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Abstract

Current X-ray telescopes such as Chandra and XMM were designed and built to privilege the
angular resolution or the collecting area respectively, but using two different manufacturing tech-
niques, and these two key aspects could not be optimised at the same time. The result is that
the high-redshift X-ray Universe is still too unresolved to provide us with the understanding of
the time evolution of the universe as we see it nowadays. Now the ATHENA mission, approved
for the L2 slot in the Cosmic Vision program, is required to have an effective area of 2 m? at 1
keV and an angular resolution better than 5 arcsec Half-Energy Width (HEW). At this regard, in
addition to the baseline solution based on Silicon Pore Optics (SPO), thin glass foils are consi-
dered a viable alternative. Slumped glass foils are also considered as substrates for X-ray optics
being developed in other projects; for example, the X-ray Surveyor mission being developed at
SAO/CTA in USA, and the AXYOM project being developed in Italy. They both foresee the use
of piezo-electric actuators to correct the shape errors of the mirrors.

The Brera Astronomical Observatory (INAF-OAB, Merate - Italy) has been working, from
20009 till 2013, under ESA contract aimed to develop in Europe a Slumped Glass Optics (SGO)
technology, alternative to the one based on silicon pores, and based on the slumping of thin glass
foils, in parallel to the work being carried out at NASA/GSFC and other institutes. The INAF-
OAB innovation is the use of pressure in the hot slumping process to replicate the mould figure.
This technology is coupled with an integration process able to damp low frequency errors.

My Ph.D. activity, carried out at the INAF-OAB, is devoted to the advancement in the hot
slumping technology assisted by pressure, for the production of glass mirrors for future X-ray
telescopes. As a preliminary work, | have developed a new method to precisely characterise the
mid frequency errors of the glass foils. An existing model, developed by Jimenez-Garate in 2003
to account for the relaxation of ripples in the slumped glass foil when in contact with the slumping
mould, was modified to include the application of pressure, and the model was compared to the
experimental results. The pressure was found to be essential, also from the the theory viewpoint,
to reduce mid-frequency errors in the profile of slumped glass foils, which crucially degrade the
performances of the optics. As for the slumping process, | have introduced a new glass material
(Corning Eagle XG) combined with the Schott Zerodur K20, already chosen at earlier times as
slumping mould material for its anti-sticking properties. | have developed cleaning protocols,
used different thermal cycles and different pressures conditions, and reconditioned the pressure
control system. | have also optimised the mould height with experiments based on Finite Element
Analysis, and reduced the thermal gradients inside the mould and the glass foils.

The final result obtained in this research are slumped glass foils with angular resolution im-
proved from the initial 7 arcsecto 2.2 0.3 arcsec in single reflection, as expected from metrology
at 1 keV X-ray energy and 0.7 incidence angle, and computed by simulating a perfect integration.
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This result has to be compared with 2 arcsec defined as the error budget allocated for the slumped
glass foils. About 1 arcsec is due to replication of the mid-frequency errors in the slumping mould
which, owing to the improved result in the slumping, are now a limiting factor in the quality of the
slumped glass foils. From the roughness point of view, the contribution to the HEW is guaranteed
to be less then 1 arcsec at 1 keV, with an rms improvement from 21 to 11 $ throughout my Ph.D.
Moreover, the last tests carried out proved that the roughness of the slumped glass foils can be
further reduced to 7 $, making the technology attractive also for higher X-ray energies and
higher incidence angles.

The glass foils slumped during this Ph.D. have been used for the production of two SGO
Proof Of Concept prototypes (POC) for the ATHENA mission: the POC#3, (with 2 glass foils
assembled) is characterised by HEW value of 5.5 arcsec at 0.27 keV in the best portion of the
module, as tested at the PANTER facility; the POC#4 (with 8 glass foils) has expected HEW
of about 15 arcsec from metrological data, but the result in X-ray was much higher because of
accidental problems during the integration. The next prototype, the POC#5 (with the best eight
glass foils produced during my Ph.D. activity), will soon be integrated and tested in X-rays, to
assess the improvement already proven by metrology and simulations. Some of the produced
slumped glass foils have also been used for studies of active profile corrections with piezoelectric
elements, both for the AXYOM project and X-ray Surveyor mission.

Alternative materials and techniques have been used in this research to further improve the
result. To reduce the surface micro-roughness of the slumped glass foils, | have proven that the
slumping technique with pressure application can also be suited in the indirect slumping, in which
the optical surface of the glass is not in contact with the mould, thus preserving its initial surface
smoothness. Moreover, the dip coating technique was studied to fill the micro-pores present on
the surface of the glass foils slumped with the direct technique. Alternative materials for the
slumping mould were tested, defining SisN4 as a very promising candidate, owing to its higher
rigidity with respect to Zerodur K20 and therefore preferable to avoid mould deformations with
the slumping, as experienced with K20. The Gorilla glass (normally used for smartphones and
tablets), was proven to preserve the surface quality of the glass foils, once slumped and chemically
tempered to increase the mirror endurance against the vibrations experienced at launch.

Finally, I have also studied the scattering and the reflectivity properties of multilayer coatings
for X-ray optics. | have upgraded an IDL code to simulate the roughness growth in the multilayer
deposition process, extending the computations from periodic to the more general case of graded
multilayers. | have also contributed to the X-ray measurements at the BEAR beamline of the
Elettra synchrotron in Trieste, on multilayers deposited on glass, silicon and electroformed nickel,
for the polarimetric LAMP project.
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Introduction

Aiming to observe astronomical X-ray sources, it was necessary to wait the advent of the space
era, because X-rays cannot penetrate the Earth’s atmosphere. After the discovery in 1962 of
Sco X-1, the first extrasolar X-ray source, a diffused Cosmic X-ray Background was observed by
Riccardo Giacconi. By now, the uniform X-ray glow is thought to result from an integrated con-
tribution of discrete sources rather than a truly diffused emission. We nowadays know that there
are diverse astrophysical objects that emit X-rays, such as X-ray binary stars (XBN), supernova
remnants, galaxy clusters, black holes in active galactic nuclei, gamma ray bursts. The under-
standing of their physics requires detailed information, from both spatial and spectroscopic point
of view. Starting from the Einstein observatory, carrying the first X-ray imaging telescope in the
70’s, much progress in resolution and capability to collect photons has been made. Nowadays,
four X-ray observatories, Chandra, XMM-Newton, Suzaku, and NuSTAR, are acquiring data of
unprecedented quality. Chandra and XMM, the telescopes with the best resolution out of these
four, were designed and built to privilege either in the first case the resolution or in the second
one the collecting area, but not both. The result is that the high-redshift X-ray Universe is still
too unresolved to provide us with the understanding of the time evolution of the universe as we
see it nowadays.

A further leap forward in X-ray astronomy could then be done by the realisation of X-ray
optics that combine a large effective area, i.e. a large number of mirrors, and the high figure
accuracy needed to achieve high angular resolution. This is the challenging goal of the ATHENA
(Advanced Telescope for High Energy Astrophysics) mission, approved for the L2 slot in the ESA
Cosmic Vision program with launch in 2028, with optics of 2 m? effective area at 1 keV and 5
arcsec resolution. The main issue to be faced is to combine these requirements with the mass
constraints imposed by the operation in space. Mirrors lighter than thick Zerodur glass (as used
for Chandra) or Nickel (as used for XMM) are therefore to be considered: at this regard, silicon
and glass represent two natural choices because of their low density and optimal quality of the
surfaces produced with the present technology.

The Silicon Pore Optics (SPO) was defined as the baseline technology to be used since 2004 for
the production of the ATHENA telescope. It is developed by ESA and Cosine Measurements Sys-
tems, and utilises commercially available silicon wafers which have surface figure and roughness
quality ideal for X-ray optics applications. Silicon is a new material for astronomical mirrors,
but benefits from a consolidated technology in the micro-electronic field.

Thin glass foils are also considered as an alternative to silicon. The Slumped Glass Optics
(SGO) technology is already experimented for X-ray astronomical mirrors: at first it was used
on the HEFT balloon experiments for small size hard X-ray optics, and then used in the NUSTAR
mission, lunched in 2012, and currently on duty. The glass foils were formed to the proper figure
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by hot slumping and integrated in stack with ribs in graphite, at NASA Goddard Space Flight
Center. However the quality of the overall process needs to be improved to bring the resolution
from the 58 arcsec of NUSTAR to the 5 arcsec required for ATHENA. Concerning large size X-ray
optics, glass foils were firstly considered by NASA during the development of the Constellation-X
optics and then studied again by NASA for the 1XO project. In Europe, at first in the context
of XEUS, afterwards in the context of IXO, and now for ATHENA, the thin glass approach was
also developed. The Brera Astronomical Observatory (INAF-OAB) has been developing the SGO
technology with an ESA contract from 2009 till 2013: thin glass foils (0.4 mm thin) are formed
by direct hot slumping assisted by pressure, and then stacked with an integration process able
to damp low frequency errors. Finally, thin glass foils with piezo-electric actuators are also
considered at SAO/CfA in USA to manufacture the mirrors of the X-ray Surveyor mission and are
also studied in Italy for the AXYOM project.

My Ph.D. activity, carried out at the INAF-OAB (Merate, Italy), is devoted to the advances in
the hot slumping technology assisted by pressure, for the production of glass mirrors for future
X-ray missions, mostly focusing on ATHENA in the context of a research to consider SGOs as a
viable alternative to SPOs.

In the first chapter | give an overview of the historical evolution of the instruments, which led to
the discovery of new X-ray sources and a growing understanding of the X-ray sky. The ATHENA
science goal and the importance of the mission, to understand the evolution of the universe and
the key role of the black holes, are presented, together with the technological parameters required
to reach these goals.

In the second chapter | provide a brief introduction to the reflection of X-rays. Two aspects,
that sensitively affect the focusing performances, are discussed in details: the mirrors shape de-
sign to correctly focus X-rays in double reflection and the smoothness of the surface as a key point
to avoid scattering. The scattering from single and multilayer coatings are presented, multilayers
being essential for the reflection in the hard X-ray region. The past and present available tech-
nologies to manufacture X-ray mirrors are presented. An overview of the ATHENA telescope and
the SPO/SGO technology is also presented.

Chapter 3 describes the thermal forming process of glass foils. In this chapter I introduce the
glass properties and qualities as a function of the composition, and the different materials used
for the moulds, i.e. the shape template for the glass foils. | describe an existing model, developed
by Jimenez-Garate in 2003, which account for the relaxation of ripples in the slumped glass foil
when in contact with the slumping mould; we (myself and C. Brizzolari) have modified this model,
to include the application of pressure (described in chapter 6 together with the experimental re-
sults). I finally describe the different slumping approaches developed in the different laboratories;
the integration methods are also presented, being the final performance of the telescope a com-
bination of the quality of the glass substrate and the accuracy of the integration process. Finally,
the error budget in the SGO technology developed at INAF-OAB is presented.

Chapter 4 describes the instruments and the methods used for mould and glass foils characte-
rization, in terms of both shape and roughness. Concerning the shape, | have introduced a new
technique to precisely characterise the mid frequency errors of the glass foils. This allowed us to
accurately compute the resolution expected from the focusing mirrors and give a feedback to the
slumping process. The methods for data analysis are presented. The damping of low frequency
errors to simulate an ideal integration is described. The PSF computation method based on Fres-
nel diffraction is presented: this method was developed at INAF-OAB by L. Raimondi and D.
Spiga to simultaneously accounts for shape and roughness, and was extensively used in my work
to predict the performances of the slumped glass foils.

Chapter 5 describes in detail the hot slumping process assisted by pressure developed at INAF-
OAB. | have modified the process and the setup with respect to the one previously used: while
keeping keatite as slumping mould material, I have changed the glass type from Schott AF32
to Corning Eagle XG. | have developed cleaning protocols, used different thermal cycles and
different pressures conditions, and reconditioned of the pressure control system. | have optimised
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the mould height with experiments based on Finite Element Analysis, and reduced the thermal
gradients inside the mould and the glass foils.

Chapters 6 shows the advances | have obtained by changing the parameters discussed in Chap-
ter 5. Itis the core work of my Ph.D. and, at the end of this chapter, | presents the results obtained,
evidencing the positive trend of the key parameters adopted to measure the glass foils quality. The
final results of the optimization work carried out in my Ph.D. research are slumped glass foils with
expected HEW values from profile data of 2.2 0.3 arcsec in single reflection, at 1 keV X-ray
energy and 0.7 incidence angle. This value is computed by simulating a perfect integration, i.e.
without accounting for errors introduced either by the integration moulds or by the glue shrin-
kage. This result has to be compared with 2 arcsec defined as the error budget allocated for the
slumped glass foils, and 7 arcsec obtained before my Ph.D. About 1 arcsec is due to replication
of the mid-frequency errors in the slumping mould which, owing to the improved result in the
slumping, are now a limiting factor in the quality of the slumped glass foils. From the point of
view of roughness, the contribution to the HEW, of the slumped glass foils, is guaranteed to be
less then 1 arcsec at 1 keV, with an improvement from 21 to 11 . Very recent results prove that
the roughness of the slumped glass foils can be further reduced to 7 ¥, making the technology
attractive also for higher X-ray energies and higher incidence angles.

Chapter 7 presents the results obtained with different materials to address some critical points
faced during this work. This chapter intend to give the base for a further activity. | have investi-
gated the effect of chemical tempering on Corning Gorilla™ glass, tested different materials for
the slumping mould, and defined SisN4 as a very promising candidate. | have tested different
sealing materials in order to avoid the dust problems sometimes encountered, studied dip coating
technique as a cheap solution to fill the pores present in the optical glass surface and critical for
high X-ray energies. Finally, | have shown that the present setup for pressure application can also
be applied for the indirect slumping, a possible solution to preserve the optical glass surface.

During my Ph.D. activity, two integrated prototypes (Proof Of Concept, POC) have been re-
alised by my group and tested in X-ray at the PANTER facility (MPE-Germany), using glass foils
I have produced. The results obtained in X-ray and UV are presented in Chapter 8. The POC#3,
(with 2 glass foils assembled) is characterised by HEW value of 5.5 arcsec at 0.27 keV in the
best portion of the module, as tested at the PANTER facility; the POC#4 (with 8 glass foils) has
expected HEW of about 15 arcsec from metrological data, but the result in X-ray was much higher
because of accidental problems during the integration. The next prototype, the POC#5 (with the
best eight glass foils produced during my Ph.D. activity), will soon be integrated and tested in
X-rays, to assess the improvement already proven by metrology and simulations.

In chapter 9, | briefly present two projects for active profile corrections with piezoelectric
elements, the AXYOM (ltaly) and the X-ray Surveyor (USA). Some of the glass foils slumped
during this work were used as substrates for the optics of these projects.

Finally, chapter 10 presents my work on multilayer coatings for X-ray optics. | have upgraded
an IDL code to simulate the roughness growth in the multilayer deposition process, extending
the computations from periodic to the more general case of graded multilayers. | have also
contributed to the X-ray measurements at the BEAR beamline of the Elettra synchrotron in Trieste,
on multilayers deposited on glass, silicon and electroformed nickel, for the polarimetric LAMP
project.

Chapter 11 summarizes the conclusions and states possible developments.
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CHAPTER

The X-ray universe

1.1 Evolution of instruments and deeper insight in the X-rays sky

The X-rays discovery dates back to 1895 when W.C. R%ngten produced and detected a new kind of
radiation named &X& to denote its unknown nature (Fig. 1.1). Von Laue and Bragg could produce
the first X-ray image using diffraction from crystals (1912). Einstein was the first to recognise X-
ray total external reflection (1918) that Compton demonstrated afterwards (1923) as a property of
very smooth surfaces when the light impinges at very shallow angles (grazing incidence). In 1948
Kirkpatrick and Baez [Kirkpatrick & Baez1948] proposed the first optical system to focalise X-
rays, using two reflections (Fig. 1.2). Finally, Wolter proposed in 1952 [Wolter 1952] a system to
improve the properties of the focusing systems in order to reduce off-axis aberrations and enlarge
the field of view, based on a double reflection onto conical surfaces.

The first detection of X-rays by astronomical sources was reached in 1948, when a V2 rocket
could expose some photographic plates to the radiation of the high atmosphere, pointing out
the Sun as a source of UV and X-rays radiation. Actually, because of its proximity to us, the
Sun is the brightest source of X-rays in the sky and thermal X-ray emission was quite expected.
Spectroscopic observations identified emission lines from iron and other heavier elements, whose
electrons have been stripped in the 1 to 2 million degrees temperature environment of the solar
corona. However, the emission of X-rays from distant stars was seemingly difficult, because in
thermal sources (with temperature of  10% ¥ 10%K) only the tail of the blackbody spectrum is
made of X-rays. It was therefore realised that, to detect X-ray sources other than the Sun, it was
necessary to develop instruments more sensitive by several order of magnitudes. To this aim, in
1960 B. Rossi and R. Giacconi suggested to adopt also for astronomy the optics that Wolter was
proposing for X-ray microscopy.

In 1962 the first extrasolar X-ray source Sco X-1 was found, using a highly sensitive non-
imaging soft X-ray detector, launched on a rocket. Surprisingly, the X-rays from this source
exceeded the Sun’s entire energy output by a factor of 100, and exceeded its X-ray output by a
factor of about one hundred million. The angular resolution of the detector did not initially allow
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the position of Scorpius X-1 to be accurately determined, but on 1967 it was found that it was a
binary star, with a neutron star accreting matter from the companion. In the data from this rocket
flight, Riccardo Giacconi recognised the presence of a diffused cosmic X-ray background (CXB):
unlike the optical, the X-ray sky is not dark. We now know that the observed X-ray background
is the result from an integrated contribution by discrete sources, AGN and Galaxy Clusters, rather
than a truly diffused emission.

In 1964 the first supernova remnant (SNR), the Crab Nebula, was identified as another source
of X-ray radiation, during a lunar occultation using a rocket born detector.

As the sensitivity of the observations increased, other sources were discovered outside our
galaxy. The first extragalactic source discovered was the active galaxy M87 on 1965 with a rocket
based geiger counter. The first survey of the sky in X-ray was possible in 1970 with the launch of
Uhuru, the first X-ray orbiting satellite, which discovered a powerful X-ray source in the Cygnus
constellation, named, Cyg X-1, which we now know to be an accreting system with a BH. At
that time many quasars, active galaxies and cluster of galaxies were added to the catalogue of
extragalactic X-ray sources.

In 1978 the first X-ray imaging telescope, Einstein, was launched. Einstein was the first X-ray
telescope equipped with focusing optics and could make X-ray astronomical images. Among its
scientific discoveries, there are the X-rays emission of planets, the X-ray jets of active galactic
nuclei (AGN), the pulsars and the resolution of the CXB below 4 keV into discrete sources, whose
optical counterparts are mainly AGN with a minority of Clusters of Galaxies.

ROSAT (Fig. 1.3) (the Roentgen SATellite) was launched in 1990: it could perform, for the
first time, the entire survey of the X-ray sky with an imaging telescope and discover cosmic X-ray
sources ten million fainter than Sco X-1. With this mission, it was found that almost all astrono-
mical objects emit X-ray radiation, including the Moon, comets, stars, X-ray binary stars, neutron
stars, supernovae and supernova remnants, the interstellar medium, galaxies, active galactic nu-
clei, black holes, nebulae. It was recognised that the process responsible for X-ray emission are
very often non-thermal, but arise from violent shocks and particle acceleration phenomena.

© E .
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1990 2000 2010 2020
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Figure 1.3: : X-ray history. Credits: Peter Takacs, Brookhaven National Laboratory
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ASCA, launched in 1993, was the first satellite to use CCD detectors for X-ray astronomy and
the first X-ray mission using aluminium thin foils to produce lightweight X-ray optics, owing to a
dense mirror nesting that enabled reaching a high effective area. By this telescope it was possible
to detect the broad Fe lines from AGN, probing the strong gravity near the central engine. Another
discovery obtained by ASCA was the detection of non-thermal X-rays from SN1006, a site of
cosmic ray acceleration.

In 1996 BeppoSAX was launched. It was the first telescope with optics produced with the
replication technique, where Nickel electroformed mirrors are replicating from a super polished
mandrel in Aluminum. It was able for the first time to observe a few sources (Blazars) in which
the peak of the synchrotron emission reached 100 keV, showing the presence of cosmic rays
with energies in the TeV range. Moreover, it could, for the first time, measure the position of
the gamma ray bursts (GRB), on rapid time scale, with the precision of few arc minutes. With
BeppoSAX the GRB’s afterglow was also detected for the first time: this is of primary importance
as the evolution of the spectral components (like the fluorescence line of the Fe K) is essential to
understand the GRB origin. More recently, this has been studied with the Swift satellite, devoted
to measure the position, spectrum, and brightness of GRBs and afterglows over a wide dynamic
range covering more than 7 orders of magnitude in flux (https://www.swift.psu.edu/xrt/).

Nowadays, four high resolution X-ray observatories for imaging, Chandra, XMM-Newton,
Suzaku, and NUSTAR, are currently in operation, XMM and Chandra being synergic in terms of
their spatial resolution and spectral capabilities:

e Chandra [0.1 - 10 keV] is the telescope with the best angular resolution (0.5 arcsec Half
Energy Width, HEW). Owing to its superb resolution, it returns high quality images. How-
ever, the reduced effective area makes it difficult to operate for spectroscopy of distant
sources. Fig. 1.4 shows the improvement in imaging quality, obtained with Chandra, for
the Crab Nebula;

* XMM [0.1 - 12 keV], thanks to its large collecting area, has excellent spectroscopy capabil-
ities, but worst spatial resolution if compared to Chandra;

Suzaku [0.2 - 12 keV] is also devoted to spectroscopy. It is a re-flight of the failed Astro-E
satellite. Suzaku is the first satellite with a new type of X-ray Spectrometer (XRS), the X-ray
micro-calorimeter. Unfortunately, XRS lost its coolant shortly after launch and therefore it
has never been possible to see its full potential;

* NUSTAR [6 - 79 keV] is a telescope for hard X-rays with a factor 50-100 sensitivity improve-
ment with respect to previous instrument operating in the same energy band: this could be
reached with depth-graded multilayer coated mirrors, also called &supermirrorsg, that re-
placed the single-layer reflection mirrors used by previous missions (Sect. 2.5). It was also
the first telescope to be based on slumped glass foils.

Finally the last active X-ray mission that is carrying on board an X-ray telescope is Swift, launched
on 2004: it mounts the spare Flight Module optics of the never-launched JET-X instrument on
the Spectrum X-Gamma mission. The primary scientific objectives are to determine the origin of
Gamma Ray Burst (GRB) and to pioneer their use as probes of the early universe.

In the near future, other two X-ray missions will be launched:

1. ASTRO-H, a JAXA mission with US contribution will fly in 2016. The hard X-ray tele-
scopes are made with thin aluminum foils, just like Suzaku, but they are using Pt/C depth-
graded multilayer coatings to reach the X-ray energy range above 10keV, and therefore to
study the non-thermal phenomena due to particles accelerations

2. in 2017, eROSITA will be launched to perform the first imaging all-sky survey in the
medium energy X-ray range up to 10 keV, to be compared with the 0.1-2 keV energy range
of ROSAT.
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Figure 1.4: : X-ray images of the Crab Nebula illustrate the importance of the angular resolution to the study of structure in cosmic
sources. From left to right, HEW are approximately 15 arcsec (XMM-Newton), 10 arcsec (Einstein), 5 arcsec (ROSAT) and 0.5 arcsec
(Chandra). Only the highest resolution image shows detailed structure from the inner ring. (Credits: O’Dell 2011)

Finally in the next future, ATHENA will be launched in 2028 (see paragraph 1.3): it will combine
a high resolution (5 arcsec) with a large collecting area (2 m? at 1 keV) in order to perform
imaging and spectroscopy of distant and faint X-ray sources. It will therefore provide answers
regarding the evolution of the ordinary matter to form galaxies and galactic clusters, and regarding
the influence of the BH to their surrounding medium. Silicon Pore Optics (SPO) is defined as the
baseline technology to be used for the ATHENA telescope. However, thin glass foils are also
considered as a valuable alternative to silicon.

1.2 Some X-ray astronomical sources

Some classes of astronomical objects visible in the X-ray energy band are hereafter listed.

1.2.1 Stars

The corona of our Sun was the first celestial X-ray source to be detected. Some stars have far
more active coronae than our Sun: in some cases, a more rapid rotation leads to stronger, and
more twisted magnetic fields, which make the corona more active. X-ray emission mostly results
from shocks in the corona, but details are not yet understood. We expect to understand from X-ray
observation which process is mainly responsible for energy transfer from the photosphere to the
corona.

Figure 1.5: : Image of the Sun in X-rays from the SOHO satellite. Credits: NASA
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1.2.2 X-ray binary stars

Binary star systems contain two stars that orbit around their common centre of mass. A special
class of binary stars are X-ray binaries, first discovered as very strong X-ray sources. X-ray
binaries are made up of a main sequence star and a collapsed star (neutron star or black hole).
These pairs of stars produce X-rays if the stars are close enough together that material is pulled off
the normal star by the gravity of the dense, collapsed star. The X-rays come from the area around
the collapsed star where the material that is falling toward it is heated to very high temperatures.
This area is known as the accretion disk.

Accretion X-ray heating

disc
Y 1 Hot spot

-

N

Accretion

. . Companion
Disc wind stream P

star

R Aas. 07

Figure 1.6: : Sketch of a low mass X-ray binary. Credits: [Web reference: LMXB]

X-ray binary stars mainly divide into:

1. high-mass X-ray binary (HMXB) in which the material is transferred onto the compact
object by a powerful stellar wind from a massive star. For HMXBs, the X-ray spectra is
hard, with photon energy extending above 15 keV.

2. low-mass X-ray binary (LMXB) in which the mass-loosing star is of low mass. They do
not have a strong stellar wind and hence the X-ray source cannot be powered by the same
mechanism as in the HMXBs. The two stars are usually closer than in the case of HMXB: the
shape of the mass loosing star is distorted by the degenerated companion to create a stream
that impacts the accretion disk where X-rays are generated by the strong gravitational and
frictional forces. LMXBs are dominated by soft X-ray spectra, usually below 15 keV, but an
important component of hard X-rays is also present. Such an emission cannot result from a
thermal process, hence models including an optical thin corona have been proposed.

Cataclysmic variables are X-ray binaries, with a white dwarf instead of a black hole or a
neutron star. A white dwarf has mass comparable to the Sun but is closer to the Earth in size
(neutron stars and black holes are much smaller still, with radii about 1/1000th of that of the
Earth). Because the gravitational potential well of a white dwarf is not as deep as for a neutron
star or a black hole, a cataclysmic variable is not as X-ray bright as the X-ray binaries, while
the maximum of the emission spectrum is typically in UV range. But there are many more
cataclysmic variables, some of them relatively close to the Sun. So we can often study the details
of the accretion process better in a cataclysmic variable than in an X-ray binary [Falanga et al.
2014].

1.2.3 Supernovae Remnants

When a massive star explodes in a supernova, it ejects a large amount of material (often many
times more than the mass of the Sun) at thousands of kilometers per second. This high speed
gas then collides with the interstellar medium and heats it up to millions of degrees. Electrons
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are separated from atoms and thermal X-rays are radiated profusely, generated by fast electrons
colliding with positive ions or by electron-ion recombination. For the next 20,000 years or so,
a hot ball of gas is left, glowing in X-rays: this is called a supernova remnant. This material is
then used to create the next generation of stars and planets; Earth and the elements of our bodies
are originated from this same material; also radioactive elements such as °®Ni, >6Co, 44Ti are
produced, with characteristic X-ray lines [Web reference: SNR]. The first two isotopes have a
rather short half-life and start decaying on timescales of a few to several hundreds of days. *Ti
instead has about about 60 years life time and is able to keep supernova remnants shining for
about three years. Detecting these isotopes therefore allows a precise determination of the SN
blast. Also polarised emission, usually interpreted as synchrotron light, is observed (e.g. in the
Crab Nebula).

Figure 1.7: : Chandra X-ray image of the supernova remnant Cassiopeia A: the red, green, and blue regions show where the intensity of
low, medium, and high-energy X-rays, respectively, is largest. The red material on the left outer edge is enriched in iron, whereas the
bright greenish white region on the lower left is enriched in silicon and sulfur. Credits: NASA.

In a supernova remnant, three physical processes contribute to the emission of X-rays. There
is thermal bremsstrahlung emission from the hot gas, which is a continuum determined only by
temperature. There can be presence of spectral lines, which can reveal the elemental composition
of the gas. The presence of a magnetic field causes the synchrotron radiation from relativistic
electrons. The spectrum of the synchrotron is a power law. During the first phase after the
outburst, SNRs are also characterised by a blackbody radiation with photons in the X-ray, that is
produced by the newly formed neutron star.

1.2.4 Clusters of galaxies

Clusters of galaxies were first detected as a collection of galaxies, gravitationally bound to each
other. A vast cloud of hot gas fills the entire clusters of galaxies and, being at temperature of
tens of millions degrees, is a strong source of X-ray emission by thermal bremsstrahlung. Also
metallic X-ray lines are usually observed. From X-ray observations, it turned out that the mass
of this gas exceeds that of the stars in their optical counterparts. Moreover both optical and X-ray
observations suggest that, to hold the cluster together, an even larger amount of dark matter is
needed. A key question to be answered is how these structures have evolved over time. The spec-
tral capabilities of ATHENA can therefore provide key observables such as the gas temperature,
abundance, velocity and ionization stage, that are necessary to understand the evolution of the
baryons in the dark matter potential (see paragraph 1.3).

1.2.5 Active Galactic Nuclei

Many galaxies, if not all, appear to contain a massive black hole at their centre. When they
accrete matter, they become some of the most luminous objects in the universe: quasars, blazars
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Figure 1.8: : Chandra X-ray image of the Perseus Cluster: red, green, and blue show low, medium, and high-energy X-rays respectively.
Credits: NASA

and Seyfert galaxies. They are nowadays explained by the so called Grand Unified Models of
AGNs (Fig. 1.2.5). At the center of the AGN there is a supermassive black hole (10° ¥ 10°M ).
Around it there is an accretion disk which is the major source of power. An obscuring torus,
located several parsec from the black hole, intercepts part of the radiation produced by the disk
and re-emits in the infrared. Less than a parsec away from the black hole, there is a region of
rapidly moving clouds. They intercept  10% of the ionizing radiation of the disk and re-emit it
in form of lines. Doppler shift broadens these lines, hence the name Broad Line Region (BLR).
At larger distance, 100 pc,another region is located where less dense clouds are moving less
rapidly, the Narrow Line Region (NLR). Based on this model, we can understand the two types
of AGNs by an inclination effect:

1. type | AGN: if viewed at low inclination angle, one gets an unobscured view of the nucleus,
with both broad and narrow lines in the energy spectrum;

2. type Il AGN: if viewed at high inclination angles, the central source of X-ray radiation is
highly obscured by the torus of thick dusty material: only narrow lines are present in the
energy spectrum.

Cosmic X-ray Background (CXB), observed for the first time by Riccardo Giacconi in 1962, is
by now known to result from an integrated contribution of discrete sources rather than a truly
diffused emission. AGNSs, in a mixture of type | and type Il (to a ratio of 1:3), can explain the
broad maximum around 30 keV of the Cosmic X-ray Background (CXB): in fact, in the highly
obscured AGNSs, the low energy part of the emitted spectrum is lost by photoelectron absorption
(the cross section of photoelectron absorption is strongly energy dependent being E*"3) and
the high part is lowered in energy by Compton reflections, thus giving the peak at 30 keV.
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Figure 1.9: : Left: the scheme of unified model of AGN (Credits: [Liddle & Loveday 2009]). Right: a population of heavily absorbed
active galaxies (green curve) is thought to make the greatest contribution to the cosmic X-ray background (grey curve).

1.3 The science goal and the key parameters of the ATHENA mission

The ATHENA observatory, currently under development by ESA, and accepted for the L2 slot
with launch in 2028, will study the hot and energetic Universe. It will make space-based observa-
tions in the X-ray band, spatially-resolved X-ray spectroscopy and deep wide-field X-ray spectral
imaging; the planned performance greatly exceedes that offered by the current X-ray observato-
ries like XMM Newton and Chandra, or by missions soon to be launched such as Astro-H and
eROSITA. Compared to current facilities, privileging either the spatial resolution (like Chandra)
or the collecting area (like XMM), ATHENA will combine the two aspects and will therefore
move beyond simple source detection into the spectral domain, where the real astrophysics of the
sources is revealed. Until now in fact, the spectacular images from Chandra could not be com-
bined with spectroscopical informations, due to its poor collecting area, while XMM often could
not access the objects of interest because of source confusion, due to its poor spatial resolution.
ATHENA will address two key questions in astrophysics:

« how and why does ordinary matter assemble into the galaxies and galactic clusters that we
see today

 how do black holes grow and influence their surroundings

Addressing the first question involves mapping of large hot gas structures in the Universe, de-
termining their physical properties, and tracking their evolution through cosmic time. In fact the
today’s massive clusters of galaxies, the largest bound structures in the Universe, grow over cos-
mic time by accretion of gas from the intergalactic medium. The velocities, thermodynamics and
chemical composition of the gas has to be measured, mapping the Universe from the formation
epoch of the clusters of galaxiesat z  2-3 to the present day. Therefore the breakthrough is to
enable spectroscopic observation of clusters beyond the local Universe, out to z = 1 and beyond.
An angular resolution of 5 arcsec is needed to disentangle small structures in clusters, groups and
galaxies. With respect to previous generation X-ray telescopes, a factor of 10 increase in both
telescope throughput and spatial resolving power for high resolution spectroscopy is necessary.
This will lead to a factor of 10 improvement in sensitivity, being the sensitivity limit inversely
proportional to the telescope effective area (section 2.2). The ATHENA flux sensitivity will be

1017 erg/(cm? s) in the 0.5-2 keV band, to be compared with the XMM sensitivity of 3.1 and
14 10"1% ergs/(cm?sec) in the 0.5-2 and 2-10 keV bands respectively [Web reference: XMM]
(for an observation duration of about 10° sec).
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To answer the second question it is necessary to reveal supermassive black holes, even in ob-
scured environments, out into the early Universe, and understand both the inflows and outflows of
matter and energy as the black holes grow. In fact, processes originating at the scale of the black
hole event horizon seem able to influence structures on scales 10 orders of magnitude larger, giv-
ing energies to the baryonic matter with a mechanism known as feedback, in which jets heat the
hot gas, suppressing star formation and regulating their own fuel supply. The current generation
of X-ray observatories, Chandra and XMM-Newton, have revealed a complex interplay between
cooling and heating, via spectroscopic measurements of gas cooling and detailed imaging of the
interactions of jets and gas in cluster cores. However, the physics of how the balance between
these processes is established and maintained can only be glimpsed in a few nearest systems and
so remains poorly understood. For a complete understanding of galaxies, it is therefore necessary
to track the growth of their central supermassive black holes through cosmic time. The goal then
is to push the frontiers of black hole evolution to the redshifts where the first galaxies are forming,
at z = 6-10: therefore high throughput and high resolution are necessary. The spectral resolution
of 2.5 eV will provide informations on the chemical composition and dynamics of hot gas in the
most obscured black holes at the peak of both star formation and accretion activity occurring at z
=1-4. These spectra will show, for example, if the heavily obscured phase of black hole evolution
is associated with the termination of star formation in galaxies via feedback.

The illustration of the power of spatially resolved high-resolution X-ray spectroscopy is pro-
vided in Figure 1.10 below, taken from Croston, Sanders et al. 2013. This is the simulation
of a 50 ks X-IFU (X-ray Integral Field Unit) exposure of the Perseus cluster, compared to the
Chandra-ACIS (Advanced CCD Imaging Spectrometer) spectra. Such measurements will en-
able to pinpoint the locations of jet energy dissipation, determine the total energy stored in bulk
motions and weak shocks, and test models of AGN fuelling so as to determine how feedback
regulates hot gas cooling.

10
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Figure 1.10: : Predicted ATHENA observation of the centre of the Perseus cluster (0.5 to 7 keV, from Chandra image Fig. 1.8). The left
panel shows a simulated 50 ks X-1FU observation (0.5-7 keV), displayed on a log scale. The spectrum on the right is from the single 5
arcsec x 5 arcsec region marked by the box, with a Chandra spectrum of the same observation length for comparison. The inset shows
the region around the iron L complex. (Credits: [Croston et al. 2013])

Fig. 1.11 shows four examples of simulated ATHENA spectra, compared where appropriate
to Chandra-ACIS spectra:

10
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1. abroad iron K line, whose shape reflects that it has been generated in the general relativis-
tic environment of a black hole. No Chandra simulation is shown, as the source is too bright
to be observed by ACIS without pileup.

2. an ultra-obscured supermassive black hole in the centre of a distant galaxy. The signature of
obscuration, an intense fluorescence iron K line, is revealed by Athena but invisible with
Chandra

3. a high redshift galaxy group, barely detected by Chandra, but with clear emission lines in
the WFI spectrum which trace the thermal and chemical evolution of hot baryons throughout
cosmic time

4. the Galactic Centre itself. Athena will reveal the astrophysics of hot cosmic plasmas.
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Figure 1.11: : Predicted ATHENA images. Left: a field centred on Sgr A , the black hole in Galactic Centre (GC, 500 ks exposure).
Right: an extragalactic survey field, the Chandra Deep Field South (CDFS, 1 Ms). Predicted ATHENA spectra from previous images,
compared where appropriate to Chandra-ACIS spectra. Top-left: abroad iron K line, whose shape reflects that it has been generated
in the general relativistic environment of a black hole. Top Right: an ultra-obscured supermassive black hole in the centre of a distant
galaxy. Bottom Right: a high redshift galaxy group, barely detected by Chandra, but with clear emission lines in the WFI spectrum.
Bottom Left: the Galactic Centre itself. Athena will reveal the astrophysics of hot cosmic plasmas. (Credits: [ATHENA assessment
study report 2011]
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X-ray telescopes

2.1 Grazing-incidence X-rays reflection

The method for focusing the X-rays is very different from that for visible light. The reason lies
in the different values taken on by the optical constants of the materials when approaching the
energies of the X-rays. It was already noted by R%ntgen that, for the X-ray radiation is extremely
hard to refract, and on normal incidence the reflection is nearly zero. The refractive index n of a
material in the X-ray region is normally written, using the optical constant and , as

. NAar .
n=11 +j =11 ZAAeZ(lefz); (2.1)
where is the deviation of the refractive index from 1, is the absorption index, f1, f; are the real
and imaginary parts of the atomic scattering factors, N5 is the Avogadro number, re is the classical
electron E_)adius, :0% is atomic mass, and is the density. Typical values are 10'4  10"5and
10° 10°°.

The reflectivity is given by the ratio between the reflected intensity and the intensity of the inci-
dent beam. It depends on the polarisation of the incident radiation. Let’s consider s the component
of the wave electric field perpendicular to the incidence plane (given by the propagation direc-
tion of the incident beam and the perpendicular to the surface), p the component in the incidence
place. Equations 2.3 and 2.2 report the reflectivity Fresnel formulae for s and p polarisations,
considering a ray travelling in vacuum and impinging on a material with refractive index n, being

i and  the incident and refracted grazing angles, respectively:

sin j ¥ nsin
sin ; +nsin

sin ¥ nsin ;
rp = ; (23)
sin  +nsin

The incident and refracted grazing angles are related by the usual Snell law:

13
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COS § = NCOS : (2.4)
Being the real part of n less than 1, the refracted X-ray approaches the surface, and there will
be a critical angle ; = . beyond which the X-ray beam is totally reflected. This condition is n

=C0S .
Since n 1, the Fresnel equations give a X-ray reflectivity very close to 0 except for very small
incident angles, where the Fresnel equations for the reflected ray may be approximated by:

rs=1"'rp=+

: 2.5
2sin? (25)
Eg. 2.5 would diverge for ; approaching 0, but in fact the critical angle . is setting a limit for
Eq. 2.5to hold, since at . the reflectivity equal 1.
Owing to the very small angle at play, we can write
2

1Y =cos . 11 =2 (2.6)
therefore, combing Eq. 2.6 with Eq. 2.1, and approximating f;  Z (as it can be assumed for
energies much above the K-edge) the critical angle can be written as

P o
A are 2 .
2= =rf2z/ 2.7)

c

From this equation, it can be seen that

* the critical angle is always very shallow (less than a few degrees: for gold and E =1 keV, .
=4 deg)

« the critical angle increases for larger reflecting material density, thus explaining why denser
materials (Au, Ir, Pt) are usually used as reflective coating of X-ray mirrors

« the critical angle decreases with increasing energy, thus explaining why hard X-rays are
difficult to be reflected with a single reflecting layer. Over 10 keV, even the critical angles
of the densest coatings become too small and the mirror cross section offered to the incident
flux becomes too low to return a sufficient effective area. For this reason multilayer coatings
are used (see sect. 2.5).

The X-ray reflectivity of glass and gold (for an ideally smooth surface) is shown in Fig. 2.1,
where it appears evidently the cut-off angle and energy.
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Figure 2.1: : X-ray reflectivity curves of glass (left) and Au coated glass (right) at different incident angles. The reflectivity is near 100%,
for very small incident angles, up to a cut-off energy, where the reflectivity suddenly drops; the use of a high Z coating extends the
reflectivity beyond the cut-off energy. Credits: D.Spiga.
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2.2 Figures of merit

2.2.1 Angular resolution

Just like the optical telescopes, also in X-ray the angular resolution is computed from the Point
Spread Function (PSF), the degree of spreading of the point source measuring the quality of the
imaging system. Nevertheless, two aspects make the treatment for X-ray telescopes very different
from the optical ones:

« since the wavelength of X-rays is very small, the resolution limit is, as of today, not dictated
by diffraction; in astronomical terms, we can express it via the Strehl Ratio (SR), i.e. the
ratio of the peak value of the PSF over the peak of the diffraction figure of a flawless mirror
with the same geometry. Nowadays the SR of most astronomical X-ray opticsis  1;

« for faint X-ray sources, the FWHM (Full Width Half Maximum) is not representative of the
resolution capability of the mirror. Usually the HEW (Half Energy Width) is used, defined
as the angular diameter in the focal plane which include the 50% of the focused photons.
This quantity expresses not only the width of the PSF (which is seldom Gaussian), but also
the amount of power collected in the focus vicinities.

The angular resolution of an X-ray mirror depends on the nominal design, the shape errors and the
surface roughness. The nominal design is addressed in Sec. 2.3. The treatment of shape errors
and surface roughness is traditionally approached considering geometrical optics for shape errors
and the first order scattering theory for surface roughness. A novel approach, based on Fresnel
diffraction, has been developed at INAF-OAB by L. Raimondi and D. Spiga, which simultane-
ously accounts for shape and roughness (see Sec. 4.4).

2.2.2 Effective area

For a grazing-incidence mirror, the collecting geometrical area, is the projection of the parabola
on the aperture plane. Aswe will see in Sec. 2.3, in X-ray astronomical mirrors, rays are reflected
two times, and the relation between the radius r of the mirror, the focal length  and the incidence
angle is:

r=ftan(4) f4; (2.8)

where the approximation holds only for very small angles. Using 2.8, the collecting area Acorr,
for a source on-axis at infinity, can be well approximated by the expression

Aon=2r r=2rLtan ~8 fL % (2.9)

where r is the width of the projection of the mirror on the aperture plane and L the mirror
length.

The Effective Area Aess IS defined as the ratio between the focused flux detected on the mirror
focal plane and the incidence flux per unit area. For a double reflection mirror, the effective area
will depends on the squared reflectivity of the mirror:

Acrr(E) = AconR(E)? ” 8 fL *R(E)% (2.10)

being R(E) the reflectivity of the mirror at the X-ray energy E.

As has to be less than <(E) in order to keep R(E) at high value (Egs. 2.5 and 2.7), the
incidence angles have to be very shallow, and the effective area of a single mirror is very low.
In order to increase the effective area of a telescope, a number of coaxial and confocal mirrors
with decreasing radii (&mirror shells&) are assembled, with the incidence angle decreasing from
the outer to the inner shells. The nesting efficiency is determined by the mirror shell thickness,
by the minimum radial mirror separation which is required for integration and alignment, and by
the need to leave some clear aperture and mitigate the obstruction of off-axis rays [Spiga 2011].
The thinner the mirror shells, the denser the nesting can be and the larger is the collecting area.
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2.2.3 Sensitivity

The sensitivity of a focusing optics is defined as the minimum detectable flux. It is limited by the

background noise B, defined as the number of background counts per unit time, per energy band

and per detector unit area. For a focusing optics, with effective area Aq¢¢, Which focuses the flux
S on a fraction of the detector area Ag, the sensitivity is [Spiga Ph.D. thesis 2005]:

r

N 2BAy"

Aeff E t E’

where N is the sigma confidence limit, g is the quantum efficiency of the detector at the photon
energy E, tis the collection time, E is the energy band of the detector. In this expression
the source is detected over N . Eq. 2.11 shows that a focused tEjescope improves linearly
the sensitivity in proportion to Agsf, Versus an improvement / 1=" Ay for purely-collimated
detectors. Eq. 2.11 shows that high sensitivity is reached not only by achieving large effective
area (large Aef) but also having a tight focusing (small ™), i.e. a small value of HEW.

S =

(2.11)

2.3 Mirror design

As an X-ray focusing optic needs to be reflective and work in grazing incidence, the first idea,
proposed by Giacconi in 1960, was to use a parabolic surface to concentrate the paraxial rays in
its focus (see Figure 2.2).
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Figure 2.2: : Left: A simple parabolic mirror. Right: Wolter-1 configuration. Credits: [Van Speybroeck & Chase 1972].

Anyhow, the parabolic shape is not convenient to make grazing incidence telescopes, because
they would be affected by a strong coma aberration, that is the dependence of the focal length on
the reflection position when an off-axis beam strikes on it. A coma-free optic may be obtained by
satisfying the Abbe condition: o

o =F (2.12)

where h is the distance of the X ray from the optical axis, is the angle formed by the focused
ray and the optical axis, f is the focal length of the system. Eq. 2.12 means that the incident
and the focused rays (or their extensions) have to intersect at a spherical surface (the so-called
Principal Surface) to avoid coma aberration. For a single reflection this should coincide with the
mirror surface; if this is a paraboloid, the Abbe condition is fulfilled only near the vertex, where
R(E) * 0:

2.3.1 Wolter |

H. Wolter showed in 1952 [Wolter 1952] that the combination of two confocal and coaxial conical
surfaces (Figure 2.2), would allow the Abbe sine condition to be nearly satisfied. Moreover

16



“thesis” — 2016/2/1 — %1:36 — page 17 — #37

2.3. Mirror design

the double reflection has the advantage to reduce the focal length by a factor of two, which is
important for optics that have to work in space. The most convenient is the Wolter-I, consisting
of a paraboloid and an hyperboloid that are coaxial and confocal. Their equations can be written
in cylindrical coordinates as [Van Speybroeck & Chase 1972]

r2=P2+2PZ +[4¢’Pd=(e? 1 1)]  paraboloid (2.13)

rid =e*(d+2z)> 12?2 hyperboloid (2.14)

In the above equations the origin is at the focus for axial rays, Z is the coordinate along the
axis of symmetry, and r is the radial coordinate. The common focus of the two surfaces is at
Z = [12e?d=(e? ! 1)]. There are thus three independent parameters, e, d, and P, which describe
the surfaces: e is the eccentricity, while P and d are two parameters that are linearly related to
the focal length T (the distance from the axial ray focus to the intersection plane of the paraboloid
and hyperboloid (Zy in Fig. 2.2) and r, the radius of the surfaces at their intersection (related to
f by Eq. 2.8). When the angles of incidence on the parabola and hyperbola sections are equal,
in the case of an on axis source at infinite distance, e, P and d are defined as:

e =cos(4 )[1 +tan(4 )tan(3 )]; (2.15)
P =ftan( )tan(4 ); (2.16)
d=ftan( )tan(4 ): (2.17)

2.3.2 Wolter-Schwarzschild

In order to satisfy the Abbe sine condition it is sufficient to perform very small corrections (sub-

m to one m) of the axial mirror profile from its nominal second-order shape [Aschenbach
2009]. The exact surface shape has been derived by Wolter by extending the solutions to grazing
incidence which Karl Schwarzschild had already obtained for normal incidence in 1905. There-
fore these systems are named Wolter-Schwarzschild (W-S) telescopes. The off-axis angular reso-
lution is much improved using the W-S design with respect to Wolter | type design. In a nested
configuration, the join plane (principal surface of the optic) must necessarily be a sphere of radius
equal to the focal length, rather than a flat plane as in the conventional Wolter | design (see app.
A).

2.3.3 Double cone

If the angular requirement is not a strict requirement, the Wolter | profile may be substituted by
a double cone approximation. A double cone focuses only in the azimuthal direction, not in the
radial one, hence the size of the spot on the focal plane is L . The half diameter is L =2, and
since = r=(4f) we obtain

Lr

HEW = —
8f’

(2.18)
where L is the mirror length. In this case the production process is much simpler, because the
longitudinal profiles have more relaxed tolerances. This solution was adopted for the ASCA,
Beppo-SAX, Suzaku, NUSTAR and Astro-H. It was also used for the first SPO prototypes (see
app. A).
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2.3.4 Polynomial

More general mirror designs than Wolter’s exist, in which the primary and secondary mirror sur-
faces are expanded as a power series. These polynomial solutions are well suited for optimization
purposes, which may be used to increase the angular resolution at large off-axis positions, de-
grading the on-axis performances. The idea is to transfer the principle of the Ritchey-Chretien
Cassegrein telescope, widely used in optical astronomy, to grazing incidence optics. By deliber-
ately compromising the on-axis performances, one can introduce aberrations (mainly spherical)
that tend to cancel or reduce the off-axis aberrations [Conconi & Campana 2001]. Such a profile
is to be adopted in telescopes with large field of view such as WFXT [Conconi et al. 2010], but
are also considered for ATHENA as a viable alternative to the Wolter.

2.3.5 Kirkpatrick-Baez

The first two-dimensional X-ray image ever obtained with grazing-incidence reflection was taken
in the laboratory by Kirkpatrick and Baez [Kirkpatrick & Baez1948]. The configuration in shown
in Figure 2.3-A. The incident rays are focused to a line image by a parabolic mirror. On their
path to the line focus, the rays are reflected by a second parabolic mirror, oriented at right angle
to the first one, to achieve a point-like focus. This is true for rays parallel to the centre lines of
the parabolas. In order to increase the collecting area a stack of parabolas of translation can be
constructed (Fig. 2.3b). However, in contrast to the single double-plate system, the image of a
point-like source starts to become increasingly extended in size as the number of plates involved
increases. Since this was the first imaging telescope used for non-solar X-ray astronomy, the
Kirkpatrick-Baez system is worthy of mention only for historical reasons. A typical application
of the KB systems is however common at facilities such as synchrotrons and Free Electron Laser
(FEL), where it is important having very small spot (on the order of a few microns) and high
intensity flux for microscopy studies. It is also worth noting that a KB geometry was proposed
for the XEUS optics [Ghigo et al. 2008].

A B b

FOCuUS MIRRORS

Figure 2.3: : The Kirkpatrick-Baez X-ray Telescope Design.

2.4 X-ray reflectivity and scattering off a rough surface

2.4.1 X-ray reflectivity off a rough surface

The reflectivity can be computed by the Fresnel equations 2.2 and 2.3 only for an ideally smooth
surface.

An ideally flat surface can be described as z(X;y) = zo. However, a real surface z(x;y) has a
&roughé topography, and its deviation from ideality can be characterised by the rms value:

12
2= [z(xy) ¥ o dx: (2.19)
L o
If the smooth surface condition, 2 sin , is fulfilled, we can still assume Eqgs. 2.2 and 2.3

as valid and treat the roughness as a perturbation. The result [Michette 1986] is a reduction of the
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reflectivity expressed by the Debye-Waller formula :

R =rexp 1! 4 sin i (2.20)

where r is the Fresnel reflectivity, ; isthe incidence angle and is the wavelength of the incident
ray.
This formula shows that:

« the reflectivity decreases exponentially as the roughness increases;
« the reflectivity reduction is more severe for small  (hard X-rays);
« the reflection at large incidence angles is more sensitive to the roughness effect.

Fig. 2.4 shows the reflectivity dependence on the surface roughness and incidence angle, for a
Nickel surface polished at different levels.
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Figure 2.4: : Reflectivity of three Ni samples, polished at different levels: the reflectivity decreases as the roughness increases.

2.4.2 X-ray scattering off a rough surface

The X-ray scattering off a reflective surface, at wavelength , can be computed by using the first
order perturbation theory in grazing incidence, assuming the surface to be smooth and isotropic.
Let’s consider a X-ray, with wavelength , impinging on a rough surface with an incidence angle

i, and scattered off the surface with a scattering angle < (Fig. 2.5). For a single boundary
characterized by a single Power Spectral Density (PSD), the relation is a simple proportionality
between the scattered intensity per angle unit and the monodimensional PSD, P ( ), where is
the spatial frequency (Stover 1995, Church 1986):

1di,_16°

I0 d s B 3
The spatial frequencies are related to the X-ray wavelength, the incident angle and the scattering
angle by:

Qis sin® ssin P (); (2.21)

1

= 2.22
jcos j ¥ cos ¢ ( )
The Qjs polarizatiorﬁ;\ctor is related to the reflectivity computed with the Fresnel equations, and

can be computedas = R( s)R( ;) in the Rayleigh-Rice vector theory.
Egs. 2.21 and 2.22 are useful not only to predict the impact of XRS on the angular resolution,
but also as a diagnostic tool for the PSD of the surface roughness (see Chapter 4).
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Figure 2.5: : Sketch of an incident ray impinging of a rough surface: ; is the incidence angle and s is the scattering angle. Credits:
[Spiga 2007]

2.5 X-ray reflectivity and scattering off a multilayer coating

As pointed out in Section 2.1, the reflectivity in the X-rays drops off as the incidence angle
increases beyond .. Anyway, keeping the incidence angle very small, reduces the mirror cross-
section and the effective area (see Sect. 2.2.2). A way to overcome this problem is to adopt a mul-
tilayer instead than a single layer coating. Multilayers consist of an alternance of two layers with
very different densities and therefore different refractive index in X-rays. The constructive inter-
ference of the reflected rays builds up high reflectivity at some combinations of angles-energies
if the stack is designed smartly. In particular:

» multilayers with constant period will have high reflectivity only at specific wavelengths,
therefore acting as monocromators;

« multilayers that change their period through the stack, the so-called graded multilayers, can
reflect a continuum set of wavelengths and therefore are very useful in X-ray astronomy.
They have a lower peak reflectivity in comparison to the constant period-type, but the reflec-
tivity is extended over decades of keV’s (up to 100 keV).

2.5.1 Periodic multilayer

A periodic multilayer is a succession of N identical bilayers, each of them being a superposition
of two thin films with a large density contrast (Fig. 2.6). The heavier elements (high Z) is called
absorber, the lighter one (low Z) is the spacer. The absorber and the spacer keep the interfaces
at the right distance to build up the constructive interference of reflected wavelets.

When all of the layer pairs in a multilayer have identical thickness, the reflectivity is concen-
trated at energy peaks given by the Bragg equation:

n =2dsin ; (2.23)

where n is an integer, is the wavelength of incident wave, d is the period of the multilayer, and
is the incidence angle.

2.5.2 Graded multilayer

To obtain a broadband reflector, it is possible to use a depth graded multilayer, where the top layers
have large d-spacing to reflect the lower energies and the bottom layers have small d-spacing to
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2.5. X-ray reflectivity and scattering off a multilayer coating

Reflected beams

M fl
1 Material A W n easure ref Sg&,\%
Material B
001 \«'J (‘
0.001 l/
0.0001 \M i A

1e-06

w
Reflectivity at 8.045 keV'

0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000
Grazing incidence angle (arcsec)

Figure 2.6: : Left: scheme of a multilayer reflector of N bilayer pairs. Credits: J.H. Underwood. Right: Measured reflectivity of a
silicon wafer coated with a periodic W/Si and Pt/C multilayer with 60 bi-layers.

reflect the higher energies (see Fig. 2.7). This arrangement minimizes losses due to absorption
because lower energy photons travel through a lower absorption thickness.
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Figure 2.7: : Left: scheme of a graded multilayer. Credits: [Windt 2015] Right: Reflectivity of a a silicon wafer coated with a graded
W/Si and Pt/C multilayer with 100 bi-layers.

The typical bilayer thickness distribution is defined by a power law with three parameters:

a

40 = e (2.24)

where a, b, and ¢ are constants, and i is the bilayer index ranging from 1 to N. This concept was
introduced first for neutron mirrors by Mezei in 1988 and after developed by Joensen in 1993 for
X-ray astrophysics. Eq. 2.24 defines the so-called supermirror. a, b, and c are parameters to be
optimised for the target effective area [Cotroneo et al. 2009].

2.5.3 X-ray scattering off a multilayer

The X-ray scattering from a single reflective surface was given in 2.21. In the case of a stack
of alternated N layers, this relation is complicated by the interference effects among interfaces
(Fig. 2.8). If the roughness is isotropic and the incidence angle is beyond the critical angles for
total reflection of both materials, the scattering diagram can be expressed in terms of the interfa-
cial Power Spectral Densities (Pj) and the Crossed Spectral Densities (Cjm) for all the couples
of interfaces, using the following equation (Spiga 2005), which represents a generalization of
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Chapter 2. X-ray telescopes
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Figure 2.8: : Scheme of X-ray scattering in a multilayer stack. Both "reflected” (i.e., in the direction specular to that of incidence) angle
and "scattered" (i.e. in non-specular directions) rays result from the interference of elementary waves scattered at each boundary in
the multilayer.

Eq. 2.21:
2 3
1 dls .o 4)( 2 > j+m 5.
Tod. K(: s i) TiPi( )+2_ (PP MCim( )TjTmeos( jm):  (2.25)

j=0 Jj<m

In Eq. 2.25 the layers are numbered from the substrate toward the surface. The spatial frequency

is still related to the scattering and the incidence angles via Eq. 2.22, =2 (sin s+sin )=,
Tj is the field amplitude transmittance in the j ™ layer, jm = hzji Thzyi is the average distance
between the jt™ and the m®" interface, and

2

16 L,
K(; s )= —5Qissin® ssin j; (2.26)

is tli5 same proportionality factor appearing in Eqg. 2.21. The polarization factor is still provided
by = R(s)R( ).

The Pj’s and the Cjm’s are the physical quantities that affect the intensity and the mutual
coherence of the scattered waves, which in turn interfere to build up the XRS diagram. They can
be computed by studying the roughness evolution in the multilayer growth process (see Section
10.1.2).

2.6 Consolidated manufacturing techniques for the X-ray telescopes: past, present

and near future

The practical manufacturing of X-ray optics is a trade-off of exacting requirements sometimes
in contrast with each other. A large mirror mass usually results from a large collecting area, an
excellent angular resolution and a good mirror thermo/mechanical stability. A low optical weight
usually goes at the expense of the optical performances. The X-ray telescope production method
can be classified depending on the mirror production and integration methods. Each method can
has its advantages and disadvantages, and usually a specific feature is preferred at the expense of
the others, depending on the requirements of the mission.

The mirror production encompasses two methods:

« the production by direct polishing of single mirror shells
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2.6. Consolidated manufacturing techniques for the X-ray telescopes: past, present and near future

« the production by replica of a figured and polished mandrel
There are several optical substrates that have been already successfully used for X-ray mirrors:
» monolithic quartz or Zerodur (direct polishing) for Einstein, ROSAT and Chandra
« electroformed nickel (replica) for Beppo-SAX, XMM, Swift/XRT, eRosita
* thermally slumped aluminum foils (replica) for ASCA, Suzaku, ASTRO-H
« thermally slumped glass foils (replica) for HEFT and NuSTAR.
The mirror integration also comprises two methods:
* integration of monolithic shells
* integration of segmented mirrors

In Table 2.1, the telescopes already existing are compared in manufacturing technology and final
performances. The telescopes to be launched in the future are compared in Table 2.3.
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Table 2.1: : Comparison of past and present X-ray telescopes.

Mission Einstein Rosat ASCA  BeppoSAX Chandra XMM Jet-X Suzaku NuSTAR
Launch Year 1978 1990 1993 1996 1999 1999 2004 2005 2012
Configuration | Wolter I. Wolter | D. cone D. cone Wolter | Wolter | Wolter | D. cone D. cone
n. modules 1 1 4 3+1 1 3 2 4+1 2
Technology Dir. pol. Dir. pol. Al segm. Ni replica Dir. pol. Ni replica Ni replica Alsegm.  Slump.glass
Substrate Glass  Zerodur Al Nickel Zerodur Nickel Nickel Al Glass
n. shells/mod. 4 4 120 30 4 58 12 175/168 133
Ext. diam. 559 mm 835 mm 345 mm 162 mm 1230 mm 700 mm 350 mm 400 mm 51 mm
Int. diam. 325 mm 120 mm 68 mm 650 mm 306 mm 153 mm 118 mm 191 mm
Ageo./mod. 350cm? 1140 cm? 558 cm? 1100cm? 2000 cm? 887 cm?
E range (keV) 0.1-4 0.1-2 12 0.1-10 0.1-10 0.1-12 0.2-10 0.2-12 6-79
HEW 2 arcsec 5arcsec 3.5 arcmin larcmin 0.5arcsec  15arcsec 18 arcsec 114 arcsec 58 arcsec
Aeff.@0.15 kevimod. 1020 cm?
Aeff.@0.25 keVimod. 400 cm? 800 cm?
Aeff.@1 kevimod. 240 cm? 300 cm?
Aeff.@1.5 kevimod. 300 cm? 1430 cm? 110 cm? 440 cm?
Aeff.@4 kevimod. 30 cm?
Aeff.@5 kevimod. 400 cm? 450 cm?
Focal (m) 34 24 35 1.85 10 7.5 35 4,75 10.15
Coating Ni Au Au Au Ir Au Au  Pt/C WI/Si

sadoosa|al Ael-x g Jeidey)d
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2.6. Consolidated manufacturing techniques for the X-ray telescopes: past, present and near future

2.6.1 Direct polishing: Eistein, ROSAT, Chandra

In the direct polishing technology, the substrate of each single monolithic shell is directly polished
and figured. The shells are usually in Quartz or Zerodur and their thickness about 20-30 mm,
in order to withstand the steps of production and to have the necessary rigidity to not suffer
from deformations. With this technique is possible to obtain mirrors of high angular resolution
(Einstein: 2 arcsec, ROSAT: 5 arcsec, Chandra: 0.5 arcsec), because the geometrical profiles
are controlled with high precision, but the telescope will have a relatively small collecting area,
because only few shells can be nested. This type of optics is employed for observations of nearby
X-ray sources. Observation of distant sources is also possible, but require a very long observation
time (on the order of 1 Msec).

_

Figure 2.9: : Chandra telescope at different stages of production. Starting from left: a single raw blank prior to grinding and polishing;
polished element; coated element prior to insertion into the mirror holding fixture; the mirrors in their support structure. Credits:
[Weisskpft 2012].

2.6.2 Replication with Nickel: BeppoSAX, XMM, Jet-X, e-ROSITA

Nickel optics are electroformed on a precisely figured mandrel in a Electroless Nickel galvanic
bath [Chambure et al. 1996]. The mandrels are made out of initially double conical aluminium
blocks coated with Kanigen nickel (selected for its hardness, necessary for good polishing, high
adhesion to the aluminium, and low porosity) and then lapped to the exact shape and finally super-
polished to a surface roughness better than 0.4 nm. Prior to electroforming, a 250 nm thick layer
of gold is deposited on the mandrel and it acts both as a release agent and as reflective coating.
Shells obtained with this technique are thinner (typically from 0.2 mm to 1 mm), so many shells
can be nested at the advantage of the collecting area. Anyway, this replica process can reach at
best 15 arcsec angular resolution, as in the case of XMM (Table 2.1) and e-ROSITA (Table 2.3).

Figure 2.10: : XMM telescope at different stages of production. Starting from left: the super polished Al mandrels and the Ni mirror
shells; Ni shells during the alignment and assembly; the mirrors in their support structure. Credits: ESA
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