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Introduction

Introduction

The study of theJniverse in the Xay band of the electromagnetic spectrum is important to
answercontemporaryastrophysical questions about the origin of the cosmos issiévolution.As X
raycannotLISyY S N> G S 9 I NIir&kyQelescbpésYafdidedsc®rslFeduire -bgilauncted in
space aboardballoons, sounding rockets, asdtellites, henceone of their main requiremenis to be
lightweight. Because of the nature of interaction ofrXy with the surface of focusing systenmégh
precision inX-ray mirror shape andsurface finishing is required. In general, the shape must be
controlled at submicron level while the roughness needs to be in théevel. Due to their high
energy, Xay can be focalized only following the principle Gfzing Incidence: an Xay mirror
shows a tubelike configuration and Yhotons are reflected by the inner surface when they are
incidert with angle smaller than 1 degreeSince the advent of space era in th8s, many Xay
instruments have bee launcked above atmospherestarting from sinple detectors tofocusing
imaging systemsThe great majority of -¥ay telescopes launched so far follewhe optical design
called Wolter | (or its approximation), that falizesthe Xphotonswith a double reflection om first
paraboloid and a secondyperboloid mirror surfaces. State of the art in Xay telescops is
represented by the US Chandra satellite and by theojgean XMMNewton satellite Jaunched into
space in thel999and still operative To further improve the scientific knowledge of therag¢ sky,
the next generationX-ray telescopes will require &arger collecting areacombined with higher
angular resolutionwith respect to them The current production technologies cannot meet such
demandingrequirements;they will result in t@ heavy systems to be launched on orbit; hertbe

need to develop a new manufacturing technology for theXtelescopes of the future.

Thisdissertationdescribes the research performed time assessment anthe development of the
slumping technologybased on the thermal shaping of glass materiatsa candidate technology for
the realization ofnext generationX-ray telescopes that require being lightweighirge and with a
high angular resolutionThe work realizedoy the authorat the AstronomicaObservatory of Brera
(INAFOAB) during a Ph.D progranovering a time frame of three yeaiis reported The majority of
the performedresearchis part of an ESA contract for the development of a bgzhkechnology for
the realization ofthe Internationd X-ray Observatory(IXO¢ former XEUSoptical payload. For this

reason, the IXO project is described. However, it has to be considered as a case study since the




Introduction

technology itself can be applied to other missions and even for the production of itemsliffeérent

end-scope, such as for example thin mirrors for adaptive optics or lightweight segmented mirrors.

Chapter 1provides a introduction to X-ray astronomy. Xay telescopessazinglncidence
principle is described, together with the manufacturingcheiques so far employed for the

realization of Xay telescopeso give an overview of the state of the antthe field.

Chapter 2 describes thetarnational Xray Observatorynission The requirements for the X
ray optical payload, as derived by theaim scientific goals, are presented togethvéth the challenge
the astronomers and engineemmunity has to face for the manufacturing of such demanding
system.The current European badime design, based oBiliconPore Optics, is also described to
show where the needor a risk mitigation backip technology forthe X-ray mirrors production

comes from.

/ KILIGSNI o NBLRNEE 2000 MKES asiLdzrhe ¢63 QKS O2y G SE
presented research wrks has been performed. fie proposed optical designfor IXO telescope

making use ofhe backup glasamirror platestechnologyis presented

Chapter 4discussesthe slumping technology under assessmenby INAFOAB for the
manufacturingof X-ray segmentednirrors made by glass. A general introduction to the slumping
technology is given téamiliarize the reader witlthe terminology and the many process parameters
that have to be considered A comparisonwith the Pore Optics technologgnd with different
approaches of the slumping technologyder developmenby other research groups in the world
for the production of Xay telescopess reported, showing advantages and disadvantageshaf

proposed technique with respect to them

Chapter 5goes in the details of théestsimplementation, giving a description of the items
and tools employed during the experiments realization and the analyses of results. In partioailar
oven laboratoryupgrades realized during the study are reported. Thecprement of necessary
tools, primarily moulds and glass foils, is described, following the explanation on the selected

materialsand geometrical properties

Chapter6 might be consideredhe core of this workreporting the main results obtained
during the research activities performed from spring 2008 to spring 20&ttidalar attention is
dedicatedto the results in terms of shape and of miaaughness of the slumped mirror plates.

Important improvementsin the slumping process ste@sd related analges are also given space.
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Thework is stillon-going:upcoming activities will be presentetbgether with future improvements

proposed on the base of the gained experience

Chapter7 closes tle presentdissertation summarizing the main results arttle future steps
of the developmentproposed for the next phases of this project or for other projects that require

largeand lightweight optical systems composeddayumber of equal elements

Annexes have been added to the text to help the reader in the understanding of the exposed
research. Annex A gives a brief description of the surface topography to introduce the definition of
shape and micrgoughness. Annex B provides the description e metrological instrumentation
operating principle. Annex C lists all the carried out experiments and their main goals. Annex D shows

the current hot direct slumping procedure developed during the study.
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X-ray Astronomy

1 Astronomical X-ray Telescopes

This chapter provides an introduction teray astronomy and in particular to therdy optical
systems necessary tfbcus X-photons. Their production technologies are presented to give an

overview of the state of the art in this field.

1.1 History of X-ray Astronomy

Xray astronomy is the study of astronomical objects at almost the highest energies of the
electromagnetic spectrum. It is a relatively new branch of astronomy that dates back to only few
decades ago, in late 1940s, when the fiestiger cants carried aloft German-¥ rocketwere able to
discover Xay emission from thé&un. Since 1930s there was evidence that the outer regions of the
solar atmosphere were much hotter than the known surfaemperature of about 6000K, making
them a possible source of-ay; but it was only when the first payload could bediftove most of the
atmosphere(more than99%)that the first experimental evidence for that could be recorded. Only
the advent of space eran fact,allowed to study Xay enissions coming from astronomical object in
the Universe since the Earth atmospherenighly opaqueto the Xray band of the electromagnetic
spectrum as depicted in Fig. 1.Balloons, sounding rockets and satellites are essential to perferm X

ray astronany.
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Fig. 1.1: Earth atmosphere is opaque to the -pay band of the electromagnetic spectrum.
Balloons, sounding rockets and satellites are essential to lift detection systems abtvand
perform Xray astronomy [1]




Chap. 1

Even if the first launches did not allow discovering amayXradiation other than that coming from
the Sun, they contributed in spreading scientific considerations on the high potential they X
observations could bring to the astronoralccommunity: Xay were the lower energy radiation in
the highenergy domain that could reach Earth unimpeded over cosmological distances and
therefore they would have provide the highest photon flux in the emission from-&igngies
processesThe fluxe that astronomers could predict from extsmlar sourceshowever, were quite
small: while the Sun produced at Earth a flux offlfotons/cnf s , the fluxes expected from other
celestial sources were ordef magnitudessmaller. For example, a Slike dar at a distance of one
light year wouldhave produced 2.5 x 10 photons/cnt s (for comparisonconsider that the cosmic

ray backgrounavasof abou 1 count'cm?s, in the Geiger counters used at that tim&jincethe total

X-ray output from the Sun wassmall, despite the fact that the Sun is so close to Earth in terms of
interstellar distances, many scientists believed that no other sources would have beenifotire

sky. In this context a group of determined researchas American Science and Enggming (AS&E),
including Riccardo Giacconi, Herb Gursky, Frank Paolini, and Bruncstotesd, thinking of a way to
concentrate the Xay radiation from a large area collector onto a small detector, in order to increase
the signal to noise in proportioto the ratio of the area of the collector to that of the resolution
element. They tried several materials and techniques before coming out with the manufacturing of
the first real flightworthy Xray telescopd?2]. In 19&, they were successful in recordjnalong with

a diffuse background coming from all directiotiee firstcosmicsource of Xay emission: Sco-X in

the constellation of Scorpiugn 1965, they obtained the first scientifically useful image of the Sun in
the Xray band. The Xay astrommy was born.C 2 NJ piérfeetidg contributions to astrophysics,
which have led to the discovery of cosmitN¥ & & 2RizbHIS Gidcconi was awarded a share of

the Nobel Prize in Physics in 20@2.

N
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Fig. 1.2: (Left Side)Azimuthal distribution of Xrays from the photon Geiger counters on a
sounding rocket in 1962. The numbers represent counts accumulated in 350 sec in each 6° angular
interval. These data revealed the existence afdiscrete celestial Xay source (Sco -X) around
195° azimuth and the diffuseX-ray background. f#]. (Right Side): SolaX-ray photograph: first
scientifically useful image of the Sun taken with anrrdy telescopein 1965[5].
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X-ray Astronomy

Since that time, a numberfa@ockets, balloons, ansatellites have been launched in spaeerging X

ray telescopes and photons detectoed this field of astronomyhas beendeveloped at an
astounding pacé¢6], [7]. Among the largest and most productiveay missios are Uhuru, launched

in 1970[8]; Einstein,operative from 1978 to 1981[9]; EXOSATgperative from 1983 to 198610];
Rosat launched in 199011]; BeppoSAXaunched in 199612], Chandraand XMM operative since
1999[13], [14]; and Suzaku, launched in 20[1%]. Tens to thousands of-¥ay sourcesre presently
known in the sky. Many of these sources are orders of magnitude brighter than the Sun, now
recognizedto be relatively quiet in the Xay band of electromagnetic spectruri:rays provides a
unique window on sme of the hottest and most violent phenomenon in the UniveilBg]. Among

the wide variety of Xay sources there are

1) X-ray BinariesX-ray Binaries are closerary systems in which gas from one star falls onto its
companion, heats up, and emitsrays. The emission is especially bright when the companion is a
compact object, such as a Neutron Star or a Black Hole. In fact in this case the enormous gravitational
field compresses and heats up the falling gas causing it to emita Wavelengths, whee studyis
fundamental to understand the processes at the base of this beha®jotray BackgroundThe sky

is not dark in the Xay wavelength region: a diffuse background is detectable. Its origin is still not
known, although it is believed to be tmesults of many individual, unresolved sources. The collection
of Xphotons in highresolution and sharp images will help in explain this phenomeBp8upernova
Remnant:The Xray spectra of stars explosions show traces of the heavy elements that anedor
giving important data to study the origins of the elements in the Univetséctive Galactic Nuclei:
Quasars and Active Galactic Nuclei are among the most energetic cosmic .objestsare believed

to be composed by a Supermassive Black Hole sodex by an accretion disk of-falling gas at
millions of degrees: the study of the enormous quantity of radiation that they emit -edyX
wavelength is fundamental to discriminate between several models and finally understand the
process at the base oheir formation.5) Sun, Planets, Stars and Comgtsactically all the objects in

the sky have emissions in theray band, including our planetary neighbors, the Sun and the planets
of the Solar System.

Data collected so far lva been of fundamental impdance for the understanding of the nature of
these sources and the mechanisms by whichayX are emitted. Meantime, they opened new
outstanding questions on the physics of our Universe that requires rgarand more challenging
instrumentations to foud answers.The next generation oX-ray observatories isurrently under
consideration Among the proposeduture missions there are IX{17] and GENX[18]. One thirg

connectsthem: the necessity of new technologies for the production ofitbéray telescope.
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1.2 X-ray Focusing systems: the principle of Grazing

Incidence

A typical X-ray telescope assumes the configuration reportedrigure 1.3 and 14, composed by
several co-axial andconfocal mirrors (called shells) having the shape of comitie surface of
revolution nested one insidéhe others. The particular geometry is dictated by the principle of
Grazinglncidence(Gl) X-ray are reflected and focalized only when they hit a solid surface with very

small angls, in the range of fevienths of degred19].
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Fig. 1.3: Configuration ofa typical X-ray telescope employedn the detection of Xray sources in
the sky. The Grazing Incidence principle is clearly depicted:X-ray coming from a witually
infinitely distant source(left side of the picture) areincident consecutively ontwo co-axial and
confocal surfaces with very small incidence angles anare focalizedinto the focal plane where
the detector is positioned (right side of the imagePictureabove refers to RosaX-ray telescope
composed by four nested mirror shells, having a focal of 10 m and a Field of View of 1 degree.
number of shellsare nested in order to fully exploit the available geometric area.

1In practice-bay optics have torblectiveincerefractive optics would result in too long focal lengths to be implemented
onboard space systems and thick lenses are not employable due to the absorption coefficient.
10




X-ray Astronomy

Fig. 1.4. Example of an Xay mirror. The tubelike configuration due to the principle of gracing
incidence is clearly visible in the center of the imagéhe 1 m long and 1.2 m wide paraboloidal
Zerodur mirror which makes up the biggé mirror of the 0.5 arcsecesolution Chandra telescope
is shown To date, it represents the bigge existing Xray mirror. Next generation ones will have
diameters in the order okeveralmeters (at least 3X). (Image credit: NASA/CXC/SAZD])

A criticd anglen, exists, above which no reflection happens; this is proportionally dependent on the
squareroot of the reflecting material density’) and on the energy of thé¢ray photons being
reflected This behavior of Xay is connected to the interaction of light withatter, whichcan be
expresed by the complex index of refractioescribingthe change of the properties of the incident
electromagnetic wave when crossing the boundary between the tvatenmals involved. This index

expresses the material behavior to reflection, absorption, and transmission and can be written as
n=1b4 bi-i

wherel describes the phase change andccounts for the absorption. The componentdite index

of refraction forvacuummatter transition are often called the optical constants of the material: they
are function of the wavelength, that is to say the energy, of the incident photons. In the optical
wavelength range, for instance, the rgart of the index of refraction is always greater thanbut

with decreasing wavelength it becomes less thanwhich changes the interaction of light with
matter dramatically The refractive index of all materials in thea¢ band is only slightly lesisan 1
(being exactly 1 in vacuuf@l]); Xrays act in a completely different way than the visible light does,
when they encounter a reflecting surfacthe reflectivity at normal incidence drops so rapidly with
decreasing wavelength that for observatioas wavelengths shorter than about 15 nr@razing

11




Chap. 1

Incidence is the only choite By applying ta Snell law, it turns out tha in the Xray bandtotal
external reflection can occur only f@razingincidence angles .. For heavy elementg.g.CGold

or Platinum}' for which the ratio between the atomic number and weight is &/, the incidence
angle of total reflection (i.e. index of refractiork<l) can be estimated td!; = 5.6 <K" with ;in
arcmin,<in A and in g/cn?. For Xrays, with<of a few AP is about one degree. Thgame can be
expressed in terms of energy d&s:=6.9K /E, with E in ke\[22], [23]. The most used configuration
for X-ray systems is called Wolter I, from the name of German physicighat first proposed it in
1952; Hans Wolterdemonstratal the possibility to focalize-ays, without focal distortions, utilizing
two GrazingIncidencereflections in succession onmocal and coaxial surfaces of revolutifiz¥].

He proposed three opticadesigns, shown in Fig.5 and named Wolter |, Wolter I, and Wolt#F.
These configuratiors allow the Abbe sine conditidrto be nearly satisfied. Wolter also showed that
any odd number of caxial conic sections will not form an image, while any even number can. In
practice, the only even number considered2sfor the enhanced difficulties in integriag and
correctly aliging more than two elements and because any system with four or morgomi
elements would result in increased scattering and reflection loskegarticular, in the Wolter |
geometry, the double reflection happens on a first paraboloid mirror followed by a coaxial
hyperboloid one. This solutiooffers the advantage of redig the focal length of a factor of two
with respect to the other Wolter solutions, a parameter very important for optics that require to
operate in spacei.e. to be lift by a launcheit also offers the great advantage ofa simple
mechanical configur&n, hence easier practical realizatiofhe great majorityof Xray imaging
systems launched so f& realized with the Wolter | configuration, or with one of its approximations
(such aghe double cone approximatigrbecause of the possibility it allove$ nestingseveralmirror
shells, increasing the filling fact@re. the ratio of usable to total apertur@f the geometricalarea
availablefor the optical systemThe effective area of a singl@azinglncidence Xay mirror isin fact
very modestfor an Xray telescope, the effective photon collectiagea isthe product of the mirror

surface reflectivity times the geometric area of the primary mirror projected on the front aperture.

2 X-rays ranges from 0.01 to l@nhrierms of wavelength, whithrm8x1@6 Hz to 3x20Hzin term®f frequency,

which is from 120 eV to 120 keV in terms of Energy.

3 The Snell Law is the formula describing the relationship between the angle of incidence and the angle of refraction of
wave passing through a boundary between two different materials; it states that the ratio of the sins of the angles ¢
incidence anefraction is equivalent to the opposite ratio of the indices of refraction of the two materials.

4 Sincethe critical angle of reflection is proportional to the density of the reflectrag matersiarg usually coated

with heavy materials,hsas Ni, Au, Ir and Pt, to increase the allowed angle. Since several years, multilayer coatings are
under study to reflect more energetic (shorter &) phot
5 Wolter systems are not thg existing systems. Otherntimr configurations exist to focale Xuch as
KirkpaticBaez type systems, andyebesfyestesmsng collimator or

6 An optical system has to meet the Abbe sine condition to produce sharaxisaares/ell as-akiis objectthis

conditiorstates that the sine of the output angle of the light rays (relative to the optical axis of the system) should be
proportional to the sine of the input angle.
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Being r the radius of curvature, | the length, and f the focal teraf the Xray mirror element, the

projected geometric collecting area is given by:
a ~ 2nr X [sin «

that for small angleh can be written as:

a ~ 0.5mr? x 1/f

As stated before, e mirror surface reflectivity is a function of the photon wavelength. Different
reflective materials can be considered in dependence on the wavelength range-@yX to be
focused and detected: Au, Pt, Ir can be used for energies up to 10 keV; for higher energies the use of
multilayer coatings is necessas]. As previously explainedj iorder to increae the effective area

of the telescope, a humber dfiese tubelike co-axial and cofocal mirrors are nested one inside the
others decreasing the radit.he number of shells nested one inside the other is different from time

to time and it is strictly releed to the methods adopted for the production (seelater 8§ 1.3). The
maximum effective area reached with nowadays instruments is in the order of 4580btained

with the XMM Newton optical payload, composed by 3 identical modules of 58 nested shells each.
Next generation Xay telescopes, such us for example IXO, will require at least 5 times this Salue.
far, only w solar Xray telescopeswhen nesting coultde renouncedhave been produced with the
Wolter Il configuration, or itSWolter_Schwargchild approximationd6] because of its compactness

no Xray astronomy telescopes have been to date realized following the Wolter Il design.
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Fig. 1.5: Example of Reflectivity and Effective area ofrdy mirrors as a function of photons
Energy.The rédlectivity is good inGrazing Incidence up to eritical cut-off angle, above whichthe
reflection drops; this angle depends on theeflecting material densityand on the energy of thex-
ray photonsbeing reflected
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Fig. 1.6: Wolter geometries for Xray optical systems, based on the fact that-pays are refleted
by smooth surfaces under small angle of incidend&olter | and Wolter |l are composed ofa
paraboloid and a hyperboloid. Woltetll is composed of a paraboloid and an ellipsoid.

In addition to the effective area,ne other important parametetto keep in mind when describing a
telescopeis its angular resolution, which describghe smallest details of the observed obje
distinguishable on the obtained image. The value of angular resolution is governed by the accuracy of
the Xray mirror figure, desdbed in terms of roundness and slope errasdth respect to the
theoretical shape and by its surfaceéexture finishing (see Annex A for explanatianl.ongwave
deformation effects can be described by the geomeirioptic laws, while at higher spatial
frequencies scattering interference effects dominate the image qualify. Both the phenomena
influence the Point Spread Function (PSF) of the optical system, and thus its angular resolution. The
PSF is the kiimensional distribution on the focal plane tie photons coming from an object
located at infinite distance; its mondimensional integral is the Line Spread Function (LSF). The
fraction of focused photons as a function of the angular distance from the optical axis is defined as
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the Encircled Energyrhe angular resolution is obtained from this definition as the Half Energy Width
(HEW) or the Half Power Diameter (HPD) of the focal plane image, which are the angular diameter
including the 50% of the focused photons. The HEW and HPD are normallysedpiresircsec. The
maximum value reached for nowada}say mirrors is of 0.5 arcsec HEW foraxis performances,
obtained for therelatively small effective area shells of Chandra. The goal valuéh&future 1XO
missiontaken as examplés of 5 arcsecanyway combined with ra almost 50Xeffective area with
respect tothat of Chandra whosevalueis around 800 cf Also this parameter is strictly related to

the method of production employed for the manufacturing of the optics, as described in the next

paragraphs.

Fig. 1.7: ThePoint Spread Function (PSF) describes the imaging system response to a point input
i.e. it describes how the focused intensity is spread around the focal spot. The HEW (o) idPD
the angular diameter including 50% of focused phot®nnormally expressed in arcsg€redits:
MPE/PANTER[28].

1.3 Manufacturing techniques

The state of the art foX-ray mirrors production comprises essentially three methods, adopted for
the realization of past and presentrXy observatories: the productiohby direct polisting of single
mirror shells, the production by replica of mirror shells made in Electroformed Niekel the
realization ofaluminumthin foil mirror shells [29]. Ae variety of angular resolution and effective
area obtainable with the different technologigs reported in Table 1.1The different techniques
have been adopted in the past for the reatipa of several missions, for which, from time to time,
one specific requirement wamvored overthe other in dependencerothe specificscientific aim of

the mission. The same compromisgght not be accepted fonext generation Xay telescopedor
which both the angular resolution and the effective area should have a relatively high value,
compared with the previous¢ray mission although respecting the mass limits imposed by the

launchers.
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Table1.1: Main characteristics ofa selection of past, presentand future Xray optical systems

e Gt P oy .
Mission Status Launch -Ir—ﬁ(lj%suﬁgi di(arLYr]nn(]e;[er covered are (m) '\'/L?SglzﬁEff HAE\gAl/JlngRSi MOd(llj(lg) Ma; Eugl(g?;%; Mirror Technology
(mm)
Einstein |Non operative| 1978 1 580 > 580 3.45 0.04 ~10 -- ~ 20 Glass Directly polished shells
ROSAT |Non operative| 1990 1 835 > 835 2.4 0.10 <5 ~ 600 16-25 Zerodur Directly polished shells
Chandra Operation 1999 1 1200 > 1200 10 0.08 0.5 1000 ~35 Zerodur directly polished shells
Beppo/Sax |Non operative| 1996 4 162 > 325 1.8 0.0123 60 ~90 0.2-0.4 Replicated Ni shells
JET-X/Swift | Operation 2004 1 300 -- 35 0.011 15 ~ 67 0.6-1.1 Replicated Ni shells
N)g:/lwlvlo-n Operation 1999 3 700 > 1400 7.5 0.15 15 420-437 0.47-1.1 Replicated Ni shells
ASCA Non operative| 1993 4 350 > 700 3.5 0.041 200 -- 0.125 Thin Al foil
Suzaku_ | gperation | 2005 5 400 > 800 475 0.04 120 12 0.155 Thin Al foil
(ASTRO-E)
HEFT ex%&(lalrli?ggnt 2005 1 240 -- 6.5 0.025 60 ~90 0.300 Thin glass foil
NuSTAR Under_ 2012 2 382 -- 10 0.05 40 ~25 0.200 Thin glass foil*
construction
IXO  |Develop-ment| >2020 | 1 3500 | >3500 20 25 5 |800-1200| 0.4 Thermally formed glass
segments
Gen-X Concept > 2030 | 1 (TBC) {30 m (TBC)|30 m (TBC)|300m(TBC) 50 0.1 12300 <04 Actively adjustable segments
*note that the two techniqgues here i ndi catmightappedr to betsubstartigigdnfe éechaigue. Theyaredowefiet, balled ing | a

different wayo highlight the fact thatent thin glass foil resoligguits are not sufficient for the next generation telescopes bigrstdyicforwardtia technology is cessary
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1.3.1 Direct polishing of mirror shells

The direct polishing of glass dlsehas been used for the production of the first astronomiahy
satellites (such as Einstein an@®AY[30], [31] It foresees the realization of each single monolithic
shell by the direct polishing and figuring of the substrate material, realizéld thve mechanical
action of a specialool in contact with the mirror shells. The materials utilized are usu@lisirtz or
Zerodur and to withstand each step of the producti@md possesshe necessary rigidity to maintain
the intrinsic shapewithout suffering from deformationstheir thickness necessitaseto be in the
order of 2630 mm. This allowobtaining high precision in the geometrical profiles of the shells
(which means high angular resolutitience sharp imag@sdut relatively small collecting ea since
only few shells can be nested one inside the other. The two reflective sur{pegeabola and
hyperbola of the Wolter | desigaye normallymachined separately and consequently aligned during
the integration process. The best result in the aptiien of this technology is represented by the
satellite Chandra, whose angular resoluti@ached0.5 arcsec HEW. This type of optics is aimed at
the observation of extended -My source or of the cosmikray background (throughout long
observation time)for which the angular resolution is a fundamental parameter rather than the

effective area.

Ij Glass tube
Grinding
E Polishing
D Glass shell
T Deposition of reflective
layer

Fig.1.8: Schematic of Xay mirror shells production by direct polishing.
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Fig. 1.9: Example of mirror shells produced by direct polishing: the case of Chandra satellite is
shown. (Left Side) Opticabirect polishing oflarge Zerodur mirror shells of Chandra realized at
HDOS While the glass shell rotates, # polishing tool moves back and forth to polish (Credits:
Raytheon Company). (Right Side): Chandra mirror being assembled at Eastfwalac. One of the
four hyperbola shells is beingaligned and integrated with respect to the othes, visible in the
bottom of the image.(Credits EastmanKodak)

1.3.2 Mirror shells replication by electroformed Nickel

The technique based on electroformed Nickel was the one employed for the very fiest X
telescope iNl965 B2]. In late 1980s, INABAB improved ifor the realization of the Italian satellite
BeppoeSax B3]. The same technique has betdren employedfor the realization ofJetX/Swift and
XMM-Newton X-ray optics. It provides good effective arehie to the possibility of nesting several
relatively thin shellone inside the othercoupled with pretty good angular resolution. It foresees
the realization of Nickel optics by electroforming them on a precisely figured mandrel in an
electrogalvanicbath. A layer of evaporated gold is used both as releggmtandreflective coating

This type of optics offea major flexibility in the choice of shells thickness, selected as compromise
between effective area, angular resolution, and magBis approachpermits the depositon of a
range of Nickel thicknessg in dep@dence on the procestime set for the deposition in the
electrogalvanicbath during the process of replicadNormally low thicknesses are use limit the
systemmass this is possible sinceo direct mechanical machining is foreseem the mirrors: the
typical range is from 0.2 mm to 1 mm. Thinnernmi shells will results ifloppy structures subject to
any type of deformatiog because of the low value of rigiditgnd so extremely demanding in terms

of integration requirements; thicker mirroshellsdo not suffer forthis problem but migh not
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respect the mass budgdobcated for the satellite payload, resulting in too heavy structures. The
compromises adopted till now gave good results with fhessibilty to realize mirrorswith high
effective areaand high filling factorOne of the main characteristics which make the technology
attractive resides in the fact that it is a replication technology, i.e. with one figured mandrel it is
possible to obtain several identical mirror shells that can be askairih identical mirror modules.
This characteristic is very important in the industrialization phas#)e case severatflentical pieces
have to be realizedOther replication approaches have been studied, with substrate materials that
cannot be electrdormed, like Silicon Carbide, Alumina, and Beryllium They are based on the
replicationby epoxy: the figured mandrel with an evaporateeflectinglayer is positioned inside a
pre-machined substrate that has been produced with a diameter slighitiger than that of the
mandrel to leave a gap in the order of 1Qf. This gap between thenandrel and the prdigured
substrateis filled with epoxy and the reflective layer adheres on the shells the replicated shape

of the precisely figured mandrgs4).

Superpolished %
Mandrel ‘E}j:;‘;i

Release -
Reflective
Layer
Deposition

Electroforming

Mirror Shell
Separation

Fig. 1.10: Schematic of Xay mirror shells productiormethod based on the direct replication by
Nickel electroforming B5].
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Precursor

CVD SiC deposition Glass tube

co f/‘ Grinding
, Burnout or mechanical
\ removal of graphite
o Fe [
Mandrel D Carrier

Glass shell

Epoxy replication

D Shell with reflective

layer

Fig.1.11: Schematics of Xray mirror shellsproduction by epoxy replicationThe reflective layer,
that replicates the shape of a precisely figured mandrel, adheres because of the epoxy
application on a premachined carrier that can be manufactured in different materials, for
example $C or Quartz.

Fig. 1.12: Example of X-ray mirror shells realized with theslectroforming of Nickel on a suitably
figured mandrel. (Left Side): One of the XMMNlewton modules, containing 58 shells with
thickness ranging from 0.44.1 mm. (Right Side): The entire series of shells for one of the four
modules of BeppeSax together with two of the mandrels employed in the replication procedes
their production.
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1.3.3 Aluminum thin-foil mirror shells

The method o thin foil has been implemented in the past for the constructiorXefly segmented
optics: instead of building a close tulike structure, the Xay mirror shell is realized by integrating
together a number of curved segments with the same radius ofature in such a way to
reconstruct the close cylindrical symmetry of the optical design. diiteined angular resolutioris

quite poor, in the range of few arcminslevertheless, it allowed the close packaging of up to 200
thin segments (10@00 micron inthickness) in a single optical module, with good performances in
terms of mass/geometric area ratio. The method has beenpgetb for example for ASCA and
ASROE2 missions[36], [37] It makes use of thin aluminum foil shaped to conical profile
(approximdion of Wolter | design). This type of optics is aimed at application of spectroscopy,
polarimetry and timing for which the effective area is more important rather thiae angular
resolution. Few years ago, an alternative method was studied for the a#ializof Polyethylene
Terephthalate (PET) substrates to enhance the angular resolution utilizing thin substrates, which in

this case were made by plastig].

Al foil cutting

Epoxy spray on Al foil

Positioning of the Al foil on a mandrel
with reflective coating on it

Epoxy cure in an oven

Removing of the finished
Al thin foil segment

Fig.1.13: Schematic of Xay mirror shells prauction by Aluminum thin foils method39].
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Fig. 1.14: Example of X-ray telescopes realized by thifoil method. (Left Side): One othe four
90° modules realized for ASTRE mission.By integrating and align 4 identical modules it is
possible to reconstruct the cylindrical symmetry of theray telescope designln this case, ach
module consists of 175 mirror segments made in alumim. (Right Side): Prototype realized with
20 PET nested thifoil shells B8]
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IXO mission

2 The International X-ray Observatory

The International Xay Observatory (1XO) is a proposed mission specifically dedicated to the
exploration of highenergy phenomena of the Universe in ther&y band, which characterize the
evolution of cosmic structure on both large and small scalbs. XO space segment will consists of a
single spacecraft accommodating the scientific instruments andBEeendible Optical Bench
containing the Xay telescope. The launch is foresees for tfear 2022. The realization of the
mission has been assessed felsiboth by Shace Agencies and by industrial studies. The IXO
spacecraft bus can be built with established hardware and technologies fully mature today and with
substantial flight heritage while criticalubsystems and scientific payload instruments netagsi
technology development activities in order to meet the necessary Technology ReadinesgIRével

[40)). In particular, thdargelXO Xray telescope presents the main technological challenges.

In this chapter, an overview of the entire IXO missimd its main scientific goalds provided to
present the requirements posed to therXy optical systemThe present ESA bafiee design, based

on SiliconPore Optics, is also described

2.1 IXO mission overview

The Intenational Xray Observatorymissionwasunder development in the contest of ESA Cosmic
Vision as one of the three candidates for th€lass missions and in the contest of US Decadal Survey
(Astro2010) as a highcientific interestmission [41], [42] In summer 2008, an ESHSAIAXA
coordinatbn started, with the intent of join the effost and expertise of the three agenciestire
development of a futureinternational Xray Observatory: the previous ESMAXA XEUS study and
NASA ConstellatieK study merged together addressing the recommendatio seek international
cooperation to maintain costs to affordable funds and to consolidate science ftgjlsThe key
technologies of the missioare under development to reach the necessary Technology Readiness
Level(TRL = By the end of 2012, whethe final selection of candidate missioizforeseen.IXO is
aimed to study the higlenergy Universe detecing and perforning spectroscopy of faint
astrophysical sources located at high +sft with unprecedented instrumental capabilities, far
beyond tte current generation of Xay observatories (e.gChandra, XMMewton, RXTE,nd
Suzaku). IXO data will allow the scientific community to answer outstanding astrophysical questions

on the origin and evolution of stars, galaxies and ltmiverse as a wholéXOscience operations are
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expected for the decade 2022032 since thdaunchis foreseen by022 and the design assumes a
five-year mission lifetime, with a goal of ten being all consumables dimensioned for atdeastars

of operation. The satellitevill be launch with an Ariane V or with an Atlas V/551 launcher and placed
on an halo orbit around the second Lagrangian point of the Eauh system (L2), which provides
uninterrupted viewing, an ideal stable thermal environment, and freedom fl@mw Earth Orbit
radiation belt problems. With its.b tons (mass at launch), IXO satellite will be one of the biggest
scientific satellites ever launched. The heart of the satelitebe the optical payload, consisting of a
single large Xay telescope, and two instruments platforms (one fixed and one movable) to locate
the detectors. The telescopaill havea diameter of about 3.5 m and focal length of 20 m (§&dor
details). The pdaof power consumption during operations is estimated to be about 5.5 kW. The
power will be generated by triplgunction GaAs solar arrays and stored iniohi batteries.
Communicationswill be guaranteed mainly by high speed and low speedaKd antennas.The
attitude determination and controlvill be realized with star trackerand on board metrology (for
the ExtensibleOptical Bench) and with five reaction wheels arldrusters f5]. The 1XO system design
has been ralized both by industry and byp&ce Agencies (NASA & ESA): despite inevitable small

differences, the studies converged to similar solutiokis.example is shown in Fig. 2.1.

Instrument module

Optical bench deployment mechanism

(+ deployable shroud)

Service module

- Fixed conical optical bench

Tl
i i

Mirror assembly

(+ deployable sun shield)

Fig. 2.1: The IXO system design was carried out Byace Agencies andindustry which, despite
inevitable differences, came out with similar solutions. The IXO spacecraftasmiposed by three
main modules: the Instruments Module (IM), the Service Module (SVM), and the Mirror Assembly
module (MA). The result o designstudy carried out in Européas shown in the figurd46].
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In particular, the spacecraft can be divided into three main functional modules:

- The Mirror Assembly (MA)The MA is located inside the fixed telescope metering structure
(part of the Service Module) andontains the Xay optics, the associated supporting
structures and thermal control hardware.

- The Service Module (SVMJhe SVM includes the fixed telescope structure, the deployment
mechanism, the deployable shroud and the actual S/C service platform.

- The Instrument Module (IM) The IM accommodates the focal plane instruments and
includes the moving platform, the focusing mechanism and theyXimaging Micre

calorimeter spectrometer Instruments cryogenic chain, with dedicated thermal radiators.

2.2 IXO Science case

IXO mission is foreseen to address some of the most fundamental issue in contemporary astrophysics
and cosmologyit will undoubtedly play a significant role in answering a wide range of the science
guestions listed in both Cosmic Visip0152025 and Astronet documentdT], [48]. Table2.1shows

a list of the open questions as derived by ESA Cosmic Vision program for the deca@®Z9&hd

highlights the fields in which IXO will provide the data necessary to enhance our knowledge.

Table 2.1: Main present astrophysical open questions (Credit: ESA, C¥a%rogram) and fields
where 1XO can help in findingraanswer (underlined sentences).

1. PLANETS AND LIFE

What are the conditions for planet formation and the emergence of life?
From gas and dust to stars and planets
From exo-planets to biomarkers
Life and habitability in the Solar System

2. THE SOLAR SYSTEM

How does the Solar System work?
From the Sun to the edge of the Solar System
Gaseous giants and their moons
Asteroids and other small bodies

3. FUNDAMENTAL LAWS

What are the fundamental physical laws of the Universe?
Explore the limits of contemporary physics
The gravitational wave Universe
Matter under extreme conditions

4. THE UNIVERSE

How did the Universe originate and what is it made of?
The early Universe
The Universe taking shape
The evolving violent Universe
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Given that almost all astrophysical objects eitay, the study of this band dhe electromagnetic
spectrum is of great importance for a wide range of astrophysical researcheHegggy phenomena

in the Xray band characterize the evolution of cosmic structures on both large and small s¢ales;
ray images reveals hot spots and sasdn the sky, associated with the different phases of stellar
evolution and with regions where particles have been energized or raised to very high temperatures
by intense gravitational forces, strong magnetic fields or violent explos¥rey observations are
crucial for the astronomers to better understand the history and evolution of matter and energy,
visible and dark, as well as their interplay during the formation of the largest structures. Also, they
might give important hints on phetary formation and on the influence of the central star on solar
systems objectsWith the help of IXO and its improved instrumental capabilitieX-nay imaging,
timing, and spectroscopy ord@f-magnitude beyond the current generation ¥fray obseratories
instrumentations (e.g. XMNNewton, Chandra and Suzaku), in the next decgday astronomy will

leap into a deeper comprehension of all the above mentioned physical processes. IXO also shows an
unrivalled potential for breakthrough and serendipi®uliscoveries that cannot be predicted now
and might even surpass the posed questiol$O instruments foresee for each single detected
photon the recording of its position, energgfrival time and polarization so thapectrum and time

data of variable gurce will be available in addition t&ray images of the skylhesecapabilities

some of which areshown as an example iAg. 2.3 [49], constitute the potentiality of the IXO

observatory in answering theénsolvedquestions of nowadays astrophysics.
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Fig. 2.2: IXO will collect data on the Xay emission of almost all the objects in the Universe,
allowing for a deeper understanding of its evolution historp()].
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Fig.2.3: Example of the potential capabilities of IXO. The picture showsIXO Wide Field Imager
simulation of the Chandra Deep Field South with Hubble Ultra Deep Field in inset. The shown
simulated spectra illustrates the foreseen ability of 1XO: (a) to determine redshift in theay
band; (b) to determine temperatures and aldances even for low luminosity groups to z>1; (c)
make spin measurements of AGN to redshift around 1; (d) to uncover the most heavily obscured,
Comptonthick AGN.

IXO scientific goalsre summarized in Table2 acomplete and exhaustive description df af them
is out of the scope of this text; howeveds, selectionof major science cases briefly presented

hereafter [51] Following the Table,he arguments are divided in short paragrapfor easiness in

A 2 4 A x

Table2.2: Main scientific question that IXO will address (Credit: NASA and I1XO collaboration)

1. Black Holes and Matter Under Extreme Conditions

a. Supermassive Black Hole Growth

How do Supermassive Black Holes grow?

Does this change over cosmic time?
b. Matter Orbiting a Black Hole (Strong Gravity)

What are the demographics of BH spin, and what do they tell on BH formation and growth?
c. Neutron Star Equation of State

What is the Equation Of State of matter in neutron stars?

2. Formation and Evolution of Galaxies, Clusters, and Large Scale Structures
a. Nature of Dark Matter and Dark Energy
How does galaxy cluster evolution constrain the nature of dark matter and dark energy?
b. Cosmic Feedback
How does cosmic feedback work and influence galaxy formation?
c. Missing Baryons
Where are the missing baryons and do they form a cosmic web in the nearby Universe?

3. Life Cycles of Matter and Energy
a. Origin and Dispersion Elements
When and how were the elements created and dispersed?
b. Particle Acceleration
How are particles accelerated to extreme energies producing shocks, jets and cosmic rays?
c. Planet Formation
How do high-energy processes effect planetary formation and habitability?
d. Stellar Magnetic Field
How do magnetic fields shape stellar exteriors and the surrounding environment?
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2.2.1 Matter under extreme conditions

Black Holes (BH) and Neutron Sars (NS)possess the strongest density, gravitational field, and
magnetic field in the Universe. The properties of matter in such extreme conditions, very far from
being reproduced in terrestrial laboratories, are governed by two main theories: the Quantum
Chromodynamics (QCD) and tQaantum Electrodynamics (QED). Thdyoexperimental possibility

to tests them is through the direct study of Neutron Stars and Black Holes, which also represents a

test bench for General Relativi(sR)n intense gravity field.

2.2.1.1 Black Holes evolution
One of the driving goals of 1XO is to emstand the evolution oBlackHoles and the properties of

their extreme environment. Blackoles create the strongest gravitational fields in the Universe.
Matter trapped in the gravitational potential of such objects is spun and heated and &nitg,
revealing the presence of the huge gravitational field. The observation and study of Xrase
emissions is of fundamental importance for the comprehension of the originating phenomena and of
the physics behind theubsequenkevents. The details might kfferent in the case of stellamass

or Quper MassiveBlackHoles(SMBH) however, in both cases the spin oBackHole can be adopted

as the parameter to probe their formation and growth history. So the measurement of spin is
important because inActive Galactic NucleiAGN, it can discriminate between different growth
histories (since the spin is mainly acquired during the SMBH evolution); wileléctic Black Holes
(GBH), it gives information about the origin of the BH (since in this case the spin is mainly pristine).
The study ofX-ray emission emitted by the accreting disk arouddck Holes is a valuable means to
derive their spin. Current studies have been limiteadbidy few objects mainly because of the limited
instrumental signato-noise ratio: high signdb-noise spectra across a wide bapdss are required

to obtain robust spin measurements since it will enable the disk spectrum decomposition in a
completely unanbiguous manner. With the unique time and speciméolution capabilities foreseen

for IXO, it will be possible to measure the spin distribution of SMBH uplt@ad utilize the data to

test different growing models (seBig. 2.4. IXO will make measuramts of Black Holes spin a
matter of routine: it offers five independent methods to this aim, which can be erakbrated and
checked to enhance the reliability of the measurements: Fe line spectroscopic profiles,
reverberation, accretion disk spectrabrtinuum fitting, quasiperiodic oscillations and polarimetry.
Also, the combination of high effective area, good angular resolution and large field of view will allow
for the first time to characterize SMBH up tetrz> NX I OKAy 3 (KS fivilye/times QA&

faster.
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Fig. 2.4: The spin of Super Massive Black Holes is a parameter probing their growth history. The
three pictures show the different predicted distribution of spin evolution of all BHs in a scenario
where pure merging, merging plus standard accretion, or merging plakaotic accretion is
present. The three columns in each picture correspond to different possible scenarios. The spin
value j and its distribution N(j) are reported on the plot axes. The data collected by IXO will allow
the discrimination between the diffeent growth models[52].

2.2.1.2 Strong Gravity

X-ray observation of accretion and ejection phenomena around Active Galactic Nuclei (AGN) or Super
Massive Black Holes (SMBH) offers a unique opportunity to test the laws of General Relativity in
intense gravity figls. Close to the event horizon, its extreme effects are evident in the form of
gravitational redshift, light bending and frame dragging. Irradiation of the inner accretion disk area
by hardXN} @ & LINRPRdz0OS&a SYAaairzy ftAySa yR I OKI NI O
signature of the physical phenomena, happening closed taBthekHoles. In luminougBHsystems,

the accretion flow is in the form of a thin disk of gas orbitifge Black Hole; at first order
approximation, each parcel of gas within the disk follawsircular testparticle orbit. By observing

the geometric and dynamic features of the accretion disks, a humber of clues to probe the General
Relativity in the strondield limit are collected through the evaluation &H potential. Current
studies are limited by the available collecting area that forces the integration of signal for many
orbits of the accretion disk to collect enough photons for the definition of thek deflection
spectrum. In this way, dynamical information is lost. IXO high throudhilitallow to overcome the
limitation. For example, noaxisymmetry and variability in the emission of the iron line will be
RSGSOGSR (KNPRdJZAK imk-enddgy pland, &d shaieNIiga2.5ATke fainK @ these

arcs is associated with the turbulence in the disk and is predicted from General Relativity in

7The throughput characterized the abititipd¢dlght. It is a fraction that expresses the flux of electrons detected on th
detectors divided by the incoming flux of. flootérasy telescopésiependentn the filling factor.
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dependenceon the mass and the spin of tH8ackHole so their recording is a mean to test General

Reldivity.

Energy (keV)

20 40 S T S S S VR Y R " 20 40 60
Time (ksec) Time (ksec) Time (ksec)

Fig. 2.5: This picture shows a simulationT¢p and Bottom Left) of X-ray radiation from a highly-
inclined (80°)Magneto Hydrodynamic (MHD) turbulent accretion dksaround a Schwarzschild
Black Hbole [53]. In the time-energy plane,the emission from resoled hot spots appears as arcs
(Bottom Center) and can be directly mapped through IX@bservations (simulated in the &tom
Right) to test-particle like orbital motion and probe a number of predictionffom General
Relativity in the strong field limit.

2.2.1.3 Neutron Star Equation Of State

X-ray data can be used to constrain tgquation Of Sate of Neutron Sars. NS have the highest
known matter densities in nature and the measurement of their fundamentaperties represent a
direct method to test the relationship between pressure and density of cold nuclear matter. This
relationship is determined by the physics of the strong interaction between the particles that
constitute the star. The principal way ttetermine Neutron Stars properties is by measuring the
gravitational redshift of spectral lines produced in their photosphere that provides a constraint on
the Massto-Radius ratio $4]. This ratio is of fundamental importance to derive tBguation Of

Sate of Neutron Stars for which several models exists: some of them foreseldSbeomposed by
normal nuclear matter; some otherforesee the appearance of exotic excitations and phase
transitions to strange matter. The knowledge &fassRadius relation isone of the open
astrophysical questions and allows the sel@etmong the possible models, as showrkig. 2.6 IXO

will determine the MassRadius relation for dozens oNS with four different complementary
methods: the gravitational reghift; Doppler kift and broadening of atmospheric absorption lines;
pulse timing distortions due to gravitational lensing; and pressure broadening of line profiles. All
these measurements will be possible thanks to high spectral resolution and high count rate

capabilities.
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Fig. 2.6: The MassRadius (M-R) relationship ofNeutron Sars reflects the Equation G State of

cold superdensed matter, for which several models exists. IXO will permit a selection among them
proving the necessary data for probing them. In the plot, trajectories for typidaDSare shown in
black and refer to standard nucleonic matter, selffound quark, and Kaon condensates. IXO
measurements will proide several constraints on the BkssRadius relationship employing
evaluation methods. These constraints are illustrated in the plot as colored areas, which have
only representative purposes. In the shown example, only oneRwvrelation would match the 1XO
constraints, leading to the conclusion that matter at pua-nuclear densities is madef standard
nucleonic matter[55].

2.2.2 Large Scale Structure

The formation and evolution of the laregeale structure of the Universare central issug of
cosmology. Nowadays, it is know that around 95% of the total reaesgy content of the Universe

is represented byDark Energy andDark Matter, whose distribution has been derived by the
evolution of initial density fluctuations. Regarding thes% ofordinary matter, its evolution is yet

y2i dzyRSNERG22R FyR | €FNHS FNIXOlA2Yy Ol NRdzyR wmKk
theoretical models suggest that the evolution of the baryonic content of the Universe derives from
complex interplay ad interconnection between gravitational and ngmavitational multiscale
processes: galaxy formation depends on the large scale environment and on the physical and
chemical properties of the intergalactic gas from which they form, which in turn is effdxst galaxy
influence through energy released from star explosion and active nuclei accreting matter from their
SYOANBYYSYyGd ¢KS NBYINJF0ofS tAYy]l 0S{sSBy2.70KS |
[56)), is the key element to comprehend both of thetXO data will help in finding an answer to

open questions, such us: how does cosmic feedback work? How did large scale structures evolve?

What is the nature obark Energy? Where are the missing baryons in Ureverse?
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Fig. 2.7. Representationof the many forns of interconnection present in the Universe between
small and large scale structures

2.2.2.1 Cosmic Feedback
Feedback phenomena, of radiative or mechanicaffaare extremely important in the evotion of

Universe and their understanding represents one of the main topics of modern astrophysi@&8Fig
adapted from b7], illustrate a simplified scheme and few examples of feedback, which is responsible
of the chemical enrichment and the energy amdmentum flows among the main elements of the
Universe: starsuper MassiveBlack Holes, InterStellar Medium (ISM) and Int&alactic Medium
(IGM). The first step of feedback is related to the Nucleosynthesis of elements that happens in stars
in the final stages of their life, e.g. Bupernovae explosionéSN) The second step consish the
enrichment and circulation of therpduced elements in clusters of galaxies, through Ram pressure
stripping (the mechanical form of feedback, mostly evident in cluster cores), Galactic wind,-Galaxy

Galaxy interaction, and outflows from active galaxies.
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Fig.2.8: The gheme shows the feedback phenomena responsible for the chemical enrichment and
the energy and momentum flows ammg the elements in the Universéadapted from [71]).

All X-rays

(a) Intermediate mass stars (b) Type I8upernov& mnars (c) Core collapse remnants
Fig.2.9: Example ofimages related to the first step of feedback, i.e. Nucleosynthesis of elements.
(a) example of a star with mass < 8 JMar: in the late stages of its life it collapses into a white
dwarf and ejects a planetary nebula; (b) Cassiopeia B, remnant of Tycho SN1572 that ejected
metals (mainly heavier like Si, Fe, Ni) into the interstellar medium; (c) Cassiopeia A, remnant of
SN1680 hat ejected metals (mainly lighter like O, Ne, Si) into theterstellar Medium and during

the explosions produced heavy elements (up to U).

(a)Chandra¥ay observatory ima( (b) The Antenna (Galaxy interac (c)M87 Galaxy

of starburst galaxy M82's core
Fig. 2.10: Example ofimages related to the second step of feedback, i.e. the enrichment and
circulation of the produced elements in clusters of galaxies. (a) Galactic wind blow gas from SN
explosins out of galaxy; (b) example of galaxy close encounter that might cause tidal tails of
stars and enriched gas entering the intergalactic space; example of a giant outflows from active
galaxies (c) .
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SMBHinfluencingits surrounding environment is typical example of feedbackEnergetic disk
accretion processes arourlack Hole results in huge radiative and mechanical outputs, like winds
and relativistic jets, which dramatically affeit¢ environment at large scale, i.e. on surrounding
galaxies, tisters andnter-GalacticMedium. To understand the physics that drives these processes
and the connections between them, highray resolution spectra on relevant orbital and even sub

orbital timescales are needed, as shown ig.R.11 They can be obtaed through a combination of

high spectral resolution and large collecting area, both characteristics foreseen for IXO.

Fig. 2.11: (Left Sde) ChandraX-ray observation of the Perseus cluster revealing the indelible
imprinting of AGN on the hot gas in the core. Radiative and mechanical heating and pressure
from Black Holes has a profound influence not only on the hot baryons, but on the evolution of all
galaxies, whether or not they are in clusters. (Centr&de) Simulated highresolution X-ray
spectrum of the Kalpha lines (both lines are multiplets) from Fe XXV and Fe XXVI of Perseus
cluster as will be detected by IXO. Each of the lines splits into ¢hob®mponents (approaching,
restframe, and receding) from which the velocity and age, and therefore the power of the jet, can
be derived. (RightSde) Xray image that reports the used spectral slit.

2.2.2.2 Galaxy Cluster physics and evolution

Clusters of galaxgeare the largest collapsed structures in the Universe; their baryonic content is
concentrated in galaxies and diffusehot-T plasma, i.e. thintra-Custer Medium (ICM), that radiate
primarily in the Xray band. Our current knowledge of the interplaytioé hot and cold components

of the baryonic matter and the dark matter comes primarily from detailed studies of clusters in the
nearby Universe, z<0.5. It is known from XNidwton and Chandra data that the hot atmosphere of
local clusters have much morenteopy than expected from gravitational heating alor9]} [60],

[61]. Determining when and how this negravitational excess energy was acquired is crucial in the
comprehension of the Universe evolution. Measuring the evolution of the gas entropy and metallicity
from the epoch of cluster formation to nowadays is the k&fpimation required to disentangle and
understand the role of each feedback process. Early clusters of few elements are of interest not only
because they are the building blocks of today massive clusters, but also because the non

gravitational effects areeasier to be observed. Hence, new development in this research field
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requires high throughput, high spectral and spatial resoludenay observations afhe first low mass
clusters emerging at~2, and directly trace their thermodynamic and energetic atioh to the
present epoch. Thermodynamic properties and metal content can be derived from IXO by measuring
gas density and temperatures profiles (thus entropy and mass profiles) in groups and clusters out to

z=2. Exampkeof the potentiality of the 1X irstrumentation are shown ini§. 2.12 and 2.13
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Fig. 2.12; X-ray spectra of high redshift clusters and groups obtained with IXO will yield gas
densities, temperatures and metallicities profile in all clustengp to z=2, key parameters to
understand the role of each feedback process. In the reported plot, the simulated spectra of low
mass galaxy clusters are reported, as derived fr¢é2].
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Fig.2.13: In the center of the picture amosaic of Chandrd0.5-2 keV)imagesis reported,showing
the Xray emission from the Virgo elliptical galaxy M86 and its 380 kpam pressire stripped
tail. 1XO, with its improved capabilities in terms of sensitiyitand resolution, will allow to
measure the metallicity along e tail and the gas around the cluster with unprecedented
resolution, as evidenced in the right panel of the figure, which shows Chandra, XNiévton and
IXO simulations of the metal abundance dndistribution in a mergingcluster [63], [64].The left
panel of the picture shows examples of the 1XO obtainable spectrdififierent positions of the X
ray image, which will be useful to distinguish among the palslke enrichment scenarios.
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2.2.2.3 The Cosmic Web of Baryons

Ordinary matter (baryons) represents 4.6% of the total mass/energy density dinherse. Only

10% of these baryonic elements lies in collapsed objects, like galaxies or stars; theoretical predictions
foresee that the majority is contained wast unvirialized filaments that connect galaxy group and
cluster, forming the so called the Cosmic WEig.(2.14. Clusters of galaxies represent the nodes of

the cosmic web. Absorption line studies detect warm baryons, but more than 50% is stillgmissin
since out of the currenk-ray observatories capabilities. High throughput and high spectral resolution

is required to IXO for the determination of the missing baryons existence in the predicted hot phase.
Additional goals consist in the definition ofstoic web filaments connections to galaxy groups and
clusters, through the assessment of galactic superwind mechanism or the chemical mixing process,
as shown irFHg. 2.15 These goals are achieved by measuring thdikéeand Hlike X-ray resonance

lines d Carbon (C V, C VI), Nitrogen (N VI, N VII), and Oxygen (O VII[&NIII)

Ions that Probe the Cosmic Web
0016

0.014 4

k5
Q
2
=
w
vl
S
= 00124 -
w
=
2
B3
E A )
0 00104 fWith ' 2 -
: v
Galactic \ i
{ superwinds o=
008 A7+
5 6 7
log T (K)

(Left Side)Fig.2.14: Simulation of the density distribution of baryons at low redshifinost of the
mass of the WHIM(Warm Hot Intergalactic Medium) lies within the filaments that connect the
higher density regions.

(Right Side): Fig. 2.15. The plot reports the Differential Mass Fraction as a function of
temperature derivad from cosmological simulationsSolid red line refers to the situation in the
presence of galactic superwinds; while the dashed black line refers to the case in which galactic
superwinds are not present. Being the plotted distribution sensitive to the preserof galactic
superwinds, its definition acts as a probe for the existent models, all of which predict that most
of the baryonic mass resides in gas that can only be seen througfayé: hence the importance of
IXO.

2.2.2.4 Cosmology
All above mentioned studiegre of fundamental importance for cosmological research. Observations

of galaxy clusters iK-ray are very promising tools to probe the structure and raassrgy content of
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the Universe and to assess the different existing cosmological models. IXO obmesveltll be
complementary to other planned cosmological experiments at different wavelengths to enable a leap
forward in the understanding of the Universe. Precise measurements of the hotdluisger gasx-

ray brightness and temperature allow two indepient types of cosmological tests: the observation

of the expansion history (through distaroedshift combination) and the collection of data on the
growth of matter density perturbations. The first type of cosmological tests is primarily a geometric
method and it is based on precise measurements of the distaadshift relation. The constraints

for the selection between several models on the expansion history of the Universe are given by
measurements of the¢-ray emitting gas mass fraction in higbdshit clusters. The second one poses
constraints in the growth models of cosmic structures, primarily providing accurate measurements of
high-redshift galaxies, i.e. their spatial distribution and main properties (m&say brightness,
temperature, metallity, and velocity structure). Both approaches are necessary to select between
the actual models for the explanation of the accelerated cosmic expansion, i.e. between
guintessence type models or modified General Relativity oRigs.2.166hows how a combation of

the data acquired with the two methods poses constraints onBaek EnergyEquation Of Sate.

11¢ , . 07 -
. o sk SN (SNAP) E
S T I F 3
E - ...--;___{___}__}_i-—{—f E g
- gyttt 1 -09F : E
‘I:: 0.9 :— ¢,'}':’}. _: E (‘* E
= E /} ] F 3
T / ] &k . \s E
N 7 3 E d / E
S 08 E : S % 5
v ] -11F | E
E 3 F combined g
“TF E ~12F =
E L L L 1 | 1 1 I I |E e b e e b e e E

0'60 1 2 0.65 0.7 0.75 0.8 0.85

z Qoe

Fig. 2.16: (Left Side): smulation of IXO observation of @00 clusters at redshift z from 0 to 2.
Measurements at redshift higher than 0.8 are possibtely with the high sensitivity of IXOlhe
normalized growth factor of structure is plot in dependence of the redshiftXO data are crucial
for testing non_GR models of cosmic acceleratiolm the plot, the dashed line represents the
expected growth in the case of a neBRDGPmodel of cosmic acceleration; while the solid line
refers to the case of the quintessendeCDMmodel in case of the same expansion histof§6],
[67]. (Right Side: the combinationof distanceredshift based techniques (projected results shown
for the SNAP SNla experiment) andrXy structure growthmethods (possible with IXOpeduced
the equation of state uncertainties by a factor afpproximately 2.5.
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2.2.3 Life cycle of matter and energy

Additional relevant questions for contemporary Astrophysics are related to the life cycle of both
matter and energy in the Universe. IXO will be a key elementi&sé studies, which derive frothe
observationof Supernovae (SN) and thé&emnants ENR) performed to understand their explosion
mechanism and their nucleosynthesis products; the characterization ofirttez-Sellar Medium

(ISM); and the evaluation of the influence of stars on their local environments. Examples of these

issues are givem the following paragraphs.

2.2.3.1 Cosmic rays in Supernovae

The most abundant massive elements in the Universe are releas&dpaynova explosions. These
processes are the most important source of energy for Ititerstellar Medium, as kinetic/thermal
energy or in the form of cosmic rays. The explosions can be study directly by obsetving
emission from extragalacticupernovae (SNe), or indirectly by studyfBgernovaRemnants (SNRs)

in the Galaxy and the Local Group. For Gaollapse (CC) SNe, it indwn the starting process of
stellar core collapse, but the following process whereby the core rebounds and ejects the rest of the
star is poorly understood. Two models are actually under evaluation: the netdriwen convection

[68] and the jet inductio [69]. Further precise data are needed to select between the models. For
the thermonuclear SN (SN Ia), the situation is even worse since even the explosion process, i.e how
the nuclear ignition starts and how the subsequent burning proceeds, is not kj@@n To
understand these processes, the synthesis of thegfeelp elements in SNe and in SNRs is of
fundamental importance. Because of the limited spectral resolution and effective area of present
missions, the detection of the lower abundancedfeup sgecies in small spatial scale features is not

affordable at the moment. IXO will overcome current limitation, allowing the interpretation of the

explosion processes.
Me
Fe

Al

Fig. 2.17: A simulated IXO spectrum that shvs (picks in the black curve) howhé enhanced
spectral resolution of IXO with respect to previous mission allows for the individuation dinié
transitions of 25 elements (from Carbon to Zinc. The enhath¢¥O capability allow to detect the
presence ofF, Na, Al, P, Cl, K, Ti, V, Cr, Mn, Co, Cu, Zn in addition to the element nowadays
detectable i.e. C, N, O, Ne, ) Si, S, Ar, Ca, Fe,)Ni
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Fig.2.18: The simultaneous direct abundance determination of the elements allows, égample,
the selection betweerdifferent SN existing model§71].

2.2.3.2 Stellar mass loss

Stellar mass lose is a key parameter that drives stellar evolution in the HR diagram. Hayvstapsd

loss mass and angular momentum, and how the phenomenon is influenced by the star rotation and
magnetic field, are open questions in nowadays stellar astrophysics. Observatigmayofvind line
profiles offer the opportunity of resolving the untainties currently present in the determination of
mass loss, mainly derived from the moderate time and spectral resolution of present instruments.
Indeed, actual knowledge is limited to a very small number of brightest objects. 1XO hightsignal
noise d X-ray emission lines will allow detailed modelling of the distribution of hot plasma in the
wind, the masdoss rates, the degree of wind inhomogeneity, and even the geometrical shape of
wind clumps. This kind of informatipobtained for all types of hostars allows to derive wind
properties and inputs for stellar evolution codes. The data on mass loss are important not only for
the understanding of stellar evolution, but also for the determination of the interaction between the
star and the surroundig environments (e.g. to understand how it shapes the circumstellar medium

and its effects on the formation and evolution of planets).

2.2.3.3 Studies of the Interstellar Medium in the Galaxy

The abundances of gas and dust (solidd complex molecules) in thater-Sellar Medium as well

as their composition and structures impact practically any astrophysical process, from galaxy

evolution to star formation to stellar or AGN outflow. Hence, it is essential to determinate the

elemental abundances in both the gasdaihe dust phase of thé&EM Xray spectral observations are

a powerful way for mapping elemental distribution and abundances, free of any model uncertainties
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that affect measurements in optical or UV range. Furthéray studies give the possibility to

penetrate into giant molecular clouds, opaque to UV and optical light. Current available data are

limited because of the available effective area at high spectral resolution of past or operaticmal

observatories. High spectral resolution and high difecarea are essential for this kind of research.

IXO capabilities meet those requirements, as shown in the el@neported in k. 2.19 from which
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enale to reveal the physical aggregation state (i.e. molecular, atomic or metallic) of ion species in

the ISMof the Galaxy. This is possible because of the great resolution in the edges of their absorption

spectra.
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Fig. 2.19: Simulation of an absorption curve obtainable with the high resolution of IXO, whose
data will allow to distinguish between Fe in molecules (solid red line), various type of metals
(dot-dashed lines), and continuum absorptiofsolid black line). The plot is derived frof72].

2.2.3.4 Star and planet formation

Stars have influence on their local environment affecting the formation of planets and the habitable

zone. The magnetized surface of the stars divert a small fraction of tharstaergy into high energy

products that range from coronal UV aigay, flareX-ray and energetic particle, and a higblocity

stellar wind. These components interact with the cool orbiting bodies or pptdoetary disk gases

and solids and produckray through various processes like cham&hange between ionized and

neutral components. Regarding our Solar System, the resultiray emission gives unique insights

into the solar activity, planetary atmosphere, cometary comae, charge exchangeglaysicspace

weather. Regarding Young Stellar Objects, the resulkmgy emission gives indication on the

influence of the star on the protplanetary disk, hence on the planet formation procesSexday
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instruments capabilities can achieve only a smpalicentage of the potentiality envisaged f&ray
investigations related to planetary science. Highoughput and higkspectral resolution observatory
is essential to study the fainéray emission of the involved objects, variable in time and with dbts
spectral components that need to be resolved. The IXi@sion possesses high potentiality to
enhance knowledge in thisrabst new research field. Fig. 2.28ports an example of research that

will be allowed in this field thanks to IXO.
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Fig. 2.20: (Top): The scheme illustrate the accretion shock for TTauri star as derived ff@8j: it

is shown as an example of theinfluence that a star can have on its surrounding environments
through Xray emissions(Bottom): A spectrum derived by Chandra data (blakke) is compared
with a simulated spectrum obtainable with IX@red line) thanks to its high throughput, IXO will
enable dynamical studied of the emitting plasma to be conducted through sequences oftsho
exposures contributing in the progress ohis current astrophysical field.

2.3 IXO Optical payload

The key element of IXO mission is represented by the scientific payload. While no particular show
stoppers have been individuated for the focal plane instrentations, the Xay telescope requires
challenging efforts in the improvement of its manufacturing technology. If the mirror manufacturing
technigue is not demonstrated to reach a TR& by spring 2012, this can be a shetapper for the
further stepsin the development of this missioThe present section gives an overview of the base

line for IXO payload implementation (as for summer 2011).
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2.3.1 Technical requirements and goals

The technical requirements for 1XO paylpatdimmarized in Tabl@.3, derive directly from the

demanding sciencebjectives. The goals can be meet with ara§ telescopewith collecting area at

1 keV of at least 2.5fmnd a spatial resolution of 5 arcsec for energies up to 7(keXalue already

meet by present observatories but with very modest area compared to that required for TX@)

effective area required for higher energies is of at least 0.6a16 keV, and 150 chat 30 keV, with

an angular resolution of 30 arcsecPiPThese technical requirements on theay telescope foresee

the realizationof a huge optical system, at legstimeslarger than any previous-Kay telescopei.e.

showing a bigger collecting area almost maintaining (or even improving) the imageti@salf past

and present systemsas graphically shown in Fig. 2.21. Suchlarge dimension poses several

engineeringchallenges.
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Fig. 2.21: llecting area and angular resolution of IXO compared with presewntr past Xray

missions.

Preliminary feasibilitystudies have identified that the requirements can be meet with a telescope

having diametein the order of3.5 m and focal lengtaround20 m The diameter is mainly coming

from the limitation posed by the diameter of the launcher fairing: no available or planned launcher

has a fairing bigger than this in diameter. For a similar limitation this time coming from the height of

existing launcherdirings, the nominal focal length, necessary due to the photon energy range, is only

42




IXO mission

obtainable with an Extendable Optical Bench (EOB). The deployment by mast or boom structures has

already been demonstrated on Shuttle radastrumentsand on JAXA missisrso it is more reliable

than formation flying system¢$74]. Furthermore, the requirement in terms of deployment and

fixation accuracy in 3D for 1XO is of circa 1,mefatively easy to achieve

Table2.3: Key performances parameter for IXO andain associatedscience drives [75].

Parameter Value Science Driver

Black Hole evolution large scale
Mirror  Effective 2.5t @1.25 keV structure; cosmic feedbackeOS
Area 0.65 f @6 keV Stron Gravity; @smic

150 cnf @ 30 keV g ’

acceleration

Spectral NE=2.5 e‘(@erV)_Wf[hln 22 arcmin Black Hole evolution and cosmit
. KLO eV(@6keV)within 5x5arcmin )

Resolution/FOV SKL50 eV(@6keV)within 18 arcmind feedback; &rge scale structure
Bp=0.312keV missing baryonsusing tens of

Epp= 01¢15 keV

= 1keV (1&10 keV) within 8x8 arcmin
E/NE=3000(0.3-1keV)with anA=1000 cnf

background AGN

Miror  Anaular] K P NO &88 |t 5 on(Large scale structure;cosmic

_Ang X on | NGA4AK&S)O |t 5 feedback Black Hole evolution;
Resolution S

missing baryons
1 crab with > 90% throughput . .

Count Rate NNE< 200 eV@ 6keV (0.315 keV) Strong gravityEquation Of State
Polarimetry 1% MDP on 1 mCrab i0@ksec (2, 6 keV)| AGN geometrySrong Gravity
Astrometry 1.5arcsecat3 O2y FA RSy OS | BlackHole evolution

Absolute Timing

100>sec

NeutronSar studies

A single focal plane instrumenannotmeet all the requirements in terms of spatial resolution, field

of view, energy range and resolution, quantum efficiency, count rate capability, and polarisation

sensitivity. Different focal plane instruments are envisaged, comprising:

- An Xray imaging Mirocalorimeter Spectrometer (XMS)

- A Wide Field Imager (WFI)

- A confocal Hard-¥ay Imager (HXI)

- A nonimaging High Time resolution Spectrometer (HTRS)

- Animaging Xay Polarimeter (XPOL)

- An Xray Grating Spectrometer (XGS)
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Table2.4: Brief description of the scientific instruments envisaged for 1XO.

- An Xray imaging Microcalorimeter Spectrometer (XMS)

The XMSs mainly dedicated to provide revolutionary new capabilities for plasma diagnosti
covers the energy range from 0.3 to 12 keV with energy resolution never experienced in f
present Xray missions, a FoV of 5x5 arcfiand a relatively low courrate capability. The ke
element for the XMS is the detector that works by sensing the increase in temperature genera
X-ray photons when they are absorbed atirmalizedcausing a change in the electrical resistar
of the sensor. Transition Eddggensos (TES) are the studied bakee for this instrument: they
already match the requirements in arrays of modest dimension. Development®rag®ing to
increase the size of the array. One other important element of the XMS is the cooling systen
the above mentioned sensors operate at 50 mK. To guarantee the highest TRL, thiedasasists
on an extension of the cryogenic system in development for the A$STRBsion, planned to bt
launched in 2014.

- A Wide Field Imager (WFI)
This instrument ismainly dedicated to provide images simultaneously with spectrally and -
resolved photon counting. It covers the energy range from 0.1 to 15 keV and offers a large F«
a diameter of 18 arcmin. The spatial resolution, energy resolution, count r@pability, and
efficiency are excellent and can be easily meet with mature technologies derived from- .
Newton EPIC and from developments performed for BepiColombo.

- A confocal Hard Xay Imager (HXI)
The HXIlis mainly dedicated to provide images simukansly with spectrally and time resolve
photon counting, extending the energy range of observation of the WFI: in fact it covers the €
range from 10 to 40 keV. The HXI capability is essential in understanding reflection phenome
obscuration arond supermassiv@ackHoles. The instrument FoV is 8x8 arctiits performances
in terms of spatial and energy resolution, efficiency, and count rate are very good and bas
technology items with high TRL, based on the heritage of ASITnbolX andNustar project.

- A nonimaging High Tim&esolution Spectrometer (HTRS)
This instrument is mainly dedicated to the observation of the strongest (i.e. brighteat) 3ources
in the sky. It covers an energy range from 0.3 to 15 keV and offers anhigiracount rate
capability, i.e. sumillisecond timing, lowdead timeand low pileup. Its technology is mature fror
high energy physics applications and daesrequire major developments.

- Animaging Xay Polarimeter (XPOL)
This instrument is dedicatedot provide IXO with the capability of performing polarimet
YSF&adzZNBYSyGa G2 M: aAyAYdzy 5SGSOGFotS t 2¢
energy range from 2 to 10 keV, offering an excellent sensitivifyotarizationalthough if the Fov
andthe energy resolution are relatively low. The instrument is based on mature technologie:

require only finalizabn and optimization studies.

- An Xray Grating Spectrometer (XGS)

This instrument is dedicated to the highsolution spectroscopy gioint sources: one main goal
the detection of the hottest phase of the missing baryons. It covers an energy range from 0.
keV and offers a resolving power of 3900, with an effective area of 1000 &niThe XGS i
complementary to XMS: it offersdtier spectral resolution at longer wavelengths. The instrumel
based on gratings and a camera. Two concepts are under development for the XGS, both b
past Xray mission experiences and not requiring fundamental development to meet the nece
TRL. The Xray Grating Spectrometeis positioned on an instruments platform permanen
illuminated, aligned with the fixed dispersive grating placed between tlrayXmirror and its
camera. All the other four scientific instruments (the XMS, the comhinaaf WFI/HXI, the HTR:
and the XPOL) are located on a Movable focal plane Instruments Platform (MIP) that allow
consecutive position on demand, ingliocus into the optical path.
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Fig. 2.22: Drawing of the IXO Instruments Module (IM) including one fix and one moveable
platform housing the focal plane instrumentimage credit:http://ixo.gsf c.nasa.goy.

Most of the scientific focal plane instruments envisaged for B®at an advanced stagef
development and parts of them already meet the required TRL. No-stapyers for further design

and development have been identified between the scientific instruments payload.

The key element of IXO is represented by theyXtelescope, which posdbe main technological
challenge for the mission to be realized. It can be a shmpper if improvements in the technology
for Xray optics manufacturing are not demonstratbeg spring2012. This problem is important not
only for the IXO mission baisofor other next generation Xay missionsfér exampleGENX) for

which this study should be taken in consideration.

2.3.2 IXO X-ray manufacturing challenge: the need of a new technology

Due to thelargedimensionsenvisaged for IXO-bay telescopgdiameter of3.5 m), the construction

of its mirror shells as monolithic structieds not feasible. Segmented-r&y Optic has to be
considered.In practice, he entire aperture of the telescope is azimuthally divided in sectors, like
slides of a cake, and the circulsymmetry of thetelescopedesign is reconstructed by suitable
alignment and integration o number ofmirror segments. In this way, it is possible to produce
optical segments of reasonable dimension despite a more complex integration procedure. The
conept has already been applied for the past missions ASCA and ARTROwhich the production
technigue (Al thin-foil method) did not allow the realization of close shellshe concept is described

in more details in section§ 2.3.3and § 3.2, dedicated ¢ the presentESAbaseline and backup

design for the 1XO optical paylodRecalling back from chapte§ 1 the different existing methods of
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production (i.e. direct polishing, Ni electroforming, and thAmfoils), it easy to understandhat they

are notsuitable for IXO, anthat a new technology needs to be developédl.the three technologies

have been successfully applied in the past, batnot be employed for the production of the
segmented optics mvisaged for the IXO telescope mainly for two ¢ast the combination of the
mass/geometric area ratio and of the optical performances tinaly are able to deliver: optics for

IXO made with such techniques will result too heavy and expensive and not capable to give the
necessary effective area or threquired angular resolutionlt has to be considered that the mass
budget for the IXO optics is of about 200@ (including mounting structures and thermal control
elements) only about 35% larger than that efMM-Newton but with more tharbX the effective
area.This requires a mirror technology with a very high aie@aass ratig in the order 020 cn/kg

(50 times larger than that of Chandr&oking atHg. 2.23 the situationappears immediately clear;

low massusually goes at the expees of the optical performances, and vigersa.¢ KI 1 Q& vy 2

acceptable for IXO that requires high levels for both the parameters.

Typical mass perfarmances of #-ray production methods

1a F T T T T T T T
: Thin foil mirrors
| Suzaku
-
ASCA
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» . .
saX Replicated mirrors
P XM
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Fig.2.23: Angular resolution(HEW as a function of themass/geometricarea ratio of the mirrors
for a number of past and present -Kay missins: the plot area is divided in three parts,
considering the stateof the art methods of production. The requirement of IXO is positioned in
the area that requires the development of new tboology rather than a mere evolution of
existing techniques.

Going a little bit more in details, the problems associated with the existing technologies for their

application to the IXO case are hereafseimmarized
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- DIRECT POLISHINEven if developmets are ongoing to improve théchnique for the
direct polishing of thin mirror shells, of thickness21Imm [76], this technology is not
applicable to the IXO case becausdhaf big diameters envisaged for the IXO telescape
direct polishing of thirmonolithic shells is realized starting from a raw quartz tube. Market
available tubes have a maximum diameter in the order of-2000mm; no bigger tubes are
nowadays produced. Further, it has to be considered the difficult of handling and machining
a tubédshell of such eventualljarge dimensiors required by the I1XO optical design (up to
3.5m diameter). In principle, one possibility to overcome this difficulty could be the
application of the direct polishing technique for the realization efa)X segmentd optics.
However, the huge wpntity of shell segments thatill be needed and their small thickness
(<Imm)makes this solution impossiblé is unthinkable to producéhousands othin glass
segments by directly polishirgach one of thenat a time Theoperation will be too time
consuming and risky, which means too expensive to be rehlize

- Ni ELECTROFORMINThe Nickel technology has been employed so far for the
manufacturing of close monolithic shellss extension for segmented optics is in principle
applicable and relatively easy. Even sogdhnot be adopted for the IXO case primarily
because of mass constraint. The specific weighiliokel is such that the resulting optical
system with the effectig area required for IXO will be, in any cat® heavy for the
launcher. Also the other replication techniques, based dilicon Carbide, Alumina, or
Beryllium,will results in too heavy systenifsappliedto the IXO case.

- ALUMINUMTHIN FOILShealuminum thinfoil techniqguecannotbe applied to theXO case
because of the difficulty in precisely shaping and intdgathe aluminum foilsto the
required precisionthe mechanical deformation and the poor assembling precision of so thin
structures cause optical degradatitmo high in the case of IXO to meet its challenging goals.

This technique&loes not present the potentiality of meeting IXO specifications.

A simple evolution of thealready usedexisting techniques is not enougdbr the IXO telescope
manufacturing one rew technology needs to be developeaable to lower the mass/effective area
ratio while delivering a high angular resolution. Also, it necessitiaéssga replication technique to

be compatible with the industrial production of big numbers of equal optegments.

Nowadays, there are two techniques under evaluation to solveishae both based on the use of
lightweight material[77]: the SiliconPore OpticSPO)under study by ESA sinearly 2000 and the
Slumping Technology (or Segmented Glassi@ogy-SGT), under developmenby several groups
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in the world. The first one is hereafter described. The last daediscussedn the following

completely dedicated¢hapters.

2.3.3 ESA base-line for IXO telescope manufacturing: the Pore Optics
technology

The Slicon Pore Optics technologysPQ is under developmenby ESA in collaboration with the

Cosine Research Company since more than 10 yAathe moment, it is assned by ES/as base

line for the production oflXOtelescope The SiliconPore Optics technologig base on the use of

Siliconas substrate material for the mirror shells. The selection of this material is mainly related to its

low density if compared to traditional material = 2.32 g/cm compared to"y; = 8.9 g/cn) that

ensures the potentiality taleliver mass/geometric area ration as low 280 kg/nf. A segmented X

ray telescope design has to be considered silazge monolithic structurecannot be realized in

Silicon this substrate material is available on the marketwafers of dimension up to 31%m in

diameter.Siliconhas the great advantage to be a very walbwn material because of its large use in

the semiconductor industry, from where many technologies have bemmdssedfor the wafers

preparationand shajnginto the complex structures required reflect Xrays. In practice, th&ilicon

Pore Opticsforesees the realization of the segmentedray optics by stacking and hydrophilic

bonding together several suitably etch&idiconplates with the aim of forming a monolithic block of

segmentedmirror shells called High Performance Pore Optic (HPO). Two such HPO stacks are then

aligned and assembled into a Mirror Module (Mid)produce the double reflection required by the

Wolter | design of Xay telescope. However, their actual shape is that of a theoretical Wolter |

(first reflection on a parabolic mirror and second reflection on a hyperbolic one) but a conical

approximation of it when stacked the mirrors remain flat alongetipores The achievable angular

NBazfdziAzy A& GKSYy fAYAGUSR o0& GKS KSAIKG 2F |

for the current design that foresees pore height of @Bn. Fig. 2.24 displays each step of the
production of SiliconPore optics:Siliconwafersare cut into papetthick square platesnd W NJar@ a Q
diced into them to facilitateheir stacking. They are then tapered into a wedge shape to dirgayX
along the desired optical pattand ametal reflective layer isadded. Anindustrial robot performs
their precision stacking and mounting. large number of MMs are then aligned and isostatically
mounted in the telescope structureThe maximum dimensions of &iliconPore Optics module are
mainly dictated from the availabilitgf substratematerialand from the possibilityo conform them

to the required shapeThe present considered dimensions for tBdiconplate are 66 mm x 66 mm,
with an original thickness dd.775 mm. After the wedging and ribbing, the square mirror has a
membrane thickness of 0.17 mm, the same as tireal mm spaced ribs. Tens of platean be

stacled in each single module. The overall small size of the SPO modules allows compact production
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equipment, ensuring the cosffective implementation of mass production lines in clean room
environment.A summary of the main characteristicsafrrently producedSPO is provided in Table
2.5. For the entire telescopehe mirror module size will be detmined by its radial position within

the Xray aperture (plate length), meaning thatuter plates will be shorter than inner ones,
according to the design reported in Fig. 2&nd dictated by the conical approximation of Wolter |
geometry [78]. The limis on circumferential radius will be instead imposed by both the Si wafer size
and the ability to curve itt KS (1 SOK Y A §ildz®t ANMBS Oh LfJ§ SRI W 6 SOl dza S (&
ribbed Siliconappears porouseach pore in the assemblesiliconstackdirects X-raysinto the focal
plane of the systeniThe present Mirror Assembly based SiliconPore Optics is composdry 8 se
called petal structureshat contain 236 mirror modules each, for a total mass of around 1929 kg
(accounting for one Al preollimator®). Theyare assembld together in the OpticaBench to cover

the entire available arealhe around2000MMs necessary to fill themwill require atotal of 200000

Siliconplates overal[79].

M Dicing
P cdging
Py Ribbing

P Stacking

E { { ‘ : Integration

/

Fig. 2.24: (Left Side):The production of SPO modules starts with commerc&iliconwafers and
utilises, as far as possible, existing methods and processes. The stacking is done atitahy
using a stacking robot[80], [80b]. (Right Side): Picture of a complete SPO moduleis composed
by two High Performance Pore Optics (HPO), stacks of ribBéditconwafers. They are aligned to
arc second accuracy using pencil beanrags and then joined by mounting CeSiC brackets, which
offers the I/F to attach the mirror module to the petal structureGredits ESACOSINE Research)

8 A precollimator isnaelementvhich blocks stray light ottaérwise would enter the detector at a larger angle than
intendefbuling the focal plane photon detection.
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Table 2.5: Summary of the basic characteristics of

[81]).

Specific mass

the SPé&alized up to now(adapted from

35 gr per cm” geometric
collecting area

Collecting area per unit 9cm’
Module mass 140 gr
Module thickness 54 mm
Module number of mirror plates Demonstrate up to 45
Mirror plate material Silicon
Mirror plate dimension 66 mm x 66 mm
# ribs for plate 64
Ribs separation 0.85 mm
Ribs pitch 1 mm
Ribs thickness 170 um
Membrane thickness 170 um

Mirror plate shape

Conical approzimation of
Wolter | design

Surface roughness <0.6 nm
Grazing angle 0.5 deg
Image resolution 15 arcsec
Focal length 20m
Reflective coating Iridium
A \\\\\l\\\\l\l|llk\\\\§|Hlmm i
\\\\\\ \\\\\\ Wkl /////// Jini
Tandem pair of \ \ o / ' /
slumped plates \ \ = ( /
\ L\ O /
\ ‘\‘ \. ; // /
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\\‘ \ /' /
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' \\‘\\ //
\{\ ///

Top view

FP detector

Fig. 2.25: Current design of the IXO-kKay telescope based on SPO: it is an approximation of the
Wolter-l optic, realized through conical surfaces, implemented bying a large number of
rectangular SPO modules in concentric circles [CREBLIi:esa.int/sciencee].
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coated silicon

tested petal mounted mirror module  eesa cosins, kT, Microni, SRON, eI, HPE

Fig.2.26: Representation of the entire production chain of the IXO telescope based on SPO: single
Siliconmirror plates are ribbed, wedged, Ir coated and stacked together to form a basic optical
module. A number of optical modules are then integrated and aligned in the petal structures that
mounted together will compose the Xay telescope. Note that the upper left figurés only
representative of the concept: the current design foresees 8 petals. In the lower right picture the
pore structure from which the technology gets its name is clearly visi[8e].

For the purposes of th&POdevelopment for IXO mission vads beadboards have been built.
Demonstration of 17arcsecangular performance over a stack height of 4 plates was achieved in
2007, for a 50 m focal length optic. In 2008 the attention was shifted to upgrading the stacking
system, in particular improving thdeaning control.To date, a complete modulep to 45 mirrors

has been assembled arits performances verified with representativer®y tests The resultsare

guite encouraging, showing an HEW of 1&résecat 3keV(7,5arcsedf only the first 4 mirror plates

are considered). However, the next step requires streamlining the assembly process for mass
production and further impreing quality, toreachthe TRLof 5 expected at the first dowaselection

from three to two L class msionby spring 2012 (the actual TRL is aroundrd)reach the required 5
arcsecit is necessary to improve the conical approximation to true Weltegeometry and
demonstrate the technology application also for the inner radius of 1XO aperture, whitlores
challenging The technological feasibility ofithstep has not been proven yet and might become of

fundamental importance in the case of a revision of the 1XO optical design. It has to be mentioned in
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fact that & the moment of writing $ummer2011)the US Decadal Survey commission decided not to

NI}yl L-h Fa aKAIK LINA2NRGe A\ AftarkhishviceptBaOdeldggd S 2 F 0
the launch after 2030, ESgtarted to assess the study of a new E®Ad mission with no USA
participationto try maintaining the launch prevision around 202’ he missionvill probablytook the

new name of Athena and will be probably smaller than IXO to stay in the budget ESA reserved for L

Of Faa YAaarazy oypn ael0® ! 9 dzNRerifgingythe aoSsibityio A FA O 02
achieve the goals set for IXO also with a smaller mission (eventually changing the observation
procedures and data analysés addition to the change of the optical des)grDue to the rapid

evolution of the project, it was déded to freeze the design as it was in April 2011, considering that

eventual changes do not have implication the results of the presented activities, which can be

applied independently from the specific details of the final deskgpr. this reason throghout the

entire document the 1XO design as for early summer 2011 is considered.
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3 IXO back-up optic study

TheSlumping Technologglso known asthe Segmented Glass Optiechnology(SGO)is under
development byESA as &ackup technologyfor IXQ The reason why ESA decided a different
technology needs to be explored origins from considerationsthe reduction of any contingency
effectsin terms of mission feasibility: the technique iwv@stigated as a risk mitigation measure in
case the SP®aseline does not meet the necessary TRL. Also, it has to be considered that the
slumpingtechnology can be useful for other application (for example adaptive optics). For these

reasons it is importat and of interest for ESA to explore it.

Theslumping technology foresees the realization of the singtayXoptical segments by thermally
shapingthin glass sheatonto a suitable mould. A number of slumped plates are then integrated and
aligned into lasic modulesgcharacterized bystiffening structure that allows thér handling and
integration into theMirror Assembly(MA) structure to completelyfill the telescope aperture. The
first step in the development of the slumping technology for the realization of Xy ¥lescope is

to demonstrate the feasibility of the mirror plate and of the basic module production within the
required specifications. Wi this goal, the INABAB is working sinamore than2 years under ESA
contract for the development of the technique. The activities will finish in spring 2012 with the
delivery of two prototypesaimedat demonstratng the technology feasibilityThissection presents

the projectin the context of which the majority dhe research activitiesvas realized. The optical
design of the IXO mirror telescope based on the glass technology is described, to derive the
requirements for the slumping technology deepiment. All the details of the slumping technology
itself are left for the following dedicated chapt&r4. This section is clodevith a summary diagram

that highlighsthe areas in whiclthe authorbrings contributiors.

3.1 The ESA IXO back-up optic project

Ly NBaLRyasS G2 +y 9{-HzaJOL{h FEZRAINWMERB) adpzRé BEIXO
INAFOAB prepared a plan for the assessment of the slumping technology to be applied to the IXO
case based on its past experience with this techni@8 The contract has beewon and it formally

started in September 200ESA contract #225453ven if researals and preliminary investigatian

already began the year beforgith internal funds The study is led by the Astronomical Observatory

of Brera andnvolves the collaboration of other institutes and small enterprises: Max Planck Institut

fur Extraterrestrische PhysikMPE (Garching, Germany), B@®vogdti (Milano, ltaly), ADS
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International (Lecco, Italy), and Media Lario Technologies (Bosisio Raty)i,The activitiedollow

the flow proposed in th&@atement of Work [84], reported inFg. 3.1 Due to time constrain reason,
mainly originated from the ESA Cosmic Vision selection pro&&gstiie study should have been
finished in a relativelghort period (14 months) and so it was necessary to plan activities in parallel.

Sme delays have been experienced and the end of the project is actually expected fardtile of

next year 2012.
Task1 Task 2
Evaluation of techniques for Preliminary design of an X-ray
thermal slumping of glass plates optic module using glass plates
for an X-ray optic
Task 3
Detailed design of an X- Task 4
ray optic module using Proof of concept
glass plates demonstration of
glass plate stacking
Task 5
Manufacturing of the glass-X0U
Task 6

X-ray characterisation of the glass-XOU

Task 7
Ewvaluation of glass-3OU performance,
programumatics and extrapolation for IXO

Fig. 3.1: Project workflow diagram as derived byhe Statement of Work document Due to
programmatic constraints, the activities required the execution of tasks in parallel.
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The entire project was divided in two main phases:

- PHASH.: from Kick Off MeetindkKOM) in September 2009 to th@reliminary Design Review
(PDRin August 2010

The first phase has beetedicated to the assessment of thdumpingtechnologyfor its application

to the IXO case. It was devotéal individuate the most relevant parameters and thinfluence on

the process results and to demonstrate its potentiality in meeting the IXO requiremémts.
particular, two different slumping approaches have been considered: the direct slumping approach,
investigated by the INABAB and the indirect slumpj approach, investigated by MPEhe main
scope of phase one was to individuate the slumping approagbutsueduring phase two, i.e. the

one that presents the higher potentiality to meet IXO demanding requiremdrits thesis regards

the direct approab.

- PHASR2: from September 2010 till the end of the project (presently set for the first half of
2012)

The second phase of the project is mainly dedicated to the assedsvhéhe integration procedure,
an essential part of the slumping technol8gyfo ths end,the realization of two prototypesis
foreseen whose assemblyand characterization requick the development of a¢hoc designed
machines. While working on these topics, slumping activities are still on goiffigrtieer improve the

process performanceanddeliver the numerous optical segments to be integrated in the prototypes.

3.2 IXO optical design based on the glass technology

The desigrof the IXO Xay telescopdéased on the use of glass slumping technology is presented and
consideredn this sectia. It follows a Wolter | geometrywith a focal length of 20 m, a Field\dééw

of 18 arcmin, and radius of the shells comprises between 0.25 afidm. Thisdesign is developed
together withBCV, partner of INABAB in this studyAs already mentioneg@reviously it represents

a snapshot of the situation at the moment of writingpfingSummer 2011) and will probably suffer
from changes in the futurealso in consideration of the Athena mission propokhtdvever, the basic
concept will remainthe same and so the current optical design is described for clarity and

completeness reasanalso if it has not to be considered definitiveBecause of the maximum

9 A perfectly slumped plate ifactuseless if there is no capability of abgdirigtegratirig with the necessary
accuracies.
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aperture of the IXO telescope, the shells composing thayXelescopeare azimuthally dided into
segments: basically the telescope mirror is partitioned into petals and each petal is further divided in
smaller segments of circular coronas whose dimensions can be optimized to reduce the obscuration
area. Substantially, a principle of hieraitdl integration is adopted for the realization of the Mirror
Assembly, as summarized Table 3.1 and in FHg. 3.2 The current design for the 1XO telescope
comprises8 petals, populated by200 basic optical module$25 each petal, arranged in 8 nested
rings)and supported by théptical Bench through spokes. Within a petal the balizror Modules

are arranged in rows (i.e. identical radii) which ensure the mirror modules withimware optically
identical (good for industrial production and eventual stitution of defectve modules). The basic
optical module is called-bay Optical Unif{XOU)and is composed by glass segments called Mirror
Plates(MP} two of them in Wolter | configuration (one parabolic and the other hyperbolic) farm
Plate Pair(PP) Several Plate Pairup to 55, are assembled togetheto form any single XOU,
following a stacking approach that makese of reinforcing glass spacers, called,rdo®d stiffening
structures, called backlates The ribs are glued on thairror plates wih the aim of maintaining

them in their mutual correct position, meanwhile solving a structural functfomotal of more than
16000slumped mirror plates will be necessary for the assembling of the entire IXO telegpe.
SEIFYLX S5 f S My atG2rsldiud &Mt 1GDK &m: the two independent stacks of
parabolic and hyperbolic mirror segments are composed by 40 MPs each, of dimensions around 200
mm x 200 mm x 0.4 mm. Each glass foil is connected to the adjacent ones by 6 glued ribs equally
spa®d along azimuthal direction. The ribs width ranges from 4 to 5 mm for the outermost ribs, while
it is of 22 mm for the innermost ones. Their thickness follows the MS separation according to the
optical design, and ranges from 1 to 5 mm going outwardal®za and hyperbola stacks are made
monolithic by two back plates placed at top and at bottom of the statk& options have been

untill now considered for the back plates: a sandwich back plate with glass skins and internal Ti
honeycomb; or a solid glasibbed back plate. A metallic casing surrounds the XOU allowing for its
connection to the petal structure through three quasostatic mounts by screws. This frame is
composed by three separate frames, two of which are connected by adhesive pads tbduith
plates, while the intermediate one houses the interfaces with the petal structures. The three frames

are connected by flexures which decouple the petal structure from the optical XOU components.
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Table 3.1: Principle of hierarchical integration of the IXO Mirror Assembly: starting from the
single slumped glass plate, all the components are shown and definitions given, to arrive at the

assembly of the whole optical payload.

Mirror Plate Individual glass plate with parabolic or
hyperbolic surface in accordance to the Wolter |
(MP) optical scheme.
Plate Pair
Pair of MPs, one parabolic and one hyperbolic.
(PP)
X-ray Optical Elemental optical unit composed by a stack of
Unit glass F_‘P connected each other through glued
glass ribs. An outer structure, composed by two
XOU back plates, allows for handling, calibration and
assembly into higher level structures.
Mirror Petal Intermediate level strycture cont_aining a number
Structure of XOUs and supporting them with the required
alignment accuracy and stability. Several PSs
(PS) are needed to azimuthally cover the entire

aperture of the telescope.

Mirror Optical

Mechanical structure that supports all the PSs,

Bench iso-statically mounted on it, with the required

(MOB) alignment accuracy and stability.

Mirror qu mass baffling elemer_lt supported by @he

Thermal mirror petals and Ioc:?lted in fror]t of the mirror
Baffles basic modules (sky side), allowing to heat the
optics by radiative exchange.

Mirror Dedicat(_ad, removabl_e, _protection covers,
Contamination located in close prC_JX|_m|ty of the optl_cs havmg

COVers the function to minimise the contamination of the

sensitive reflective surface of the XOUs.

Mirror grating

Two grating assembly used by the Critical Angle
Transmission Gratings Spectrometer (CAT-
XGS) and accommodated on two symmetric

Arrays petals, facing the focal plane side of the mirror
assembly.
As'\glérr'r?tr)l The entire optics assembly of the satellite, i.e. all
y the optical and structural part that compose the
(MA) telescope payload.
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PETAL structure A

Telescope
OPTICAL BENCH

Fig. 3.2: Schematization of the proposed principle of hierarchical integration. (Left Side): the
sketch of the Mirror Assembly layout with optical units arranged 8 petals, one of which is
evidenced. Cyan areas in the picture represent the net optical availablearnot shielded or
vignette by structures. Parts between optical areas are occupied by structural batlates,
interface frames and petal walls. (Right Side): Three different levels of structure are envisaged
for IXO: the single slumped mirror segmentsaintegrated to formthe elemental Xray Optical
Unit, called XOU; the XOUs are integratazh the petal structure through isostatic mountsa
number of petals are then isestatically mounted onto the telescopeOptical Bench to fill the
entire geometric ara restoring the circular symmetry of the telescope Wolter | desigwote that
only six petals are shown in the sample scheme; the actual number is eight.

Slumped
mirror plates

Metallic frame, UIF

with structure
[ 4

Detail of the basic module (XOU) Detail of the intermediate level structure (Petal) populated
by a number of XOUs.

Fig. 3.3: Details of XOU and Petal structure; the optical units are embedded into fetal
Structure through a metallic frame, useful for handling and I/F purposes. The hyperbola part of
the Mirror Plates stack is completely accommodated into the prope&polume ddimited by the
Petal walls. The Petal structure offers three isostatpoints of connection to theptical Bench
structure; it consists of a multconnected box, without top and bottom covers, spanning on an
azimuthal sector45° wide. External walls delinting the sector are stiffened with ribsA previous
version of the optical design is here reported: the current one makes use of six ribs instead of the
five visible in the pictures. The case of solid glass ribbed back plate is depicted.
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Table 3.2: Characteristics of the current optical design based on the SGT (Segmented Glass
Technology) able to verify the IXO requirementas clear from the design values reported on the
right [86].

XOUs MS MS foil | XOU net

Ring| per | per | RMed | Rmed | Tt anguia | Number Wolter | geometry
ring | XOU inner MS | outer MS length of MP
[m] [m] [m] | [degrees] Focal length =20 m

1| 8 | 55 | 031383 | 0.38216 | 0.200 | 30.0 880 Field of View 48 arcmin
2 | 16. | 50 | 0.44960 | 0.52884 | 0.160 | 17.3 1600
3 | 16. | 45 | 059543 | 0.68304 | 0.200 | 16.8 1440 Eff. Area = 2.587@1 keV
4 | 24. | 45 | 075080 | 0.85640 | 0.180 | 12.0 2160 Eff Area = 1.177@4 keV
5 | 24. | 40 | 092446 | 1.03518 | 0.200 | 11.1 1920
6 | 32. | 40 | 1.10254 | 1.23139 | 0.190 8.8 2560 Eff. Area =0.70m°@6 keV
7 | 40. | 40 | 1.30248 | 1.45168 | 0.180 7.1 3200 HEW = 5 arcsec
8 | 40. | 35 | 1.52137 | 1.66989 | 0.220 75 2800

Such a modular approach for the production of the IXO MA (Mirror Assembly), although calling for
additional masswith respect to monolithic systems due te intermediate level structures, i.e. XOU
and petal structures (see Fi@.4), is aimed toconsent and facilitatethe fabrication and AlV

(Assembling Integratiowerification)activities, and is justified by four main reasons:

- The difficulties associatedith the handling, integration and calibration of the full telescope
aperture, with a diameter of about 3.5 m. In practice, the production of sudarge
monolithic telescope is not possible (or at least not easy and highly risky)pnédent
productiontechniques and existent production and test facilities.

- The need to reduce the risk associated with the integration and alignment of a single mirror
structure. In the case of monolithic structure, if something get wrong the risk of lose the
entire telescpe assembly is very high. In the case of a modular approach, if one module is
broken or suffer from some defects, it can be easily substituted with no impact on the other
modules. Furthermore, all the modules located at the same radius irviineor Assemtby
aperture are equal and present the same interface to the petal. Therefore the modules of
the same line are interchangeable and a single back up module might be considered for a
number of them.

- The need to reduce the schedule constraints allowing foralpa activities on separate
elemental XOUWnodules and petals.

- The easiness in maintaining the stringent di@aess requirements: it is simplés guarantee
the cleaning of a relatively small and manageable structure with respect to a big one that

cannotfit inside standard cleaning apparatus.
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Frame Frame

MS
32%

MS
33%

BkP BkP

29% 26%
Case oBandwiclBackplates Case ofolid Glass Machined Baglates
Total mass for XOU = 9.53 kg Totalmass for XOU = 9.23 kg

Fig. 3.4: A preliminary mass estimation for the present design has been conducted. Considering
for example an XOU located in ring 5 (i.e. haviladius @ Curvature around 1m) the various
parts of the optical unit participate to the global mass with the followingatios: Mirror Shells
representslightly morethan 30% of the XOU global mass; approximately the same percentage of
MS mass is represented by glass ribs; remaining contributions are provided by structural-back
plates and I/F frames. The slumping technologys the potential to meet IXO mass budg8t
even if the structural parts account for higher percentage with respect to the traditionakay
telescopes(for which it is generally around 30% of the telescope mas$he two possibilities of
Sandwich or solidjlass machined back plates are compared.

The current desigmequires the geometry, ichensions and materialgeported in Table 3.3, coming

from optimization analyses based on the present knowledge of loads conditions and technology
performances An exhaustive knowledge of the mechanical parameters of the material and of the
strength of the elementstogether with a more detailed definition of environmental conditions,
could allow further design optimizations. Works in this direction are enviséweithe next steps of

the present studyDueto the importance of the strength parameter in the mechanical design of the

system, few activities already started in this apgal are reported in chapte§ 6.

Further optimization activities are ajoing (theproject evolves in timand the optical design is not
definitive), improving the simulation models witle latest laboratory results. Under study at the
moment of writing éummer2011) are:1) the number of ribs for each single mirror plaa@d their
geonetric dimensions; 2)he structural configuration of the bagiates; 3)the exact glass material

for structural parts 4) the total number of XOUs and petals. Tisicconcept does not change and
these parameters have no dramatic impact on the slumpaahhology under evaluatiort is worth
nothing that the telescope design is conceptually similar in the case of slumping technology or Pore
Optics technology. Even if the names and the geometrical/physical realization of the components

might be (and actudy are) different, the hierarchical approach for the segmenteday optic

10 The masbudget of thentirelXO spacecraft of 6500 kg, with almost 2000 reserved for the opticalhgayload. T
present design is of al2@@0 kg, accounting for design méargiher optimization analyses, planned for the next steps
of the project, suctstsictural optimization of ribs angblagek will guarantee the full reaching of the requirement.
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manufacturing is always the same: single mirror elements are stacked together to form many basic

optical modules that assembled together form the telescope. This is extremely tampas both the

S and the SPO desigire compatibleand fits in the same satellite bus with no major changesy

the MA module is different, the SVM and IM are identiddiis fact allows ESA to effectively consider

the slumping technology as a bawg for the SPO one and develop them in parallel U2il2 when

a downselection base on the reached TRL might be done.

Table 3.3: List of materials and main characteristicsenvisaged for the manufacturing of each
component of the IXO telescope optics.

Component Forese_en Characteristics Dimensions and #
material
Young Modulus E = 72900 Mpa > 16000
XOU Mirror Structural Poi sson _6r atio 3 = 0. 200x200m_m on average
Segments glass: Schott | CT E 02 x=10" /°C g20—300°C) 0.4 mm thickness
D263 Density § = 2510 Kg/m 0.25+1.90 m ROC
Thermal Conductivity k = 0.960 W/(mxK) Par & Hyp profile shape
N-BK7TM borosilicate Glass 6 for each MP
St Young Modulus E = 82000 Mpa 200 mm long
ructural ; . _ ) .
XOU Ribs glass: Schott Poi sson o oa tio . 3 = 0.]15+5 mmthlc!mess
K7 CTE 0 = ®7°C -:30x0°Q) 0 1+2 mm width (innerm.)
Density } = 2510 Kg/m3 4+5 mm width (outerm.)
Thermal Conductivity k = 1.144 W/(mxK) Tapered shape
XOU Structural 2 for each _XOU =400
Backplate glass: Schott | Same as above (200 XOU in total)
BK7 Par & Hyp profile shape
Young Modulus E = 2760 Mpa
Poi sson 6r ati o 3 = 0.]|25-100¢em thickness
. Master Bond |[CTE U = "#6(24C)10
fAdheswe Polymer Density } = 1400 Kg/m®
or XOou . _
integration System Ult!mate Compr. Strength = 69Mpa
EP30-2 Ultimate Tensile Strength = 78Mpa
Tensile lap shear strength = 19MPa
Cure shrinkage 0.0003
Titanium Young Modulus E = 85000 MPa External Titanium frame
Alloy Ti-|Poi sson r ati o azdoptedN/| with flexures
15Mo-3Nb- CTE U=7.07 x 10° /°C (temp. +38°C) I/F frame is supposed
XOU Case | 3AI-0.2Si* Density } = 4930 Kg/m® bolted to a stiff sub-
ad I/F (bolts | Data derived | Thermal Cond. k = 7.6 W/(mxK) (T.=33°C) | structure in 3 points
included) from Yielding Stress (0.2%) 759-1338 Mpa
TIMETALTM | depending on aging treatment
datasheet Ultimate Tensile Strength 793-1427 Mpa
(TIMET) depending on aging treatment
. Young Modulus E = 379000 MPa 8 petals in total
Petal g%ﬁ%ﬂRS'fi;m Poisson ratio 3 :_9.15 240 mm total height.
structure Poco CTEU=2.4x10"/°C , 250 + 1892mm Radius
G . Density } = 3070 Kg/m 5+8mm Walls thickness
raphite Inc.

Ultimate Tensile Strength 138MPa

The two prototypesthat will be realized duringhe second phase of the projectithr the aim of

demonstrating the suitability of the slumping and integration approach to meet the requirements of
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IXO,derive directly from the above presented BCV design and are fully representative of a real IXO
XOU.

- TheProadf Of Concept (P.O.C.):

TheProof Of Conceplemonstrator(P.OC) isa first breadboargconsideredan intermediate stepn
prototypes development and mainly dedicated to the demonstration of the appositely design
Integration Machine (IMA) to meet the necessaysembling and aligningccuraciesof slumped
glassegsee Table &) rather than to obtain alefinitive XOU It is composed by a bagiate and two
integrated glas$late Pairs (PP#1 and PP#&)acked throgh the use of glasshs, six for each mirror
plate, and aligned in order to have a common foclts general scheme is reported in FiguBeb,
while Table & liststhe components andtems that will be utilized for its realizatiof87]. Without
considerng handling provision, the overall dimension of the P.O.C. will be of 430 mm x 210 mm x 38
mm, for a mass of around 6,350 kg 5%. The P.O.Coptical plates will be a double cone
approximation of the Wolter | configuration envisaged for the final XOU. désign allows for a
faster realizationwhile giving the possibility to test the IMA before its employmentthe final

prototype manufacturing

Fig.3.5: Schematic layout of the P.O.C. demonstratorop view and side view

The slumped plates necessary for the integration of P.O.C. have a dimensionmfrRR@200mm x
0.4 mmRadius of Curvature on 1 o be representative of the IXO projedigy should fulfill the

following requirements:

- Shapeofplatt &2 OGKIG GKS AYyFSNNBR 192 F2NJ GKS AyidS3
- The roughness of the optical surface must be better than 10 A (WYKO6@0¢ 10 mm
wavelengths range) and equal to that of the starting glass foil in the AFM raagé (&s).
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Table 3.4: Tolerances on plate positioning and tilt The reference systenhas origin in the
intersection between the intersection plane of the two conical surfaces with the optical axis; Z is
the optical axispointing toward the source; X is orthogonal to Z pointing toward the plates; and
Y completes the orthgonal system. On the right the focal spot as composition of PP#1 and PP#2
when alignedwith the required tolerancedo have the same barycenter

ITEM D.o.F.| Reference item| Value . | mogeofPPA1 and PPA2 @Focalplene
HYP+PAR | X Backplane *5>m
HYP+PAR | Y Backplane +*5>m
HYP+PAR | Z Backplane +*5>m
HYP+PAR | Rx Backplane B pE
HYP+PAR | Ry Backplane b péE
HYP+PAR | Rz Backplane b péE
PAR X HYP +5>m
PAR Y HYP +20>m
PAR z HYP +20>m
PAR Rx HYP P ME . |
PAR Ry HYP 5 n ¢) -2 -1.5 -1 -0.5 x(r:m) 0.5 1 15 2
PAR Rz HYP B M~
Table 3.5: Lists of the components and items that will be utilized for the realization of P.O.C.
Item/ # Material Dimension Comment
component [mm]
Concavealouble cone design
430:0.2 (I)x Radiu_s at_ inte_:rseftionz 1Q£BB mm
Backplate | 1 Ohara 210£0.2 () X Front_lncl_lnat_lon = 25%)195
SBSL7 30¢1 (h) Rear inclination = 7783.G¢

Flatness of top surface=b >m
Lateral sideorthogonalityto top surface=g 0 n .

12 ribs parallelepipetbr PAR side
Average thickness = 2.8@80.01 mm

198t0.2 (1) x Flatness =10>m

Ribs 24 | BK7 2.4+0.2 (W)x | 12 ribstrapezoidal for HYP side

2.8(indicat.h) Average thickness = 2.786.01 mm

Wedge shapenaxmin thickness = 285 >m

Flatness =#10>m

Low viscosity, two component epoxy resin

Glue Masterbond Thickness compoundwith low shrinkage andutgassing
EP3602 75+£25>m Curing T = Rooifemperature
Curing time = 24h
Sumped by using cylindrical moulds
Rototranslation center along X and slope:
Schott CNRYyUG I mY mMmnnmdoToYY
Glass Plateg 4 D263 200x 200 x 0.4 WSI NI I MY (hhpdyTpYYS

CNRYG I HY MAanan®THTYY
WSENI T HY dpPPHMMYY S

Flexures interfaced glued to the backplane wit

VFtoIMA |3 | Alpads | Diam.30mm | o 50 Coming RTV ©893, 206m thickn.

1.5x12m base | Appositely design for the integration of gla

IMA |1 |ADS 1.2mh slumped plates into XOUs
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- TheX-ray Optical Unit (XOU_BB):

The XOU_BB is the final demonstrator to be delivered at the end of this project with the main scope
of demonstrating the suitability of the entire proposed production flow (slumping technology plus
integration with IMA) to realized IXO XOU#erefore itsdesign is fully representative of a real 1XO
XOU.It will be composed of 20 Plate Pairs (3 of them optically representative of the Wolter | design
of IXO Xay telescope and 17 considered as dummies, for which the Wolter shape is not required).
These plats will be stacked with glued glass ribs between them (6 for each matapackplateand

a second onewill be employed toclose the mechanical structuri@ such a wayo form a single
monolithic unit, intrinsically stiffThe two baclplates are connect by a surrounding flange made in
Titanium that provides the I/F with the exthal handling/mounting deviceSthe XOU_BB general
scheme is reported in Fig.683while Table & lists the components and items that will be utilized for

its realization[88]. The slumped plates necessary for the integration of XOU_BB have a dimension of
200mm x 200mm x 0.4 mmand Radius of Curvature on 1 rAll the plates will be integrated taking

as reference the position and the orientation tife Wolter-I configuration.The overall XOU_BB
predicted optical performance is around 4.5 arcsé&tEW (fully compliant with IXO resolution
requirement) and its evaluation at-pdy facilities will allow a feedback on the manufacturing and
integration procedure.The 6 optically repreentative slumped platesto be integrated into the

XOU_BBhould fulfill the same requirements as those dictated for the P.O.C., i.e.:

- Shape of plates so that the inferred HEW for the integrated single plate i§ lédsy mMp QQT
- The roughness of the opticalrface must be better than0 A (WYKO 20 660¢ 10 mm

wavelengths range) and equal to that of the starting glass foil in the AFM raag8 (&s).

Fig. 3.6: Schematic layout of the XOU_BB prototype. (Left Sidejill attached to the IMA
interface; (Right Side): integrated in its final structur&he two extreme frames are glued to the
glass back and top plates while the intermediate frame holds the connent to jigsand tools.In
this case the external structure necessary as support duringray characterization is shown.
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For the 34 dummies plates, no particulagequirements are givenFor completeness in the
descriptions of this proje€ activities, itis worth mentioninghat a new dedicated machine is being
realized, named CUP (Characterization Usige Profilometer ¢ see Annex Bg) for the
characterization of slumped and integrated mirror plateshich adds to thestate-of-the art

instrumentation aleady availale in the INAFOAB laboratories.

Table 3.6: Lists of the components and items that will be utilized for the realization of XOU_BB.

Item/ # | Material Dimension Comment
component [mm]
Concavelouble cone design
Radius at intersection£036.845t1mm
Top 1 Ohara gigg; ((VI\B)XX Front inclination -8016.3698 ™M n €
Backplae SBSL7 . Rear inclination 2667.342@ M n €
30+1 (h)
Flatness of top surface+b >m
Lateral side orthogonality to top surfaces=0 n .
Convex double cone design
Closure 1 Ohara giig; ((VB)XX Radius at intersection£036.84531mm
Backplae SBSL7 30+1 (.h) Front incIinationgy nmc g)’m 0eQ
- wSIENI AYyOf AylgimmZy T H
126 ribs parallelepipedor PAR side
Average thickness 2805:0.01 mm
198+0.2 (1) x Flatness =10>m
Ribs 252 | BK7 24+01 (w) x | 126ribstrapezoidal for HYP side
2.8 (indicat.h) Average thickness 27870.01 mm
Wedge shape mamin thickness = 2%>m
Flatness =5 >m
Low viscosity, two component epoxy resin
Masterbond Thickness compoundwith very Iow shrinkage and no
Glue solvents or other volatiles content
EP3002 75+25>m : ~
Curing T = Rooifemperature
Curing time = 24h
Sumped by using cylindrical moulds
Schott Rototranslation center along X and slope
Glass Plateg 40 D263 200 x 200 x 0.4 adjustment wrt the nominal Wolter | design in
order to have the same focus for all the 20 pai
Interface to . Flexures interfaced glued to the backigavith
IMA 3 | Alpads | Diam.30mm | o' how Corning RTV @893, 200m thickn,
Composed by three rectangular frames + 8
Closure Tioute_r flexures (thin metallic plategonnecting then.
flanges 1 metallic | TBD The two extreme frames are glued to the glas:
structure back and top plates while the intermediate
frame holds the connections to jiged tools.
1.5x1.2m base| Appositely design for the integration of gla
IMA ! ADS 1.2mh slumped plates into XOUs
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3.3 Aim of the present research

In the context of the above described proje¢he Petal structure and Optical Bench can be
implemented basdining state of the art technologywhereasthe main technology demonstrations
address the mirror modulesThe research work presented in this dissertation fits in this aréa.
PhDactivities has been mainly dedicated to the first step of the feasibility demonstration of the
proposed approach, as shown in the summary diag@nfig. 3.70 ¢ K S s vatkiihks2bidn
mainly dedicated to the assessment and development of the slumping technology for the realization
of IXO mirror plate able to deliver the necessary requirements both in terms of shape and surface
finishing.In particular, she deeplgnalyzedhe sumping process to individuate the main parameters
and their influence on the final product. This has beehievedthrough the realization of slumping

experiments and analysis of the taken measuremgaspresented in the following of the test.

INAF-OAB activities, ESA contract “back UE IXO technologies2

Slumping of Integration of Aligr;mle.n‘r_o.]: ?:I?U
single X-ray slumped segments () ‘rmcl) uies mMcf e
mirror segments info XOU module elescope Viirror
Assembly

Assessmentofthe slumped Delivery of 2 prototypes thatwill

technologyforits application demonstrate the technology:
to the IXO case | PoCand XOU_BB

Delivery of slumped plates
within the requirementsto be
used forprototypes realization

CUP & IMA realization

Fig. 3.7: Flow of production of IXO »ay optic: single slumped plates are integrated to compose
X-ray optical modules; a number of XOU are aligned to realize the entire telescope. In the grey
box, all the activities arried out by INAFOAB during this project are highlighted. Those
represent the main steps to be developed in order to reach a TRL oftse alignment of single
XOU into the mirror assembly is based on state of the art technology and no further
improvements are required. The blue box highlights the contribution of the author to this
project.
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4 The slumping technology for making

MIrrors

The slumping technology is a technique that allows shaping a sheet of glass by applying a
suitable thermal cycle. It can be considered for the manufacturing of glass optical components, i.e.
lens and mirrors. It foresees the application of a thermal treatiminside an oven to a glass sheet
lying over a mould having the desired shape; at high temperature, usually between the annealing
point and the softening point of the glass, its viscosity is such that it slumps against the mould,
replicating its shape whin certain accuracies. Different combinations of mould materials and glass
types can be considered to be employed in the slumping technidqnedependence on the
requirements for thefinal application. Depending on the specific process procedure, twormai
families of slumping approaches exite direct slumping, in which the optical side of the mirror

being produced is in contact with the mould surfaaad theoppositeindirectapproach

In this chapter, the basic concepts of the slumping technology are desctdggther withthe main
process parameters and the statd the art of its usein the field of X-ray astronomical mirrors
production Particular attention is reserved to the holusping approach followed during the PhD

activities.

4.1 Slumping technology basic concepts

In the field of glass item production, the word slumping refers to techniques used to thermally form
glass by applying heat: the decrease in viscosity, due to theeappéiat, causes the glass to change
its shapeunder the force of gravity (or other additionally applied for@)d replicate that of a
mould. The basic idea of the process is indeed sintpéeglass, in the form of a sheet, is positioned
onto or into a maild, with a desired shape, inside an oven. At the point where the glass becomes
plastic, the force of gravity deforgit in dependence of the used mould or support form. Once the
glass has achieved the desired shape, the heating is stopped and the teomperatiuced to
prevent further movement. The temperature is then stabilized at the glass anngaingto allow

the relaxation of stressessidethe glass, if any (se®4.4for more details on annealing temperature
and other characteristic temperatures of the glasie process has long been used in the past for

the production ofopen vessels, such as bowls and plates. The modern application derives from the
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principle usedn recent pas{until the beginning of 19 century)to obtain aflat glasssheetstarting
from a cut blow cylindéf [89]. Nowadaysthanks to the invention of more reliable methods for the
production of glass sheet, such as the float protefd0], the opposite process isvidely utilized a

flat sheet of glass is bent laying it over a mould in a heated olen.main methods exist: the press
bending or the sadpending, differing in the application of an additional force rather than solely
gravity to shapethe glass. These approaches avemmonly used for the production of glass
elements for architecture (likevindows and doors) furnish elements (like basinirrors, hood,
design elements), itemfor the automotive marine, aviatiorindustry (like windscreewor rearview
mirrors), and medical instrumentationsSince more than 30 years, it is in use in the green energy
field for the production of solar thermal collectors employed @oncentrating Solar Power (CSP)
plants’®. Such systems mainly consist of coregarabolic mirrors with diameters from 3 to 25
meters (segmented systems) and are predominantly achieved viebesaijng. The method
guarantees precision and optical qualitycceptablefor solar mirrors, whose current standard
specifications for focus detion is set to 8 mm or less, translating in a shape precision of few
microns P1]. The application of this industrial welinown bendingprocess to the astronomical field

is not straightforward and necessitateoptimization and developmentactivities since the
requirements in terms of shape and surface finishing accuracy of the final product are more rigorous.
Nevertheless, some successful example egisturate parabolic mirror to image to a ring the light
generated by the Cherenkov radiation haveeh manufactured in late 1980s by heat forming warm
glass against mould®2]; other application employed the slumping technique as the first step for
shaping the mirror, followed by traditional grinding and polishing st@j& situation becomes even
more demandingwhen referring to the field of Xay optics, for which the mirrorsan accepshape
error of onlyfractions of microns with respect to the theoretical profile, and surfagiero-roughness

of fraction of nanometersSince 1615 years, the slumpin technique is being evaluated for the
production of Xray telescopes r@ching so far promising results, as later reportddstep forward is
still necessary for the next generationray telescopes that will combinarge colleting area with
high image agular resolution and low system mas$able 4.1 summarized typical accuracy
requirements in terms of shapand surface finishindor several application of the slumping

technologyand immediately provides the feeling of the challenge that researcherspanducers

11The cut blow cylinder was a method for the production of flat glass panel forswihdiass:vebeemade in the

form ofhin, walled, hollow cylindevinging a molten glass mass in a cylindrical trench. Thelgaalomes! to

cool before cutting and open out the cylinder, which wesatbdrarallowed to uncurl untildtdig flat on an iron

plate.

12Tre float process, invented by Sir Pilkington in the 1950s, allows the realization of sheet of glass with uniform thicknes
and very flat surface by floating molten glass on a bed of molten metal, such us tin.

13 Solar thermal collectors, also known aslipgraibels or solar mirrors, are installed on the ground to reflect the solar
energy towards tanks of water. The water heats up and produces steam, which turns turbines and generates electricity.
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have to face before the slumping technology can be employed for the production of next generation

X-ray optics.

Fig. 4.1: Example of nowadays utilization of curved glass and of the industrial slumping process
to realize them.

Fig.4.2: Example of solar thermal application of thermally bent glass sheé@redits: Flabeg)

Table 4.1: Typical requirements in terms of shape and surface finishingf few traditional
applications in which the slumping technology is employed. It is clear how the adoption of this
technique for the production of Xray optics camot be straightforward but rather necessitates
research and development activities.

Application ir;au[i);s]c;c;;acy Surface finishing quality

Decorative elements Few mm Visually smooth and free of bubbles and defect:
Furnish elements Fraction of mm Visually smooth and free of bubbles and defect:
Architecture elements | Fraction of mm Visually smooth and free of bubbles and defect:
Optical blanks Few mm Visually smooth and free of bubbles and defect:
Solar industry Fewtens ofum Smooth at nm level (average around 1 nm)
Cherenkov mirror Fraction of mm Smooth at nm level (average below 1 nm)

AO mirrors Fewpum Smooth at nm level (average below 1 nm)
X-ray mirrors Fraction ofum Smooth at subnm level (average belowrim)
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Many parameters have to be considered aamthlyzedo further develop the technology in order to
meet the demanding requirements ofrdy mirrors A precise and reliable production process able to

deliverthe necessary accuracies can be set only a&teoptimization work, including:

- Selection of the slumping approach to be followed

- Selection othe materialk, both for the mould and for the glass

- Selection of the thermal cycle to be appljed

- Definition of the complete process procedures, taking into account all the necessary steps
(including for example glass cutting, cleaning of all elemeassembly, alignment,

integration,and handling)

These points aranalyzedn the following sectionsf this chapter, mainly consideririge application

of the technology for the production ofext generationX-ray segmented opticdt is worth noting

that the basic theory and methods of the slumping technique are the same independently from the
final appication of the slumped item. Also if not explicitly considered in this work, other applications
exist that can take advantage from this technology amehy resultsof this studyare applicable also

to them with only minor adjustnents

4.2 Different slumping approaches

Depending on the specific process procedure, two main families of slumping approaches exist: the
direct slumping and the indirect one. The direct slumping approach is characterized by the fact that
the optical surface of the mirrdbeing produed is the side of the glass sheet that comes in contact
with the mould during the process. In this case, it is possible to consider or not the application of
additional external forceto oblige the glass in full contact with the mould. If no force is iggpithe

glass slumps on the mould only because of its own weight, which is by gravity. In the indirect
slumping, the optical surface of the mirror plate is the raumtact side of the glass. In this case, to
enhance the contact between the glass and theutd, one possible solution might be the
elimination of the air gap between the glass and thould through vacuum suctio®ne third family

of approachesan be consideredconsisting in a mixing of the first two: the slumping realized with
two moulds haing complementary shapes and pressed one against the othiermothe glass sheet

in between them. All these approaches are nowadays urateEessmenby several groups in the

world to develop a reliable and cheap method for the production @& mirrors In particular:

- A hot direct slumpingapproachwith pressure is under assessmeat the Astronomical

Observatory of BrerdNAFOAB) in Italy,
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- Adirect slumping approach with no pressure is under assessment by-Gédfard and the
Columbia University, iSA;

- An indirect slumping appach is under assessment aMax-Planckinstitut far
Extraterrestrischephysic (MPE)n Germany;

- A hybrid slumping approach is under assessment at the Academy of science of Prague, in

Czech Republic.

All these approaches amescribed in the following paragraphs and a comparison chart is provided

on pager9.

4.2.1 The hot direct slumping with pressure at INAF-OAB, ltaly

For the realization of IXO-rdy mirror segments,hie Astronomical Observatory of Brera, in Italy, is
developing adirect slumping approach that employs tlaetive application of pressure thelp the
glassmould contact. The institute knowWwow dates backo 2003: at the beginning only conceptually
[94] and then also experimentally after the installation of the fiosten in the laboratoy [95]. In
2005a project started to investigate the application of the slumping technique for the manufacturing
of thin glass mirror for adaptive optics. The study was part of the OPTICON activities financed by the
FP6 of the EuropeaBommunity and fit ieidethe international effort dedicated to the design of E
ELT 96]. The work was meant at the realization of a 500 mm diameter spherical mirror having
thickness of 1.7 mm and radius of curvature of 5lthhwas based on glass Schottr8ftoat 33 and
mould in Zerodur K20 materiallhe project finished in early 2009, with very good damigh
potentiality results the shape of the mould has been replicated with an accuracy of 3 mjéin

The techniqués under further investigaton for the realization of lightweight optics by applying the
a2z Ol ff SR apbasé, Rvhich fodnéesithg Bhaping of thin sheets of glassRaim
Temperature[98], [99]. In practice,the glass is forced through vacuum suction to adhere to the
shape of a mold at Room Temperature taking advantage of its field of plastic deformation, however
small. Stiffening structures might then be applied on the back side of the glass, freezing it in the
current shape. At the vacuum and mould removal, the glass elastiggstored during the previous
phase tends to restore the original shape of the glass (a phenomenon named-bpdk@gffect) but

the stiffening structure opposes to that. At the end of the prodisssresult isa mirror that has been
shaped atRoom Temperaure, has the same shape of the adopted mould (apart of spring back
effects) and contaisstresses: the two last parameters can be controlled by acting on the process
procedure to keep them at a low acceptable levBhroughout these projects, INABAB hadhe

opportunity to develop aelevantknow how a the slumping technologgnd the issue that must be
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taken into account to obtain good result§he logical subsequent stepwas to propose the
appication ofthe technologyin the Xray telescopegroduction, a field in which the institute possess

a profound expertise dao O] G2 GKS Wyna 6A0GK GKS NBIFIftATLFGAZY
XMM_Newton and Swift XRTLQO]. This is a very challenging task INMB has to face becaasf

the seere requirements oi-ray optics that requires a 3X improvements with respect to the results
obtained so far in the slumping techniqu€he gainedexperienceallowed individuating a slumping
procedure, whose main steps are sketched in Fig.#h8.glassheets are procured on the market. A
mould is specifically realized with the wanted shape and surface finishing. Then, after a
characterization phase to check their properties, they undergo a deep cleaning step in a clean
environment. The glass is then posined over the mould and the thermal cycle can start with the
appropriately set parameters. At high temperature, a force is applied to help the glass better
replicate the shape of the mould, which it is in contact with. To have the possibility of applying
pressure, the overall process takes place inside a stainless steel muffle, composed by a bottom part
with a top lid. By inserting @ery thin stainless steel sheet acting as a membiaeteveen them, it is
possible to separate the internal volume in twovitees so to have the possibilito obtain pressure
difference At the end of the thermal cycle, the slumped segment is removed from the mould and
characterized, both in terms of shape and micooighness, to check the process resultier that, it

is ready to be integrated in the optical system structure.

A) B)

A) The mould is figured with the required shape and mi@oghness and treated in such a way to help the detachmen
the glass at the end of the slumpimgocess thin glass sheets are procuresin the market.B) The glass foil is place
above the mould in a stainless steel muffle where controlled atmosphere can be establShiede thermal cycle is
started.D) Once reached and maintained the maximum T of the cycle, a uniform pressure islappliee plate, in order
to constrain it against the mould) After the cooling of the oven, the slumped glass segment is released and it is re:

be characterized and integrated in the suitable structure.

Fig. 4.3: Schematicsketch and description of the main steps of the direct slumping technology
with pressure under developmerat INAFROAB.
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Fig. 4.4 Pictures showing the realization fothe slumping process during th©PTICON activities
financed by the FP6 of the European Communitythe international contest of theEELT This
research allowed INAOABto gain a valuable experience in the field of slumping technology.

The applicatiorof past knowhow to the IXO case requires further improvemerfable4.2 reports

on the variation, with respect to the previous obtained results, necessary for the application of the
slumping technology to the case ofrdy optics: they become the goaf the research. Notice that

the goal in terms of shape was split in two different requirements, intended to be dependent on the
results d the integrationstep. It is in fact of no meaning to slump a perfect glass plate if then there is
no capability of itegrating it free of stresses and deformations. For this reason, since the beginning,
the slumping technology was considered as the close connection of the shaping phase plus the
integration one. The objective in terms of shape was then split: the thestnaiping process should

be able to guarantee the replication of the mould shape within an accuracy of few microns if the
integration is able to confer the plates a further final cold shaping; or the thermal process should
guarantee the replication of mouldhape within submicron accuracy in case no correction can be
realized during integration. The first possibility is of course to be preferred since it allows the
relaxation of slumping mould procurement requirements and also a thermal process in principle
easier that is to say cheaper. However, at the beginning of the project no information was available
on the capability correction of the integration procedures and so the two cases had to be taken into
account. For this reason the requirements on mouldqurements were as good as they would have
been if the shape replicatiohadto be good at a suimicron level(see chapte§ 5). Regarding the
requirements on the maintenance of the original micmughness of the glass, it was dictated by the
consideration that the glass surface is in general as good as necessary to refigctiiXt can be
maintained during the process independently from the mould surface finishing, this allow procuring
the slumping mould in a faster and easier way, giafgp the possibility to consider as candidate

mould materials the ones which could not be supetished.
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Table4.2: The past INAFOAB experience on the slumping technology needed to be assessed and
improvedfor the new requirements posed by its application to the case ofay mirrors.

Past experience New goals
Replication of mould shape
with sub->m accuracy

or
Replication of mould shape | Replication of mould shape
Shape . . .
with 3>m accuracy with few >m accuacy(in

case the correction
capability of integration is
demonstrated)
Maintenance of the glass
original roughness

Roughness | Replication of mould roughneg

The integration method under development is based on the stacking of single slumped plate
through the use of glued ribs between them, i.e. glass spacer that maintain the segments in their
nominal relative positionA sketch of tis approachis depicted in Fig.4.5: the slumped foil is
positioned on the integration mould and vacuum suction fpleed in order for it to assume, via
elastic deformation, the exact shape of the mguttliring this step residual errors shape eventually
present in the slumped foils after slumping are correctédass ribs are glued on the slumped foil
while the vacuumis maintained. The bonded connection partially freeze the correction that is
maintained except for spring back deformations related to the release of the elastic energy stored in
the foil, also after the vacuum and integration mould removal, once the tfweired These steps are
repeated several times in order to form the stack composing the X@k stack is finally closed with

a second plate to give rigidity to the elemental monolithic structure.

AIHEEY IS AMIDTmmy DhUbnmy

D) E)

A) Theslumped glass is positioned on the integratimould. B) Vacuum suction is applied to force the glass assuming
shape of the integration mould through elastic deformati@).The plate is then glued through glass ribshe stiffening
back plate freezing it with the shape of integration mould éptdor spring back effects that arise when vacuum suctio
released)D) Thesesteps are repeated for each plate of the staEkA second back plate closes the elementah)XOptical

Unit, creating a stiff monolithic structure

Fig.4.5: Schematic representation of the adopted integration procedure that allow the correction
of eventual residual errors in the slumped plates. It makes use of a precisely figured integration
mould, glass spacersalledribs, and stiffening structures called bacglates.
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The integration steps will be realized with-adc designed Integration Machine (IMAY[], under
development at the time of writing. It makes use of specific integration moulds (different from those
used for he slumping) precisely figured with the Wolter | shape required by the optical desig8 (see
5.2.3.2 for a detailed explanation). The most important assumption in the proposed integration
concept is that the glass plate assumes the shape of the integratmrd when vacuum suction is
applied. This was demonstrated during phase one of the studyg$e2.4.2 for details). It is worth
noting thatthis approach to mounting is completely innovative with respect to the traditional ones
that rely on holding theindividual Xray mirror elements in a limited number of points, usually
concentrated on the edges of the shells. This solution, instead, is more similag wage of SPO,
whose stacking structure is intrinsically very stiff and robust since based wonger interlinkage
between the mirrors plates. Also in the proposed integration approach for the slumped mirrors foils
the same happens: individual mirror plates are connected to each other to form a stack structure in
which the optical elements are @ stiffness in the critical longitudinal direction parallel to the
optical axis through the gluing of structural ribs. A further improvement with respect to the SPO
mounting lies in the idea of mounting every couple together in the same time while clgetiién
mutual alignment of the Plate Pdiself with respect toa fix reference (the XOU back plate). In this
way errors are not accumulated during the integration, as it would be in the case the preceding
integrated plates will serve as reference for thdegration of the subsequent one, and the two
plates mutual alignment is kept under control. The situation is different than the case of SPO
mounting, in which two stacks (one for the ceparabola and one for the corayperbola side) are

mounted separatly and than assembled together by minimizing focal distortioh87)].

4.2.2 Thedirect slumping at NASA-Goddard and Columbia University, USA
American researcheysmainly concentrated aNASA/Goddard Space Flight center and Centre for
Astrophysics (CfAWith the collaboration of several Universitieare working since several years on
the development of a slumping technology for the production of glassyXoptics to be employed
for next generation missian such as IXO (formerly Constellatigh L03 or GenX [L04]. They
employ a direct slumping approach in which the glass sheet slumps over the desiredwithuiloe
only action of gravityThecurrentconsidered dimensions for the segments are around 200 mm x 200
mm, with a thickness of 0.4 mm arrhdius Of Qurvature comprising in the range from few tens of
centimeters up to onaneter and an half. Theiexperienceand knowhow in this fielddates back to
late 1990s when at California Institute of Technology they startnvestigating a new techniquerf

the production of thin glass mirrors for hardray focusing optics105. They came upvith the
launchof the balloonmission HEFTHighEnergy Focusing Telescope) in 20086]. Based on the
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gained knowledge, a new hardry spacemission called NuBAR|s presently undeconstructionat

the Columbia University1p7]. It mounts on board two Xay telescopes realized with glass segments

af dzZY LJSR + G b!{!Qa D2RRINR {LJ}OS CftA3aIKG /SYdSNI AY
2012. The currentéhieved accuracy in terms ofrXy imaging resolution is around an HEW vaitie

45-60arcsec 10§ far from 1XO requirement diIEWIG arcsec; present researches are moving i th

direction of improving slumping angular resolutioA sketch of this slumping approach is shown in

Fig 4.6 American researchie make useof close tubelike moulds(or half ofit) with the external

surface machined at the wanted Wolter | shape. During the slumping, the glass lies down on the

mould for the aly action of gravity. No additional forces are applied to help the gfamsd contact.

At the end of the process the edges part of the glass are cut away to elimanads of not good

contactor wrapped areas coming from thermal effeci®©§].

Hanite

A F 0'{

A) B) C) D)

A) Themould is figured with the required shape and micomghness and treated in such a way to help the detachmen
the glass at the end of the slumping; thin glass sheets are procured from the mB)Hdte glass foil is placed above ti
mould directly ingle the oven where controlled atmosphere can be established and the thermal cycle is s@yadce
GKS &fdzvLlAy3a LINRPOS&a&E Aa GSNX¥NAYLFGESRY SR3ISa 2F GKS 3f
a suitable cutting procedure #t does not introduced defects or distortions in the platB) The slumped glass, release

from the mould and cut at its edges is then ready to be characterized and integrated in the suitable structure.

Fig. 4.6: Schematicsketch and description of the main steps of the direct slumping technology
under developmentat NASAGoddard.

The American researchers ammrking onintegration conceptdased on single sustaining poirds

the glass edges areaBy gluingthe glass edges in pmomputed positions to the structure, they
demonstrated the capability of ovaronstrain the mirror segments without distorting their optical
figure. The slumped plate is bond at 6 locations to a stioack and in this way the flexdg mirror
segment is effectively converted into a rigid body that can be positioned and oriented using
traditional alignment equipment and facilities. It is worth noting that this method is more similar to

the traditional once and does not allow tistumped plate shapeorrection during integratio110].
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4.2.3 The Indirect slumping at MPE, Germany

The MaxPlanckinstitut fur Extraterrestrischephysik (MPE), in Germany, is developing the indirect
slumping technique, which involves the slumping of the glas®tshiato a concave mould. The
resulting optical surface is the surface not in contact with the mould so this method is not sensitive
(even in principleYo the micro roughness of the mould surface; high frequency irregularities are
damped by a factor oround 10 with the currently used glass thickness (0.4mm). No pressure is
applied to get the glass in fudbntactwith the mould, however due to the possible inclusion of air in
the central part between the glass and the mould if the glass edges slump fistna hole is
needed in the center of the mould to enable the air to escape. This can be supported by a vacuum
pump connected with the central hole of the mould, to ensure proper air escape and full contact of
the glass with the mould surface. Thicknessiations in the starting glass foil might affect the final
figure of the optical surface; therefore an eventual phaseyfiidingand polisting to high quality
might be required in order to ensure uniform thickness (less tharlOndicron on large scat¢. The
institute knowhow in this field dates back in time #005whenthey started to assess the slumping
technology for Xay mirror production[111], [112] Currently they obtained some improvements
and researches arstill on-going to further enhance the performances of their process, not yet
compliant with the requirements for the production of futurery telescopes]13. A sketch of this
slumping approach is shown g 4.7. No detailed study heibeen conducted by MP on the

integration of single slumped plates on the telescope structure.

e ) |yl (| —
A) B) C) D)

E)

A) The mould is figured with the required shape and mioghness and treated in such a way to help the detachmen
the glass at the end of the slumping; thin glass sheetgpaveured from the marketB) The glass foil is placed above tt
mould directly inside the overC) The thermal cycle is starte@) Once reached and maintained the maximum T of 1
cycle, vacuum suction can be applied through a hole inctivger of the mould, whichenables eventual air between the
glass and the mould to escag€)After the cooling of the oven, the slumped glass segment is released and it is ready

characterized and integrated in the suitable structure.

Fig. 4.7: Schematic sketch and description of the main steps of the indirect slumping technology
under developmentat MPE.
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4.2.4 The hybrid slumping approach at the Academy of Science of Prague,
Czech Republic

The Academy of Sciences of tlizech Republic, together with industrial partners located near

Prague, is currently developing a thermal glass forming approach different from the oftiefs [

Together with the traditional direct and indireohe, they are investigating a hybrapproad, based

on the use of two complementary moulds and on innovative materiald|[ Up to date, they

obtained encouraging resulfd micron of process repeatabilitg I5p]) and are actually working to

further improve them, since also this approach does pmsent yet the necessary performance

required for the production of next generationrgy telescopesA sketch of this slumping approach

is shown irFig 4.8 No detailed study habeen presented on the integration of slumped plates in the

IXO mirror asgably by the Czech colleaques

= || ——

A) B) C)

\\\\\\\\

A) Two complementary moulds are figured with the required shape and mmaughness.B) The glass foil is place
between them inside the oven and the thermal cycle is started. At some point during the thermal cycle the two mou
pressedone against the other, forming the glass in between th&hAfter the cooling of the oven, the slurad glass

segment is released and it is ready to be characterized and integrated in the suitable structure.

Fig. 4.8: Schematic sketch and description of the main steps of thgbrid slumping approach
under dewlopment in Czech Republic.

All the possibleslumpingapproachespresent advantages and drawbacks that need to be assessed
before selecting the nmet reliable one for the production of future high resolutioX-ray telescopes

they aresummarizedn the following table 4.2Whatever the followed approach is, the nowadays
state of the art of the slumping technologyequires further development before meeting the
requirements offuture X-ray optics.All the efforts put in the slumping technology development are
justified by the overall advantages that it offers, summarized in TableTh@.advantage of this
technology is to be a replication process and so one single mould can be used several tisadizgo

a number of equal optical elements, starting from commercially available glass materials. It also
offers the advantage of directly machine with high accuracy only the mould, which is stiffer than the
glass fos whose thicknesss in general of tle order of few mm, making it floppy and subject to

deformations, hence difficult to machine with conventional contact techniques.
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Table4.3: Gomparisonbetweenthe different slumping approache

Pro Cons

- No influence of the glass thickness

inhomogeneity - In principle the moud should be

- The application of p guarantee the full | superpolished*

glass-mould contact, preventing mid- - Relatively complicated set up
frequencies deformations - No possibility of visual inspection
- The proposed integration approach during the thermal cycle

allows for corrections

- Necessity to cut the edges area that
£ . ¢ set might suffer for not good contact

- Easy experiment set u
yexp P - The proposed integration does not

allow for corrections

- Easy experiment set up - Optical surface affected by thickness
- No need of superpolished mould inhomogeneity (potential need of pre-

m - Possibility of visual inspection during polishing the glass to eliminate them
the thermal cycle before slumping)

- Need of two coupled super-polished

N\_\_\\\\_\\\\_\B\\f - Symmetryin the glass thermal moulds B | | |
mm conditions - No possibility of visual inspection

during the thermal cycle

* See later how the results of this study allowed relaxing this requirement.

Table4.4: Main advantages of the slumping technology general

One single mould allosv for the manufacturing of

BEING A REPLICATION PROCESS .
several equal optical elements

Only the mould needs to be directly figured and polist
with high accuracy, while the final products derive frc
cheap market available glassés

BEING CHEAPER THAN Dif
TECHNIQUES

If a slumping run experience some problems, only ¢

REDUCTION OF PRODUCTION RIS glass foil and the work déw days is lost

Once the technology is validated, several industrial |

EASINESS OF INDUSTRIALIZATION .
can work in parallel

141t is estimated that a slumping run costs around, 2@0nptiging tlgtass, the oven electrical consumption, the
laboratory consumable for the process preparation (e.g. cleaning aDdiyahelowpt of mould procurement is not
considered here, however counting that a single mould can be employed for the production of a number of equal s
the comparison with direct machining techniques vemyngay
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4.3 Mould and glass properties to consider during material

selection

Different materiag might be considered for the production tife slumpingmould, taking in mind at

first its primary requirement to be able to withstand repeated thermal cycles without shape
modification. Considering the selection of material for the realization of the integration mould, the
situation is easier bewse it has not to withstand repeated thermal cycles at high temperatures:
from this point of view more materials could be considered, such us for example Aluminum or
porous ceramicsThis section refers only to the case of slumping moudgeral types bglasses are
available on the market and their selection is mainly based on their characteristic temperatures. An
initial comparison of the theoretical thermmechanical parameters of suitable materials for the
mould and the glass is usefdlhe mechanidaproperties of the glass itself are twofold important:
they are important to evaluate thbehaviorof the glass sheet during the process, but also to assess
its performancs in the final application. At this regards, it essentialto consider that glass
properties might change after the slumping process due to the applied thermal'tythble4.5

reports the several parameters that have to be considered during the material selection process

[116).

Table 4.5: Important parameters that need to be consided during the selection of the material
for the mould and for the glass to be employed in a process of slumping. Notice that few of them
are temperature dependent and also this dependency should besidered during the selection.

Mechanical Physical Structural Fabrication General
,2dzy3Qa Y2HCTE(T) Voids, inclusions Machinability Availability
Hardness (T) CTE homogeneity | High T stability Polishability Scalability
Thermal cond. (T) Opticalroughness Mould cost
Density Mould character
Glass adhesion (T)
Transparency

It is important to take into account the dependence on temperature of some of the listed properties.
A good choice of materials can be performedly consideringthe couple of glass and mould
materiak and the matching of their characteristics, mainly their thermal anéroftal properties.
Furthermore the choice of material requires also general consideration, not strictly technical but

anyway part of the entire mcess control, such as for example the availabiit the material or its

15 Normally, mark®tailake glasses have a superficial layer of compressive stresses, introduced through physical or
chemical tempering to enhance their strength. The application of a thermal cycle might have irdkistere on this pre
status of compressive stresses, cagbiagge in the glass strengthctsgeteg 5for further details).
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costs. Taking in mindhe importance of the couplegshe main parameters listed ifable 4.5 are

hereafter commented

- Coefficient of Thermal Expansion (CTH)e more the mouldCTE is equal to the glass CTE, the
better it is. The linear Coefficient of Thermal Expansion expresses the relative change in linear
dimension (elongation or shrinkage) experienced due to a unit variation in temperature. For the
selection of materials tod utilized during the slumping, this parameter is not important separately
for the mould and the glass but has to be considered in conjunction: ideally the best condition is to
exactly match the two CTE. In this way the couple of material will expandhainé sogether during

the thermal cycle. If there is a mismatch in the two CTE, the slumped glass will experience in the end
a change ofRadius Of Qurvature with respect to that of the mouldl17]. This problem can be
overame by manufacturing the mould i a radius tailored to compensate the pocemputed
change 118. The homogeneity o€ TE is also very important not to have random local deformations
on the final mirror. When comparing two CTE values, attention has to be paid to the range of
temperature h which they are evaluated; due to the dependence of @efficient of linearThermal
Expansion on temperature, two average ling2fEare usually given for the temperature range from
¢30°C to +70°@hormally listed ashe relevant information folRoom Temperature R7 and for the

range from RT (20°C) to +300°Ce(thst oneis usuallyintended as the standard international value

for comparison purposes and for orientation during melting processes and temperature change
loading).A typical curve of the liear thermal expansion of glassksginsat an absolute zero point

with an obvious increase in slope to approximatéhpm Temperature. Then a nearly linear increase

to the beginning of the noticeable plastiehaviorfollows. The transformation range is distinguished

by a distinct bending of the expansion curve, which results from the increasing structural movement
in the glass. Above this range the expansion again exhibits a nearly linear increase, but with a
noticeably greater rate of increase. The curve is adopted to define characteristic temperatures for
the particular glass dster reported inFig. 4.11 Notice that thisbehavioris of particular relevance

for the glass whose CTE chasg@ the range of T of relance for the slumping. The
abovementionedbehavioris not usually encountered in the mould matesiahat show higher
working T and high stability with temperatureleally, the best selection of mould and glass material

is the one with the higher matchinof the CTE curve in the temperature range interested by the
process. This data are however difficult to be found in literature and nedwbadess campaign for

their evaluation
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Fig.4.9: Exampleof chamges in radius of curvature between the mould and the slumped glass for
the particular case of glass D263 (CTE = 7.2?41(() and a High Porous €amic mould(with CTE =
7x10°%K). The mould can be produced with a shagomputed to take into accounthis effect.
(Image credits by MPE)

-Thermal conductivity G KS KAIKSNE GKS o60SGGSNY ¢KS GKSNXYIf O:
to conduct heat. It is the quotient obtained dividing the heat quantity transferred through a unit area

in a unit time, bythe temperature difference per unit distance, and itisnormgiyenA 'y 2 K O0YwY 0 ®
It expresgs the capability of the materials to quickly follow the temperature changes during the

thermal cycle and reach a uniform temperatures distribution avoidinginhental thermal gradients

that might create stresses in the glass. If the selected materials present low thermal conductivity,

longer thermal cycle should be employed to allow the necessary time required to have uniform

temperatures distribution (reaning that the process is motiene-consumingand expensive

- Glass adhesionit is important to take in mind that during the slumping process, at high
temperatures, chemical reactiomight happen between the two materials, which caubke glass
sticking on the mould. The fact requires the application of a suitable antisticking or release layer
between the mould and the glasssurface; most of the timeit is selected fom empirical
experimentation In principle three possibilities exist: 1) apply the atitiking layer on the mould; in

this case theapplication should b@erformed only once at the beginning of the operational life of
the mould and the layeshouldneed to sustain repeated thermal cycle without degradation; 2) apply
the antisticking layer o the glass: in this case the layewuld act also as reflective layer on the
producedslumpedmirror, hence itwould need a high quality in terms of roughness; 3) apply the
antisticking layer in between them: in this case the operastwuldneed to be epeated at every

cycle and the glassould haveto be coated with reflective layer after the slumping.
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- Optical surfaces microroughnesssince the glass will finally become anray mirror, its
microroughness (defined as the glass topograpinsurfacdinishing,at microsopic level) has to be
very low Glass sheetavailable on the market respect in general the requirement. It is important to
set properly the parameters of the process so to avoid any degradation of the original
microroughness of the gés. In principle, it is not strictly required that also the microroughness of
the mould is as good as thoseeeded for the mirror However, in the case of direct slumping
approach (with the optical surface of the glass in contact with the surface of thédnthe surface
finishing of the mould is potentially important, since the microroughness of the mooildd be

partially transfeed onto the slumped segments in dependence on which process parameters are set

[119.

- Maximum application temperature the lower the better, fowhat concern the glass materiahe

higher the better for what concern the mould materidhe maximum temperature of the slumping
thermal cycle depends on the type of glass selected for the process. A glass with low characteristic
temperatures is preferable sindge allows a shorter and easier (hence cheaper) process. Of course
the material selected for the mould has to withstand at least the slumping temperature for the time
required for the cycle. If its operational temperaturehiigher, it is even better since a major stability

over repeated thermal cycles can be attended.

- Elastic modulusthe higher the better, considering the mould material, to limit the deformation
that the mould will experience when laid on the supportstlie oven. However, this does not
represent a fundamental property since low values canolerpassedby a suitable mechanical
design of the mould. The characteristic is much more important with regards to the glass since its
value is one of the propertigat guide the structural design of the final telescopgtention should
however be paid to the fadhat the significanivalueis not the one stated in the glass datasheet but
the one measured in the glasster it undergonethe slumping thermal cycle. This value is not

reported in literature and suitable test campaigns have to be conducted for its evaluation.

- Knoop Hardnessthe hardness of the materials gives indication on the probability of scratch the
surfaces during the lmalling, cleaning and all the other steps of the process. From this point of view,
the higher the better. Anyway, referring to the mould material, it has to be considered that in

general the grinding and polishing of hard surfaces is very costly becaageiies long times.

- Void, inclusionsthe less the betterMould and glass must be made by homogeneous material with
no bubbles or inclusions that might cause anomalous and not repeatable behaviour during the

process.
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- Thickness variationthe lower, the best. This parameter clearly refers only to the glass and is
important because of its possible impact on the optical performances of the slumped mirror. The
problem is of interestmainly in the case of indirect slumping approach since durthe direct
approach, all the thickness inconstancies are transferred on the back side of the mirronavith
impacton its optical performances. The criticality can be overcome bypoteshing both sides of the

glass sheets before slumping it, increadiogvever costs and production tinjepieultimo-tedesch].

4.4 Slumping thermal cycle parameters

The selection of theptimum thermal cycle is fundamental to obtain good slumping results that
meet the requirements. It is of course strictly related to the ceupf materias selected, and in
particular to the glasswhose characteristic temperatures guide the maximum temperature of the
thermal cycle[120], [121], [122] The best thermal cycle is the one optimized to reach the wanted
results in the fastst and heapest way. Generally speaking, it always includes a number of ramps
(increasing and decreasing in temperature) and plateaus at which the temperature is maintained
constant. The heating can be relatively fast up to the required slumping temperatureathetding

time ensures that no detrimental temperature gradients are present and the glass has time to slump
against the mould. The cooling down is done slowly to give the glass the possibility to reach the
annealing point without internal stresses, sinoelow this point the glass is noriger able to relax
them. Fig. 4.1&hows an examplef slumping thermal cycleyhile Table 4.6 supplthe definitions

related toimportant phases of the process.

EX. of Slumping Thermal Cycle

Glass softening point

Tmax

Glass annealing point
Glass transformation T
Glass strain point

i | | | | Time
® Heating-up ramp @ Holdingtime ®Soaking time
@ Controlled cooling-down ramp @ Free cooling-dowm ramp

Fig.4.10: Example of slumping thermal cycle, showing all timaportant phasesof the process.
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Table4.6: Definitions of the main steps in the slumping thermal cycle

- Heating up ramp(or phase): first step of the thermal cycle performed to reach the imam
temperature of the process

- Holding time step in the thermal cycle at which the temperature is set to a constant value to ¢
reaching good uniformitynithe temperatures distbution

- Soaking timeor holding time at maximum T: period of wait at the maximum temperature of
cycle to allow the glass to sagainstthe mouldand conform to its shape

- Cooling down ramp(or phase): last step in the thermal cycle performed to cool down the g
Normally, this phase is divided in two steps: one controlled step, performed in a slow controlle
so to avoid the introduction ainwantedstresses or deformations; and a é&etep, performed with
the oven switch off and allowing for the natural cooliofgghe system.

The annealing point is one of the characteristic points of any glass material, together with the
Transformationtemperature (Tg), the Strain point and the t®oing point, conventionally defined in
dependence ofthe glassviscosity (see able 4.7). In fact, glass behaves differently at various
temperatures since its viscosity changes: as it is heated, it turns more fluid; when cooled it becomes
more firm. Thisbehavioris strictly connected to the key elements containedtie chemical

composition of the glass and in part also on the production method i@dairly the rate of cooling).

Table4.7: Description of tle main areas in the typical thermal expansion curve of a glass

- Brittle zoneY (G KA& T12yS NBFSNBR (G2 NBfl GA DSt dRodmz
Temperature to few hundredl degrees. If heated or cooled too quickly in this zone, the glass
break because of stresses or thermal shocks. In the brittle zone, glass swells when heated or
when cooled. The glass shows and elastic behavior, also if véigdibeing a bittle material.

- Transition zone this zone is the most important one for the slumping process, since it is ir
zone that the glass assumes a plastic behavior, which allowsh#éging. The transition zone
delimited by the strain point (lower limit) and the softening point (upper limit). Glass is less ser
to thermal shock in this zone, sometimes referred as annealing range since it contains the an
point. When coting down the glass, it is important to pass slowly through the annealing poil
relieve internal stresssthat might orgginatefrom the forming process.

- Fluid zone this is the high temperatures zone, where the glass becomes fluid and it willf fimit
restricted. The fluid zone is of no interest for the slumping technology.

In terms ofviscosity, a transition from liquid to plastic state can be observed betweéarid 16°

Rtliad ¢KS 3IJtlaa &G§NHzOGdzNBE Ol y vé 83 dR&si BtNis
viscosity the internal stresses in glass equalizeabisut15 minutes.

In general, three characteristiones can belearlyindividuatedon glass temperaturelongation

plot, the glass CTE diagrariis curveshows a nearly lirer increase up to the beginning of the
transition zone characterized by a plastiehaviorand distinguished by a distinct bending of the
expansion curve, which results from the increasing structural movement in the glass. Above this
range the expansion afn exhibits a nearly lineavolution, but with a noticeably greater rate of

increase. TheTransformation temperature (orTransition temperature) Tg is the parameter
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describing thisbehavior it can be considered for glasses what the melting point iscfgstalline
solids, referring to the temperature at which the glass transforms from a lower temperature glassy
state to a higher temperature sup@ooled liquid state. At temperatures higher than Tg, the
structural units of the material are able to quickigorganize themselves as a quasilibrium
liquid. At temperatures lower than the Tg, reorganization among the structural units virtually ceases
and the resulting rigid material is whas known as glass. As illustrated in thiég. 4.11 the
Transformaton temperature is determined by the intersection point of the two tangents of the high

and low temperature ranges of the thermal expansion curve. The glass viscosity at Tg corresponds to

about10°Rt I wa® ¢3 aSNWSa +a | dzaASTdzd o6SYyOKYIN] F2NJ Iy
A BRITTLE TRANSITION FLUID
ZONE ZONE ZONE
|
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Fig.4.11: Typical Thermal Expansion Curve for a glass.

Typical viscosity vs. Temperature curve for a glass
16 T T T T T

\ Strain point o

14+ . . b
Annealing point

Transformation point (Tg)

8- Softening point b

Log-10 (Viscosity [dPa*sec])

Working point

2 r r r r r
400 600 800 1000 1200 1400 1600
Temperature [°C]

Fig. 4.12: Typical Temperature vs. Viscosity graph for a glass, showing the common viscosity
points consdered, in the glass item production field, to define the characteristics temperatures of
the glass.
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Table 4.8: Conventional definitions of the characteristic temperatures of glass in dependence on

the viscosity value

?rzergggi;f:'ec Viscosity Description
The working point corresponds to the viscosity of 4 (jagjise). It is
. . . contained in the glas®rming region that span around viscosity values
Working Point 10" poise 10°%* poise: in this range of T the glass begins to soften up to
point where it is too soft to control.
Softening point 1078 poise The softening point identifies thplastic range of temperatures at whic
Al so call ed glass begins to remarkably soften and deform under its own weight.
Yield point (At) orSag Temperature S()'I'is defined as temperaturet
10 which thermal expansion stops increasing and actually begins
Yield point or Sag artlJlund 10 10 | decrease with increasing temperatyrer the point at which elongatior
temperature 10 poise. becomes zero on the ther_ma_l expansion curiAg.(4.17). Actually his
behaviour is not due to an intrinsic property of the glass busiher due
to deformation of the glass under the load applied in the stand
measurement procedure.
The transformation regiofor Transition zones that temperature range
AY 6KAOK | 3Jfl aa 3INIRdzffe& GNI
Transformation T (Tg) state. TheTransf_ormation temperature (Tg) can be determined from t
Iso known as ala 10° poise therma_l expansion curve (Flg.lp. It serves as useful benehmark for tt
a . 9 P annealirg. In other words, this is the temperature at which the atorr
transition temperature ions, and molecules become fixed in position without the mobi
associated with a liquid but with the same disordered arrangemen
the particles.
The annealing point corresponds to the maximum temperature in
Annealing point 10"*?poise annealing range at which the internal strain of glass will be substant
eliminated. Internal stresses are relieved after few minutes.
The strain point corresponds to the lowest temperature in the annea
Strain point 10" poise range at which viscous flow of glass will not occur. Internal stresse
the glass are relieved after few hours.
b2iS® m Rtlwa I m LB2A&S
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5 Design of experiments and preparatory

activities
The majority othe slumpingexperimentshasbeen performed at INAPABsite inMerate in the
dedicated oven laboratory for what concern the realization of slumped plates, and in the metrology
laboratories for what concern the characterization and analysf results.In this chapter the
instruments, materials and toolsused forthe development of thedirect slumpingwith pressure

assistanceare quickly presented;oncentrating orthe improvements specifically realized during the

PhD activities

5.1 Rationale of the carried out experiments

The main steps of the direct slumpirgpproach developed during the studye summarized in Fig.

510 ¢KS | dziK2NR&a O2y i NAROodziAzya FNB &ALINBFIR Ay St
the research was to assess the application of the slumping technology to the casayofe¢meted

optics, with the goals reported in TalBel. These goals were meant to demonstrate the feasibility of

the proposed method for the production die elemental Xay OpticalUnit for the IXO mission and

to show the potentiality of fully reaéhg its requirements. All theestshave been designed with the

following topics and necesssin mind:

To perform tests for the selection of glass and mould matgrial

To test an antistickin@pr releasé layer,

- To check the process parameters for the selected opmaterias, eventually through flat
samplesin particular, analyze the effect of the thermal cycle and pressure application on the
glass surface finishing and strength;

- To slump on cylindrical sample

- To verify the integration concept

- To assess amew issue arising from time to time by the results of previous experiments

Many of the experiments have been run in parall@hey allhavebeen cataloged with an increasing
number from test P&X0O1 to PSX0131 up to now; the sequence is going on witle near future

activities.
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Table 5.1: Main goals considered during the technology study to be met for the slumped and
integrated plates

Requirement in terms of shape Requirement in terms of micrgoughness

The roughness of the optical surface must
better than 10 A (WYKO X0660¢ 10>m
wavelengths range) and equal to that of th
starting glass fibin the AFMrange (34 A
rms)

As a preliminary goal, the HEW of single
AYyGdS3aNFrGSR LX I GSa a
(@1keV)

Procurement of glass and mould
with the characteristics required to be employed

in the slumping of X-ray mirror segments

)

Antisticking layer deposition on
the mouldif required

!

Cutting of the glass sheet to the

required dimension to be employed for slumping

11

Cleaning of the glass and mould

for the slumping process

11

Parameters setting: thermal

cycle - Tmax, holding times, p, time of p
application, heating up and cooling down rates -

iy

CU'H'iﬂg additional sTep if required

Iyl

Acceptance tests analyses of shape
and roughness characterizations performed on
the produced segments

iy

Infegr'a'rion phase of the slumped plates

into a stiffening structure

Fig.5.1: Main steps of the direct slumping process with pressure developed by INO¥B.The
I dzi K2 NQ & Qigspréadiinceaeh dng ¢f them.
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5.2 Preparatory activities to the experiments conduction

The activities started with an assessment of the instrumentations and &agable from INADAB
past experience in the slumping techniquepgrades, that came up to be necessary for the
application of the slumping technology to the IXO case, have been realized and the specifications for

new necessary tools have been derived according tad¢isearch goals

5.2.1 Assessment and improvements on the available tools and instruments

The oven laboratory installed at INAFABwas originally equipped with only two electrical ovens. A
clean environment area, equipped with electrostatic system and sodium lamp, was added to take
care of cleaning issue. The theal behaviour of the ovenwias deeply analysed and new muffle
moulds and glags were procured with the characteristics imposed by their application for the 1XO

case.

5.2.1.1 Clean room environment

The whole process preparation procedurgigsentlyrealized in a clean room environme@SO5 or
class 10Q)appositelyinstalledto take care of the dustontamination Air filters guarantee that the
laminar flow of incoming air does not contain more than 3520 particfetiigger or equal to 0.5
microns. Overpessure is maintained in the environment so that doannotenter the area The
entire system of filters is switch on at least 12 hours before the utilization of the chamober
guarantee the cleaningit the same time the laboratorgoors and windows arda@sed and the room
heating switch on to allow for enviromental humidity to be eliminated. Inside the clean ardeet
staff is dressed with Tyvek®overall ClassicThe zoneis divided in two parts, one principally
dedicated to the dressing of the personnel and the preparation of tools, the other fosltmaping
and integrationactivities Dust contamination has to be avoid because a grain of dust between the
mould and glassurfaces prevent the full contact of the two, introducing errors in the shape of the
slumped plate as shown in Fi¢.2. An antistatic system has been installedthe clean room area to
eliminateelectrostatic charges that attract dust grains on the nitbor glass surfaces. The initial idea
of implementing such a system roa from the necessity of eliminating antistatic charges that
originated on the mould and glass after the removal of a Ebaint usedin the pastas a last
cleaning step. Deeper alyaes showed that theeeloff paint left contaminants on the surfaces, not
compatible with X-ray opticsrequirements, and so thiproduct was eliminated by the cleaning
procedure (see 6. 1.2). However, the antistatic systentilization was maintainedecause it came

up to be reliable for environmental static chargdsvo sodium lamps are present in the laboratory,

one portable and one in a fix position. They guarantee possibility to check fringes and dust
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presence between or on mould and glass swetacThe intense light of the portable lamp allows the
visualinspecton of surfaces cleanlines3he Nomarskmicroscope (seénnex B) was located in the
clean area to beitilized forthe samescope. To better realize the tasks of cleaning and take care of
dust contamination, a dedicated cleaning procedure has been study and implemented both for the
moulds and for the glass foils. The entire procedure $akace irthe clean environmentit consists

of the following steps, which are repeated several tinfesecessary:

- Clean with bidistilled water and optical soap

- Abundantly rinse with bdistilled water,

- Quickly dry with a flow of Nitrogen

- Last cleaning with acetone and optical paper

- Check with Nomarski microscope and intense light beam the resuite aleaning

- If contaminants or dust are still present, repeat the procedure.

Fig.5.2: The presence of dust prevents the full contact between mould and glass surface during
the slumping process; even argll grain of dust has influence on a signifinharea, from few mm

to cm. The use of sodium lamp shows this presence through the visualization of interference
fringes beween mould and glass surfaces. Picture above refers to an area about 150 mm wide:
the impact of a dust grain is clearly visible.

5.2.1.2 Ovens

Two electrical industrial ovens are installedthe laboratoryfor the slumping technology assessment
and development: one small oven and one big ofegrTeknokils [123]. Theycome fromthe glass
and ceramic industry: their internal cavity is covereith isolating bricks and the heating elements

consist of electrical resistances.
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Z i

Fig.5.3: The two ovens available in the laboratgrand largely used during the PhD work. (Left
Side): The small oven utilized for preliminary test@Right Side): The big oven utilized for the
slumping of the cylindrical plates to be integrated in the prototypes.

-,

The small oven has an internal volumedd m x 0.5 m x 0.3 m and the maximum power usage9s of
kW. It can reach a max temperature of 950 °C using twedaesistances located at the top and at

the bottom of the oven cavityOne single internal thermocouple controls the temperature insiue t
oven. The big oven has internal size of 1.4 m x 1.4 m x 0.6 m and the maximum power usage higher
than 80 kW. Thisvalue however, has to be intended in the case all the heather elements are switch
on contemporarily, aituationnot very realistic and ghificant. Theelectrical grid line that serves the
laboratory is dimensioned for a maximum power usage of 50 kW and so the five heater elements are
never used all together in theasie thermal cycle. This is not a problem or a limiting factor for the
slumping process since three heaters are sufficient to guarantee the desired theomditions

inside the ovenas demonstratd both by simulations and empirical data. The bigencan each a
maximum temgrature of 950 °C and it has a more flexible internal PLC for precise thermal cycles
control with respect to the small oven. To guarantee a good flexibility in the usage of the big oven,
the electrical power caibe applied on differentexctors; n particularfive different zones exist, each

one of which is equipped with its own thermocouplenédsector consists of the lateralectrical
resistance and the other sectors are represented by the upper and lower resistances, both composed
by two separate heating elements, a central one and a lateral (external) one following the perimeter
of the oven. Tablé.2 lists the specifications of the five heater elemegtmntained inthe big oven.
Thermal simulations performed with ANSSftware eviderced that the mould temperature is more
uniform in the big oven with respect to the small one because of the position of the heater elements.
In fact, in the small oven the heater elements are only in the top and bottom part of it, causing a
temperature gralient in the radial direction, especially during the cooling down phase when the

edges of the mould cool down faster than its centfdso, the limited internal volume of the small
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oven is just enough to house the muffle, which is affected on the bordgrbigph temperature
gradients due to the oveaperturevicinity.
Table 5.2: Specifications of the heater elements of the big oven. Five electrical resistarace

installed in the big oven to allow for flexibity in its use and better control of the inside volume
for what concern the temperature uniformity.

Sector Heater length [mm] Power [kW]
Central Top 700 155
External Top 1300 16.5

Central Bottom 700 155
External Bottom 1300 16.5
Lateral 1300 19

Instead, in the big oven, lateral heater elements allow obtaining a more uniform distribution of
temperature keeping smaller thermal gradiems the mould inside the muffle, also in reason of the
fact that the muffle is more than 500 mm far from the ovemllsand aperture During the cooling
down phase the lateral heather element is used to contrast the faster cooling down of the mould
(and the glass) edges with respect to its central part, caukimgr radial thermal gradients.
Simulation resultswere confirmed byempirical data collected during the performed tests with
additionalK-type thermocouples inserted inside the ovand also inside the muffl@hese additional
thermocouples have been appositely procured and calibrated to measure the tempemgtadients

on the mould inside the muffle. Tests were also carried out to checkrdpeatability ofthermal
conditions inside the big oveithe following Fig. from 5.4 to 5.8 report a summary of the simulated

and empirically recorded thermal behaviouwfthe ovens.

VALU VALU

0 (x10°%1)
(x10**1) 0 1600 3200 4800 6400 8000

0 1000 2000 3000 4000 5000 el T8 Ao e 22
500 1500 2500 3500 4500 TIME
TIME

Fig.5.4: Simulatedtemperature on mould during a thermal cycle in the smalleft Side and big
(Right Sidé ovens. The “xis reports the temperature in °C, the-¥«is the time from the
beginning of the process iseconds Several simulations have been performed changing the cycle
time. The effect of shorter thermal cycle is that of enhang the T gradients on the mould.
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VALU

VALU

(x10%*1)

1000 2000 3000 4000
500 1500 2500 3500
TIME

5000

1600
800

3200 4800
2400 4000
TIME

6400 8

5600 7200

(x10**1)
000

Fig. 5.5: Smulated thermal gradients on the mould in the smativen (Left Side and in the big
one (Right Sidg. The Y axis reports the temperature gradients in °C, th@xs reports the time
from the beginning of the process isec At equilibrium at maximum tempeature, in the small
oven the thermal gradients on the mould reach value of more tha®°C while in the big oven

they can be maintained as low as 5% less
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Fig.5.6: Verification of the repeatability of the same thermal condition inside the big oven when
the set parameters are not changed. During theritical cooling down phase (from 15h on), the
recorded value differ of less than 2°C, the typical accuracy of the type of thermocouples present
in the oven. This accuracy is good enough to repeat inside the muffle, at the center of the oven,
the same themal conditions from one cycle to the other.

95




Chap. 5

PS-IXO-103 Thermal Cycle
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Fig.5.7: Data recorded byadditional thermocouples positionedinside the muffle. Thg verify the
values expected by simulatios and during the met critical phases of the procesg&he cooling
down phase)are as low as 4°C.

PS-IXO-125 Thermal Cycle: Therm. calibration
Thermal gradients between additional thermocouples
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Fig. 5.8: Testof calibration performed on additional thermocouples to be positioned inside the
muffle. A steel cylinder withholes toward its center has been employed. The thermocouples have
been positimed as in the picture Their resolution is of 0.1°C and their recorded values diffar
the worst case, foralmost constant valus of 0.6-0.7°C that is considered as correctiviactor
during the evaluation of T recordingSeveral of these tests have been performed both in the
small and in the big oven and they alwaysage comparable results.

For the slumping ofrepresentativelXOmirror plates the big ovenvas considered. However, the
small ovenwaslargely used for preliminary testghose scope could be met also with not optimal
thermal gradients distribution For example, it has been used for the realization of experiments
aimed at the individuation of an aisticking layer (se& 6.1.3), for part of the tests performed to
check the influence of pressure on the final miconighness of the plate (se®6.2.5), and for the
tests(in part performed and in part still egoing) to realizahe huge number of sampéenecessary

to check the glass strength after the slumping (8€2.2.2.
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5.2.1.3 Steel muffle

The direct slumping under investigation at INBEB requires the application of pressurehiep the

glass coming in full contact with the mould during the slumpingcess in order to better replicate

its shape without introducing undesired micequenciegsee Annex A for definitionYhe application

of pressure is performed inside a steel muffle, a metal box able to withstand repeated thermal
cycles, in which the eire slumping process takes place. It is made of AISI 310 stainless steel, a
material well suited for high temperature applications and repeated thermal cycles, due to its low
content of carbon. The muffle is divided in two chambers by mean of a thinestaisteel foil of 25
micron thickness, made in AISI 304. It acts as a membrane: by imposing a difference in the pressure
between the two cavities thenembrane forces the glass faihto the mould surface. The CTE of the
steel sheet is slightly larger thahe steel AISI 310 of the muffle (1810° /°C and 16.9x16/°C
respectively). This guaranteethe steel sheet expands more than the muffle when at high
temperature, preventing any possibility of failure for internal stresses. The use of a steel muffle
offers other advantages; it guarantees a uniform temperature distribution inside its volume: its walls
act as shield from the direct heating generated by the resistances preventing localized overheating
and spreathg evenly the heat generated inside the oweFurthermore, it guarantees a physical
separation between the glasaould coupleand the oven environment, helping in the control and
elimination of dust contamination. A circular muffle was already available at-D&¥8- with a
diameter of 300 mm: it has been employed during the first period of activities for preliminary tests,
while waiting for new tools. For the present study, two hew muffles have been manufactured: one
squareplanar and one squareylindrical. Both the new muffles are equipped with four pipes that
allow to slump ina controlled atmosphere or imacuum environmentThey have respectivelyan
overall dimension of 440 mm x 440 mm x 150 rtine flat one) and 360 mm x 360 mm x 150 mm

(the cylindrical one)to accommodatesquaremoulds up to 300 mm side.

Old circular muffle already available
at the beginning of dis for prelimin
tests in the small oven.

Squareylindrical mufftkslivered by the
roducer isummeR011.

Squarglane muffle, largely used fc
realization of more than 50 exuesim
validate the technique.

a3

Fig.5.9: Images of thestainlesssteel muffles used during the activities reported in this texiNote
the evolution in their shape and configuration, coming from improvement in the knowledge of
the slumping process behavior.
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PIPES UTILIZATION:

Vaccum configuration:

1. Vacuum pum

2. Not used

3. Ar flow to protect vacuum-seal
sealant

4. Pipe for pressure application by
different pumping rate

Controlled atmosphere config.:

1. Ar flow entrance

2. Ar flow exit

3. Not used

4. Pipe for pressure application by
inserting air

Fig. 5.10: Muffle drawing and explanation of the four pipes usage that all@both to slump in
vacuum and in controlled atmosphereA is the bottom part of the muffle;B is its cover. By
inserting a metal membrane between them at the muffle closing, it is possible to divide the
internal volume in two chambers, allowing for pressure application.

5.2.2 Selection of the metrological systems to be employed for results
analyses
In order to characterize the goodness of the slumping process, the most important evaluation
concerns the ability to replicate the mould shape without degrémlenacceptable levehe original
roughness of the gk substrate Stateof the art instrumentsinstalled at INAFOAB laboratoriesvere
chosen tobe usedfor the characteriation of the slumping procesgneasurements and analgs of
the optical surfaces in terms of intrinsic shape and surface roughness at different spatial frequencies
ranges(see Annex Af both the moulds and the slumped plates, alenhthe identification of the
process potentialies and capabilitieslt was however necessary the development of a dedicated
machine (Characterization Universal ProfilometelUP) for the claracterization of integrated plates
(see Annex B)The measurement ofhape and roughnessarameters is an essential step in the
evaluation of the process results. The characterizatbthe mould is essential to have a term of
comparison for the slumpeglate. But also to check the quality of the product delivered by the
vendor and verify it meets the requirements. The measurements of these parameters on the
slumped plates are twice important: first of all to be compared with that of the moulds and gt hi
on the replication capabilities of the process; and secondly alkad@ the goodness of the slumped
plates in reflecting<ray: the parameteintrinsic shapes necessary to guarantee that thrays are
reflected following the wanted path into theo€al plane, while the parametepughnesds critical
from the scattering point of view, which might degrade the focal spot resolution. In order to
determine the intrinsic shapeopf both the glass foils and the moulds, characterizationsre
performed with
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1. A3D Characterization Universal Profilometer (CURY a complete mapping of thewshped
mirrors and moulds figure;

2. Along Trace Profilometer (LTRQy axial profiles fiure characterization of moulds;

3. An optical sensorGHRocodilesensor by Preciteapounted on a precise linear stage, for 1D
longitudinal or azimuthal profiles scans andckness variation measurements;

4. A Sodium Lampfor a qualitative evaluation aflass and mould shape difference through

interference fringes.

In order to determine the surface quality parametexd, both the glass foils and the moulds,
characterizationsvere performed with a set of topographic andray instrumentations, which allow
obtaining the distribution of roughness over frequency winddit®e Power Spectral Densitysee

Annex A for more detailsgiving useful indication on the presence of surface defects:

1. A WYKO Optical Profilometerfor mid-frequency roughness characterizatioof slumped
samples and moulds;

2. An Atomic Force MicroscopgAFM), for highfrequency roughness characterizatioof
slumped samples and moulds;

3. A BEDBED1 Xray Diffractometer, for indirect roughness PSD chaterization of slumped
samples;

4. Phase contrasomarski Microscopefor qualitative and cleanliness checktloé surfaces at

different magnifications.

All the instruments arenounted on optical aisuspension sektabilizing table to avoid any ground
vibration being introduced in the data. The majority of them is located in clean rooms where
environmental condions like temperature and humidity are checked and actively controlled.
Whatever the adopted measurement method is, the following points have always to be taken into

account:

- The surface parameters describe a sample (or a set of samples) of the safacened as
representative

- BEach measurement covers only a limited range of spatial frequencies, the limits being
determined by the Nyquist criterion. That is the reason why the values of surface parameters
are not unigue and depends on the window sendijiaf the considered instruments

- The accuracy and precision of the measured value are limited by instrumental and

environmental noise.
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Fig.5.11 shows the main metrological instrumentargely used during the development activities

(details on their operative principlese providedn AnnexB).

WYKO profilometer Atomid-orce Microscope (AFM)

Fig. 5.11: Main metrological instrumentationavailable at the INAFOAB laboratories in Merate
site. All these instruments have been employed for the characterization of slumped plates in
order to cleck the goodhess of the process and assess its potentiality for the realization afa)
segmented mirrors.
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5.2.3 Procurement of glass and mould for the slumping technology
assessment
The most important elements to be procured to start the experiments on the slumpingXfor |

segmentednirrorswere, of course, the slumping mould and the glass.

5.2.3.1 Selection of the mould and glass materials

The selection of mould and glass materighsvundamental. The choice was performed taking into
account all the general considerations expos@a § 4.3. Table 5.3 shows a list of propertiesof
materiak that present good potentiality to be employed fa&lumping mould productionin a
slumping process for the production ofrXy mirrors They have already been considered in the past
or arecurrerntly underevaluation These materials are: Alumin8iliconCarbide, Quartz, Zerodur K20
[124], and Silicon

Table5.4 and 5.5show a list of glassheetsavailable on the marketogether with their main
properties: they might be considered for the application dhe slumping technology for the
production of Xray segmented optics. The principal characteristic they have in common is their small
thickness: his is an essential requirement, posed by the 1XO optical desigin)y coming from mass

and effective area constraintsf X-ray spacetelescopes. All these glassesre availabldrom the flat
display market, where their entrance dates back in the last two decades. Othes dfpgass, which
might be considered for thelumping technology of othdtems (for exampleAdaptive Optics), are
available on the market but they are not reported here because they are not produced in the
thickness range required forext generation Xay optics (lower than 0.5nm).

Table 5.3: Main properties of materials that possess a high potentiality to be employed for the
production of mould to be used during thermal slumping process.

Alumina SiC Quartz Zerodur K20 Silicon
Density @/cc) 2.85 3.21 2.21 2.53 2.32
Elastic ModulusGPa) 90 476 72 83 155.8
KnoopHardn. (HK0.1/20) | 1900 3000 580 620 1100
Max applicationT (°Q 1900 1450 1200 850 1400
High T stability Very good Very good Very good Very good Very good
CTE (18K)(RT1000°C) | 8.2 4.0 0.5 2.0 2.6
Thermal Cond.W/mK) | 24 102 1.31 1.60 141.2
Polishing and figuring | Slow Very slow Fast Medium Slow
MicroroughnessA) 10-20 <5 <5 10-20 <5
Voids, inclusions NO NO Possible NO NO
Glass adhesion YES YES YES NO YES
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Table 5.4: Main properties of market available glasses that might be employed in a process of
thermal slumping for the production of thin mirror segments.

AF32 AF45 D263 0211 1737F EageXG | Gorilla
Manufacturer Schott Schott Schott Corning | Corning | Corning | Corning
Dimension (mm) 21x24m | 4406360 | 440x360 | 406x432 | 355x457 | 1.I1x12m | 405x460
Thickness (mm) 0.1-1.1 | 0.050.5 | 0.031.1 | 0.050.5 | 0.7-1.1 | 0.40.7 0.7-2.0
G /2yadl y|+50 <1030 | +840 - - +20 --
Density (g/cnd) 2.43 2.72 2.51 2.53 2.54 2.38 2.45
Young module (GPa)| 74.8 66 72.9 75.9 71.4 73.6 73.3
t2Aaaz2yQgo0.238 0.235 0.208 0.22 0.22 0.23 0.21
Shear Modulus (GPa)| 30.2 26.7 30.1 30.9 28.8 30.1 30.1
CTE (f°C) 8300°C 3.2 4.5 7.2 7.38 3.76 3.17 9.1
Th. Cond.(W/m°K) | 1.16 093113 | 093125 | 0.96 091144 | 109142 | --

Table5.5: Main characteristic temperatures of glasses that might lm®nsidered for the slumping
of thin X-ray mirrors. All the temperatures in the table are expressed in degr€elsius [{].

AF32 AF45 D263 0211 1737F EagleXG | Gorilla
Softening point | 544 883 736 720 975 971 843
(10"” poise)
Annealing  point
(10%Zpoise) 728 663 557 550 721 722 609
Strain point
(1014'7p0ise) 686 627 529 508 666 669 559
Forming T 1090 1000 839
(10°°* poise) 1187 1098 929 - - - -
1309 1225 1051
Working Poift | 1309 | 1225 | 1051 |1008 |1312 [12038 |-
(10" poise)
Transformation T 715 662 557 _ _ _ _
(T9)

The glass selectefr this study was glass D263 by Schf25]. The choice was mainly dictated by

the relatively low values of characteristic temperatures of this glass with respect to the other thin

glasses available on the markét. particular, low Transformation temperature (Tg) optical glasses

have to be preferred for precisiomolding since they can beshaped at relatively lower

temperatures,which means in aasier and shorteway, in terms of set up procedures and in terms

of time (that isto sayin a cheaper way Furthermore, glass D263 waswall-known glass since

already considered by other research groups for its application in space and so it haaltessty

analyzed in the pagl26]. This glass is produced with the thickness of 0.4 mmired by the optical

design and it is available on the market in sheets up to 440 mm x 360 mm, so compliant with the

necessary dimensions of 200 mm x 206nits original micraoughnesss of fewA, making it ideal

for Xray applications. Its procurememwas not difficult: the glass was orderdd the produce
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already cut in foils of 200 mm x 200 mm and was delivered ireteeparate production batche¥he
selection required more consideration fotat concern the slumping mould material. AluminaSiC
would have been preferred because of their CTE, closer to that of the glass. However, the
procurement of tlese materiak is not always easy and requires long period, also because the
figuring and polishing is very slow being them hard materials. In iadditAlumina cannot be
polished to a level better than few nm and this coblavebeen problematic for the direct slumping

for which the behavior in terms of mould roughness replication in the glass was not known.
Regarding SiC, it would have required maests to select the type to be used and moreover it is
very expensive. These two materials were not selected. Among the other three ma(€)isriz,
Zerodur K20 andilicor), the choice was in favor of Quartz (or Fused Silfeaged Silica is a well
known material for leses, easily ground and figuredl.can be sper-polishedand it is suitable to
withstand very high temperatureBesides, Fused Silicaasmaterial already used for the moulds
fabrication by the US groups involved in the glass slumping activitigertunately, t has a low CTE,

in the order of 0.5 * 18 /K, anda low thermal conductivity which requires low coolidgwn rates

(that meandonger thermal cycledp avoid(or at least reducejemperature gradients in the mould.
Zerodur K2@vas not selected at the beginning of the project because of the roughness level it can
reachwith polishing Anyway it was considered in the second phasdter the first phase results
suggested that the microoughness of the glass can be maintained by fine tuning the process
parameters(see8 6.2.5) Zerodur K20 is in fact a very attractive evél since it does not need any
antisticking layer. Als&iicon was considered in the second phase because of its higher thermal
conductivity, when compared to those of other materials, and this will allow faster heat exchange
and so faster processes. However, an antisticking layer is required to prevent glasfoadiA trade

off between pro and cons of th&erodur K20 andiliconmaterials will be performed in the near

future.

5.2.3.2 Characteristics of the glass and the mould

According to the IXO optical design, theometricalparameters reported in Table®ad in Fj. 5.13
were consideredWhile the glass procurement was not problematic, the situation was a little bit
more difficult for the moulds since cylindrical or Wolter | optical elements of large dimensions are
not commonly produced. Bylindrical shapevas cosidered instead of the Wolter | shape @sould
havebeenexpected due to the 1XO desighhe choicevas dictated by programmatic reasons, mainly
schedule and cost considerationdié procurement and measurement of a cylindrical shapmildis
faster and cheaper than the realization of a Wolter | shape mould, still offering the possibility to

evaluate the slumping technology capabilifyhe 250 mm x 250 mm mould dimension was dictated
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from the 200 mm x 200 mm mhensions of the glass foils camg from a tradeoff considering the
available materia on the market, FEA results on the XOU designraatization and handling issues

(25 mm more per side were considered for thermal reasdhis worth nothing that these mould
parameters were originly intended for the first phase of the project, whose main aim was to assess
the technology potentiality and to compare the direct and indirect slumping approach in order to
select the more reliable one to be followed during phase two. They were suppodeel upgraded
during phase two of the project: in particular the original idea was to evolve from the cylindrical
shape to the theoretical Wolter | shape of the telescope design. However, the results obtained in the
first phase of the project suggested aththese parameters could also be maintained for the
subsequent activities. It was demonstrated, in fact, through FEM analyses before and then
empirically (see lateg 6.2.4.2) that the proposed integration procedure has the capability to correct
low spatal frequencies shape errors of the slumped plates with acceptable spring back effects. And
so the requirements on the slumping results can be relaxed. This is indeed a very important result
that translates ito two main effects: first of all, a lower grad# mould shape replication can be
admitted (few microns instead of suhicron level). Secondly, the requirements on the slumping
mould can be relaxed with important gain in terms of cost and procurement time. This is
fundamental in view of the industriaiation of the whole manufacturing chain of the IXO optics. In
principle, in fact, a different mould would be necessary for each IXO mirror shells with different
Radius of Curvature and Wolter | shaptowever, giving the possibility of shape correctionidgr

the integration through a phase of cold slumping, a single mould of cylindrical shape might be
considered for the hot slumping of a number of near shells with slightly different radius and profile.

Fig. 5.12 reports the HEW degradation expected byatbgication of this method.

HEW vs. Mandrel Radius (Par-Hyp interface)

3 ——R=250
(7]

o ——R=500
AL

= ——R=750
g ——R=1000
= — —-R=1250
E! i

5 — —R=1500
i — —R=1750
= —

K} R=2000

Mandrel Radius Factor (R_mandrel /R_MS)
Fig.5.12: Optical degradation related to the tilization of cylindrical slumping moulds (instead
of par-hyp) having radii differentwith respect to the nominal one (R_MSijctated by the Wolter |
design Different curves refer to difrent nominal MS radius at the parhyp. Interface [86]. For
instance in the range 0.97 <MRANDREIRMS < 1.1 the final HEW is smaller than 1 arcsec in the
whole range 250 < Rs<2000 mm.
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Thislead, of course, to the need to produce integration moulds as precise as possible with Wolter |
design. Anaway this is in principle less critical than slumping mould production since more materials
could be considered because they do not have to withstaedeated thermal cycles at high
temperature. Fig. 5.14 shows the drawing of the integration moulds currently under realization for
their utilization in the prototypes manufacturing.

Table 5.6: Characteristic and geometrical parameters considered during the procurement of the
slumping moulds and glass foils.

Glass foil dimensio

200 mm x 200 mm

Selected from optical requirements and manufacturi
consideration

Glass foil thickness

0.4 mm

Selected as bestompromise considering final telescog
mass, stregth and system requirements.

Glass roughness

Requirements for roughness (rms levels
Between 0.5 and 108m:°
Between 106>Y |
Between 1 and 10 mnmi:< 3 nm

Between 10 and 100 mm:< 20 nm

Coming from Xay reflection
considerationsto reach the final
I21f 2F pe 192
GKA& FTANBG LKIF &S
10 A in AFM or WYKO ran(
respectively can be accepted)

<26A
YR &5%5XY

Glass thickness

As low as possible. Ideally a zero valued would

< 10 micron
constancy preferred.
Cylindrical plane | Selected as the easier shape for manufacturing
Mould shape convex, with testing although being representative of the optic
square base | design
Mould RoC +1000 +5 mm Representatlve of anllntermefdlate mirror shedisd XOU
in the presentlXO optical design
Mould dimension 250mmx 250mm Sl!g_htly blgger than the gl_ass foil for thermal reas
(x0.3) arising during the hot slumping process
Mou_ld central 50405 mm Necessary to limit _shape deformations of the iopt
thickness surfaces due to gravity.
The requirement has been posed only on 50x70r
Mould Cylindrical | <ky 2y b patche_‘s_ because qf a Ilmltatlo_n in measuremel
capability of the entire shape. This value guarantee
shape accuracy area

G§KS SYGANB &dz2NFIF OS | He:

theoretical Wolter | design.

Mould surface
micro-roughness

As glass roughnes

Since the replication of mouldughness was not knowi
at the beginning of the projecand had to be testedit
wasdecided for a supepolished mould.

Holes in the mould

3 holes diam. 4 +/
0.2mm

To insertthermocouples; hey are positioned on the
bottom centre of the mould and opne lateral surface.
Their function is to allow the positioning ¢
thermocouples to monitor the mould temperatur
during the slumping process.
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Fig.5.13: Drawing of the cylindrical mouldgroduced forthe slumpingof 200mm x 200mm glass
plates. The three small holes allow the insertion of thermocouples for the recording of T in a
known position: one is located in the center of the bottom face; the others are located on a
lateral side, in the middle and olse to a corner edge
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5.2.3.3 Summary of the materials and tools used during the experiments

In addition to tre appositely designed parts, many others market available tools have been procured
for preliminary or destructive tests. A complete list materials and tools utilized dung the
experiments performed in the timeframe of the PhD research iviges in the following Table 5.7
Once all the necessary materials and tools were available, the slumping tests could finalljhstart.
research was always conducted taking in mirgdfiihal scope: to achieve a reliabkchnology to be
considered folXO optical payloachanufacturing

Table5.7: List of the main tools and materials utilized in the experiments performed in the time
frame of the PhDresearch

Muffles:

- Old circular muffle: diam. 330 mm, used fimapyeksts on small components

- Square plane muffle: dimension 440 mm x 440 mm, the most used

- Square cylindrical muffle: dimension 360 mm x 360 mm, availablenamithtbdasvities

Moulds:

- Several flat moulds miadieisedSilica, circular with diameter of 200 mm or 460 thitkness of 20 mm

- Two CylindridaisedSilica moulds, square with dimension of 250 mm x Z80nmmm(C&hd ROC of 1 m (nan
MCX1 & MCX2)

- One Cylindriczgroduk20 mould, square with dimension of 210 mm xx23® mm (C&hd ROC of 1 m (nan
MK20_1)

- One Cylindriczgroduk20 mould, square with dimension of 250 mm xx250 mm (C&hd ROC of 1 m (nan
MK20_18)

- One Cylindric&llicormould, square with dimensio20omn x 20 mmx 50 mm (CBnd ROC of 1 m (nan
MSI_0%¥

Glasses:

D263 glasses, supplied by the vendor in three moments by humbered consecutively:

-from TO to T30 and from ECOO0 to ECO50 the firsbdétivdmeension 200 mm x 200 mm, thickness 0.4 mn
-from 100 to 150 the second delbesatdimension 200 mm x 200 mm, thickness 0.4 mm

-from 200 to 250 the third delibatelddimensior00 mm x 200 mm, thickness 0.4 mm

- from300 to 31thefourthdeliveretatch: dimension 360 mm x 440 mm, thickness 0.4 mm

Steel sheet:
- ESPI metal, aisi 304 steel sheet of thickness 25 micron
- ESPI metal, aisi 304 steel sheet of thiEBmeson

*MK20_10 was delivered at the end of August 2011 and was characterized the first days of September. No
slumping tests performed on this muold are reported in this test.

*MSI_01 will be delivered by the end of October 2011. It was not available at the dirwriting so no
slumping tests performed on it are reported in this test. It is in the list for completeness reason. Notice that its
dimension is smaller than 250 mm side: this is related to the procurement of blank ma$#itadnis produced

for the wafer industry with maximum diameter of 310 mm.
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6 Results on the application of the

slumping technology to the IXO case

This chapter reports on the main results obtained during the Risearchprogram in the field
of the hot slumping technologylhe workdone allowed advancementn the results obtained with
the technologyand permited to individuate the further improvemes necessary to fully exploits
potentiality in the accomplishment of the&XO Xray optic requirementsThe chapter follows the
schemepresented inTable 6.1 that summarizs the activities in which the author was actively
involved Substantially, it is idided in three sections, which follow the three major steps of
development.

Table 6.1: Summary of the activities related to the assement of the slumping technology in
which the author was actively involved; they are divided in three masections following the

progresses in the different aspects of the technig@mther than their temporal execution)These
three main sections are followed in thehapter to present the main results of the research.

Review of INAF-OAB slumping procedure and know-how for its application to the IXO case

- Modificatidn the process environment: from vacuum to controlled Ar atmosphere due to S contaminatio
- Moditationn the cleaning procedures: elimination of-tiffepaé First Contact that causes contamination
- Selection of Cr+Pt as antisticking layer

Cylindrical slumping compliant with the IXO optical design

- Characterization of procured mandbigreparatory activities for their application in the slumping process

- Characterization of procured glass foils and analyses on their cutting process and strength characteristi
- Selection of tipel’ cyclefslummg

- Characterization of the sldmpfses in terms of shape

- Characterization of the slumped plates in terms of roughness

Understanding of the still open issues and proposed improvements for follow up activities

- Investigation on the origin of deformations still presemhpethplates
- Proposed solutions to be implemented in the near future

Frst of all, a review of INABAB knowhow in the field of hot slumping technology was performed,
with the aim of adapting the technique to the case of IX@cessarynodifications and upgrades
were made to the process set up. Thehe testson cylindrical slumping starteduring the first
phaseof the project cylindricalFused Slica moulds and glass D263 were chosen with the aim of

selecting, between the direct anthe indirect process, which approach presented the highest
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potentiality to fit the IXO demanding requirements. This could have laetreved through a number

of characterizatios and measurements of both the glafsls and the moulds (in terms of shapac
roughness) and of the process parameters (the thermal cycle temperaturggyradientsand the
pressure value and time of applicatiam primig. The indirect slumping tests were performed by the
German colleagues at MPE and are not reported herenffmre details see [13). The second phase
was mainly intended to the production of slumped segments to be integrated in demonstrative
prototypes However, optimization works continued and, on the base of first phase resés,
materials(Zerodur K20 andilicor) were considered other than thBusedSlica for the production of
mould while the glass did not changk.is here anticipated that the production of the slumped plates
to be integrated into prototypes is not finished yet; however the researcHopered allowed to
freeze the procedure to follow for their manufacturing (see AnnexrbBgdivisionof resultsin three
mainsectionsis adopted to present the several aspects insafuland tidy way.They do not have to

be intended as consecutive in timi fact a mere list of performed tests in chronological order
would have resukd meaningful andvith no clear connection. That is becauseveral aspects of the
process were analyzedin parallel andmany of the experiments were ndhtended only to one
specific aspecbut were considered for severatopes. For this reason, few of the presented results
might seem to come before the following ones due to the fact that most otapécs are correlated
each other. Cross references are supply throughout the text to help the reader interpreting the
several correlations between the parameters of the process under development. Also, it might
happen that only the process parameters and details relevant tospeeific aspects under analyses
are presented in each sectionmitting other information. er a completelist of experimentsand

their main goasrefer to AnnexC.

6.1 Modification of past INAF-OAB slumping procedure

Before starting its involvement ithe slumping of Xay optics INAFOAB possessed solid know-

how of the technologycomingfrom past researctexperiences aimed at the demonstration of thin
Adaptive Optics production.Theoriginal processprocedureincludedthe steps reported inig. 6.1 It
required some variationsbefore being applied to the-Kay mirrors case In particular, the type of

glass had to be changed to a thinner one, andhe results in terms of mould shape and roughness
replication had to beassessed again for the nawaterial Two main elements had been modified in

the slumping procedure with respect to the previous employed Adaptive Optics shaping: the
cleaning step and the environmental condition set during the process. They are discussed in the

following paragraph§6.1.1 and§6.1.2.
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1) Mould procurement

2) Glass procurement

3) Cleaning of the elements

4) Positioning inside the muffle

5) Closing of the muffle and setting «
vacuum inside it

6) Starting of the thermal cycle

7) Applycation of pressure to help th

glassmould contact

8) Release of the glass from the mould

Fig.6.1: Schemeof the old slumping processet up utilized byINAFROAB for the assessment study
of Adaptive Optics realization. It has been entirely revised at the beging of this study to assess
its application to the case of Xay mirrors production. In particular, ste® (cleaning procedure)
and 5 (process environmental condition) needed to bmodified to be compliant with Xray
mirrors requirements.

6.1.1 Modification in the process environment conditions: from vacuum to Ar

controlled atmosphere

The old slumping procedures followed by INDAB foresaw the realization of the process in vacuum
environment.Vacuumvaluewas not high, in the range a0? bar, obtained by he mechanical action
of a vacuum pump. Anywayhe removal of a large fraction of air was enough to guarantee a

reduced convectionobtainingin this waytwo important consequences:

- The percentage of heat exchange by convection was negligible. Practically all the heat was
exchanged by radiation, allowing a more uniform and predictable thermal condition on and
around the glass and the mould. The entire process was realized insidefla, mustainless
steel container. To obtain its hermetical closure, a graphite rope was utilized as sealant,
acting as arO-ring between thetwo parts of the muffle traditional O-ring materials could
not be considered because of the relatively high (upatwund &0-640°C) maximum

temperatures of the slumping thermal cycle.
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- The protection against dugtarticleswas complete. The presence diist particles between
the mould and the glass surfaces) matter as small ashey are is detrimental for the
process since it prevents their correct contathe use of vacuum guaranteed no circulation

of dust particles eventually still present in the muffle.

During preliminary tests on small cylindrical moulds, it was discovered a sort of white powder
contaminationon the optical surfaces of theuwshped glass and the mould (seig.F6.2). The test was
realized twice, giving the same results, on sradledSlica mould (a plan@onvex lens of dimension

50 mm x 50 mmg@entral Thickness of 10 mm anBadius Of Qurvature of 257.5mm) and #oil of

D263 glass (4%5nm x 45mm, thickness @ mm, hand cut). During those particular tests)
antisticking layerwas applied on the glass foil givitige chance to visually realize the contamination
(see § 6.1.3 for further details on antisticking layer)A deeperexamination of the issue was
conducted by SEM analyses, performed at Politecnico di Milano, allowing disgpyvbet the
contaminant was Sulf. After an investigation on the possible origins, it caupeo be introduced by

the graphite rope used to obtain the vacuum tight: fBulis a typical contaminant in the production

of graphite, and indeed the datasheet of the material reports a valuebofit 500 ppmfor the Sulér
content. It might be containedn small quantity also ithe steel of the muffle; however this origin of

the contaminationis unlikelysince each muffle undergoes a thermal cycle at high temperature (up to
850°C) before its first use in slumping processes to releasevantual contanmantsfrom material

and manufacturing steps. Furthermqrihe new muffle realized in the same material did not show
this problem. Sliur might be present on the glass surfaces because it is an element typically used
during one step ofthe glassproduction However, also this is ndlhe case since the peak in Sulf
content (seeFig. 6.3 is obtained with respect to agnt on the same glass samplgith no
contamination (if the contamination comes from the glass, each point of the glass should be equally
affected). The graphite sealing ring has been eliminated from the process; without it, it is not
possible to oldin an acceptable vacuum tight. For this reason, we started to realize the slumping
process in a controlled atosphere of inert gas: Argowas empoyed to eliminate the oxygen and
reduce any king of oxidation occurrencehe muffle isstill used for the benefits in terms of dust
control and because it allasthe setting of thecontrolled atmospherenly around the process area
and not in the entireoven Recently, one new graphitematerial ha been individuatedo solve the
scope ofensuringthe sealing at higlemperature (Papyex 998 by Mersethe first preliminary tests

to check for eventual contamination gave good results and further analysesnaprogress to
definitively verif that this material is compliant with the necontamination requirement and can be

employed as sealant for the muffle closing.
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Fig. 6.2: Small cylindrical slumping tests (R&XO5 and PSX0-8) realized on50 mm x 50mm
FusedSilica mould. A layer of Pt was applied on Schott glass D263 as release agent. Its presence
permitted to visually evidence theresence of Sulfur contamination introducedybthe graphite

rope used as sealing ring for vacuum tight at temperatugap to 600°C.

10 pm EHT =2000kV IProbe= 250pA  Vocuum Mode = High Vacwum  Meg= 500 X SAMM
l_‘ WD = 115 mm Detector = SE1 Chamber = 2.45¢-003 Pa Reference Mag = Polaroid 545

Fig. 6.3: Sulfur contaminated zone at high magnificationPositions1 and 2 are the points of
execution of EDS (Energy Dispersion Spectroscopy) elements analyses perfatniaaitecnico di
aAfly2s OKSYAOIT YR YFGOSNAIT& RSLI NIOYSYy(d aDAdz A2

vetro Pt zona aloni al
vetro Pt zona normale

Si

Na

Ma
Zn

g Al

S K Ti In
T Tr T rrrrrrrrr] H-J T T T T T T T T J“LI

05 1 15 2 25 1 2 3 4 5 E 7 g g
Full Scale 616 cts Cursor: 0.246 (10 cts) ke Full Scale 950 cts Cursor: -0.004 (701 cts) ke'|

Fig. 6.4 (Left Side): ©mparison of the relevant peaks of the ED%nalyses performed by
Politecnico di Milano on the not contaminated zone (1) and on the contaminated zone (2) of the
sampleshown in Fig. 6.3 Sulfur peak is higher in zone two, indicating that sulfur contaminatio

is present.(Right Side): The same analyses performed on a glass sample slumped in presence of
the new graphite type (P8X0O116). Sulfur peak (located at 2300 keV) is not present indicating
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the absence of any contamination (the plot is exactly the samas that obtained on a new
untreated glass).

6.1.2 Modifications in cleaning procedures: elimination of First Contact

The old slumping procedures followed by IN®A&B foresaw the utilization qfeeloff paint, called

First Contactduring the glass and mould cle@ag steps. Cleanliness of the two elements is a critical
issue since dust presence between them prevents their optimal contact and originates mid
frequencies errors that degrade the perfornwas of the slumped mirror platdhe First Contact was
appliedwith an adhoc brush,as the very last step in the cleaning procedures, and was etld

hours to completely polymerize. It was then peel fsfim the surface just before positioning the
glass over the mould and closing the muffle. In that right insthetdurfaces aréh RS £ t @ Of S| y ¢
First Contact entrapsand removes any grain of dust from the surface. The peeling action creates
electrostatic charges on the surfacghat attract dust from the surrounding environment; to
overcome this problem, an &static system wasappositely installed in the laboratory.
Unfortunately, one other complicain that prevent the application of the First Contaetas
discovered While for other optical application it is of effectivese in the field of Xay optics it
cannotbe applied because it leaves contaminants on the surfaces. The first doubt on its efficiency
derived from having noticed a change in the friction ¢luaedSlica mould surface after the removal

of the First Contact with respect to the friction etenced on a part of the surface not treated with

First Contact. A deeper investigation of the phenomenon was carried out. SEM analyses realized at
Politecnico di Milano and AFM images realize house evidenced a sort of contamination coming

from the Fist Contact. For this reason the product is not used anymore in the cleaning steps.

om EHT=2000kV IProbe: 250pA  Vocuum Mede = Vorioble Presurblog = 100 K X SAMM EMT=2000kV IProbes 250pA  Vocuum Mede = Vorioble Pressurogs 500X SAMM
WD: 85mn  Detector = VPSE Chamber = 100 o Refarence Mog = Poloreid 545 — WD: 85mn  Detector = VPSE Chamber = 100 Po Refarence Mo = Poloreid 545

Fig.6.5: SEM images of the surface of glassmsples afterFHrst Contact ped-off. The Hrst Contact
contamination is clearly visible. [eft Sidg: Paint peeloff after more than 24 hours from
application. Pits are visible on the sample(Right Sid§: Paint peeloff after 15 minutes from
application. Local residua and dark halos are visible and probably due to a-oaiform removal
of the product.
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Without First Contact With First Contact
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Fig. 6.6: AFM images showing the surface of a slumped gld®sSIX0-81), half cleaned withFrst
Contact and the other half cleaned only witlbi-distilled water and Amber clean.By comparing
the two columns, the contamination coming from First Contact pesf paint is clearly visible as
bright pits, present on the rightimages but not on the left ones. (The dark areas are holes in the
glass coming from the slumping on a damaged moult any case used for this tesince the goal

of the experiment was to check for First Contact contamination).

6.1.3 Selection of areliable antisticking layer

Depending on thenould and glassnaterial selected and on the processTpcycle parameters, the
problem of glass adhesion to the mould surface might arise due to chemical reacimadgative in
house experiences alle®d to individuate which couple of material could be usedwithout
antisticking(or release)ayer and which one, instead, ressitate it. A summary is suppli@dTable

6.2. The release layer came up to be fundamental in the majority of cases, except the Zasedof

K20 mould for temperature up to 60810°C. Anyway, problems of sticking might arise also on
Zerodur K20 mould for particulasetting of process parametert was thereforeimportant to get

experience and study a solution to the adhesion problem.

In dependence on the CTE mismatch between the two materials, the breaking behavior consequent

to sticking is different. The analyzed cases comprise all the possibilities:

- @ass CTE lower than mould CTE
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