledge in cosmology, and to study the
oments of the universe’s birth just after the Big Bang. Another
teresting and challenging research topic that could be carried
h such telescopes will be the search for Earth-like exoplanets.
om the technological point of view, these ELTs are a considerable
ge from many aspects. Let's take the example of E-ELT and let us
nthe optics, in particular the primary and the secondary mirrors.

primary mirror will have a diameter of 42 meters, about half a
feld! It will be manufactured in many mirror segments that will
ated and aligned together with an active system fo form a large
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monolithic-like astronomical mirror. The active system will also man-
age and minimize, during the observations, the shape distortions due
to gravitational force. Each segment will be of hexagonal shape, about
1.3 meters face-to-face: this implies a total number of segments of about
one thousand! To produce such a large number of mirror segments, it
will be mandatory to develop and use a technology that will be able tc
provide many mirrors with high optical quality that are lightweight iz
a short delivery schedule. All these requirements are in conflict wits
ocach other. The traditional optical manufacturing processes simply wiil
not suffice. An attractive alternative is offered by processes that accu-
ratety replicate the shape of a master mold. In this way it1s possible &
reach a high production rate of identical mirror segments from eac:
mold. Thus, with a limited number of optically figured molds, it is pos-
sible to achieve mass production of mirror segments.

The secondary mirror of E-ELT is also a sizable challenge. In t
initial design of the telescope it was a 4 to 5 meter diameter mirros I
mm thick having a fully integrated adaptive support. Flexures 2z
induced by a matrix of actuators placed on the backface of the mir:
that deforms its shape to compensate for the aberration introduced *
atmospheric turbulence. The use of adaptive optics is fundamenta’ &
producing top level science with the present generation of telescopes
and it will be mandatory to realize the best performance of the ELTs.

This chapter will discuss an innovative technology based ona gl
slumping process. The study was aimed at the secondary adapt
mirror for E-ELT, but with fascinating possibilities to translate it E
the production of lightweight, stiff, and low cost primary mirrors

modest-aperture telescopes.

The Hot Press Direct Slumping Approach
Currently, adaptive optics are systems added to telescopes as an upsg
to the original instrument. This implies one more reflection surfaz
the optical path; more reflections mean less efficiency of the ¢
instrument. A key breakthrough in this field is the Large Binocular
scope (LBT), where both secondary mirrors of the two twin 8.4
telescopes will be fully adaptive from the very beginning. The s
ary mirrors are two meniscuses 0.9 meters in diameter, each w
clectromechanical actuators placed on their backface. Both mirre
floppy enough to accept deformations; their thickness is only 1.6 =
The LBT mirrors were produced starting froma blank disk oz
rial a few centimeters thick (Figure 1). Both surfaces of the blan
were machined: the one that was the backface needed a surface pre
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MWMMMM”MMN sww Mmmﬁmﬁw from a thicker disk and the initial thickness

0 the desired one. These tasks took al i

and they introduced a severe ri i v e the i
. isk of breaking the mirror duri i

ning phase. The costs for the producti irror are o b

ction of such a mirror are very hi
igh,

M.A_u Mﬂm %H.Qma of some rzzmw.mmm of thousands of US dollars! It is &qu %mm

e ology cannot be used in projects like the ELTSs that are composed of
any mirror segments, both for cost and production-time reasons

2) Hme_.uEJ. bond 3} Grind meniscus Lo
upper neniscus to lower ~mim thickness and
blocking body polishing

1) Grind mating
surfaces to match
the curvature

L . . .
Figure 1: Conventional manufacturing technique for thin mirrors

The slumping process

.JM Mw%nm.mm Mww_m. nm deliver a thin mirror starting from a blank disk with
esire ickness (on the order of 1 to 2 mm)

. and based on th
concept of a replicated master mold is a very attractive Huo.mmmv:mv\ *M

strongly reduce costs, production time, and the risk of catastrophic

mirror damage. With these aims, a research team located in Milan

ftaly, proposed and initiated a feasibility study based on the concept of

ziass hot slumping (Ghigo 2006). A thin, flat glass sheet is placed above

= master mold previously optically figured and polished to the desired

wmvmm then a mc:m.mEm thermal cycle is applied. When sufficient]
..-M,,,Mm\ the glass Swzwommﬂ enough to slump onto the mold m:;mnw
N wm? to the mold’s shape (Figure 2). When the system is cooled to
vom temperature, the slumped glass shell is released from the mold
d nomrwa with the proper reflecting layer. e
Let’s go into more detail. A mold having the complementary opti-

z2: shape and the same surface micro-roughness quality desired for the

tical segment is manufactured from a suitable material. In a cle
»m environment, both mold and glass sheet are mroH.ocm.Z cle mam
any H.mmunmcmﬂ. grease from handling and dust; then the mwwm _m:m&
a muffle with the glass above the mold. The glass’ m:HmMnm t . mnwm

: HOE becomes the optical surface of the mirror. Puee
The WBcEm is a stainless steel box designed to maintain a va

at high temperature. The air is removed, making use of EmnnwEH.z
vacuum pumps. The use of this muffle helps the process in BMMW

Tie wmFor mmem 2l o ot o e LY ' 4
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: the muffls
is essential to avoid creating stresses in the glass shell. M\wﬁwﬂwﬁ:ﬁ o The
5 otects the mold and the glass from the dusty mﬂﬂm ossible show
?,m: In fact, dust particles can be named as one M b ?mem: the mol<d
Mm%mmam mo_,\?wm technology: a dust grain ﬁﬂmﬁﬁwm<mmwm PP,

ing the slumping process p 3
d ¢lass surfaces during  heters.
MMEM mold’s shape in an area of some square centimet

1: Glass sheet and mould

Heater elements

Heater elements

S

3: Slumped glass shell

Figure 2: The hot glass slumping process studied in Italy.

The muffle is then Emnma inside the oven and a suitable the

cle is applied. The maximum temperature reached during the pe

L

is about 650° C. The speed in heating and cooling of the overall =
is not simply limited by .ﬁ.rm powe
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glass. The presence of thermal gradients during the slumping process
can introduce shape errors on the glass optical surface. This is due to
stresses arising mainly during the cooling-down phase of the process,
and in particular when the glass approaches its transformation temper-
ature, T . This kind of error is typically in the low spatial frequencies
range mmmnm:m the optical figure of the slumped glass shell.

Bending a surface from a flat geometry to a spherical one is quite a
complex task and it requires a long time if the slumping is assisted simply
by gravity (it is the same for parabolic and hyperbolic shapes). To ensure
the full (optical) contact of the glass against the mold, a pressure is applied
during the slumping process when it reaches the maximum temperature.
It forces the glass against the mold, helping both to bend the initially flat
glass sheet and to speed up the procedure. This gives the process the ca-
pability to copy the overall geometry and part of the surface micro-rough-
ness of the mold. For this last reason it is important to have a mold with
2 micro-roughness level consistent with a surface for optical application,
otherwise the mirror will mostly scatter the light instead of reflecting it.

At the end of the thermal cycle, the thin glass shell will ideally have the
same shape and micro-roughness of the mold. Its optical quality can be mea-
sured with an interferometer. Due to the floppy nature of the slumped shell

the thickness is only a few mm), it is necessary to use an astatic support
0 measure its shape. This device is able to support the shell, simulating a
veightless condition in order to remove the gravity induced deformations.

Some related problems

One critical aspect is defining the best material for the mold and the
zass type for the segments. To this end, it is useful to compare the
“eoretical thermo-mechanical parameters of suitable materials for
“2 mold and, in parallel, to gain experience regarding the problems
*=ated to the slumping of different types of glass onto different types
“*molds (i.e. using test samples). The critical parameters we have iden-
“%ed can be summarized and grouped as follows in Table 1:

Table 1: Parameters for mold material and glass type.

r input to the oven used, but =

_echanical | Physical | [ Structural | abrication enera
owng’s | CTEand CTE | Voids, Machinability | Availability
modulus homogeneity inclusions
Sardness Thermal Max appl. Polishability Scalability

conductivity temp.

Density High temp. | Optical Costs
stability microroughness

Glass adhesion Mould charact.

Tranenarar i
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A consideration that must be kept in mind is that the choice
mold material cannot be considered only in terms of thermo-mecha:
cal material properties. Both the slumping process under developme
and the final application for which the technology is addressed cowit
in principle affect or be affected by the mold and/for glass propert:
Indeed, it must also be considered part of the selection. For exam
if the sample for the study is a mirror segment of X size with a reque
ment on the scalability up to 10X, the choice of the mold must take :
account the possibility for larger dimensions.

The selection of the type of glass is close to some of the charac I
istics of the mold itself. For example, finding a good match in CTE &z . Figure 3: Optimized thermal cycle for slumping process
tween glass and mold helps reach the desired shape on the final ghau sofoth )
segment; the temperature necessary to slump the glass must be in e + Gouse-of-the-art
range of application of the mold; the chemical composition of the g
results in different behavior in glass-mold adhesion.

The thermo-mechanical properties of the glass itself are also impor:
In particular they are related to the final application of the slumped
ments. For example, the actuators for the adaptive support heat the seg
during the operation, hence the glass shells must be able to dissipate the
with sufficient efficiency. Different glass types are produced/sold in d
size ranges (depending on the technology used and the market they &
dressed to), so the linear dimensions and the thickness of the glass
must be compatible with the application and possible scaling-up.

To choose the best material for the mold and the glass tvrs
these considerations must be properly weighted in a merit functe
reach an acceptable trade-off between the many input paramet
the effort. The materials tested for the mold were Alumina, Silico:
bide, Technical Quartz, and ZERODUR K20. A detailed analysis
materials investigated has been presented Ghigo, 2007. The ch

the mold was the ZERODUR K20 material, while Borofloat was <
for the glass. Both materials are produced by Schott.

Another crucial point is the heating and cooling rates for the
cycle. The slumping is done at temperatures between the annealirg
and the softening point in order for the glass to slump without locs
original good surface properties. The graph in Figure 3 shows an ex
of an optimized thermal cycle. However it differs, it always &
ramps and plateaus. The exact timing is strongly dependent on
and size of the material used as well as the oven. In general, the
can be relatively fast up to the required slumping temperature:
holding time ensures that no temperature gradients are present
glass has time to slump against the mold. The cooling down &
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itial tests were performed on a small mold with a diameter of 150 mm
wd a convex spherical shape of about 4 meters radius of curvature. A
zmber of glass disks having a thickness of 2 mm were slumped .
A representative measure of these shells is shown in Figure 4 .Oz the
r side, the shell is still in place on the mold just after the noozm. down
¢ oven and is illuminated with sodium light. The ﬁmao&nx%w light
awww coronas is the interference fringes between glass and mold szm
cheir .m:m@m difference. This evaluation is qualitative, but it permits us
quickly to assess the results of the experiment. The fringes are well
ded, smooth, and centered, meaning a good copy of the mold. There
me mwmwm difference due to thermal effects (CTE variation ?on.., room
mping temperature). On the right side, an interferometric measure
e entire surface is visible. The values range from A/11 to A/3 (where
= 232.8 nm typical of the HeNe laser). The slumped shells so far have
1 values of optical accuracy very similar to each other. This indi-
w25 a mo.o.& EH.ummwmwummJ\ for the process. Moreover, the surface features’
AT visible in the measures is present in all the segments slumped so
fhese features are very likely present on the mold and are simply rep-
zzted onto the segment surface; on these tests the mold shape is m%\mm%
e serformances obtainable with the slumping technique {Ghigo 2007) ¢
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Recently, a scaled-up process has been performed to slump gt
mirror shells with more representative dimensions. The larger
RODUR K20 mold with a diameter of 700 mm and thickness of
mm was used. The radius of curvature was about 10 meters, whi
the surface finish was on the order of 2.5-4.5 nm rms. This mold hzs
constant thickness for thermal reasons, and hence its bottom surt:
is concave. The optical figuring of the upper surface was perform
following the specifications related to the project that require an
all figure of about 4A rms, but more stringent values at higher s¢
frequencies. The slumped glass disks have a diameter of 500 mm: a2
thickness of 1.7 mm.

From the thermal point of view, the time to reach the slumg
temperature and to cool down the system minimizing the thes
gradients is longer than those shown in Figure 3. A complete slur:
cycle takes up to four days (Canestrari 2008a).

In Figure 5, the small circular and concentric paths of fringss
due to dust grains or particles that prevent the glass from havi
contact with the mold. Only a few number of dust grains can be ¢
ed on the whole surface, thanks to the cleaning tools and the m
lous procedure used. On the right side is the measurement of th
only the central part of the glass has a shape close enough to 2
to be interferometrically measurable. This central partis about 27
wide (half diameter). It shows an error deviation from a mathe

sphere of about A/2.

X

Figure 5: More representative (larger) slumped shell and measz

The Foamglas backing

The experience gained from telescopes for Cherenkov light
INAF-Osservatorio Astronomico di Brera, in collaboratior:
Lario Technology, has developed a new technique for the p
mirrors that specifically addresses the production of segmente
imirrors for the Cherenkov telescopes (Figure 6). It is based o
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= possible (e.g. one mirror per day per master mold)
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WHMMWMMM OQm_ mﬂmm.m Aw S.m min .ﬂEnwv. This concept works in the regime
Dyihich the moﬂ : mmm. is elastic and it accepts small deformations without in-
o <mncmc a mcmmoa Mm ?m:.mu orders. At room temperature, by means
2 vacuum ﬂrmﬁwwwm e %bﬁm:% flat glass sheet is bent and forced into
et ey fhe mo m N honeycomb structure is then bonded with
S e back fac ﬁro the glass and sandwiched using another glass
freeto Eomm i m.u o e man.Om ﬁrmm.m steps, we have a good replica of the
o amord in o sif mzm Hmrgm._mrﬂ mirror panel ready to be coated
i suita ing :5.. The implementation of a symmetric sand-
structure helps achieve the desired stiffness of the panel and

s. This approach

mproves the thermal behavior of the mirror segment
nufacturing times
maintaining very

very attractive since mass production with short ma

W COsts i i

oo %MM Hdﬂwmwmw but with only modest angular resolution (Pares-

ucmmﬁm " .w ! ). Cost fora 1 Square meter mirror is about 2 to 3
uros; weight for a 1 square meter is about 10 kg

20

1

i
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igure 6: The MAGIC Cherenkov telescopes sited at the Canary Islands

ing a floppy glass slumped shell
?Ww%ﬂ&ﬂ ?.mmmm the shape of a curved slumped glass, it is forced
il co vmnaémﬁr a mold through air suction; then a suitable foamed
M&m OEOWM ; M aﬁw,_ mmcm to the mirror shell, forming a sandwich-like
fure. e of the foam substrate must be machined i i
ned in adv.

3>me M:QmEHw of the mEEﬁmQ glass segment. This also BmwMMMM
1% Hﬂm mmm wOmmHEm.Em thickness of the glue (Figure 7) (Canestrari
l.ﬁ&m: MMMMmNM_WﬂN%JMS good performance in stiffness and
At whe 1th bulk materials of the same dens;j
Afention must be paid to the choi A
frentic d t ce of the foam and glue. ¥

s important to minimize the CTE mismatch vmzammm: ﬁrme%MHﬂ

A DS TR T 1 1
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gradients. For the glue, a very low-percentage shrinkage is mandaters
fo minimize local stresses during the curing phase.

With these steps, the optical shape of the shell is frozen and &
final mirror panel has a low weight while maintaining the good optic
quality obtained from the slumping process. In addition, with this &
proach the cost of a finished segment can be quite low and the procs
tion rate can be fast.

_ ' back glass sheet

vacuum suction glue
™,

stumped giass shell™, m——
,__ i
v Pl b T

Fy
3

L mould

zonfirms that the impl i
* : plementation of the sandwich struct
zppreciably degrade the overall optical quality ﬁmbmmﬁm&ﬁ Mm..ommwwm ot

Vacuum
suction

mirror panel release |

-— foam core

Figure 7: Bonding to maintain shape of slumped shell.

Preliminary results of the investigation
The substrate used for this development was Foamglas from Pitt
Corning. The CTE of this foam is different from that of the glass:
To minimize the effect of the CTEs mismatch, the curing of the gl
the interferometric measurement were made at the same temper
The use of foam with a better match in CTE (with respect to th
shell) is a step that will be implemented in future development
glue used is a two-component epoxy product that has very low p=
shrinkage, on the order of 037%, and the same quantity of epe
used in both of the foam substrate faces. We also tested for the <
ity of the foam to withstand a vacuum without breaking. This ;
the panels to be vacuum coated.

The left side of Figure 8 shows the stack during the cu
glue. Visible is the mold with the slumped glass kept in full
by vacuum suction. The foam substrate, with a thickness of #
placed above the slumped glass with the glue in between. At
of the stack is visible a weight used to spread the glue over !
surface. The right side of Figure 8 is a picture of the final mir
after the aluminization of the optical surface.

After curing, the mirror panel was measured interferom
Figure 8 (bottom) shows the results. Compared with the meas
of a standard slumped shell (Figure 4), it might be noted that
11 cninbn me cheare cecentially the same optical quality of abous

Figure 8: A mirror panel formed i

Tgure & A mi p through slumping and stiffening,
zzhor’s Note

fact: rodolfo.canestrari@brera.inaf.it
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