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God runs electromagnetics by wave theory on Monday, Wednesday, and Friday, and the
Devil runs them by quantum theory on Tuesday, Thursday, and Saturday.
(Sir William Bragg)
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Introduction

The role of X-ray astronomy (energies greater than 2 keV) is now widely

recognized. Currently the X-ray telescopes are divided into two categories
according to their ability to focus or not the photons: in a focusing telescope
the flux is given by the photons concentrated by the optics onto a detec-
tor, with a giant increase in sensitivity and angular resolution, while the
telescopes belonging to the second class are essentially composed of a direct
view detector equipped with collimators and / or coded masks.
Until few years ago, the focusing optics were efficient for energies lower than
10 keV, while for higher energies, all the instruments were based on the direct
view optics [1], [2]; Just the last year The Nuclear Spectroscopic Telescope
Array (NuSTAR) mission, has been launched being the first focusing high-
energy X-ray telescope in orbit. NuSTAR operates in the band 3-79 keV,
extending the sensitivity of focusing far beyond the ~10 keV high-energy
cutoff achieved by all previous X-ray satellites [4].

The best technique to focus X-rays with energies lower than 70 keV is the
Bragg diffraction by multilayers. These are composed of a series of superim-
posed layers, alternating a low Z material with a high Z of defined thickness
[3]. However, at the energies greater then 70 keV, the mirrors consisting of
multilayers become quite inefficient [5], and the Bragg diffraction by crystals
in Laue geometry (transmission) appears to be the best method to face the
problem of focusing X-ray at high energies. In addition, in the last years
bent crystals have become available, taking advantage of their high reflectiv-
ity and excellent PSF with respect to the mosaic flat crystals, encouraging the
employment of Laue optics for high energy astrophysics researches [6]. There-
fore, it becomes crucial to develop techniques for the control of important

parameters, such as curvature, mosatcity, angular spread and reflectivity,
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and also measurement techniques able to characterize the crystals produced.

The group of high-energy astrophysics in Ferrara has been working for
several years on the possibility to focus X-rays with crystals [7]. Studies
have now reached a good degree of maturity, and the possibility to construct
a Laue lens prototype with the aim of proposing a mission by satellite seems,
at this point, to be a concrete prospect. During my PhD, I have been ini-
tialy involved in the activity of realization and test of the second Laue lens
prototype built in the LARIX facility of the Physics and Earth Science De-
partment of Ferrara. The prototype consists of a set of 20 crystals placed
in a circular ring and capable to focus 100 keV photons at a focal distance
of 6 m. Moreover, I have taken part to a more ambitious and technologic
project named LAUE, supported by ASI and still on going, whose aim among
others, is to build a Laue lens petal with a 20 m focal length. In the last
three years I have been working in particular in the LARIX (Large Italian
X-ray facility) laboratory of the University of Ferrara, where thanks to this
X-ray facility, I performed many measurements regarding the characteriza-
tion of the crystals. I have also taken part to the assembling phase of the new
LARIX facility in which the LAUE project is now located, the facility being
in a 100m long tunnel. The new facility is designed to meet the demands of
the LAUE project and it will be possible to calibrate the new focusing optics
which are considered, by now, the future of Astrophysics in the hard X-/soft
gamma-ray energy range.

This thesis is a presentation of the most significant results obtained in
the recent years in the LARIX laboratory. In addition to a brief description
of the tools and techniques of X-ray radiation detection and an introduction
to the X-ray diffraction theory, in this thesis I will present the HAXTEL
project, the LAUE project and eventually the results achieved, including
the discussion and the comparison with the expectations. The thesis work
will also focus on the measurements performed on the new generation of
bent crystals (Germanium, Silicon and Gallium Arsenide), which for the
first time can be provided with a good reproducibility in terms of curvature
and efficiency. The tests carried out in the LARIX facility have been crucial
for the choice of the best materials and for deeper studying the features of

this class of crystals, which will be used for the first time to build Laue lens
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for space applications.

Finally, I will also present, in the appendix, part of my work performed
during the mobility period at the European Synchrotron Radiation Facility
(ESRF) in Grenoble, France.



Chapter 1

Status of Hard X-/Gamma-ray

Astronomy

We know that X-rays are a form of electromagnetic radiation, like visible
light, but the individual quanta of radiation, the photons, have energy at
least a thousand times that of optical photons. X-rays from cosmic sources
cannot penetrate even the thin outer layers of the Farth’s atmosphere. It
15 thus impossible to observe X-rays from astronomical sources with ground-
based instruments. Hence, observing from above the atmosphere is essential
in this field. To see any X-rays at all, it is necessary to be above 99 % of
the atmosphere, and to detect X-rays in the band where sources are most
prominent.

In the following section I will present a brief history of the X-ray astron-
omy, focusing in particular on the broadband hard X-ray missions. I will also

present some open astrophysical issues in the hard X-/soft gamma-ray band.

1.1 X-rays from stars

Celestial X-rays can be produced by several processes (thermal process,
bremsstrahlung, synchrotron etc.). Since the X-ray photon energies are 1000
times greater than that of optical photons, the process to produce X-rays
must be more energetic. Thus, if X-rays are generated in a thermal process,

the temperature must be of the order of 1000 times greater than that in
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places where visible light is produced. Therefore, a search for cosmic X-ray
sources is a search for materials at temperatures of millions (or more) degrees,
in contrast to the familiar stars with surface temperatures of thousands of
degrees.

Until 1962, very few astronomers believed that the Universe contained
such objects capable of generating detectable amounts of high energy radia-
tion. These ideas changed dramatically in the early 1960s with the discovery
of the strong source of X-rays SCO X-1, and of a diffuse celestial X-ray
background. Some X-ray sources have a strange and powerful emission that
Astronomers had to introduce new classes of cosmic objects and astrophysical

processes to explain them.

1.2 An brief history of the X-ray sky

The American Science and Engineering (AS&E) group, led by Riccardo
Giacconi, discovered by chance the first cosmic source of X-radiation because
their main goal was the detection of X-ray fluorescence from the Moon. The
rocket launch of the AS&E instrument, on a new Aerobee rocket, took place
from White Sands, New Mexico, on 18 June 1962. Two of the three X-ray
Geiger counters worked well and, although they failed to detect any X- rays
from the Moon’s surface, they made the first detection of a powerful cosmic
X-ray source [9], SCO X-1, in the Scorpius costellation (Fig.1.1).

After the discovery of Sco X-1, astronomers were thus forced to recognise
that there were many objects at stellar distances which were unbelievably
strong, although the nature of the X-ray sources and the occurring processes
in which energy was generated was not obvious.

A convincing explanation of its nature was not found until 1971 when
Uhuru discovered and measured the peculiar X-ray variation of another
source that lies in the southern sky in the Centaurus constellation (Cen
X-3). The Uhuru observations of Cen X-3, made in 1971, were spectacular
[10]. The X-ray observations determined the nature of the source.

After this, many other X-ray sources were detected within our Galaxy,
and mostly of them are accretion-powered binaries, in which a normal star

and a compact star are locked in a close orbit. The accretion-powered sources
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Figure 1.1: Three minutes of data from a rocket-borne X-ray detector flown in October
1967. This shows the counting rate of the detector as it scanned a great circle containing
the source Sco X-1 and a cluster of sources in the direction of the galactic centre. The

signal from Sco X-1 is very strong. (from Hill et al., 1968).

are the most luminous in our galaxy. Some have X-ray luminosities L ~ 103
erg s L.

Another class of very bright astronomical X-ray sources is that of the
supernova remnants. The Crab Nebula is the first observed object belonging
to this class. Neverthless, the X-ray luminosity of most remmants is 10-100
times lower than that of the Crab Nebula and the spectrum is softer, such
that the low energy absorption is much more severe, making much more
difficult the observations (Fig.1.2).

The first satellite/observatory specifically designed for an all-sky survey
was HEAO-1 in 1979, which used an array of large-area proportional counters.
The result was a catalogue containing 842 sources. Ten years later, ROSAT
satellite mapped the soft X-ray sky (0.1-2.5 keV) for the first time using an
imaging telescope and low-background detector. Its detection limit was 8.5
X 107% ph/cm?/s/keV in 10° s (the most sensitive X-ray instrument at that
time), and the first version of the ROSAT catalogue (Fig. 1.3) contained
more than 18000 sources, both galactic and extragalactic [11].

The HEAO-2 observatory (later known as "Einstein"), was launched on
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Figure 1.2: The entire Milky Way as surveyed with rocket-borne proportional counters
in May 1970, May 1971, and October 1972 (Seward et al., 1972). Data from the three
flights have been combined to show counting rate as a function of galactic longitude in
three energy bands. There are no soft X-rays observed from the cluster of bright sources

around the galactic centre.

November 13, 1978. A set of 4 Wolter type 1 nested mirrors focussed X-
rays from 0.2 to 4 keV. Spatial resolution was 5 arcsec on axis, degrading
to 1.5 arcmin at the edge of the 1° field of view. X-ray imaging was the
principal aim of the mission [14]. The theoretical effective mirror area ranges
from about 400 cm? at 0.25 keV down to about 30 cm? at 4 keV. The limit
sensitivity was about 5 x 1075 ph/cm?/s/keV.

In addition to the imagers, two high-resolution spectrometers were in-
cluded (Fig. 1.4). The objective grating spectrometer (OGS) was a set of
gold diffraction gratings which could be inserted into the telescope light path.
The dispersed spectrum was recorded by one of the imagers. The focal-plane
crystal spectrometer (FPCS) was a curved-crystal which operated at the tele-
scope focus. Their small effective area (& 10 cm? or less) make them useful
for the brightest sources.

Einstein accomplished 5600 observations allowing us to see for the first
time the structure of supernova remnants, the distribution of sources in nor-
mal galaxies and the structure of clusters of galaxies.

A big leap forward in terms of angular resolution occurred in 1999 with
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Figure 1.3: Map showing X-ray sources from the ROSAT all-sky survey in the energy
band 0.1-2.4 keV. Size of the dot shows the brightness of the source

Colours indicate
energy - going from red (soft) to blue (hard).

Absorption in the Interstellar Medium
(ISM) removes all soft X-rays from sources in the galactic plane especially towards the
galactic centre. (from Voges et al., 1999).
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the launch of the Advanced X-ray Astrophysics Facility "Chandra" (passband
0.1-10 keV) designed to have 4 times the area of the Einstein mirror at low
energies and to have a considerable collecting area between 6 and 7 keV (from
800 cm? at 0.25 keV down to about 100 cm? at 8 keV), the energy of the iron
lines emitted by most astrophysical sources. An order of magnitude better
angular resolution was achieved (0.5 arcsec), and sensitivity (~ 5 x 1078
ph/cm?/s/keV, detection in 10° s) is 2 orders of magnitude better than that
of Einstein .

The telescope consists of a set of 8 Wolter type 1 nested reflecting surfaces
(Fig. 1.5) with a field of view depending on the camera (HRC-I: ~ 30 x
30 arcmin, HRC-S: 6 x 90 arcmin). The response at energies between 7
and 10 keV is achieved by use of small reflection angles and by coating the
three inner mirrors with iridium. The combination of high spatial resolution,
higher effective area and sensitivity makes possible the study of extremely

faint sources in crowded fields.
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Figure 1.5: The geometry of the Chandra mirrors. Reflection angles are greatly exag-
gerated. An annular on-axis beam enters the aperture of each mirror pair. X-rays are first
reflected from the inner surface of the parabolic mirror and then from the inner surface of
the hyperbolic mirror (NASA/CXC/ D. Berry 2010).

There are four focal plane instruments and a mechanism to place any one
of them at the telescope focus. The Advanced CCD Imaging Spectrometer
(ACIS) is a collection of 10 CCD chips, four in an imaging array (which has a

16 x 16 arcmin field of view) and six in a linear array for spectroscopy. The
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High Resolution Camera (HRC) comprises two detectors: HRC-I is a square
micro-channel plate with a field of view of 40’; HRC-S was made for soft
X-ray spectroscopy covering the low-energy transmission grating (LETG)
dispersion pattern from 0.07 to 10 keV. There are three diffraction gratings
which can be rotated into the telescope beam, and the diffracted spectra are
imaged with focal plane detectors [19].

In the same year also the European X-ray Multi-Mirror Mission "XMM-
Newton" was launched. Like Chandra, it is designed for a combination of
imaging spectroscopy and high-resolution grating spectroscopy in the energy
range 0.1-15 keV. It consists of three X-ray telescopes each one made of 58
Wolter I mirrors which are nested in a coaxial and confocal configuration (Fig.
1.6). Thus, using more mirrors it reaches an effective area (4300 cm? three
mirror-assemblies of 1400 cm? each) of the imaging spectrometers 4 times
that of Chandra, but the focus is not as sharp. The grating spectrometers
have twice the Chandra area but half of its spectral resolving power. Each
X-ray telescope has a CCD at the focal plane, all supplied by the European
Photon Imaging Camera Consortium (EPIC), providing a sensitivity in the
range 2-10 keV of ~ 1077 ph/cm?/s/keV after 10° s [82]. The two X-ray
observatories, Chandra and XXM-Newton, operating at the same time, are

complementary to each other [20].

Figure 1.6: An "Open"view of the XMM-Newton observatory. To the left the three
mirror modules can be seen, while at the right the back-end of the instrument platform

with the focal plane instruments.
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1.3 Broadband hard X-ray satellites

In the next section a brief history of the hard X-ray satellite is presented.
The main challenge of hard X-/soft gamma-ray spectroscopy is that the signal
intensity from the source is usually weaker than detector background. The
main causes of the background include diffuse gamma rays and also cosmic
rays such as protons and other heavy ions. As we will see, a higher sensitivity
is required in this energy band in order to obtain good data even from the
weaker sources. Focusing optics are the only way, at present, to overcome

this sensitivity limit.

1.3.1 HEAO-1: An all-sky survey

The first High Energy Astronomy Observatory (HEAO-1) was launched
on August 1977, carrying four large instruments, all with mechanical colli-
mators. An all-sky survey was first accomplished, then the instruments were
pointed at various sources to study spectra and time variability. The prin-
cipal survey instrument, Al, was a proportional counter array sensitive to
energies of 1-20 keV. This produced a catalogue of 842 sources (Fig. 1.7).
The A2 detectors covered the energy range 0.2-60 keV. These were designed
to measure spectra of sources and in particular of the diffuse background.
The A3 experiment was a bench of proportional counters behind modulation
collimators. Moderately bright sources could be located with an accuracy of
20”. The A4 experiment included a phoswich of Nal(TT)/CsI(Na) collimated
scintillators with a passband from 13 to 180 keV. The sensitivity of this in-
strument is 2 x 107> ph/cm?/s/keV, integration time 105 s at 30 keV. The
sky survey performed with A4 found 70 sources [13].

1.3.2 Rossi XTE: High temporal resolution

The X-ray Timing Explorer (XTE) mission, launched at the end of 1995,
was designed for fast X-ray timing in the energy range 2-250 keV. It monitored
with millisecond accuracy the emission of hard X ray sources like black holes,

neutron stars, X-ray pulsars and X-ray bursts.
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Figure 1.7: Map showing X-ray sources from the HEAO-1 all-sky survey in the energy
band 0.5-25 keV. Size of the dot shows the brightness of the source. Colours indicate type
of source (from Wood et al., 1984).

The proportional counter array (PCA) was a large collecting area (2-
60 keV energy range, 6500 cm?) and was the most sensitive instrument on
the payload. It consisted of five identical methane-xenon-filled proportional
counters. Along with the PCA the High-Energy X-ray Timing Experiment,
HEXTE (15-250 keV energy range, 2 x 800 cm?, FOV 1 degree FWHM) is
mounted on the payload pointing in the same direction and with the same
field of view of the PCA. Both instruments performed high time resolution (1
microsec) monitoring of bright X-ray sources. The time resolution, of course,
depended on the source strength. The satellite was capable of measuring
photon arrival time to an accuracy of 5 us. It could observe millisecond
fluctuations from stronger sources and variations with durations of hours to
days from the fainter ones [76].

A third detector was an All-Sky Monitor (ASM) (2-10 keV energy range,
30 mCrab sensitivity) which was able to scan the whole sky every 1.5 hours.
The sky was also scanned for transient sources, such as X-ray novae, whose

outbursts are unpredictable.



CHAPTER 1. STATUS OF HARD X-/GAMMA-RAY ASTRONOMY 15

1.3.3 BeppoSAX: Broadband spectroscopy

This was a major Italian program with participation of the Netherlands.
Several instruments performed observations over the broad energy band of
0.1-200 keV. It included 2 Wide Field Cameras and Narrow field Instruments
(NFI) which were coaligned and pointed with an accuracy of 2 arcsec. A
Gamma Ray Burst Monitor was also onboard. The original purpose of the
mission was to determine source properties through timing and spectroscopy
[17].

The broad energy coverage was designed for an accurate determination of
the source spectral parameters. Below 10 keV there were four nested, gold-
coated mirror/concentrator that focus on position-sensitive gas scintillation
proportional counters. A high-pressure gas scintillation proportional counter,
HPGSPC, extended the nominal coverage to 120 keV, and a phoswich scin-
tillation detector, the PDS, recorded photons with energies up to 200 keV. A
relevant property of the BeppoSAX scientific payload is the broad overlapping
energy response of the various instruments, that will allow cross-calibration
of the instruments.

BeppoSAX was launched in April 1996 and ended its operational life ex-
actly 6 years later. It accomplished the first observation of a Gamma-Ray
Burst (GRB) X-ray afterglow (Fig. 1.8) and monitored the afterglow inten-
sity of many GRB sources [18|. Broadband spectroscopy was obtained for all
types of X-ray sources. The BeppoSAX most important result achieved was
the accurate localization of GRBs, allowing the earth telescopes to quickly
point to them in order to find the optical/radio counterparts. Therefore,
thanks to its accuracy in determining the GRB coordinates after the burst,
the discovery of the so called Afterglow was possible. GRBs which before
BeppoSAX launch were believed to lie within our Galaxy, are now known to

be extragalactic objects.

1.3.4 INTEGRAL: A Gamma-ray mission

The International Gamma Ray Astrophysics Laboratory (INTEGRAL),
launched in October 2002, is a European Gamma-ray observatory with cov-

erage extending down into the X-ray band. The spacecraft carries three
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Figure 1.8: False-colour images of the source 1SAX J0501.7-+1146, as detected in the
error box of GRB970228 with Beppo-SAX Medium Energy Concentrator Spectrometer
(2-10keV) during the first and second Target of Opportunity observations (TOO1 and
TOO2, respectively). Taking into account the correction for the number of telescopes
(one in TOOL1 and three in TOO2) and the vignetting in TOO1 due to off-axis pointing,
the source faded by a factor of ~ 20 in three days.

imaging instruments via coded masks: the SPI v-ray spectrometer covers
the range 18 keV to 8 MeV, has a 16° field of view with an angular res-
olution of 2.5° [77]. The detectors are high-purity germanium and have a
spectral resolution of 2 keV. The IBIS imager (Fig. 1.9) covers the range
15 keV to 10 MeV and is coaligned with SPI but has a better angular res-
olution (about 0.2°). The IBIS continuum sensitivity at 100 keV is 2.85 x
107% ph/cm?/s/keV in 10° s [83]. The JEM-X telescope provides images with
arcminute angular resolution in the 3-35 keV energy band. Thus both high-
energy spectra and locations can be obtained for new sources, e.g. transient

y-ray sources |8].

1.3.5 Swift: Fast response for Gamma-ray bursts

The Swift spacecraft, launched in November 2004, is dedicated to the
study of Gamma Ray Bursts (GRB). It is designed to prompt detect bursts,
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Figure 1.9: The coded mask detector, IBIS, on the Integral spacecraft is shown at the
top. At right, the field of view is shown to be determined by the detector and mask
dimensions. At left, two sources, red and blue, produce different shadows of the mask on
the detector. IBIS images X-rays and v rays in the range 15 keV to 10 Mev with spatial
resolution of 12’ (ESA/IAS/CEA 2009).

to quickly point instruments at the approximate position so that the accurate
location can be measured in X-rays and in the optical band and quickly
distributed to the astronomical community. It observes the early fading X-
ray and optical afterglow of GRB while it is still relatively bright.

It carries a burst alert telescope (BAT), which locates the position of
each event with an accuracy of 1 to 4 arcmin within 15 seconds (energy
range 15-150 keV, collecting area 5200 cm?). This coarse position is imme-
diately relayed to the ground, and some wide-field, rapid-slew ground-based
telescopes can catch the GRB with this information. The X-ray telescope
(XRT) which can take images and perform spectral analysis of the GRB af-
terglow in the range 0.2-10 keV (sensitivity ~ 2 x 1077 ph/cm?/s/keV in 10°
s). It uses a Wolter Type I X-ray telescope with 12 nested mirrors with an
effective area of 110 cm? at 1.5 keV and 5 arcsec angular resolution. The
UV /optical telescope (UVOT) is used to detect the optical afterglow (pass-
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band 170-600 nm) (Fig. 1.10) providing a sub-arcsec angular resolution (~
0.9 arcsec) [21].

UVOT

Spacecraft

Figure 1.10: The Swift satellite with its on board instruments.

1.3.6 NuSTAR: Focusing the high energies

The Nuclear Spectroscopic Telescope Array (NuSTAR) mission, launched
on 13 June 2012, is the first focusing high-energy X-ray telescope in orbit,
as it operates in the band from 3-79 keV. It will observe the sky with an
improvement of two order of magnitude in terms of sensitivity, with respect
to mechanically collimated or coded instruments. In Figure 1.11 is shown
the effective area of NuSTAR, which strongly determines the sensitivity (3
x 1078 ph/cm?/s/keV in 10° s at 40 keV) [4]. With such a sensitivity the
satellite has many scientific objectives including the observation of blazars,
the line and continuum from core-collapse supernovae in the Local Group,
and also the study of the population of hard X-ray emitting compact objects
in our Galaxy (central regions of the Milky Way).

The NuSTAR observatory, (Fig. 1.12 ), consists of two co-aligned hard
X-ray telescopes which focus onto two independent solid-state focal plane
detectors. The telescopes are pointed at celestial targets by a three-axis-

stabilized spacecraft. The two optics and detectors are designed to be as
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Figure 1.11: Effective collecting area of NuSTAR compared to some operating focus-
ing telescopes. NuSTAR provides good overlap with these soft X-ray observatories, and
extends focusing capability up to 79 keV.

identical as possible with each other, so that the focal plane images can be
co-added to gain sensitivity. Once the satellite was launched, an extendible
mast was deployed to achieve the 10.14 m instrument focal length.

The angular resolution of the telescope is dominated by the optics, with
a Half Power Diameter (HPD) of 58 arcsec.

Each telescope has its own focal plane module, consisting of a solid state
CdZnTe pixel detector surrounded by a Csl anti-coincidence shield. Its good
energy resolution is 400 eV at 10 keV and 0.9 keV at 60 keV. A two-by-two
array of detectors provides a 12’ field of view. The NuSTAR observatory,
launched in June 2012, is operating nominally on-orbit, with performance

fully consistent with pre-launch expectations.
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Figure 1.12: Sketch of the observatory in the stowed (bottom) and deployed (top)

configurations.

1.4 CLAIRE: The first gamma-ray lens exper-

iment

CLAIRE is a balloon experiment dedicated to validating the concept of
a diffraction gamma-ray lens. This new concept for high energy telescopes is
very promising and could significantly increase sensitivity and angular reso-
lution above 100 keV. The CLAIRE experiment consists of a 45 cm diameter
Laue lens with a 277 cm focal length. Its 556 Ge-Si crystals are tuned to
focus 170 keV photons onto a 1.5 cm diameter focal spot [22]. The main
goal of the project was to prove the feasibility of a gamma-ray lens to study
nuclear lines, providing, thanks to its focusing capability, higher sensitivity
than "‘classic"” gamma-ray telescopes as it will be discussed later.

Laue lenses exploit the coherently interaction between the vy radiation
and the internal crystal lattice structure (Bragg diffraction). Every ring of
crystals uses a different set of crystalline planes [hkl] in order to focus photons

in a single energy band onto a common focal spot. Moreover each crystal is
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Figure 1.13: The CLAIRE Laue lens (left) employed to focus 170 keV energy photons
and the 3x3 HP-Ge detector surrounded by the anti-coincidence shield.

oriented in order to obtain the correct diffraction angle, for a given incoming
energy, from a source at infinity. On the focal plane a platform helds the
detecting system (3x3 detector array, its collimator, electronics, etc.). The
v-ray detector units are made of HPGe cooled by liquid nitrogen (Fig. 1.13).

During a stratospheric balloon flight on 2001 June 14, CLAIRE was
pointed to the Crab Nebula for an observation time of 72 min. About 33
photons at 170 keV were detected (Fig. 1.14), in the 3 keV energy band of the
lens. Given the Crab flux and the efficiency of the detectors (~ 60 % at 170
keV), the detection of photons corresponds to a peak efficiency of ~ (7.8 £
1.8 %) (i.e. 40 cm? effective area). This CLAIRE’s efficiency is averaged over
the 556 crystals of the lens. Data obtained during the lens tuning indicated
that the performance of individual crystals varies strongly from tile to tile.

The flight results basically validated the theoretical models and demon-
strated that the ~-ray lens is a useful tool for investigating the nuclear as-
trophysics [23],[24].
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Figure 1.14: Spectrum for single events recorded during time intervals with good Crab
pointing: at 170 keV, an excess of 33 photons was detected.

1.5 Astrophysical open issues at high energies
(>80 keV)

Most of the visible radiation that we receive from the universe arises
from thermal emission processes. Observing the sky in the X-/gamma band,
however, the sources are more powerful and the phenomena are far more vi-
olent. The universe that we see at these wavelengths is often originated from
explosive events and from non-thermal processes that accelerate particles to
relativistic energies or synthesize elements of which the universe is composed,
through processes still poorly understood.

The telescopes launched so far, can be classified into two categories, based
on their capability to focus or not incident photons. At the present time
the focusing optics are efficient for energies up to 70 keV, whereas for higher
energies the most common technique is the direct view of the sky with a coded
mask. To increase the sensitivity by two/three orders of magnitude at these
energies, focusing is required. To address the problem of focalization, the best
method appears to be the Bragg diffraction in Laue geometry (transmission)

(see Sec. 4.6). The availability of focusing optics for energies above 70 keV
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could allow to face several astrophysical open issues at high energies, thanks
to an increase, at least by an order of magnitude, of the telescope sensitivity.
In the next sections I resume some examples of scientific motivations that

justify the need of new focusing optics for hard X-rays (Laue lens).

1.5.1 Need of Gamma-ray sensitive observations

Gamma-ray observations above 100 keV allow us to explore the most
violent regions of the Universe, revealing the most extreme conditions where
compact objects heat matter at temperatures of billions of degrees and the
most intense magnetic fields accelerate particles at high energies. The gamma
radiation is very penetrating, thus allowing the study of otherwise obscure
regions such as parts of the Galactic disk hidden by dense interstellar clouds,
or the deep inner regions of the accretion disk of black holes.

As demonstrated by the huge size and weight of the IBIS instrument
on board INTEGRAL, achieving significant improvements in the direct-view
telescope sensitivity is a rather hard challenge. However the numerous results
already obtained with the most recent satellite missions (e.g., BeppoSAX |
Rossi — XTE, INTEGRAL) on many classes of X-ray celestial sources,
have demonstrated the importance of having a broad energy band in order
to understand the Astrophysical phenomena, the knowledge of the radiation
production mechanisms, the source nature, the mass accretion geometry.

Although many astrophysical missions have shown excellent performances,
none of them has been able to yield detailed spectra above 100 keV. Therefore
it is very important to extend the observational window to higher energies
together an increased sensitivity, allowing us to study still open issues in the
high energy astrophysics.

1.5.2 The galactic disk electron-positron 511 keV emis-
sion
Gamma-ray line radiation at 511 keV is the signature of electron-positron

annihilation. Such radiation has been known for about 30 years to come from

the general direction of the Galactic Centre, but the origin of the positrons
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has remained a mystery. Although it had long been suspected that electron-
positron pair plasmas may exist in X-ray binaries, it was not evident that
many of the positrons could escape to lose energy and ultimately annihilate
with electrons in the interstellar medium and thus lead to the emission of a
narrow 511 keV line. Positron production at this level from ’hard’ low mass
X-ray binaries (LMXBs) in the Galactic bulge would reduce (and possibly
eliminate) the need for more exotic explanations, such as those involving
dark matter.

A recent INTEGRAL study of the e~ /e annihilation radiation from the
Galactic centre has given new results on the disk component of the 511 keV
emission that has important implications for the origin of positrons in the
Galaxy [39]. A distinct and surprising asymmetry in its distribution has been
observed indeed (Fig. 1.15).

Figure 1.15: A sky map in the 511 keV electron-positron annihilation line.

The asymmetry cannot be due to differences in the column densities of the
interstellar medium (ISM) in which the positrons annihilate. Furthermore,
spectroscopy of the 511 keV line emission from the two sides of the inner
Galactic disk suggests no differences in line shape that might indicate that the
flux difference is associated with differing conditions in the ISM. Therefore
the annihilation asymmetry is in some way linked to the positron production.

LMXBs containing accreting stellar-mass black holes or neutron stars
have been considered as possible candidates for sources of the positrons [39],
partly because their concentration towards the Galactic bulge at the time of

the observation, is similar to that seen in annihilation line radiation. However
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the most recent results obtained with INTEGRAL show that this asymmetry
is not found in the angular distribution of the LMXB.

With the existing instrumentation, the emission appears to be diffuse; no
point sources of annihilation radiation have yet been detected, and no firm
conclusion as to the origin of the positrons has been possible because of the
limited angular resolution and sensitivity of the current gamma-ray instru-
mentation. Complications also arise from uncertainties in the distribution of
potential positron sources and in the distribution and content of gas. It seems
clear that the availability of a more sensitive instrument may represent the

opportunity to deeply probe this important open X-ray astrophysical issue.

1.5.3 The origin of the soft gamma-ray background

A step forward in the sensitivity would be also crucial to understand the
contribution of different sources to the Cosmic X-ray Background (CXB).
The CXB is contributed mainly by active galactic nuclei (AGNs) powered by
accreting supermassive black holes at the centers of large galaxies. Optically
bright quasars and Seyfert galaxies dominate at low energies (up to a few
keV), while obscured AGNs, with Ny > 1024-10?° ¢cm ™2, which outnumber the
unobscured one by a factor of 3-4, are responsible for the bulk of the CXB
at high energies (>10 keV) [42].

In addition, the origin of the cutoff in the CXB spectrum, deduced at
energies of beyond 30 keV, can be definitely established only measuring the
AGN spectra at hard X-/soft gamma-ray energies.

1.5.4 AGNs physics

The spectrum and spatial distribution of the cosmic X-ray background
radiation (CXB) make it possible to obtain important information on the
formation and evolution of galaxies, in particular AGNs. In the energy range
below 5 keV the radiation is emitted by discrete sources, Seyfert galaxies,
whereas above 100 MeV it is observed a high number of blazars, highly fluc-
tuating and very compact energy sources, usually associate a supermassive
black holes in the center of the host galaxy, with spectral characteristics

similar to those of the extragalactic background.
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Figure 1.16: CXB spectrum as observed with the PDS experiment on board BeppoSAX

(red points) compared with measurement results obtained with other missions.

The scenario is not so clear in the hard X-/gamma ray range: from 100
keV to MeV the source type to be considered highly depend on the value
of the high energy cut-off observed in the spectrum which is still unknown
[40]. The overall picture suggests some link with the absence (low energy
cut-off) or presence (high energy cut-off) of jets in the various AGN types
sampled (Fig. 1.17). This assumption could be rejected or confirmed, with a
large sampling and well studied (in terms of sensitivity) AGNs. Moreover, it
is important to measure the degree and level of polarization of high-energy
photons emitted by the AGNs, since the accretion disks and relativistic jets
of blazars are believed to be polarized sources.

It is crucial, therefore, to determine through a more detailed approach
and with an increased sensitivity the cut-off at high energies in the spectrum
of the AGNs to better understand the physics that feature them. The only

way seems to be a mission based on a Laue lens optics.
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Figure 1.17: Seyfert spectra with different cut-off energies for a flux of 3 mCrab in the
2-10 keV energy range [40].



Chapter 2

Need of more Sensitivity beyond
100 keV

We have seen in the last section that higher sensitivity, beyond 100 keV,
is required to study the still open astrophysical issues. At present, only di-
rect view instruments are available at energies higher than 100 keV. In this
chapter I will present the comparison between the sensitivity of focusing/non-

focusing instruments.

2.1 Direct-view telescopes

Early hard X-ray observations used detectors with simple slat or honeycomb
collimators to restrict the detector field of view. Rectangular collimators
combined with a spinning spacecraft produced the scan of a strip of sky.
Width of the strip was determined by the broader size of the collimator
cells dimension. The smaller size of the collimator allowed to get the one-
dimensional position of the source along the strip. A subsequent scan with
different orientation would enable a two-dimensional location of sources on
the sky with positional accuracy dependent on the collimator dimension and
source strength. A much better angular resolution is obtained using coded
mask. In order to significantly improve the angular resolution of coded mask,

focusing telescopes are needed.

28
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2.2 Mirrors and focusing telescopes

Low energy X-rays (<100 keV) are reflected from smooth surfaces if the
incidence angle is small. If the surface is pretty smooth and the incidence
angle <1°, reflection efficiency is close to 1. For a given energy, as the angle is
increased, efficiency stays high until a critical angle, 6., after which reflection
efficiency drops rapidly (as shown in Figure 2.1 for some materials used in
current-generation X-ray mirrors). For photon energy E and electron density
p, then 6, oc \/p/E.
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Figure 2.1: Efficiency of X-ray reflection from polished surfaces of quartz (short-dashed
line), nickel (long-dashed line) and gold (solid line). Incidence angles are 0.5° (30 arcmin)
and 0.75° (45 arcmin) (from Seward, 1977).

In an X-ray telescope, the angle is fixed. As can be seen in Figure 2.1
the reflection efficiency is almost constant until the angle exceeds a certain
value, at which the efficiency rapidly falls to low values.

A parabolic mirror surface, with one reflection, will focus a parallel beam
of X-rays to a point. Such telescopes have been used to concentrate X-
rays onto a small spectrometer. Two reflections, however, are required to
produce an image. Imaging geometries were studied by Wolter (1952) for
X-ray microscopy. The design usually adopted for a telescope is the Wolter

type 1, where X-rays are first reflected from the inside of a parabolic surface
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and the second reflection is from the inside of a hyperbolic surface (Fig. 2.2).

Paraboloid

Hyperboloid

FOCAL
SURFACE

Figure 2.2: The geometry of the NuSTAR mirrors. The shells of varying size are nested
tightly together to increase the telescope’s effective area.

The on-axis image of a point X-ray source produced by such a telescope
consists of a bright core surrounded by a faint, broad halo. The size of
the core is determined by the figure of the mirrors, while the broad halo
arises from scattering due to small imperfections in the mirrors. The surface
brightness distribution of the image of a point source is called the Point
Spread Function (PSF). A mirror is also characterised by the Half-Power
Radius (HPR), the radius of a circle containing half of the number of the
reflected beam photons.

For most X-ray detectors the major background contribution to the count-
ing rate comes from cosmic rays, solar particles, albedo radiation and primary
X-ray background. This background is proportional to the detector area, and
limits the detectable signal. A focusing telescope, however, focuses the X-
rays onto a small area of the detector, and only the background from this

area must be considered.
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2.3 Telescope sensitivity

In the following sections, we discuss the sensitivity of direct-view and
focusing telescopes to show the advantages of the focusing optics. I consider
two cases: the continuum sensitivity of direct-view telescopes and that of

focusing telescopes.

2.3.1 Direct-view telescope sensitivity

The source continuum sensitivity of a telescope is defined as the minimum

intensity (I™") detectable from an X-ray source in the observation time (At).

photons
cm? s keV

from an X-ray source, the number of events, N,,, counted by the detector in

Given a flux intensity of photons, I(F) [ ] at energy F, coming

the time interval At in the energy band AE around E can be expressed as

the sum of two contributions:

Ntot:NS_'_NB (21)

where Ng are counts due to the photons from the X-ray source and Npg
are the counts due to the telescope background.

For a direct-view telescope, Ng and Ng are given by:

Ns == EdeAtI (E) AE, (22)
Ng = SiAtB (E) AE, (2.3)

where €4 is the detector efficiency, S, is the detector area and B(F) is the

counts
cm?skeV

The information on the source is contained in Ng and can be derived

intensity of the measured background spectrum [ } at the energy FE.
subtracting from the total counts the background counts. Therefore, the

standard deviation of the counts due to the source is given by:

ONs = \/ Oy T O (2.4)

where oy,,, and oy, are the standard deviations of Ny, and Np respec-
tively. This expression for oy,,, is valid if the flux from the source and from

the background are uncorrelated.
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With the aim of evaluating the sensitivity, it is assumed that the number
of counts is dominated by the background (Ng < Ng). Using a Poisson
statistics, we have oy,,, = v/ Nyt and oy, = v/ Np , so:

ong =V (Ns+ Np) + N ~ /20%, = \/2B(E)SiAtAE. (2.5)

The confidence level chosen for the sensitivity is generally 99.7% corre-

sponding to a number of standard deviations (n,) of 3. Thus:

NI = ¢,8,AtI™™(E)AE = 31/2B(E)S;AtAE (2.6)
from which:
3 | 2B(E)
min = 2 | 2.
€d SdAtAE ( 7)

More in general the ratio between the source signal and its error is given
by:
_ Ns  elSAtAE
~ ANs  2BS,AtAE’

Therefore, the sensitivity of a direct-view telescope at a confidence level

(2.8)

Ny

corresponding to n, is given by:

pmin _ Ne 2B
N €d SdAtAE '
The easiest, and also exploited, way to improve the instrument sensitiv-

(2.9)

ity is to decrease the background and to increase the value of the detector
area Sy. However the sensitivity dependence on /Sy implies that the mini-
mum detectable intensity decreases by a factor 10 when the detector surface

increases of a factor 100.

2.3.2 Focusing telescope sensitivity

The situation changes radically for a focusing telescope. In this case, while
the background counts remain those of Eq. (2.3), the number of counts due

to the source is affected by the focusing optics and becomes:
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NS = Ed(E)Gf(E)Seff(E)AtI(E)AE, (210)

where € is the fraction of photons inside the surface sector Sy of the focal
plane detector, and S.;r(E) is the effective area of the optics at the energy
E. This quantity, of key importance, is the product of the geometrical area
of the optics projected onto the focal plane times its reflection efficiency at
the energy E.

With this newly defined value for Ng and following the same steps that
lead to Eq. (2.9), it is possible to obtain the sensitivity of a focusing telescope

(I™™) at a confidence level corresponding to n,:

min . Ng QBSd
m(E) = ca(E)es(E)Sess(E) V AIAE (2.11)

It is worth pointing out that in this case the minimum detectable flux is

inversely proportional to the effective area of the focusing optics. Sy is in
general very small providing a very narrow PSF. Thus I™™" is also decreased
by the low Sy. In addition it depends on the effective area of the optics like
Se_flf vs. 1™ Sd_o‘5 in the case of direct-view telescopes. Unfortunately
the lack of focusing optics for gamma-ray photons with energy greater than
10 keV has compelled astronomers to build direct-view telescopes with over-
growing size.

Figure 2.3 shows the sensitivity of some of the missions discussed in the
previous chapter, along with Laue lens expected sensitivity. Focusing tele-
scopes like NuSTAR have already improved sensitivity with respect to the
past satellites, but for energies beyond 100 keV where multilayer optics are

not efficient, Laue lenses appear to be the best solution.



CHAPTER 2. NEED OF MORE SENSITIVITY BEYOND 100 KEV 34

Sensitivity (phicm 2/s/ke V)

Figure 2.3: Sensitivity of some of the important missions

time 10° s.

o

F =
= | HEIAO-1 A4

E (at30kevV)

LAUE lens
(at 200 keV)

INTEGRAL ]

. IBIS -
Rosat (at 100 keV) 3
(at 2 keV) . . |
BeppoSAX XMM =

FDY EPIC Swift 2

(U100 KEV) (o 19 kev) T e g

- (at 8 keV) E

. |

Chandra L 1

AGIS NUSTAR 1

(at 5 kev) (atd0keV) 3

|
7980

T3S

|
855

Year of Launch

T390

|
2000

7005 2010

over the years. Observation



Chapter 3

Introduction to y-ray Detection

In this chapter I give an introduction to the gamma-ray detectors, focus-
ing in particular on detectors employed for the measurements shown in this
thesis. One of them is cooled Ge detector to perform spectroscopy measure-
ments; the other is Nal(Tl) scintillator to monitor the incident beam; the

third is CsI(Na) scintillator used as an X-ray imager.

3.1 Solid state detector

The solid state (semiconductor) detectors are based on the atoms ioni-
sation of the detector material generated by the incoming X-ray, producing
a number of electron-hole pairs (Fig. 3.1). The collection of the produced
charge is possible thanks to the very low working temperatures (~ -193 °C)
so that thermal noise can be significantly reduced. The number of electrons
produced by the passage of radiation is much higher than in the gas propor-
tional counters.

The functioning of all present-day semiconductor detectors depends on
the formation of a semiconductor junction, known also as a rectifying diode.
Semiconductor diodes can be formed in a number of ways. A simple con-
figuration used for illustration purposes is the pn junction formed by the
juxtaposition of a p-type semiconductor with an n-type material. These
junctions, of course, cannot be obtained by simply pressing n- and p-type

materials together. Special techniques must be used to achieve the intimate

35
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Figure 3.1: Diagram of a solid state spectrometer (SSS)

contact necessary for junction formation. The formation of a pn-junction
creates a special zone at the interface between the two materials. Because
of the difference in the concentration of e- and holes between the two mate-
rials, there is an initial diffusion of holes towards the n-region and a similar
diffusion of electrons towards the p region. An electric field gradient across
the junction is created due to the different charge of the regions, which even-
tually halts the diffusion process leaving a region of immobile space charge.
Because of the electric field, there is a potential difference across the junc-
tion, known as the contact potential. The region of changing potential is
known as the depletion zone and has the special property of being empty of
all mobile charge carriers (Fig. 3.2).

Special solid state detectors can be assembled in arrays of ~ 10° detectors
(CCDs), called pixels, making them the primary choice for the astronomical
missions of the 2 last decades. When an X-ray is absorbed in a pixel, a
charge proportional to the photon energy is deposited there. At the end of
the recording interval, the device is read out one row at a time by circuitry
at one edge of the chip. After the first row is read out, charge in all pixels is
shifted down one row and the second row is read out. This charge-transfer
clocking process takes 0.04 s to read 1024 rows [25].

The response of semiconductors is linear with energy. If F is the energy
of the radiation then n = E/w electron-hole pairs are created, where w is
the average energy for pair creation. Assuming a collection efficiency ¢, then
a charge Q = € eF/w is collected on the electrodes. If the depletion region

has a capacitance C, the observed voltage on the electrodes is given by:
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Figure 3.2: A scheme of a semiconductor p-n junction.

V = % = 5%. (3.1)

A small fluctuating current usually flows through semiconductor junctions
when voltage is applied. This current appears as noise at the detector output
and sets a limit on the smallest signal pulse height which can be measured.

The leakage current has several sources:

e A. The movement of minority carriers, i.e., holes from the n-region
which are attracted across the junction to the p-side and electrons

from the p-region which are similarly attracted to the opposite side.

e B. Thermally generated e-h pairs originating from recombination and
trapping in the depletion region.

e C. The largest source of leakage current is through surface channels.
This component is complex and depends on many factors including
the surface chemistry, the existence of contaminants, the surrounding

atmosphere, the type of mounting, etc.

Temperature plays an important role on the conductivity of the detector.

Ge detectors must always be operated at low temperatures (~ -190 °C) oth-
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erwise the high leakage current will cause irreversible damage to the crystal.
Decreasing the temperature normally greatly reduces noise.

Because of the small signals obtained from semiconductor detectors, care
must be taken to use low-noise electronics for signal processing. In particular,
a preamplification is necessary before any further treatment can be made. A
preamplifier is the first component in a signal processing chain of a radiation
detector. The charge created within a detector is collected by the preamp.
In spite of its name, the preamp does not amplify any signal, but acts as
an interface between the detector and the pulse processing electronics that
follows. The main function of a preamplifier is to extract the signal from the
detector without significantly degrading the intrinsic signal-to-noise ratio.

The main advantage of the semiconductors with respect the other types
of detectors, is that the energy required to create an electron-hole pair is ~10
times smaller than that required for gas ionization. Thus the produced charge
for a given energy is an order of magnitude greater resulting in increased

energy resolution.

3.2 Instrumental effects introduced by detector

In gamma-ray spectroscopy applications, the detectors produce output
pulses whose magnitudes are proportional to the energy deposited in the
detecting medium by the incident photons. Regardless of the type of detec-
tor used, the measured spectra have many features in common, and in this

section I will give a brief description of them.

3.2.1 Generic detector response

In figure 3.3(a) it is shown the spectrum of a monoenergetic gamma-
ray source of energy Ey, which could be, for example, the gamma-ray line
produced by a decaying nucleus. Since detected gamma-ray photons do not
usually come from free nuclei but are emitted in material media, some of them
may undergo scattering before they emerge from the radioactive sample. This
scattering leaves the affected photons with slightly less energy than E, and

the energy spectrum of photons emitted from a material sample is slightly
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broadened into energies below Ej as shown in Figure 3.3(b).
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Figure 3.3: An idealization of the photon spectrum (a) produced by free nuclei, (b)
emerging from a material sample, and (c) displayed from interactions in a detecting

medium.

When the gamma ray enters the detection medium, it transfers part or
all of its energy to an atomic electron, expelling the electron from its atomic
shell. This free electron then usually transfers its kinetic energy, in a series

of collisions, to other atomic electrons in the detector medium.
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A photoelectric interaction transfers all of the incident photon’s energy to
a photoelectron; this electron subsequenty causes multiple ionizations until
its energy is depleted. The amount of charge produced from this type of event
is therefore proportional to the actual photon energy. The Compton scat-
tering interaction, dominant in the energy range 0.2-10 Mev, transfers only
part of the incident photon’s energy to an ionized electron, and that electron
subsequently causes ionizations until its energy is depleted. The amount of
charge produced from this type of event is proportional to the partial energy
originally lost by the incident photon but conveys partial information about
the actual photon energy. Multiple Compton scattering events for a single
photon can produce amounts of charge closer to the value representing the
full energy of the original photon. The idealized detector response to the
photoelectric and Compton interactions in the detection medium is shown
in Figure 3.3(c). The maximum energy that can be deposited in the detec-
tion medium from a Compton scattering event comes from an event where
the photon is back-scattered. The Compton-generated detector pulses are
therefore distributed below this maximum energy [E. in Figure 3.3(c)].

The full-energy peak in Figure 3.3(c) is significantly broadened by the
statistical fluctuation in the number of charges produced by the photoelec-
tron. This effect is the primary contributor to the width of the full-energy

peak and is therefore the dominant factor in the detector energy resolution.

3.2.2 Detector resolution

The resolution of a detector is a measure of its ability to resolve two lines
that are close in energy. The parameter used to specify the detector resolution
is the Full Width of the (full-energy) photopeak at Half its Maximum height
(FWHM). If a standard Gaussian shape is assumed for the photopeak, the
FWHM is given by:

FWHM = 20vIn2 (3.2)

where o is the width parameter for the Gaussian. High resolution (small
FWHM) makes individual definition of close-lying peaks easier, and it is
desirable to have it the best possible.
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There are both natural and technological limits how precisely the energy
of a gamma-ray detection event can be registered by the detection system.
The natural limit on the energy precision arises primarily from the statistical
fluctuations associated with the charge production processes in the detector
medium. The resolution can also be affected by electronic effects, such as

noise, pulse pileup, etc.

3.2.3 HPGe cooled detectors and Nal(Tl) scintillator

detectors

The two types of detectors that are most widely used in gamma-ray ap-
plications are Nal(Tl) scintillation detectors and the Germanium solid-state
detectors. These detectors are among those used for the Laue lens develop-
ment discussed in this thesis. Nal detectors generate full-energy peaks that
are much wider than those obtained from the Germanium detectors. This is
shown in Figure 3.4, where it can be seen that the number of details in the
germanium spectrum, from a plutonium gamma-ray source, is higher than

in the corresponding Nal spectrum.
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Figure 3.4: Gamma-ray spectrum, taken with a high-resolution solid-state detector

HPGe, CZT and Nal scintillation counter. Gamma-ray energies are given in keV.

As above discussed this is due to the different energy resolution. Indeed,
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in X-ray detectors the number of electron charges n, produced by the primary
detection event, depends upon the total energy deposited E and the average

amount of energy required to produce an electron-ion pair (J):

n=FE/} (3.3)

where n is mainly governed by Poisson statistics, and the random sta-
tistical variance in n is the primary source of fluctuation in the full-energy
pulse amplitude. However, for detector types, like solid state detectors, this
statistical variance is found to be smaller than that expected assuming a

Poisson statistics, by a factor known as the Fano factor [26]:

o*(n)=Fn=FE/§ (3.4)

This effect comes from the fact that the processes which give rise to
the formation of the charge carriers are not independent. Therefore the total
number of charge carriers cannot be described through the Poisson statistics,

and we get:

AEy/E = 2.350 (n) /n = 2.35[F5/E]"/? (3.5)

The electronic contribution to the energy fluctuations (AFEgy.) is essen-
tially independent of photon energy and determined largely by the detector
capacitance and preamplifier. Thus, the total energy resolution can be ex-

pressed as the combination of the electronic and statistical effects:

A2-E'tot = A2E‘elect + A2-E'stat =a+ /BE (36)

In Figure 3.5 the energy resolutions of scintillation, gas, and solid-state
detectors are compared [27].

The scintillation efficiency is the main factor influencing the number of
electrons produced at the photocathode of a scintillation detector. Other

factors, such as scintillator transparency, play important roles [25].
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Figure 3.5: Resolution comparison among Nal scintillation, gas proportional, and Si(Li)

semiconductor detectors for the primary X-rays of silver.

3.2.4 Pile-up and dead time

One of the most common problems regarding the X-ray detectors is the
pile-up effect. If the source is bright and the focus sharp, there can be two or
more interactions in a single pixel during the recording interval. This charge
is recorded as a single event having the summed energy of the interacting
photons. As a consequence of this effect a distortion in the spectrum appears.
A very bright source will deposit many X-rays in a few central pixels during
each recording cycle, and the charge can be so large that the event is rejected.
Generally pile-up involves the superposition of pulses on the long-duration
tail or undershoot from a preceding pulse. Tails or undershoots can persist
for relatively long periods of time so that tail pile-up can be significant even
at relatively low counting rates. The effect on the measurements is to worsen
the resolution by adding wings to the recorded peaks in the pulse height
spectra as shown in the Figure 3.6.

In all detector systems, there is a minimum amount of time that must
separate two events in order that they can be recorded as two separate pulses.
Usually the limiting time is set by the electronics or may arise in the detector
itself. This minimum time separation is called dead time. Therefore there

will be always some probability that a true event is lost because it occurs too
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Figure 3.6: Pile-up from the tail or undershoot of a preceding pulse.

quickly following a preceding event. Also in this case the dead time losses can
become rather severe when high counting rates occur, and some correction

for these losses must be considered.

3.3 The MultiChannel pulse-height Analyzer (MCA)

The Multichannel Pulse-Height Analyzer is the primary tool used in X-ray
spectroscopy to record the energy or time spectra available from high-energy
radiation detectors. It is often called as MCA (MultiChannel Analyzer).

The basic function of the MCA is the following. Assuming the case of
a detector which offers a linear response to the energy of gamma rays, as
we have previously seen, it produces a pulse of electrical charge for every
gamma-ray photon that is detected. In simplest terms, the amount of charge
in the pulse produced by the detector is proportional to the energy of the
photon. The preamplifier collects that charge, while adding as little noise as
possible, converts the charge into a voltage pulse, and transmits the result to
the supporting amplifier. The amplifier applies low-pass and high-pass filters
to the signal to improve the signal-to-noise ratio, and increases the amplitude

of the pulse. At the output of the amplifier, each pulse has a duration of the
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order of microseconds, and an amplitude or pulse height that is proportional
to the energy of the detected photon. Measuring that pulse height reveals the
energy of the photon. Rating the number of pulses of each height detected
over a period of time gives the energy spectrum of the detected gamma-rays.

All the pulses coming from the amplifier are sent to an Analog-to-Digital
Converter (ADC) to be coded as a digital representation of the analog volt-
age. Essentially, the ADC compares the analog pulse height to a ladder of
voltage levels. The ladder extends from 0 to 10 V with a uniform space
between the rungs. Each rung represents a defined voltage. The intervals
between rungs are numbered from zero to N,,.,. If the pulse falls in the N
space between rungs, one count is added to the existing counts in the N
memory location of the histogramming memory. Once the analysis of the
pulse is completed, the MCA opens its linear gate and waits for the next
available pulse to arrive. The process is repeated on a pulse-by-pulse basis
over the counting time established by the instrument operator. At the end
of the counting time, the histogramming memory contains a record of counts
versus memory location.

The data in the histogramming memory represent the spectrum broke up
into discrete, digital intervals. These intervals are typically called channels.

MCAs that are supported by computers generally use the computer to
display the spectrum, analyze the spectral content and select the operating
parameters for the MCA. Because the channel number is proportional to
the energy of the gamma ray (to first order), the horizontal scale can be

calibrated to read in the appropriate units of energy (Fig. 3.7) [29].

3.4 X-ray imaging detector for Laue lens devel-

opment

An X-ray imaging unit is available in the LARIX facility of the University
of Ferrara to be used for the Laue lens development. In the following section I
will describe its features and the working principle. The Thales TH 59432HD
is a high-definition imaging X-ray detector. The unit is constituted by an
image intensifier (X-Ray Image Intensifier, XRII) coupled to a high-resolution
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Figure 3.7: Typical MCA windows Software showing multiple spectra.

CCD through an optical compact system that includes a motorized iris, a

neutral density filter (NDF), and a photodiode (Fig. 3.8).

TH 8730 Optical system

Camera head
) Shielded cable (20 or 30 meters)
HVPS

\f_\
12" QX L/
XRII

—

"‘--..._\___\_\___

Imaging Unit

TH 8730 Camera Control Unit
( CCU, optional )

Figure 3.8: Diagram of the Thales internal structure.

The XRII is made up of a entry window, a CsI(Na) scintillator, a photo-

cathode, several electrostatic focussing lenses, an anode and an output screen

(Fig. 3.9). The X-ray entrance window is part of a box that maintains the

XRII under vacuum. It is made of aluminum (thickness about 1 mm) with a

convex shape in order to maximize the size of the input area (nominally 320
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mm in diameter ) and to better resist the atmospheric pressure. Immediately
behind the window there is a CsI(Na) scintillator. Thanks to this scintillator,
the X-ray photons incident on the X-ray imager are turned into photons of
visible light. The scintillator should be thick enough to absorb the majority
of the incident X-radiation, but also sufficiently thin because in the case of
too many photons it would cause their diffusion from the fluorescent side
screen, producing a significant degradation of the spatial resolution. In our
case the thickness is of 450 pm. Coupled to the scintillator there is a 20 nm
thick SbCs; photocathode, with efficiency equal to 10% -15% [78].

LR
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Figure 3.9: XRII outline.

The importance of using the Cesium lodide scintillator is in the fact
that this material has the fundamental property of being made up of needle-
shaped crystals (Fig. 3.10): the long and thin crystalline columns act as
light guides which direct the visible light emitted from inside them to the
photocathode with a minimal lateral dispersion.

Just behind the photocathode, is positioned a system of collimating lenses
that focus the electrons coming from the photocathode to the anode. In this
way the size of the electron beam is made comparable (diameter ~ 25 mm)
to that of the fluorescent screen output (P20). The screen is a layer of
ZnCdS(Ag) which has a green emission spectrum (~ 530 nm) and it is very
thin (4-8 pm). At this stage the number of photoelectrons is not increased,

but care must be taken to maintain stable the high voltage of electrodes to
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Figure 3.10: Diagram of the CsI crystal structure.

avoid distortion in the output image [79.

The optical system is positioned between the XRII and the CCD, and its
task is to transfer the output signal from the detector to the CCD camera
(Fig. 3.11). After the exit window of the image intensifier there are collimat-
ing lenses which direct the light beam outgoing from XRII towards the focal
plane where a CCD is placed. At half of this section there is a semi-reflective
mirror which allows to direct the light signal towards both the CCD and an
apparatus for the measurement of light in real time (at the top in Figure
3.11), which uses a photodiode (HAMAMATSU S2387-66R ) to provide a
current proportional to the incident light. The signal that goes in the direc-
tion of the CCD, meets at this point a motorized iris. The iris operates in
a mechanical way (by increasing or decreasing the diameter of the hole) the
quantities of photons arriving at the CCD. This component of the optical
system can be managed remotely using a special software.

The CCD camera has a progressive scan readout. It has an active area of
13.1x13.1 mm? and the number of active pixels is 1024 x 1024 with dimension
of each pixel of 12.8x12.8 um?. It has an operation mode that can vary
from the 15 to 60 progressive frames per second. The efficiency at 540 nm
is 30%. The output of the CCD provides 12-bit digital images with the
possibility to obtain continuous images, pulsed or single. The maximum
time of integration reached by external trigger is 2 sec. Thanks to the very

low current (2nA /cm?), the detector does not need a external cooling system.



CHAPTER 3. INTRODUCTION TO ~v-RAY DETECTION 49

mvinlnsed s

néutnl |.|L111.|I:.- filler

real timee light mensurement device

W2 HO24 poel (OUTY

..19-||||m|m1.-_ lens

e XRII utput sereen

Figure 3.11: Optical system scheme.

The image intensifier has a spatial resolution of 300 pm, efficiency detec-
tion of 79% at 60 keV and 32% at 100keV.



Chapter 4

X-ray Diffraction and Laue Lens

Concept

In 1912 the German physicist von Laue claimed that, if crystals were
composed of reqularly spaced atoms which might act as scattering centers for
X-rays, and if X-rays were electromagnetic waves of wavelength about equal
to the interatomic distance in crystals, then it should be possible to diffract
X-rays by means of crystals.

This chapter is devoted to introduce the theory which drives the diffraction
of X-rays by crystals. Two crystal models are presented: the first concernes
the diffraction from flat crystals and the second concerns crystals with bent

diffractive planes. I will also introduce the Laue lens concept.

4.1 The crystal geometry

A crystal may be defined as a solid composed of atoms arranged in a
pattern periodic in three dimensions. Crystals differ in a fundamental way
from gases and liquids because the atomic arrangements in the latter do not
possess the essential requirement of periodicity. However, not all solids are
crystalline, some are amorphous, like glass, and do not have any regular
interior arrangement of atoms.

In thinking about crystals, it is often convenient to ignore the actual

atoms composing the crystal and their periodic arrangement in space, and

20
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to think instead of a set of imaginary points which has a fixed relation in
space to the atoms of the crystal. A set of points arranged in such a way that
each point has identical surroundings constitutes a point lattice. "Identical
surroundings" means that the lattice of points, when viewed in a particular
direction from a lattice point, would have exactly the same appearance when
viewed in the same direction from any other lattice point (Fig. 4.1). Since
all the cells of the lattice shown in Figure 4.1 are identical, we may choose

anyone as a unit cell.

Figure 4.1: A point lattice.

The orientation of planes in a lattice may be represented using a system
popularized by the English crystallographer Miller. Generally the orienta-
tion of the given plane is obtained by giving the actual distances, measured
from the origin, at which it intercepts the three axes. Such coordinates are
related to the Miller indices hkl), which are defined as the reciprocals of the
fractional intercepts which the plane makes with the crystallographic axes.
For example, if the Miller indices of a plane are (hkl), then the plane makes
fractional intercepts of 1/h, 1/k, 1/I with the axes. Therefore if a plane is
parallel to a given axis, its fractional intercept on that axis is taken as infinity

and the corresponding Miller index is zero.
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4.2 Crystal diffraction

Diffraction is due essentially to the existence of certain phase relations
between two or more waves. Two polarized electromagnetic waves are said to
be completely in phase if their electric-field vectors have the same magnitude
and direction at the same instant at any point measured along the direction
of propagation of the wave. A wave front is a surface perpendicular to this
direction of propagation.

Without going into details it may be asserted that two rays are completely
in phase whenever their path lengths differ either by zero or by a integer
number of wavelengths. Differences in the path length of various rays arise
quite naturally when we consider how a crystal diffracts X-rays. Figure 4.2
shows a section of a crystal with its atoms arranged on a set of parallel planes
A, B, C, normal to the plane of the sheet and spaced a distance d apart. Let
us assume a beam of perfectly parallel, monochromatic X-rays of wavelength
A which is incident on this crystal at an angle 6, where 6 is measured between
the incident beam and the particular crystal planes under consideration. A
diffracted beam is defined as a beam composed of a large number of scattered
rays mutually in phase. We can imagine a diffracted beam as being built up
of rays scattered by successive planes of atoms within the crystal. Therefore,
diffraction is essentially a scattering phenomenon in which a large number of
atoms cooperate. Since the atoms are arranged periodically on a lattice, the

rays scattered have definite phase relations between them.

4.2.1 The Bragg law

It is worth remembering two geometrical considerations:

e The incident beam, the normal to the reflecting plane, and the diffracted

beam are always coplanar.

e The angle between the diffracted beam and the transmitted beam is

always 26. This is known as the diffraction angle.

As already mentioned, diffraction in general occurs only when the wave-

length of the wave motion is of the same order of magnitude as the repeat
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Figure 4.2: Diffraction by a crystal.

distance between scattering centers. From Figure 4.2, it can be easily shown

that scattered rays are in phase if:

nA = 2dsiné. (4.1)

where n is an integer number that gives the diffraction order and d is the
lattice distance. This is the Bragg law. For diffraction, the smallest value of
nis 1 (n = 0 corresponds to the beam diffracted in the same direction as the
transmitted beam) and if A is very small, the diffraction angles are too small
to be conveniently measured. Eq. (4.1) is equivalent to the following:
he

thkl sin 93 = nE, (42)

where dj; is the lattice distance relative to the Miller indices hkl, c is
the speed of light and h the Planck constant.

4.3 Mosaic crystals

Mosaic crystals are a kind of crystals which have a degree of imperfection
known as mosaic structure whose effect on diffraction phenomena is quite
noticeable. It is a kind of substructure by which a "single" crystal is broken

up into a number of many tiny perfect crystals (crystallites) each slightly
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misaligned one from another (Fig. 4.3). Usually the blocks are oriented
around a mean direction and their size is of the order of ym. The maximum
angle of misalignment between them may vary from a very small value to
as much as one degree, depending on the crystal. If this angle is ¢, then
diffraction of a parallel monochromatic beam from a "single" crystal will
occur not only at an angle of incidence g but at all angles between fg and
Op + 0.
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Figure 4.3: The mosaic structure of a real crystal.

The distribution function of the crystallite misalignments from the mean

direction can be approximated by a Gaussian function:

W(5) = \/21777 exp (—25—;2) (4.3)

where 3=2.357n is the FWHM of the mosaic spread (mosaicity).

In transmission configuration and with the diffracting planes perpendic-
ular to the cross section of the crystal tile, the crystal reflectivity R(9, F) is
given by [37]:

I; (0, F T 1 L
% = sinh (0T exp {—(u + 700)—} = 5(1 —e e ki
0

Y0
(4.4)

where [ is the intensity of the incident beam, p is the absorption coeffi-

R(5,E) =

cient per unit of length corresponding to the energy F, 7 is the cosine of the
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angle between the direction of the photons and the normal to the surface, T’

is the thickness of the mosaic crystal and o is:

o = o(E.5) = W(O)QE) f(A), (4.5)
where
. Tthkl 2 1+COSZ<2¢93)
QE) == A® Tsn20, (4.6)

in which r, is the classical electron radius, Fjy, is the structure factor, V
is the volume of the crystal unit cell, A is the radiation wavelength ()\ = %C)

and 0p is the Bragg angle for that particular energy, while f(A) is given by

By(2A) + |cos 20| Bo(2A |cos 205])
2A (1 4+ cos?0p)
where By is the Bessel function of zero order integrated between 0 and
2A, with A defined as follows:

f(A) = (4.7)

Tt
A= ——— 4.8
Ay cosfp (4.8)
in which ¢ is the crystallite thickness, and Ay (extinction length) is defined

for the symmetrical Laue case as [46]:

B 7V cos g
- 7”6)\ |Fhkzl| (1 + |COS 293| ’

In general f(A) < 1 and converges to 1 if ¢ < Ag. In this case we get the

Ao

(4.9)

highest reflectivity.

Assuming that the range of values of §, when o is significantly greater
than zero, coincides with the Full Width at Half Maximum £ of the Gaus-
sian function, by differentiating the Bragg law (Eq. 4.1), the energy range
diffracted by the mosaic crystal is obtained:

AE
E ~ tané
where 0 is the Bragg angle for the energy E. AFE, for the energy range

(4.10)

and materials considered in this thesis, turns out to be at most about few
keV.
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4.3.1 The structure factor

The structure factor Fjy; is an imaginary coefficient which quantifies the
scattering "efficiency" of an elementary cell, i.e considering the diffusion by
each atom of the cell. Fjy is related to: the atomic scattering factor and
depend on the geometrical factor, that takes into account the interferences
between atoms.

The atomic scattering factor (f) represents the amplitude of the wave
scattered by a single atom, expressed in terms of the contribution from a
single electron. f depends on sinf;/\y and approaches the electron number
(Z) for small values of this ratio. The exact calculation of the atomic scat-
tering factor for any sinf;/) is usually difficult, but it is much easier (and
efficient) to use the following formulas, valid for small incident angles (i.e less
than ~ 10 deg, so this condition is always satisfied in the X and gamma ray

regimes):

— C+Z —b (Sln@/)\o , (411)

which is, using the Bragg relatlon:

4
f=c+ Z aze Vil (4.12)

The coefficients ¢, a; and b; (in A?) depend on the crystal material.

The atomic scattering factor gives the intensity of the diffracted beam.
Since these atoms are in a crystal lattice, it is necessary to add the waves
scattered by all the atoms of an elementary cell. This cumulative effect results

in the structure factor since it depends on the geometry of the lattice:
Fhkl Ak Z fm —iAk-( uma+vmb+wmc) (4.13)
and, using the Laue conditions relation:

Ak-b=2kr, Ak-c=2r, kl€cZ (4.14)

it becomes:
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Fhkl — Z fmefZiﬂ(hum+kvm+lwm)’ (415)

m=1

where n is the number of atoms per elementary lattice, the mth atom
being at the position (,,vm,,w.,) in the unit cell defined by the lattice vectors
(a, b, ). f,, is the atomic scattering factor of the mth atom. When all the
atoms of the lattice are of the same kind (e.g copper, germanium, etc), the

structure factor can be written as:

Fya = Y e 2imthunthention) — ¢ (4.16)
m=1

where G is the geometrical factor, which only depends on the positions of
the atoms in the lattice and on the Miller indexes. The geometrical factor in
some cases may be equal to 0, showing that, due to destructive interferences,

some crystal planes cannot reflect the beam.

4.4 Primary and secondary extinction

A perfect crystal under reflection condition corresponding to the lattice
planes (hkl) gives rise to a reflected ray which may be diffracted again, giv-
ing rise to a further reflection. The rigorous derivation of the diffracted wave
amplitude, made by Kirchoff [80], points out a phase shift of 7/2 with respect
to the incident wave; so the twice reflected beam is perfectly out of phase
(Ap = m) with the incident ray. This phenomenon causes the attenuation of
the incident beam, in addition to that of the diffracted beam, to which con-
tributions are subtracted (Fig. 4.4). This phenomenon is known as primary
extinction.

The greater the perfection of the crystals, the stronger will be the primary
extinction. In reality, each mosaic consists of a large number of crystallites
relatively small (1-10 pum) arranged in a three-dimensional mosaic (Fig. 4.5)
of small perfect blocks, but separated one from another by cracks and irreg-
ularities; the individual blocks have different sizes and are misaligned.

In a mosaic crystal secondary extinction occurs when a ray makes diffrac-

tion on the (hkl) plane, the incident beam undergoes an attenuation; there-
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Figure 4.4: Multiple reflections inside a perfect crystal.

fore the deeper regions of the crystal will be irradiated by weaker rays. The
attenuation of the diffracting intensity before arriving to a given crystallite
give the secondary extinction, and will be more appreciable for those planes
with high |Fju|® and small value of sen/\. This effect will increase for

crystals which exhibit big sized crystallites.

Figure 4.5: Crystallites inside an ideally imperfect crystal.

The primary extinction, as already stated, is the destructive interference
between the incident and the scattered radiation and takes place only in
a perfect crystal. If the perfect crystal block has a thickness greater than
about 5 x 107° cm, primary extinction is appreciable. Indeed, the condition

for negligible primary extinction is given by [46], and occurs when:

Te)\t |Fhkl|
1 4.17
V' cosb <5 (4.17)

where A is defined in Eq. (4.8). From Eq. (4.17) we can get the thickness

of micro-blocks t for a negligible primary extinction:

A:
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V' cos b,
Te | Fha]

This equation also shows that for a given micro-block there are always

<< (4.18)

wavelengths that are short enough for the primary extinction to be considered
negligible.

Secondary extinction is proportional to the reflection intensity and causes
an effect of the same order of magnitude as that of the ordinary absorption in
the crystal. Consequently if the crystal is so small that its ordinary absorp-
tion for the radiation is negligible (1 or 2 percent), secondary extinction is
negligible. The condition for negligible secondary extinction, is the following;:

Rt < 1, (4.19)
ut

where Ry is the integrated reflectivity, defined as the integral of the
reflectivity, in an angular range |0in,0maz]. This equation derives from the
request that the power loss due to diffraction is much smaller than that due
to normal absorption. The ordinary absorption becomes very small in a
crystal as its thickness decreases (depending on the material and energy),
and secondary extinction may therefore be neglected in measurements upon
crystal whose crystallites are smaller than this lower limit.

Small primary and secondary extinction set a tight condition to the value

of the micro-blocks thickness t, which is given by:

R V' cosf
vt < 0
1 TeA | Fhal

It turns out from this relation that the thickness of crystallite, for which

(4.20)
the diffraction theory of the mosaic crystals is valid, is few microns.

4.5 Bent crystals

Diffraction in crystals with curved atomic planes is described by the
Takagy-Taupin’s theory [81] of strongly distorted crystals, which has an an-
alytical solution in the case of a constant strain gradient, i.e. a crystal with

spherically curved planes. In this theory, the crystal distortion is described
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by the strain gradient 3, that, in the case of a uniform curvature, is given
by:
Q
p= To0u72) (4.21)
where (2 being the FWHM of the angular distribution of diffracting planes
(we will call spread), Ty the thickness of the crystal and §,, the Darwin width.
The peak reflectivity R™** of a curved crystal is given by:

Ih(T(]) a2 __#To
R — - (1 . za) ¢ o ls, a >, 4.22
1n(0) 22
where « is proportional to the curvature of the diffracting planes multi-
. ) QE?
plied by the square of the energy: a T

From equation 4.22 it comes out that curved crystals can reach a higher
efficiency than mosaic crystals. Indeed, while the diffraction efficiency of
mosaic crystals is limited to 50% (eq. 4.4), that of curved crystals can reach
100%. The diffraction profile of a bent crystal has a rectangular shape (Fig.
4.6) whose width is driven by the spread €2, whereas for a mosaic crystal
the diffraction pattern is a Gaussian curve as broad as the mosaicity. Thus
curved crystals, given that do not have Gaussian tails, better concentrate
gamma-rays [48], [49], [50].
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Figure 4.6: Bent Si (111) crystal rocking curve at 150 keV [48].
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4.6 The Laue lens concept

The X-ray diffraction theory, shows that with some kinds of crystals, is
possible to deviate gamma-ray photons in an energy band that depends on
the mosaic spread of the crystal. By properly placing a set of mosaic crystals
on a spherical surface it is possible to deviate, through Bragg diffraction,
photons of a broad energy band towards a focal point as it is shown in Figure
4.7. The combination of such positioned crystals composes a Laue lens. The
crystals have to be positioned with the aim of getting the maximum effective

area depending on the available crystal material and gamma-ray energy.
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Figure 4.7: Properly oriented crystals can deviate photons towards a focal point by
means of diffraction. In the Laue configuration (transmission) only a fraction of the
photons are diffracted (red). The remaining photons are either absorbed (black) or trans-
mitted (blue).

4.6.1 Working principle

The Bragg diffraction in transmission geometry (Laue configuration) is
the working principle of Laue lenses. As it will be discussed later, the design

of the lens exploit the Bragg law (Eq. 4.2) and its consequences. Smoothly
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varying either the incident angle or the material (dpg;) of a set of crystals
properly arranged, it is possible to broaden the energy band of the focused
beam (Fig. 4.8). The best way is to place the set of crystals tangent to a

spherical surface.

Figure 4.8: Principle of Laue lens. The gamma-rays from a source at infinity are
diffracted, to the focal point of the lens, by crystals placed in concentric rings [48].

According to the Bragg equation, the photons of a beam parallel to the z
axis (Fig. 4.9), with an energy E in the band AFE, are being diffracted only
by crystals whose lattice planes have an angle g corresponding to the energy
E. The relation between the energy band of the lens (E,in, Fme:) and the
radii 7,5, and 7,4, depends on the angles 6,,,, and 6,,;, between the lattice
planes of the crystals at different rings and the incident polychromatic beam.

From Eq. (4.2) we get:

he hcf
oo he 7 493
2dsin Opae dniiTmas ( )
e = 8 _1eS (4.24)

2d sin Qmm - dhlemm ’
The most important parameter of a lens is its effective area Ay, defined
as the geometric area projected onto the focal plane of the lens multiplied by
the reflectivity at given energy E. To make sure that A, ;s changes very slowly

and have, therefore, a continuing response over the lens working band, the
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Finax
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Figure 4.9: Basic principle of a Laue lens in which the crystals are placed on a spherical

surface.

crystals material, their disposition and the geometrical configuration must
be accurately chosen.

Given that the Laue lens passband for astrophysical measurements (see
Sec. 1.5) has to be covered in a continuous way, the energy passband of each
crystal (or ring of crystals) must superpose with the contiguous one. Since
the acceptance angle Af of perfect flat crystals (known as Darwin width) is
extremely narrow (fractions of arcsec to a few arcsec) such materials are not
suitable for astrophysical Laue lenses.

In order to have a wider energy bandpass from individual crystals, one
can use flat mosaic or perfect/mosaic bent crystals (see Sec. 4). The mosaic
width, or mosaicity, of the crystals governs the flux throughput, the angular
resolution and the energy bandpass of the crystal lens. The diffracted flux
from a continuum spectrum increases with increasing mosaic width of the
crystal. Moreover, thanks to the broader energy range that crystals with
mosaic structure or bent diffractive planes can reflect, the reflectivity curves

of adjacent tiles overlap in order to cover with continuity through the working
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band of the lens, from the lower energy F,,;,, corresponding to the radius
rmaz Of the outer ring of crystals, to the higher energy F,,.., corresponding
to the innermost radius r,,;,. As an example in Figure 4.10 it is shown the

reflectivity curve of three contiguous crystals [43].
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Figure 4.10: Reflectivity curves of three contiguous flat mosaic crystals, with a mosaicity

of 1.5 arcmin, on a spherical surface.

By forming the derivative of the Bragg equation in the small angle ap-
proximation (2dpr0p ~ hc/E), we get:
Abg AFE
—_— = — 4.25
where A# is the mosaic width, or angular spread, of the crystal. The

energy bandpass AFE of the crystal becomes:

. thklEerB
B nhe
It is worth pointing out that the energy bandpass of a crystal lens grows

AE (4.26)

with the square of energy.
The focal length has a key importance in the case of Laue lenses. Indeed,
given that the energy passband of a single crystal is very narrow, the lens

radius r at which the photon energy F is reflected in the focus depends on

f:
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hc hef
= ftan(20p) = ft 2 i ~ . 4.27
r = ftan(20p) = f tan { arcsin (2 % dhkzl):| — (4.27)

Thus f is crucial to extend the lens passband. Given that high energy
photons are focused by the innermost part of the lens, the lens inner area
can be increased only increasing the focal length (the lens area approximately
increases with f?). A gamma-ray lens with a broad continuum coverage from
300 keV to 1.5 MeV was proposed in the 90’s by N. Lund [44].



Chapter 5

The HAXTEL Project

The HAXTEL project was devoted to perform a design study and devel-
opment of a Laue lens prototype. In 2011, when I joined the project, a second
upgraded prototype was on going to be realized, which relied on the improve-
ments coming from the previous prototype formerly built and tested. In the
second prototype an upgraded version of the tools employed in the building
phase made possible performance improvements of the Point Spread Func-
tion.

After describing the LARIX A X-ray facility in which the lens prototypes
are developed, as in 2011, I will report the development technique adopted for
the project along with calibrations, alignment and tests, eventually highlight-

ing the results of the last lens prototype.

5.1 The LARIX facility

The apparatus employed for the HAXTEL project is in the section A
of the LARIX (LARge Italian X-ray facility) laboratory at the Physics and
Earth Science Department of the Ferrara University.

In Figure 5.1 it is shown the configuration of the LARIX A facility. The
main components include an X-ray tube as source of polychromatic X-ray
beam working in the energy range (15-140 keV), an helium box where a fixed-
exit double-crystal monochromator is installed, a system of collimators plus

a Pb shield to stop the scattered radiation in the testing room, a four-axis
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Figure 5.1: Sketch of the configuration, as in 2011, of the Ferrara X-ray facility. From
the left: the X-ray tube, the monochromator system, the sample holder and the detector
holder.

table used as sample holder, and a three-axis detector holder [36].

5.1.1 X-ray Source

The X-ray source is on an optical table installed in a completely shielding
lead box but a hole (Fig. 5.2). The tube is equipped with a Tungsten anode
(fine focus of 0.4 mm radius), with its voltage which can be set in the range
from 30 to 140 kV and its current from 0.1 to 2.5 mA. Its output window is
equivalent to a 1.5 mm thick aluminium foil, fixing the low-energy threshold
of the beam to about 15 keV.

5.1.2 Monochromator

The purpose of the double crystal monochromator is to produce a monochro-
matic beam from the continuum spectrum provided by the X-ray tube. One
of its main features is that it provides a fixed-exit beam independently of

the photon energy selected. The geometrical configuration of the installed
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Figure 5.2: A view of the X-ray generator tube, located in a lead box.

monochromator is a Bragg - Bragg (BB) with fixed exit. In this configuration
the diffracting elements, two Si (111) crystals with mosaic structure (8 = 30
arcsec) to get a brighter beam, exploiting the Bragg diffraction and produce
a monochromatic beam after two reflections. The first Silicon crystal (B)
has the role of selecting the desired wavelength from the incident continuum
beam, while the second crystal (D) re-directs the monochromatic radiation

along the direction parallel to the incident beam (Fig. 5.3).

D
% Exit beam
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Incident beam ]
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Figure 5.3: Top view of the BB fixed exit configuration: A is the rotation axis, 6;, is
the Bragg angle and h =2 X p.

The B crystals is allowed to translate along a radial direction with respect
to the rotation axis but constrained to cross the path of the incident beam.
The D crystal can be shifted back and forth (Fig. 5.3) to redirect the beam

coming from B. Both crystals can be tilted along their two rotation angles,
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for a fine tuning of the alignment. The diffractometer is tunable over a wide
range of X-ray energies (15-120 keV), by rotating B and D around the vertical
axis, changing both Bragg angles, and by translating D along the direction

parallel to its external surface. The benefits of such a configuration are:

e The exit beam is parallel to the incident one and its direction is fixed

i.e., independent of monochromatic energy.

e The crystals dimensions are smaller than those employed in other con-
figurations (monolith Bragg - Bragg or Laue - Bragg), since the system
is designed in such a way that the X-ray beam hits the crystals approx-

imately in the same point.

e Considerable versatility since the crystals in use can be easily inter-

changed to broaden or change the energy band.

e Wide energy range, i.e. the LARIX monochromator can operate be-
tween 15 keV and more than 100 keV.

The calibration of the system has been carried out through three phases:
determination of the rotation centre of the system, first alignment performed
with a laser source, second alignment by using the X-ray beam.

For detecting the rotation center of the monochromator we positioned a
laser beam initially horizontal (Fig 5.4) is reflected by a 45° degree inclination
mirror to get a vertical beam. This beam is separated by a beam-splitter
mirror in two opposite beams, one directed toward the X-ray source output
and the other toward the B crystal. Thanks to this equipment installed
on the optical bench, it was possible to get an optical beam with the same
direction of the X-ray beam. After placing a needle approximately on the
rotation centre, we changed its position until the laser beam was steady on
it for different angles of rotation of the system. Since the needle lies in the
rotation centre its position must be constant as the system rotates. Once
the center was found we were able to move the first crystal to its nominal
position, as foreseen by the BB configuration.

This first alignment is aimed at obtaining a coarse positioning of the two
collimators and of the crystals tilt, by observing directly the reflections of

the laser beam on the two crystals.
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Figure 5.4: The optical alignment system. The laser beam is reflected upward to a beam
splitter which is appropriately positioned to direct the beam as if it came from the X-rays
source. Once the laser is perfectly aligned, it is possible to correct the positions of the
collimators and tilts, until the laser beam will be observed at the monochromator exit

without changing direction.

The second alignment was performed to determine the corrections to be
applied to the crystals translation and tilts, by analyzing with the X-ray
imager (see Sec. 3.4) the X-ray beam emerging from the monochromator. To
make easier the alignment phase, a program in LabVIEW has been developed,
which allows to adjust the position of both the tilt and second collimator (Fig.
5.5).

5.1.3 Sample holder

The sample holder (Fig. 5.6) can be translated in three perpendicular
directions (XY, Z) and rotated around two orthogonal directions. The min-
imum step size of the translation stages is 1 pm, with linear speed from 0.025
to 8 mm/s. The translation stages are 300 mm long. The holder can support
a sample of about 100 kg, because it was designed to hold the JEM-X ex-
periment on board the INTEGRAL satellite [36]. The above movements are
monitored with an external system of optical encoders of 5 um sensitivity. In
this way the true position of the sample and the performances of the XY Z

table can be accurately measured. The angular stage has an accuracy of 3.6”.
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Figure 5.5: Controller interface (LabVIEW) for the adjustment of the tilt, monochro-
mator angle and collimator output. It is possible to move individually or at the same time

the various motors, specifying the location to achieve in steps or in mm.

Figure 5.6: The samples holder.

5.1.4 Detectors

Two detectors are available in the LARIX facility: an high purity germa-
nium detector (HPGe) and an X-Ray Image detector, provided by Thales.

The X-ray imaging detector (Fig. 5.7) has already been described in
Section 3.4. The high purity germanium detector (HPGe), cooled with liquid
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nitrogen, has a surface area of about 78.5 cm?, a thickness of 13 mm and an
X-ray entrance window of 0.254 mm Beryllium thickness. This configuration
gives an high detection efficiency to the X-rays provided by the facility. The
energy resolution is about 0.8 keV at 60 keV.
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Figure 5.7: Left: The two detectors available in the LARIX facility. Right: 2% Am
spectrum obtained with the HPGe detector. Acquisition time ¢ = 100s.

5.1.5 X-ray beam collimation

The X-ray facility basically has two fixed collimators, one at the end
of the optical bench (2 meters far from the source), and the second close
to the sample holder (about 5 meters from the source). The goal of the
collimation system is that of parallelizing the X-ray beam coming from the
X-ray source. In order to absorb the unwanted X-rays, the material chosen
for the collimators is tungsten with enough thickness (4 mm). By decreasing
the aperture of the collimators the divergence of the beam can be increased
or decreased. The collimators influence the beam intensity as well. Indeed
the polychromatic beam has a very high intensity which can be dangerous

for our detectors, so it is needed to narrow the collimator aperture.
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5.2 Crystal properties

The tiles used for building the lens prototype for the XAXTEL project
are mosaic crystals made of Copper with a cross section of 15 x 15 mm? and
3 mm thick. The lattice planes selected for the diffraction have Miller indices
(111).

Mosaic crystals are characterized by a mosaicity (3, a crystallite size t and
effective thickness T. As already seen in this chapter, the mosaicity is an
intrinsic property of the single tile and in principle is the same for all crystal
tiles, if each of them comes from the same ingot. However the cutting process
can give rise to different mosaicities. The best cristallite size that provide
the best reflectivity should be at most of the order of ten pm (see Sec 4).
The mosaicity of the Cu (111) crystals, provided by ILL-Grenoble, is about
2.0-3.0 arcmin.

We estimated the mosaicity of each crystal tile by measuring its reflectiv-
ity, after correcting the beam divergence, and comparing it with the expected
reflectivity function (for details see [84]). The correction for the beam diver-
gence is crucial. Indeed, due to the beam divergence, the crystal is hit on
its surface with different Bragg angles and this affects the response function
which is broader than that expected as a result of the crystal mosaicity. If
one ignores the correction for the divergence effect, mosaicity values higher
than 6 arcmin and crystallite sizes from 200 to 400 um are derived. By cor-
recting for the divergence effect, the parameters become much more physical
and satisfactory (8 = 2.0-3.0 arcmin; to = 30-70 pm).

The divergence-corrected results were tested with an experimental proce-
dure. For a subset of crystal tiles, lower and lower beam divergence values,
obtained by decreasing the beam size from 10x10 mm? to 2x2 mm?, were
obtained and the corresponding reflectivity measured. Without taking into
account the correction for divergence, we derived the gross mosaicity (called
equivalent mosaicity) and its dependence on beam divergence, as shown
in Figure 5.8. As can be clearly seen, as the divergence converges to zero
(beam size approaching to ~ 0), the equivalent mosaicity reaches the crystal
true mosaicity. For three crystals analyzed with the experimental method,

we estimated a crystal mosaicity of 2.57, 2.55 and 2.68 arcmin, respectively,
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Beam size (mm)

Figure 5.8: The equivalent mosaicity as a function of the beam size for a subset of
crystal. Superimposed to the experimental data, a polynomial function was used to fit
and extrapolate the real value of the mosaicity, at beam size equal to zero.

These values are in good agreement with those obtained by correcting the
reflectivity function for the divergence (2.72, 2.48 and 2.84 arcmin).

We have carried out systematic measurements in order to verify the uni-
formity, in terms of mosaicity and efficiency, of the crystal tiles by testing
the samples in different points (9) of the cross section. Figure 5.9 shows the
test performed on one of the 28 candidates crystals. The mosaicity values
obtained (Table 5.1) show the uniformity of the tested crystal.
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Figure 5.9: Left: The tested points. Right: RCs best fit for the tested sample.
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Table 5.1: Mosaicity values related to one of the tested crystal.

Tested | Mosaicity
Point | (arcmin)
1.1 1.61

1.2 1.51

1.3 1.43

2.1 1.70

2.2 1.66

2.3 1.84

3.1 1.97

3.2 1.52

3.3 1.50

5.3 Lens assembly technique

The project foresees the realization of a 6 meters focal length Laue lens
Prototype Model (PM) based on the technique of the counter-mask. The
improved assembling procedure, is currently protected by a patent which is
being submitted.

5.4 Lens testing and results

For its testing, the PM (Fig 5.10) is positioned on the sample holder of the
LARIX facility located 6 m far from the source. In fact, the PM is designed
on the basis of the incoming divergent beam from the X-ray source, placed
at 6 m from the lens. The crystal are positioned on the lens frame in such a
way that the mean direction of their diffractive planes is parallel to the lens
axis. Therefore the incoming photons are reflected, by the set of crystals, by
an angle such as to focus on the focal plane, 6 m away from the PM, where
the detectors are placed. These can be remotely translated back and forth
along the beam axis for finding the best focusing position and for getting,

out of focus, the diffracted image of each tile.
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Figure 5.10: The second prototype after the assembling phase and mounted on its
support ready to be tested.

To avoid direct radiation to arrive on the focal plane detector, the entire
inner region of the lens frame is covered by a lead layer 3 mm thick. The
upper panel of Figure 5.11 shows the focal spot of the first PM [38] when
the polychromatic beam irradiates the entire lens. The dark circular region
shows the expected spot. This spot was obtained with Monte Carlo tech-
niques, taking into account the mosaicity of the crystals and an ideal lens
with diffraction from perfectly aligned crystals. The first light of the last PM
is shown in Figure 5.11 (lower panel).

We carried out the spectral analysis of the focused beam, and the results
are shown in Figure 5.12. The lens prototype was designed for giving a
spectral peak at 100 keV at the focal point. In the left panel is shown the
spectrum obtained collecting only the photons coming in the central region
of the focus, while in the right panel, it is shown the spectrum of all the
photons reflected by the lens and collected on the focal plane. In both cases
the exposure time was 1000 seconds. As can be seen, in the central region
the peak is at 98.89 keV. The centroid of the spectrum of the central region
achieves an intensity level 0.8 times that of the peak spectrum of all reflected
photons.

To better figure out the improvement made with the last prototype, the

cumulative distribution of the number of photons collected along the radial



CHAPTER 5. THE HAXTEL PROJECT 77

Figure 5.11: PSF Comparison between the first (top) and the second PM (bottom). The
black circle represents the spot expected from Monte Carlo simulations assuming each

crystal perfectly positioned and diffracting in the expected focal area.

distance from the focal point has been carried out. As can be seen, while
the expected half power radius (HPR), i.e. the radius within which 50%
photons are collected, is 9 mm, the measured HPR was 17.4 mm for the first
prototype [38|, and 13.9 mm for the last prototype (Fig. 5.13). There is an
improvement of about 42% with respect to the first prototype, considering
theoretical value of the radius (9 mm) as the target. Thus this represents
a significant improvement with respect to the first one. It can be also seen
that, at the radius (16.00 mm) at which the saturation occurs for the expected
cumulative distribution, the fraction of collected photons is around 0.7. For
comparison, the first prototype showed a fraction less then 60%.

By shielding all the lens crystals but one, and measuring the barycen-
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Figure 5.12: Left: Spectrum of the total photons reflected on the focus. Right: Spectrum
of the total photons reflected by the lens in the region in and around the focus, on the

focal plane.
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Figure 5.13: Cumulative distribution of the focused photons along the radial distance
from the focal point. The black line corresponds to the expected distribution in the case of
a perfect alignment of the crystals. The red line shows the photon distribution obtained in

the first prototype while the blue line shows photon distribution for the second prototype.

ter coordinate of each diffracted spot, we have determined also the angular
misalignment for each lens crystal. Figure 5.14 shows the deviation of each
crystal, from their expected perfect position. For the total set of tiles, this
deviation is within 6 arcmin (for the first prototype it was 15 arcmin).
Compared to the first prototype, the performance in terms of imaging
capability has been improved, as the maximum angular deviation of the

crystal tiles from their nominal ones has decreased from 15 arcmin to 6
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Figure 5.14: Angular deviation of each crystal on the second prototype with respect to

the perfect alignment.

arcmin.

After evaluating the contribution of each step to the overall error budget,
we attributed the 6 arcmin of mismatch between real and expected position-
ing of the crystals to the mechanical insertion of the pins in the counter-mask
and to the successive separation process of the entire lens from the counter-
mask.

In order to improve further the lens PSF, the only way we see is that
of adopting a different assembling technique, in which each crystal tile is
directly glued on the lens frame under a gamma-ray beam control. This is
the goal of the LAUE project supported by the Italian Space Agency ASI,
which will be presented in the Chapter 7.



Chapter 6

Bent Crystals for Laue Lenses

Bent crystals can improve the Point Spread Function of a Laue lens, with
a consequent increasing of sensitivity and angular resolution.

In this chapter I report the first measurements performed on bent crystals
with the goal to select the best crystal samples in terms of the thickness and

efficiency for Laue lenses.

6.1 Introduction

The copper crystals selected for the building of the Laue lens prototype
discussed in Section 5 showed a mosaicity of the order of 3-4 arcmin (FWHM)
[33]. This value turned out to be too large for a long focal length Laue lens,
as the dimension of the focal spot strongly depends on the crystal angular
spread. Using curved crystals it would be possible to build a Laue lens with
high reflection efficiency and very narrow PSF, thus significantly increasing
the signal to noise ratio, and consequently leading to a sensitivity leap with
respect to the existing non focusing telescopes.

There are different method to obtain curved crystalline planes, e.g. by
growing a two-component crystal whose composition varies along the crystal
growth axis, through a pure mechanical bending, or by applying a thermal
gradient to a perfect single crystal. One of the main phases of the Laue

project has been the choice of crystal materials to be employed for the lens.

80
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6.2 Germanium and Silicon bent crystals

Silicon (111) and Germanium (111) mono-crystals have been bent at the
University of Ferrara by the Sensor and Semiconductor Laboratory (LSS),
thanks to a set of parallel superficial indentations on one of the tile cross
section [51], [52], [54]. This technique relies on irreversible compression of
the crystal beneath and beside the indentations. In this way a deformation
is produced in the crystal with no need for an external device, resulting in a
uniform self-standing curvature within the crystal. The curvature so obtained
depends on the blade characteristics and the indentations sizes.

The bent crystals of Ge (111) and Si (111) produced in this way give rise to
a quasi-mosaic (QM) inner structure. This quasi-mosaicity is an anisotropic
effect that manifests itself when a properly oriented crystal plate is bent
along a given direction, i.e., quasi-mosaicity depends on the crystallographic
direction of the plate under bending (Fig. 6.1). Thus, a primary curva-
ture imparted to a crystal along some given diffracting planes, results in a
secondary (quasi-mosaic) curvature along a different direction [55].

Quasi-mosaicity is fully understood in the framework of the theory of
linear elasticity. A square crystal plate subject to a couple of mechanical
momenta applied along two perpendicular directions undergoes primary de-
formation (for more detail see [56]). For a Laue lens Ge (111) plates are well
suited, because of their excellent reflectivity at high energies (>100 keV).
Bending Ge tiles along (112) plane as a primary curvature, results in sec-
ondary curvature of (111) diffracting planes. Ge crystals can be accommo-
dated as tiles on the spherical surface of a Laue lens, in such a way to have
the diffracting planes (111) aligned with the radial direction. It is important
to point out the presence of a relation between the primary and secondary
curvature. The ratio between quasi-mosaic curvature (Rgys) and primary

curvature (Rp), is shown to be the following [53]:

fon
Rp
By giving to the crystal a primary curvature equal to that required by

—924 (6.1)

the lens it will be possible to focus the photons onto a smaller focal spot

(compared to that produced by a flat crystal with the same cross section)
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Figure 6.1: The primary curvature of a properly oriented crystal leads to a secondary cur-
vature owing to quasi-mosaicity. In this configuration the Ge (111) and Si (111) diffracting
planes are perpendicular to the main surface of the plate, thus positioning of the crystals
in the lens would be the same as for mosaic crystals. Qp and gy are primary and

secondary bending angles, respectively. [53].

as its size is only driven by the quasi-mosaic curvature within the crystal.
Therefore the advantage of using QM crystals comes directly from their fo-
cusing capability as well as their wide passband thanks to the quasi-mosaic

curvature, which perfectly match the requirements of Laue lenses.

6.3 Gallium Arsenide bent crystals

The mosaic crystals of Gallium Arsenide are grown at CNR-Institute of
Materials for Electronics and Magnetism (IMEM) of Parma by the Liquid
Encapsulated Czochralski method, as described in [58]. The bending can
be achieved by a controlled surface damaging, which introduces defects in a
superficial layer of few microns in thickness undergoing a highly compressive
strain. The controlled surface damaging were obtained by means of a me-

chanical lapping process on one side of planar samples [57]. The samples are
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mounted on a plate with paraffin, the plate is then positioned upside down
in the machine facing the sandpaper plate. The two components rotate in-
dependently on two different axes, so that the sample abrasion should be
completely uniform on the entire surface of the sample plate. The rotation
speed of the sandpaper plate can be manually regulated; the sandpaper is
usually lubricated with water. The samples are lapped with different large
grain sandpapers: P180, P400, P600, P1000, P1200, P2500, and P4000 (Eu-
ropean P-series); the length of the treatment is ranging from 30 seconds up
to 3 hours.

Some preliminary tests have been performed by IMEM group in order to
characterize the GaAs crystals [59], [60]. Figure 6.2 shows the diffraction and
transmission curves of bent GaAs (400) crystal obtained with a synchrotron
source at energy E=120 keV in transmission geometry (thickness t=8 mm
and the curvature radius R=16.5 m). The square shape of the diffraction

curve is that expected for a bent crystal (Fig. 6.2 left).
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Figure 6.2: Left: GaAs (400) Laue diffraction (black solid lines) and transmission (red
dashed lines) profiles measured at E=120 keV on a uniformly bent crystal obtained by
surface treatment. Right: Reflection profile measured with a flat mosaic GaAs crystal.
The sketch on the right shows the measurement geometry [60].

It is reported, for comparison, the diffraction and transmission (400) pro-
files measured at the same energy when a flat mosaic GaAs crystal is used.

The crystal mosaicity is about 15 arcseconds with a peak efficiency of 50%.
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With respect to the flat mosaic crystal, the diffraction efficiency of the bent
sample reaches a value of about 71% with peak width related to the cur-
vature of the diffracting planes. Therefore the integrated intensity, that is
the area under the reflectivity curve, appears strongly enhanced. The results
obtained by IMEM show that the lapping procedure is effective to obtain
the crystal bending, the curvature radii are reproducible and fully dependent
on the sample thickness and treatment characteristics. The efficiency results
obtained by IMEM are promising, but cannot be applied for Laue lens case,
since the crystal tiles are accommodated on the lens frame with a different
configuration (geometry 2) (see. Sec. 6.4).

6.4 First tests of bent crystals

In the framework of the Laue project (see Sec. 7), one of the main goals
is the development of a technology for the production of big quantity of bent
crystals, provided by LSS Ferrara and IMEM Parma, with the required char-
acteristics, in terms of curvature, efficiency, mosaicity. We have performed,
at the LARIX facility, reflectivity measurements of bent crystals in different
configurations, to confirm the expected results and to select the best crystal
samples. Another goal was to optimize the thickness of the crystal tiles to
be used for the Laue project.

A sketch of the apparatus is shown in Figure 6.3.

detectors

X-ray source E:-:I

1Icollimator 2"collimator v
. u : > : . ‘
a 0.3 mm 0.2 mm u ; crystal
holder
| 800 mm 5800 mm 830 mm 650 + 800 mm

Figure 6.3: Top view of the apparatus used for the crystal testing.

By means of the motorized crystal holder, it is possible to translate the

crystal samples along 2 directions perpendicular to the beam and to rotate
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the samples around three orthogonal axes. The X-ray beam coming from the
source travels across two collimators with adjustable aperture, the former at
80 cm from the X-ray source, the latter at a distance of 83 cm from the crystal
to be tested. The distance between the collimators is 580 cm. The direct
and reflected beams are analyzed thanks the two detectors (X-ray imager and
HPGe spectrometer) discussed in Sec. 5.1.4. The main properties of each
sample are obtained by measuring the FWHM of the Rocking Curve (RC)
and the reflectivity value. The measurements have been performed using the
fluorescence Ka; line at 59.2 keV of the X-ray tube Tungsten anode (Fig.
6.4).
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Figure 6.4: Left: Polychromatic spectrum of the X-ray tube. Right: Ko line of the
spectrum after removing the Bremsstrahlung background.

After measuring the rocking curve of a perfect flat Silicon crystal (111)
for various values of the collimator slit aperture and comparing it with the
expected value, we have also estimated the beam divergence. By setting the
horizontal aperture of the collimator 1 to 0.3 mm and that of the collimator
2 to 0.2 mm (Fig. 6.3), keeping the vertical aperture of both collimators to 2
mm, we have found a good compromise between the brightness of the beam
that is impinging on the crystal and the divergence level. With this configu-
ration the resulting divergence value is estimated to be FWHMyg;, = 11 £ 2
arcsec, in agreement with the estimate based on geometrical considerations
(Fig. 6.6 and Fig. 6.7).

In order to estimate the sample reflectivity at 59.2 keV, we compare the

count rate of the incident beam (naturally integrated over all divergence
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Figure 6.5: Beam divergence corresponding to collimator aperture of 0.3 x 0.2 mm.

angles) with the count rate derived from the crystal Rocking Curve, obtained

by rotating the sample in Laue configuration. The crystal samples (Table 6.1)

have been tested by setting the X-ray tube voltage to 120 kV with a current

of about 1.2 mA. For each sample, both the intensity of the transmitted beam

through the crystal and the Rocking Curve are measured. The direct beam

is also periodically monitored for possible intensity variations with time.

Source

1° collimator

800 mm L=4500 mm
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Figure 6.6: Sketch showing the geometrical evaluation of the X-ray beam divergence.
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Figure 6.7: Geometric value of the divergence as a function of the collimators aperture.

Two configurations of the crystals have been investigated: geometry 1

and geometry 2. In geometry 1 the beam is impinging on the lateral side of

the crystal tile, i.e., the surface in which one of the two sizes is the crystal

thickness. Instead, in geometry 2, the X-ray beam is impinging on the cross

section of the crystal tile. The geometry 2 is used for testing the flat and bent

mosaic crystals, and the bent perfect crystals in Laue configuration, where

a secondary internal curvature of the lattice planes (quasi-mosaic) arises as

described above.

Table 6.1: Tested samples

Sample Material Dimensions Geometry
Number mm X mm X mm
1 Silicon (100) 15 x 15 x 0.75 Flat perfect
2 Silicon (100) 15 x 15 x 0.75 Perfect bent via surface damaging, 60 m curvature radius
3 Silicon (100) 15 x 15 x 0.75 Perfect bent via surface damaging, 27 m curvature radius
4 Gallium Arsenide (111) 15 x 15 x 2 Flat mosaic
5 Gallium Arsenide (111) | Rounded shape x 2 Bent via surface damaging mosaic
6 Silicon (111) 25 x 25 x 1 Bent via indentation, 60m curvature radius
7 Silicon (111) 25 x 25 x 1 Bent via indentation, 8m curvature radius
8 Silicon (220) 45 x 10 x 3 Stack of 3 bent tiles, 110m curvature radius

Two crystal holders are available. The first is a clamp support (Fig. 6.13),

which is employed for testing square or rectangular crystal tiles with a length

ranging from 10 to 20 mm and a thickness from 5 to 3 mm. This crystal

holder is used for geometry 2 configuration. The other holder is suitable for



CHAPTER 6. BENT CRYSTALS FOR LAUE LENSES 88

testing crystals in geometry 1. The holder is made of a steal base, on which
it is positioned an aluminum wall (Fig. 6.8) that can be moved back and
forth along the base, depending on the crystal dimensions. In this way it is
possible to rotate the analyzed crystal around the axis of the holder base and

to get it within the beam axis.

Figure 6.8: Crystal holder for geometry 1 tests.

6.5 Measurements and results

The samples provided by IMEM are listed in the upper part of Table 6.1,
whereas the crystals supplied by LSS are listed in the lower part of the same
table.

6.5.1 Flat (100) and Bent (100) Silicon crystals (IMEM)

The flat perfect Silicon sample and the two bent Silicon samples (60 m
and 27 m curvature radii) provided by IMEM, have the same dimension of 15
x 15 x 0.75 mm? with diffracting planes in geometry 2 being the (100). All
the samples come from the same ingot, therefore the measurements provide
a good comparison of their properties.

We have carried out the integrated reflectivity for each sample by dividing
the area under the reflectivity curve, measured using the Ka; line of the
incident beam, by the K a4 line total number of photons. The bremsstrahlung

background lying under the K« line, has been removed for the calculation of
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Figure 6.9: Plot of the Integrated Reflectivity, normalized to the incident beam, as

function of the crystal curvature for different curvature radii: R=o00,R=60m,R=27m.

the integrated reflectivity (Fig 6.10). As shown in Figure 6.9, the integrated
reflectivity at 59.2 keV increases linearly as a function of the crystal curvature,
demonstrating that the lapping technique can improve the reflectivity of a
flat perfect crystal. For a 60 m and 27 m curvature radius the integrated
reflectivity increase by a factor 2 and 3, respectively, with respect to that of
the flat crystal. These results appear to be in agreement with those shown
in Figure 6.11, where Si crystals in the same geometry are tested by IMEM
[61].
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Figure 6.10: Left: Best fit of the Bremsstrahlung background of the incident photons
spectrum. Rigth: Gaussian fit of the Ka; used to estimate the area under the line.
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Figure 6.11: Experimental integrated intensities of a flat and two bent Si crystals as
a function of crystal curvature 1/R (dots) compared to the linear increase given by the
theory for perfect bent crystals [61].

6.5.2 GaAs (111) flat mosaic crystal in transmission
configuration (IMEM)

Two GaAs (111) samples were tested, using the clamp crystal support
(Fig. 6.13). The tested samples are known to have a mosaicity of about 25

2 and

arcsec. Their cross-section is square with dimensions of 15 x 15 mm
thickness of 2 mm. The measurements are found to be consistent with the
expectations [59], with a peak of the reflectivity value at 59.2 keV of about

35% and a mosaicity of about 25 arcsec (Fig. 6.12).
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Figure 6.12: UpperPanel : The reflection profile of the flat GaAs (111) crystal.

Lower Panel : The residuals between data and model are shown in units of sigma.

Figure 6.13: GaAs flat mosaic sample mounted on the support.

6.5.3 Bent mosaic crystal of GaAs (111) in transmission
configuration (IMEM)

The sample n.5 has a rounded shape with a radius of 35 mm while its
curvature radius is 40 m. The tile was mounted on a support and analyzed in
the central region in Laue configuration, being (111) the diffracting planes.
The measured efficiency (Fig. 6.14) is about 45%, slightly higher than that
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of the flat sample, consistent with a small increase of the angular spread with
respect to the flat GaAs crystal (24.9 arcsec). The curvature does not affect
the internal structure and the local mosaic spread does not change, whereas

it influences the global behaviour of the sample allowing the focusing effect.
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Figure 6.14: Diffraction curve of the GaAs sample (40 m radius) bent crystal.

6.5.4 Stack of bent Silicon (220) crystals (LSS)

The stack is composed of three Si (220) bent crystals, with 110 m bending

2 and a thickness of 3 mm. The

radius, a front surface of 45 x 10 mm
corresponding plane curvature is 84.4 arcsec. The stack was tested in order
to check the misalignments of the crystals with each other. Their bending
is obtained by indentations method which, as already mentioned, for some
lattice planes gives rise to a secondary curvature (quasi-mosaic) (see Sec.
6.2).

We have tested the sample in two geometries (see Sec. 6.4): 1 and 2.



CHAPTER 6. BENT CRYSTALS FOR LAUE LENSES 93

1%
=
(@]
o
w
m
>

Grooved surface —/

Figure 6.15: Drawing of the Silicon stack with the points tested.

Testing of geometry 1

The configuration of the crystal support adopted for the tests in geometry
1 is shown in Figure 6.16. The diffractivity of the (111) planes (at 59.2 keV)
was tested in different points of the lateral surface 10 x 3 mm?. The incident
X-ray beam enters the stack at different distances from the outermost grooved
surface (regions 1, 2, 3, see Fig. 6.15 and Table 6.2). The gaussian fit of
the measured RCs are very broad and are consistent with the sum of three
Gaussian functions (Fig. 6.18). We expected to see a broad peak with
FWHM of the order of the crystal curvature, about 84 arcsec. The results
reported in Table 6.2 show a similar FWHM value for regions 2 and 3. These
values are in agreement with stack angular spread. Instead, for region 1 the
FWHM is considerably lower (45 arcsec). We explain this discrepancy in
terms of different path crossed by the direct X-ray beam, especially for point
1, where the radiation does not cross completely the stack thickness due to
the curvature. When the radiation hits the points 2 and 3, this effect is not
present (Fig. 6.17).

Table 6.2: FWHM of the RCs performed.

Region Distance from the FWHM

analyzed | grooved surface (mm) | (arcsec)
1 0.4 45.87
2 1.5 87.46
3 2.3 79.12
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Figure 6.16: Adopted configuration for geometry 1 test.
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Figure 6.17: Top view of the bent Silicon stack. The different paths crossed by the
radiation are also visible.

Testing of geometry 2

The stack in geometry 2 has been also tested. In this case the beam is in-
cident on the grooved surface, with (220) as the diffracting planes, which does
not show the quasi-mosaic structure of the (111) planes since, as discussed
in Section 6.2, quasi-mosaicity manifests itself only along some diffractive
planes depending on the bending direction. The thickness in this case is only
3 mm. Five regions of the cross-section (A, B, C, D, E, in Figure 6.15) have
been irradiated.

The test results, (Fig. 6.19) show that the layers of the stack are not

perfectly aligned with each other, with the maximum misalignment being
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Figure 6.18: RCs (Geometry 1) of the Silicon stack measured in the regions 1 (left),
2 (center), and 3 (right). The RCs have been fit using 3 Gaussian functions, due to the

imperfect alignment of the crystals in the stack and to the depth traveled by the direct
beam across the layer tested.
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Figure 6.19: Diffracted counts (geometry 2) from different regions (Fig.6.15) of the
stack.

more relevant in the external regions (C and A).

6.5.5 Quasi-mosaic Silicon (111) samples in geometry 2
(LSS)

We have also characterized two bent samples via indentation (n.6 and n.7)
with a square surface of 20 x 20 mm? and thickness of 2 mm, with two dif-
ferent primary curvature radii Rp: 60 and 8 meters, respectively (Fig. 6.20).
The diffracting planes (111), in transmission configuration, are orthogonal to

the square surface. From the dynamical theory of bent crystals diffraction,
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the ratio between the internal curvature radius Rgys and Rp is equal to 2.4,
with a consequent QM curvature of the diffracting (111) planes of 145 and

20 meters, respectively.

Figure 6.20: The grooved Silicon crystals tested in quasi-mosaic configuration.

From the measured rocking curve we derived an angular spread of 11 +
2 arcsec for sample n.6. This value is in agreement with the convolution of
the bent crystal diffraction profile (box-shape function whose width is driven
by the angular spread), FWHM of 2.5 arcsec with the gaussian function of
the beam divergence. The measured reflectivity at 59.2 keV is about 80%.
Instead, for the sample n.7 which exhibited an angular spread of 20.6 arcsec, a

RC width of 21 &£ 2 arcsec and a reflectivity value of 25% have been obtained
(Fig. 6.21).
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Figure 6.21: Diffraction curves of the Silicon samples n.6 and n.7 respectively.
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6.5.6 Discussion of the results

The test of Silicon crystals provided by LSS with different curvature radii
and thicknesses have allowed us to establish that Silicon crystals could be
successfully employed for the LAUE project.

In order to optimise the crystal thickness in the lens petal passband,
simulations of crystal best thickness have been performed. Figure 6.22 shows
the best thicknesses, obtained from the crystal diffraction theory [37|, as
function of the energy along different diffracting planes for both Silicon and
Germanium crystals. It can be observed that the best thickness for the Si
(111) crystals at 200 keV is ~ 20 mm, whereas the Ge (111) best thickness

at the same energy is roughly 6 mm.
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Figure 6.22: Left: Bent Si best thicknesses simulated for different diffracting planes.

Right: Best thicknesses simulation for Germanium bent crystal.

However, the current technological limitations to bend crystals with thick-
ness greater than 2 mm prevent to use them. Germanium tiles, on the other
hand, are more appropriate to be used for the LAUE project, given that
2 mm thickness of this material is almost sufficient to achieve the needed
diffraction efficiency at high energies (=200 keV). LSS laboratory is able to
provide Ge (111) crystals with the required curvature and efficiency.

All the analyzed GaAs samples provided by IMEM show a high-efficiency
diffraction, with an average mosaicity that satisfies the requirements of the
LAUE project. The curvature radii are in agreement with the theoretical

expectations.



Chapter 7

The LAUE Project

As discussed above, Low-energy focusing telescopes up to ~ 70-80 keV
have been successfully built or are under development (e.g. NuSTAR and
ASTRO-H), but beyond 100 keV an efficient way to focus photons is the use
of diffraction techniques from crystals. Laue lenses appear the best solution to
focus photons in the hard X-/soft gamma-ray (< 1 MeV) domain. With these
lenses, we expect a big leap in both flux sensitivity and angular resolution.

In the following chapter I will present the LAUE project devoted to de-
velop an advanced technology for building a Laue lens with broad energy band
(70/100-600 keV) and long focal length (up to 100 m), for space astrophysics.
Along with the project description also its main results will be shown. I also
describe the developed v-ray facility, the lens assembly technique adopted, the
instrumentation and the measurements performed during the last year of my

PhD.

7.1 A focusing lens for soft y-rays

The LAUE project, supported by the Italian Space Agency (ASI), is a
follow-up of the HAXTEL project and is devoted to create a technology to
build a Laue lens with long focal length (20-100 m) able to focus photons in
the 80-600 keV energy range, unreachable with multilayer telescopes. The ex-
perience acquired from the HAXTEL project has shown that, for focal length

(FL) longer than 10 m a new assembling technique is needed. Furthermore,

98
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a new generation of crystals must be developed for Laue lenses, given that
the Point Spread Function (PSF) of a flat crystal is related to the size of
the crystal itself. On the basis of these requirements, the LAUE project was

conceived to face the following challenging goals:

e to develop an advanced lens assembly technology with a cumulative
error budget lower than 10 arcsec, leading to a sensitive Laue lens with

long focal length (at least 20 m);

e to solve the still long standing and difficult issue of developing crystals
suitable for Laue lenses: explore the use of bent crystals, and their

massive production;
e to build a lens petal made of these newly developed crystals;
e to perform a feasibility study of a space lens made of petals.

Concerning the first item, based on the experience acquired with HAX-
TEL, in order to decrease the cumulative error budget, we decided to develop
an apparatus to correctly orient and fix each crystal to the lens frame under
the control of a gamma-ray beam. For the same reason, we also decided to
keep the lens petal fixed and to move the gamma-ray beam parallel to the
lens axis.

Regarding the second item, the development of bent crystals was consid-
ered of key importance, in order to increase the reflection efficiency and to
obtain a better focusing of the photons.

As of the last two items in the LAUE project, an industrial accommo-
dation study of a modular lens was included. As a result, it appears that
an entire lens can be made of petals, and that each petal can be made of
sub-petals (or petal sectors). The crystal tiles are accommodated in the petal
sectors.

To achieve the first goal of the project, the apparatus sketched in Figure
7.1, where also the reference axes are shown, has been designed. A large
distance between X-ray source and lens petal was set to get a low divergence
beam. FEach diffracting crystal can be translated and oriented in order to
focus the beam photons on the lens focal plane. Then it is glued upon the

lens frame.
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Figure 7.1: Layout of the LAUE apparatus at the University of Ferrara.

7.2 The project apparatus and its location

The entire apparatus for both assembling and testing the lens was de-
signed to be installed in the LArge Italian X-ray laboratory (LARIX) located
at the Physics and Earth Sciences Department of the University of Ferrara.
The laboratory includes an experimental room (LARIX A) with a 12 m long
facility and a 100 m long tunnel.

The 12 m long facility has been already described (see Sec. 5.1). As we
have seen, It is also used in the framework of the LAUE project, to qualify
each crystal tile in terms of reflectivity and curvature radius for the lens petal
to be assembled. The 100 m long tunnel is instead the ideal place for the
LAUE project. It allows to obtain a small divergence of the beam impinging
on each crystal and to build Laue lenses with long focal length. In Figure
7.2 it is shown a sketch of the tunnel and the relative distances between the
installed sub-systems.

The complete apparatus consists of the following sub-systems.
e Gammarray source system;

e Beam-line with vacuum environment;

e Clean room with temperature and humidity control;

e Adjustable mechanical slit;
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Figure 7.2: Sketch of the tunnel with the relative distances between the sub-systems.

e Nal(Tl) scintillator detector for the incident X-ray flux monitoring;
e Hexapod positioning device and crystal holder;
e Focal plane detectors;

e Translation and rotation systems for the motion of each subsystem

(source, collimator slit, crystals);

e Hardware and software needed for the remote control (Ground Support
Equipment, GSE).

o Petal frame.

In the following sections I will describe these apparatus components and

their implementation.

7.3 The Gamma-ray source and its aperture

A portable betatron and hard X-ray generator are available. The betatron
has a maximum electron energy that can be regulated between 1 and 2.5 MeV
and could be exploited for testing Laue lenses with nominal passband of 80-
600 keV. However for the assembling phase, in the current configuration, is
not so bright. Therefore, for the lens petal prototype we have adopted a hard
X-ray generator with a maximum voltage of 320 kV, and an X-ray tube with
a Tungsten anode (fine focus of 0.3 x 0.4 mm?) on which the accelerated

electrons impinge for producing bremsstrahlung radiation. The maximum
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releasable power is ~1800 W. The expected photon spectrum from the hard

X-ray generator and for the current betatron are shown in Figure 7.3.
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Figure 7.3: Expected photon spectrum (in photons keV—! cm~2 s!) at 1 m distance of
the X-ray tube (left) and from the betatron (right).

To reduce the beam width, a 20 mm thick Tungsten shield with a 3 mm
diameter hole has been installed in front of the aperture of the X-ray tube. A
further collimation is obtained with a drilled (1 mm diameter) 50 mm thick
lead collimator on the top of the Tungsten collimator (Fig. 7.4). Source plus
collimators can be moved on the plane Y-Z (X being the beam axis). Thanks
to the overall collimation, the beam size has been led to an acceptable width
and the background level due to the source is also acceptable.

The main properties of the adopted X-ray generator are reported in Table
7.1.

7.4 Beam-line and clean room

The photons coming from the gamma-ray source through the initial col-
limator, enter into a 21 m long beam-line. This is made of seven 3 m long
tubes of stainless steel with an internal diameter of 60 cm. A set of vacuum
pumps guarantees a vacuum of at least 1 mbar inside the tubes. The X-ray
entrance and exit windows of the beam-line are made of carbon fiber 3 mm
thick. The prospect is to extend the beam-line up to 70 m. A view of the

already installed beam-line is shown in Figure 7.5.
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Figure 7.4: Left: The X-ray source that is being used for assembling and testing the
lens petal. Right: A detail showing the 1 mm lead collimator placed in front of the X-ray

tube aperture.

Table 7.1: Main properties of the X-ray tube that is being used for the assembling phase.

RX Tube Type

Nominal Tube Voltage
Continuous rating

Focal spot size

Filament current, max
Filament voltage, typical
Inherent filtration
Target material

Target angle

Radiation coverage
Leakage radiation, max
Cooling medium

Cooling medium flow, min
Temperature at inlet
Weight

MRX-320HP/11AX
320 kV

800W /1800 W
d=04mm/d=10mm
41A /46 A
23V /68V

3 mm Be

W

11°

40° x 30°

5mSv / h

Oil

141 / min

50 °C

40 Kg

Once the gamma-ray beam exits from the beam-line, it enters in a clean-
room (class better than 105, US FED STD 209E Cleanroom Standards).

The clean-room is endowed with a thermal control (within 1°C accuracy)

and an hygrometric control (relative humidity ¢ = 60% within an error of
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Figure 7.5: The 21 m beam line in which is carried out the vacuum for avoiding absorp-

tion and scattering.

10%). Components inside the clean-room are the final collimator, the lens

petal and the crystal positioning system.

7.4.1 Slit collimator

After the beam-line, the beam impinges on a collimator equipped with a
slit with variable aperture to artificially reproduce the presence of a source
coming from the infinity. It can be moved together with the X-ray generator
along the Y-Z axes. The goal is to have an X-ray beam always parallel to
itself and to the lens axis while it is impinging on every crystal tile during the
crystal assembling phase. Therefore the collimator is equipped with motors
that can translate it in the Y-Z plane and it is provided with three motors
to rotate the slit around the X, Y and Z axes.

The collimator has also another important role. It has to shield the beam
coming from the source, except that around the beam axis. The shielding

2 cross section and 50 mm

2

is achieved by a lead panel with 200 x 200 mm
thick. In the center of the panel it has a 30 x 30 mm* aperture window.
In correspondence of this window a motorized slit with variable aperture is
located. The variable aperture is obtained by means of four crossed and
independent 20 mm thick blades made of Tungsten Carbide (density 15.6

g/cm3, 1 % transparency @ 600 keV).
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Figure 7.6: Collimator and carriage (left) and a detail of the motorised collimator
mounted on the 200 x 200 mm? lead panel (right).

7.4.2 Lens petal frame

The lens petal frame holds the lens crystal tiles. The crystals are properly
aligned and placed in the correct position, then glued and fixed on the petal
frame. Its total thickness (2.3 mm) is realized with a superposition of 10
layers of carbon fiber. Assuming an interdistance between contiguous crystals
of 0.2 mm, we have designed the cell in which each crystal has to be positioned
on the frame (Fig. 7.7). In the center of each cell, the frame is drilled, and
through the hole the resin is injected for fixing the crystals to the frame.
From the location of the cell and the assumed focal length of 20 m, the

expected energy in correspondence of the center of each cell is computed.

7.4.3 Crystal orientation and positioning system

The orientation and the positioning of each crystal on the carbon fiber
petal frame is performed with a 6-axis hexapod system (Fig. 7.8). The
rotation and the linear motion uncertainties are 1 arcsecond and 1 pm, re-
spectively. While the coarse translations along the Y and Z axes are provided
by the carriage on which the hexapod is positioned, the hexapod is mainly
used for the three fine rotations. The first is the rotation around the beam
axis (X) to place each crystal at the nominal position. The other two rota-

tions around the Z’ and Y’ axes of the crystal rest frame, which in general do
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Figure 7.7: The petal frame used as a support for the Laue lens. In the small box is
visible a small portion of the petal with the holes through which the adhesive is inject
from the back side.

not coincide with the laboratory reference system Y and Z, allow to find the
proper diffraction angle. The hexapod is also provided with a further axis
(along X) to approach (separate) the crystal to (from) the petal frame. The
crystal tile holder has been developed in order to firmly hold the tile and, at
the same time, to keep free most of the front and back faces of the crystal,
where the incident beam arrives and the diffracted beam is produced. In
order to fill as much as possible the lens frame with crystals, the left side of
the tile is left bare (see Fig. 7.9).

7.5 Focal plane detection system

A gamma-ray detector system allows to establish the correct orientation
of each crystal tile. It is made of two focal plane detectors (a v-ray imager
and a solid state spectrometer) (Fig. 7.10) placed on a carriage at the focal
distance of 20 m from the petal frame. The carriage placed on a 15 m long
rail, can be translated along the X axis, allowing to place the detectors either
on the focal plane or close to the petal structure. The carriage allows also the
translation of the detectors in the Y-Z plane with an uncertainties of £+ 0.5
mm in each direction. The X-ray imaging detector (see Table 7.2) has useful

area 20 x 20 cm?, with a spatial resolution 200 um and an operational energy
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Figure 7.8: Left: The hexapod system that is used to tilt and place each crystal in
the proper position for the diffration. Right: Back view. The reference axes Y, Z and
the principal axes of rotation Y’, Z’ are also reported, referred to a generic crystal slot
(position 25).

Figure 7.9: Details of the holding system with one crystal made of Gallium Arsenide
mounted on it (left). A particular of the anchoring borders and the pivot clamping from
the bottom (right).

range from 20 keV to 15 MeV. It is a flat panel based on a Csl scintillator
(0.8 mm thick) that converts the X and gamma-rays into optical light that
is afterwards converted into an electric signal from an array of photodiodes.
The imager allows to detect the space distribution of the photons in the focal
plane, diffracted by each crystal.

The spectrometer is a cooled HPGe detector with 2.5 cm diameter and an
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energy resolution about 500 ¢V at 122 keV (see Table 7.3). The spectrometer
allows to establish the energy diffracted by each crystal on the lens, given
that the centre of each crystal has to diffract a well defined energy. The
spectrometer also allows to have a control of the direct and transmitted

beam through the crystals, to get an estimate of their reflection efficiency.

Figure 7.10: The focal plane detectors used in the LAUE project: the flat panel detector
is positioned below the HPGe detector.

Table 7.2: Main characteristics of the imager detector.

Energy range (keV) 40 keV -15 MeV
Spatial resolution (pum) | 200
Active area (cm2) 20.48 x 20.48

Active pixel number 1000 x 1000
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Table 7.3: Main parameters of the HPGe detector used for the LAUE project.

Energy range

Resolution FWHM at 122 keV (eV)
Peak shape FWTM/FWHM
Semiconductor material

Dewar capacity

3 keV - 1 MeV

537 at amplifier time constant 6 us
1.86

P-type High-Purity Germanium
31

Static holding time 48 hr
detector cool down time 6 hr
Detector active diameter (mm) 25
Detector sensitive depth (mm) 13
Size (mm?) 325
Be window thickness (mm) 0.254

7.6 Alignment of the facility

109

The alignment of the apparatus is crucial for the accurate positioning of

the crystal tiles on the lens, thus achieving a fine focusing of the reflected

photons.
three steps:

- Mechanical alignment

The apparatus alignment was performed through the following

The petal frame has been placed within the projection of the beamline
cross section (in the Y-Z plane) and perpendicularly to its direction
(X-axis). Also the source and the collimator slits have to move within
the same cross section. Finally, the detectors have been placed per-
pendicularly to the X-axis at 20 m from the petal frame. The carriage
holding the detectors was designed in such a way that both direct and

diffracted beam can be visible.

Optical alignment

The optical alignment was performed using the beamline without X-ray
entrance and exit windows. An horizontal optical laser and an optical
equipment that includes a beam-splitter, is positioned between the end
of the beamline and the final slit (Fig. 7.11). The optical beam from
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the laser is first reflected by a mirror to get a vertical beam. Then
this beam is incident on the beam-splitter in such a way that opposite
beams travel horizontally along the X axis. It is therefore possible to
determine the zero positions of the following components: center of the
gamma-ray source collimator, final collimator slit, reference hole on
the lens frame and focal plane imager and spectrometer zero positions.

From the last position, it is possible to determine the lens focus.

The optical alignment ensures that the ideal line connecting the source
and the collimator slit is parallel to the lens axis. It also guarantees
an excellent precision in the positioning the center of the gamma-ray

imager in correspondence of the lens focus.

- Gamma-ray alignment

The gamma-ray alignment performs a fine tuning of the previous align-
ment process. It has been carried out by means of two Tungsten cross
wires (200 pm diameter), one positioned on the center of a dummy
crystal located on the crystal holder, and the other on the aperture
center of the slit. The position of the reference crystal holder was de-
termined in such a way that the image of the Tungsten cross centre is
superimposed on the reference hole image of the lens frame.The final
adjustment of the reference positions gave the result shown in Figure
7.12 (right panel).

7.7 Calibration of the incident beam monitor

The monitoring of the beam intensity at the exit of the beamline, before
impinging on the slit collimator, is performed using a Nal(Tl) scintillator
integrated with a photomultiplier (PMT) plus preamplifier supplied by BI-
CRON, USA (see Fig. 7.13). The detector has a thickness of 4 mm with
an X-ray entrance window of 0.2 mm Al, and an energy resolution of about
15% at 122 keV. The strategy was that of measuring the rate between two
thresholds, by using a Single Channel Analyzer (SCA). Then, what is needed
is the calibration of the SCA lower and upper thresholds. To do that, we

used the following electronic chain.
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Figure 7.11: The laser equipment adopted for the optical alignment of the LAUE ap-
paratus. The optical beam is made horizontal by a 45° mirror, and the beam splitter

provides two antiparallel horizontal beams.

Figure 7.12: Images obtained of the two Tungsten crosses before the fine tuning (left)
and when the apparatus is fully aligned (right). The imager pixel size is 200 pm.

The PMT is powered with a voltage of 0.5 kV by an high voltage power
supply (Bertan 353 High Voltage Power Supply), while the preamplifier (PA)
is powered to + 12 V from a ow voltage power supply (EG & G ORTEC
Model 4002P Portable Power Supply). The output from the PA is connected
to a chain which includes a standard NIM Single Channel Analyzer (SCA
Ortec Model 850 Quad Single-Channel Analyzer), an amplifier (EG & G
ORTEC Amplifier Research Model 450), an ADC Silena (Mod 7423 /UHS
8K ULTRA-HIGH SPEED ADC spectroscopy, series 875), the latter giving
the possibility for a coincidence counting between the analog signal and the
output signal from the SCA, and a data acquisition card for the digitalized
signals (ORTEC MCS-pci plug-in card and MCS-32 software), which allows
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Figure 7.13: The monitor of the incident gamma-ray beam.

the spectral analysis.
The block diagram of the electronics adopted for the calibration of the
SCA is shown in Figure 7.14.

Single
—] Channel }—
- Analyzer

PC

ORTEC MCS PCI card
— ADC {
—l MPA-3 PCI card I

Detector pre-amplifier

coincidence

L Amplifier

Figure 7.14: Block diagram of the instrumentation.

Essentially, the signal from the PA is sent out to the SCA and, in parallel,
to the amplifier. The output signal from the SCA, whenever it exceeds the
lower threshold, is being coincided with the output signal from the amplifier.
The coincidence events are sent to the ADC Silena, in order to digitizing
only the signals from the SCA that exceed the lower threshold. In this way,
we get the spectrum detected by the Nal (T1), whose amplitude is above the
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lower threshold of the SCA, while the upper threshold of the SCA was set to
the maximum value (10 V).

The detector was previously calibrated using a source of 55Ba'®* (lines

80.997 keV, 303.09 keV) and »7C0°" (lines 122.06 keV, 136.47 keV). These
lines, being defined and strong, present a clear energy profile. With this

calibration, the energy-channel relation is found to be:
E; =051-Ch; —4.1. (7.1)

350

Energy (keV)

200 =0 300 350 400 450 500 550 800
Channel

Figure 7.15: The channel-energy calibration.

The calibration of the SCA lower threshold, was performed by changing
the voltage of the SCA lower threshold, which is adjustable between 10 mV
and 9.99 V (step = 0.01V). The count rate spectrum, of the Ba'*?, was
measured for different values of the lower threshold. Table 7.4 shows the
correspondence between threshold voltage and energy.

To calibrate the upper threshold, the counting rate between two adjacent
lower thresholds was measured, and found the value of the upper thresh-
old such to obtain the same count that was found between the two lower
thresholds.

Figure 7.16 shows that photon energy changes linearly with the lower
threshold over the entire range of energies, whereas the upper threshold is
linear only in the range 130-300 keV. This non-linearity is not a limitation
since the energy band involved in the developing of the project (90 keV - 300

keV) lies almost entirely in the linear region.
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Table 7.4: SCA lower threshold calibration.

LOWER ENERGY
THRESHOLD (V) | (keV)
0.01 48
0.02 60
0.03 83
0.04 101
0.05 119
0.06 137
0.07 160
0.08 188
0.10 224
0.11 244
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Figure 7.16: Trend of the lower (red) and upper (blue) threshold as a function of energy.
The lines do not pass through zero, as they have an offset of about 0.01 V.
7.8 Ground support equipment

Each sub-system is equipped with a set of linear and rotational stages of
motion:

X-ray source: motorized Y and Z translations, Ry and R rotations;

Collimator: motorized Y and Z translations, Ry , Ry and Rz rotations;

Hexapod carriage: motorized Y and Z translations;

Hexapod: motorized 6 d.o.f. (X translation is allowed manually);
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- Detectors: motorized Y and Z translations, Ry , Ry and Rz rotations

(X translation is allowed manually).

All the motorized carriages are remotely controlled from the control room.
For the control of each sub-system, a proper LabVIEW code has been devel-
oped [68]. The front-end of the remote management suite is shown in Figure
7.17. A selection of light indicators, e.g. selection of the crystal position
on the lens petal, makes the X-ray beam (source and collimator slit) and
hexapod/crystal holder automatically moving to the desired position. The

remote control of the hexapod is obtained exploiting a dedicated software.
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Figure 7.17: Left: Front-end of the LabVIEW management software for the remote
control of each carriage. Right: The dedicated software for the hexapod control.

7.9 Petal features and crystals selection

The lens petal is designed in such a way as to diffract photons in the 90-
304 keV energy band. The upper threshold is due to the maximum energy of
the photons available with the X-ray tube adopted. The lens petal passband
is defined by the inner and outer radius of the lens petal. The crystals will
be positioned and glued on the frame so that to focus the diffracted beam at
a distance of 20 meters. The width of the designed lens petal subtends an
angle of 18°. It is being covered with bent crystal tiles of Ge (111) and GaAs
(220) as shown in Figure 7.18. Its main properties are reported in Table 7.5.
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Table 7.5: Parameters of the petal that is being build in the LARIX facility.

Parameter

Value

section of GaAs(220)

section of Ge(111)

Entire petal

Focal length 20 meters 20 meters 20 meters
Energy range 148 — 304 keV 90 — 267 keV 90 — 304 keV
No. of Rings 14 18 18
Innermost radius 40.66 cm 28.40 cm 28.40 cm
Outermost radius 83.47 cm 83.47 cm 83.47 cm
No. of crystal tiles 119 155 274
Crystal size 30 x 10 x 2 mm?® 30 x 10 x 2mm? 30 x 10 x 2 mm?
Crystal mass (total) 2.5 g x 119 =297.5g 2.07 g x 155 = 320.85 g 61835 g
20
105 o
E of
© E
e
-10 :
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Figure 7.18: The upper part of the petal (red) will be filled with Ge (111) tiles while

the bottom part (black) will be filled with GaAs (220) tiles.

The bent crystal tiles of Ge (111) are supplied by LSS | whereas the bent

crystal tiles of GaAs (220) are provided by IMEM.
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7.10 Crystal characterization for the LAUE project

In this section I will report the measurement technique which we have
developed, to estimate the exact curvature of each tile, within a few percent
of uncertainty, and their angular spread or mosaicity. The results obtained
are presented. The measurements have been performed with the LARIX A
facility.

7.10.1 Adopted method for the curvature measurement

To estimate the value of the primary curvature (also called main curva-
ture) of a sample, we adopted the following method. The sample is held
by the moving system that can translate the crystal perpendicularly to the
direction (horizontal) of the incident X-ray beam, and rotate it around a
vertical axis perpendicular to the beam and passing through the center of
the tile itself. Then the crystal diffraction of the monochromatic radiation at
59.2 keV due to the Koy fluorescence of the X-ray tube with Tungsten anode,
is analyzed in several crystal points. From the comparison of the spectra of
the diffracted beams from each point it is possible to estimate the curvature.

In particular, in the first step it is determined the Bragg angle «, in the
point A of the crystal (Fig. 7.19). The crystal is then moved parallel to itself
so that the beam impinges on the crystal in a different point B, with distance
AB well known. Since the tile is bent, the point B needs a different angle to
diffract the same energy as the point A. To get the same diffracted energy
(59.2 keV) in correspondence of the point B, we have to rotate the sample
by an angle A« which represents the angular aperture between the points A
and B. Applying the same procedure to a set of points along the crystal, it
is possible to investigate the angular aperture with continuity along the tile,
obtaining the mean curvature radius of the crystal itself.

The estimation of the curvature radius is made by performing a linear fit
to the different rotation angles measured. Indeed the angular coefficient of
the straight line gives the curvature of the sample (Fig. 7.22).

The uncertainty on the curvature radius is mainly related to two uncer-
tainties: the error in the determination of the distance between the contigu-

ous points where the energy of the diffracted beams are measured, and the
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Figure 7.19: The sample is analyzed along several points lying on the same horizontal
plane. The same test is performed by raising and lowering the sample, to investigate

different areas of the crystal.

error in the determination of the Bragg angle corresponding to the Ka; line.
Being Al the distance between the points, and A6 the difference between the
Bragg angles of the points diffracting the same energy, the curvature radius

R and its uncertainty AR are given by:

R= i—é, AR:R\/<%>2+ (2—2)2 (7.2)

The uncertainty o; in the estimation of the distance between the two

points is related to the accuracy of the translational stage which moves the
crystal and allows the beam to impinge on two adjacent points of the sample.
As written above, this accuracy is 1 um, whereas the typical distance between
two successive points is 4-5 mm. It follows that:

)

<Kl> ~ 2.5 x 1075 (7.3)

Regarding the angular uncertainty, the actuator used has an accuracy of
10~* degrees but the Bragg angle estimation necessary to diffract the desired
energy is determined by a Gaussian fit of the rocking curve, which reduces
the error to oy = 2 x 107 degrees. The variation of the angle Af between
two adjacent points, being dependent on the distance between the points and
the curvature to be measured (approximately 40 m), is of the order of 0.02°:

o

<E> ~ 0.025 (7.4)

From eqs. 7.3 and 7.4 it is evident that the main error comes from the
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angular uncertainty, while the translational stage error is negligible. The
accuracy in determining the angle variation obviously increases if the points
to be compared are farther from each other. In this case the difference A6
between the Bragg angles relative to the points analyzed is greater, whereas
the uncertainty in the determination of each point is the same, improving
the estimation of the curvature radius. Based on the above considerations
we can estimate the curvature radius with an error of about 2 m, for those

samples which exhibit a bending radius of 40 meters.

7.10.2 Facility set-up

The measurements have been carried out in the LARIX A facility de-
scribed in Section 6.4. However, some changes have been made to get more
accurate results. In particular, the translation and rotation stages of the
crystal holder have been upgraded, achieving an accuracy of 1 um along a
direction perpendicular to the incident beam, and of 3 arcsec for the Bragg
angle determination (Fig. 7.20). These movements are monitored with opti-
cal encoders. In this way the true position of the sample and the position of
the XYZ holder (X being the beam direction) can be accurately measured.
The two beam collimators have been adjusted in such a way to provide a
beam size of 0.5 mm (along y) x 3 mm and a divergence value of about 18
arcsec. The first collimator does not significantly influence the size of the
beam but affects the beam intensity, whereas the second collimator is crucial

to get the size of the spot needed for the specific application.

Figure 7.20: The new platform with the upgraded motors
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7.10.3 Lens petal crystals

With the developed setup, it is possible to analyze the curvatures of both
set of crystals. The crystal tile size of both crystal types as required for the
Laue project is 30 mm x 10 mm, with a thickness of 2 mm (Fig. 7.21).

For the lens petal prototype, which is being assembled, LSS has provided
all the bent Ge (111) crystal tiles (about 150) with a nominal angular spread
of 4 arcsec. 45 of the crystals have been analyzed (see Table 7.6) in order
to test the curvature of the indented Ge (111) crystals. The curvature is
preliminary measured by the LSS staff means of a profilometer, obtaining
a curvature radius of about 40m. However, it is important to take into
account that the measured curvature just estimates the profile of the external
surface of the single crystals. Instead we have carried out, diffraction tests in
transmission geometry, to better investigate the real curvature of the lattice
planes. The indented Ge samples are found to show an excellent accuracy in
thickness (2+2.01 mm) and thus in weight (2.06+2.08 g).

Figure 7.21: Left: Gaas (220) crystal tile. Right: Ge (111) crystal tile

IMEM has supplied 2 sets of bent crystal tiles of GaAs (220). In order
to check the validity of the adopted bending method, the first set of tiles is
composed of 10 samples of GaAs (220) with variable thickness (0.45+0.55
mm) and square cross section (15 mm x 15 mm). The crystal curvature
was already measured by IMEM with a Bragg diffractometer, in reflection
geometry, making use of a Cu Ka fluorescence line (~ 8 keV). This set was
useful to compare the results obtained by them with those obtainable with
the LARIX facility. We found that the samples coming from the same ingot

resulted to exhibit a uniform mosaicity (mosaic-spread ~ 15-18 arcsec). In
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addition, each sample resulted to show two different curvatures along the
orthogonal axes x and y.

Concerning the curvature, even if the IMEM team was able to estimate
the curvature radius with an accuracy of 5%, this curvature was obtained by
the shallow layers of the sample, as their 8 keV beam did not irradiate the
deeper regions of the crystal, while adopting transmission configuration, as
it can be carried out in the LARIX facility, the results are more reliable.

The second set of 18 GaAs (220) crystals (with mosaicity of 25 arcsec)
provided by IMEM, has instead the crystal size required by the Laue project
(30 mm x 10 mm x 2 mm). We found that these crystals show a variable
crystal weight (2.40+2.85 g). This is likely due to the different amount of

material removed by the lapping procedure.

7.10.4 Curvature measurement results
7.10.4.1 Germanium (111) crystal tiles

All the Ge (111) crystal tiles show a bending radius extremely uniform
throughout the crystal, even if in some cases we found a discrepancy between
the expected and the measured curvature (Table 7.6). In these cases, if
the curvature radius is greater than expected, it has been experimentally
demonstrated by LSS that, by increasing the grooves depth the curvature
radius can be decreased. On the other hand, if the curvature radius is smaller
than expected, the crystals can be further exposed to an etching procedure to
relax the stress and increase the tile curvature radius. Therefore the crystal
curvature can be refined achieving an accuracy of 5%. Some examples of the
crystal curvature measured by us are given in Fig. 7.22. Figure 7.23 shows
one of the rocking curves that have been carried out for some Ge samples, in

order to investigate their angular spread.
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Table 7.6: Curvature radii of the Ge (111) samples analyzed for the LAUE project.

Sample Measured curvature | Crystal —Curvature | Crystal Curvature
Number Radius (m) Number Radius (m) | Number Radius (m)
8 44.7 29 43.0 58 41.8
9 44.2 30 40.5 68 42.8
10 37.4 31 37.4 71 43.7
11 44.3 32 26.0 72 44.7
13 44.7 33 40.5 73 43.1
14 37.3 34 43.3 80 37.9
15 40.5 35 42.7 81 38.4
16 38.5 36 38.0 82 44.2
17 41.8 37 33.0 83 30.4
21 39.5 47 54.5 92 40.9
24 46.4 48 45.7 94 52.6
25 51.1 49 39.4 94 52.6
26 47.7 50 41.3 119 39.3
27 43.5 51 42.3 126 47.0
28 41.5 56 41.2 153 44.3

7.10.4.2 Gallium Arsenide (220) crystal tiles

The first set of crystals supplied by IMEM (not for lens petal) has shown a
good agreement between the results obtained using the reflection diffractome-
ter and the transmission geometry adopted in the LARIX facility. Table 7.7
reports the results obtained by IMEM compared with those obtained in the
LARIX. With the exception of the curvature along the y axis measured for
the sample number 3 (whose curvature radius is very small, therefore un-
suitable for the project) for which we obtain a discrepancy between the two
measures greater than 10%, the measured curvature radii, along both x and
y axes, agree with each other within an uncertainty of 5%.

The set of crystals provided by IMEM for the Laue project are listed
in Table 7.8, where the results obtained at IMEM and LARIX laboratory
are also reported. An example of rocking curves obtained by us, which is
used to estimate the crystal mosaicity, is shown in Fig. 7.25. As can be seen
from Table 7.8, the discrepancy between the LARIX and IMEM estimates
for this set of crystals, is greater. This discrepancy likely is due to the fact
that IMEM measures the reflected beam, while we measure the diffracted

beam in transmission geometry, and also to the non-uniform curvature of
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Figure 7.22: Bending estimations for different samples of Germanium. The measured
radii are compared with the expected curvature (40 m). The  and y axes show respectively
the distance from the center of the crystal (zero), and the angle required to diffract the
59.2 keV photons.

the GaAs samples due to the presence of dislocations. Furthermore, a non-
uniformity for some of the GaAs samples is observed at the edges of the
tiles (an example is the crystal C03 in Figure 7.24 ), if compared to the

Germanium samples. Figure 7.25 shows the rocking curve of a GaAs crystal.
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Figure 7.23: Bent Ge (111) rocking curve as recorded at the LARIX facility. The FWHM
of the gaussian fit turned out to be 24.6. The broadening of the diffraction profile (FWHM
4 arcsec) is mainly due to the beam divergence (18 arcsec), which is also responsible of

the gaussian shape.

Table 7.7: GaAs(220) bending radii of the samples analyzed for the LAUE project (n.t.
means "not tested").

Sample Thickness Grain-paper IMEM LARIX Deviation (%)
Rc x ‘ Rcy Recx ‘ Rcy IMEM-LARIX

Number (mm) (m) ‘ (m) (m) ‘ (m) x-axis ‘ y-axis
1 0.495 P2500 13.8 | 66.7 14.3 | 67.9 3.5% 1.8%
2 0.440 P600 6.0 | 23.3 n.t. | 22.8 - 2.1%
3 0.460 P320 52 | 16.2 5.8 | nt. 10.9% -
4 0.502 P4000 20.3 | 60.0 20.6 | 59.6 1.5% | 0.7%
5 0.420 P180 3.1 7.4 n.t. n.t. - -
6 0.445 P1200 74 1292 nt. | 303 - 3.6%
7 0.435 P400 56 | 106 n.t. | 11.0 - 4.1%

The profile of the recorded rocking curve is the convolution between the
beam divergence function and the intrinsic diffraction profile of the crystals.

By deconvolving these two function it is possible to get the intrinsic rocking
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curve, corrected for the beam divergence. In this way we have estimated

the mosaicity for some samples, and the results are in agreement with the

expectations (Table 7.8).
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Figure 7.24: Bending estimations for some samples of GaAs. The measured radii are
compared with the expected curvature (40 m). The z and y axes show respectively the
distance from the center of the crystal (zero), and the corresponding 59.2 keV Bragg angle.
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Figure 7.25: Mosaic GaAs (220) rocking curves as recorded at the LARIX facility. The
FWHM (31.2 arcsec) of the gaussian fit in this case, as we expect, is greater than Ge (111)

crystals. After the correction of the beam divergence, the mosaicity value obtained was ~

25 arcsec.

Table 7.8: Curvature radii of the second set of GaAs (220) samples provided by IMEM.

Sample Weight  Rec Re Deviation (%) Mosaicity (arcsec)
Number (2) IMEM LARIX IMEM-LARIX LARIX

1 2.40 40.3 35.0 13.9% 25.5

2 2.05 42.4 39.5 7.3% 274

3 2.66 41.9 39.3 6.5% 23.6

4 2.67 38.8 39.2 1.1% 21.2
4.8 2.55 39.4 35.9 8.75% -
4.9 2.62 38.7 36.3 6% -

5 2.85 40.0 38.2 4.5% 25.2
5.2 2.35 40.0 39.9 0.2% -
5.10 2.42 40.0 40.0 -% -

6 2.60 40.0 36.5 9.2% 23.4
6.4 2.65 40.0 38.9 0.2% -
6.6 2.62 42.0 40.5 3.75% -
6.10 2.52 38.8 36.8 5.0% -
6.11 2.60 38.6 34.7 9.7% -
6.12 2.55 41.1 42.38 3.2% -
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7.10.5 Discussion of the results

With the performed curvature measurements, we have established the
real curvature of the crystals produced for the lens petal prototype.

Concerning Ge (111) crystal tiles, we have found that only 36% of the
tested tiles have a curvature radius of 40 m within 5% as requested, while
60% of the tiles have a curvature radius of 40 m within 10%. In Figure
7.26 it is shown the distribution of the measured curvature radii. For those
crystals with a curvature radius that does not satisfy the requirement, a
further refining step is requested.

Concerning GaAs (220) crystal tiles, due to the small number of tested
crystals it has not been possible to make a similar statistical analysis to
make an inference about the goodness of the tiles provided (see Fig. 7.27).
However, from the results obtained we can see that 44% of the samples tested
have a curvature of 40 m within 5%, whereas the curvature of 83% of the
tiles is 40 m within 10%.

6 —— 10

5

Number
Number of crystals

2l
’7 0
) 4 50

55 60 25 30 35 40 45 50 55 60
vature Radius (m) Curvature Radius (m)

| —‘ |
° H
25 30 3
Cur

Figure 7.26: Distribution of the bending radii of the 39 Ge (111) samples analyzed, with
a rebinning of 1m (Left) and 2 m (Right).

Together with the measurements of the crystal samples, a series of simu-
lations were performed [69] in order to determine the maximum acceptable
radial distortion with respect to the nominal curvature radius. In Figure 7.28
it is shown the dependence of the Full Width at Half Maximum (FWHM) of
the Point Spread Function (PSF) on the crystal deviation from the nominal
curvature (40 m), for a lens entirely made of either Ge (111) (red curve) or
GaAs (220) (green curve) crystals. The simulation shows that for a distor-

tion equal to zero (the ideal case), the FWHM is equal to 0.6 mm in the
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Figure 7.27: Left: Distribution of the bending radii of 15 GaAs (220) samples as esti-
mated at LARIX facility. Right: Distribution of radii as obtained at IMEM Parma.

case of Ge perfect crystals, whereas it is equal to 3.4 mm using mosaic GaAs
(220) tiles. Despite the Germanium PSF rapidly grows with the increasing
distortion, it is always smaller than that of GaAs whose size seems to be

almost constant. Therefore a small distortion is needed for a lens made of
Ge (111) crystals.

4.5

Ge 111 perfect, bent
Gahs 220 mosaic, bent

FWHM (mm)

0 2 4 6 8 10
Radial distortion (m)

Figure 7.28: PSF size (FWHM) of an entire Laue lens (focal length of 20 m) having
a 50-600 keV passband, composed of Ge (111) (red curve) or GaAs (220) (green curve)
crystals as a function of the deviation of the crystal curvature from the 40 m bending
radius.



CHAPTER 7. THE LAUE PROJECT 129

7.11 LAUE project first results

The first results from the lens petal prototype concern the diffracted beam
coming from two crystals (one of Ge (111) and the other of GaAs (220)),
assembled on the petal frame. On the petal frame 274 cells, distributed over
18 rings, are available where to place crystal tiles. Each crystal tile belonging
to a given ring, diffract photons with the same energy band. The selected
crystal cells #24 and #25, are part of the ring n. 2 (Fig. 7.29), whose
nominal diffracted energy centroids are 96.14 keV and 157.10 keV for Ge and
GaAs, respectively.

30

20

-20

30
30 40 50 60 70 BO

Figure 7.29: The tested Ge (111) and GaAs (220) crystals positioned in the cells #24
and #25 on the lens petal.

Through the spectral analysis we have checked whether the correspon-
dence between the expected and diffracted energy by the tiles is correct. As
can be seen from Figure 7.30 (left), the diffracted spectrum of the tested
Ge (111) tile, has its peak at ~ 96 keV. This value is what we expected for
a crystal positioned in such a cell. The same result was obtained for the
contiguous GaAs (220) crystal Fig. 7.30 (right).

A systematic monitoring of the diffracted beam was performed during the
gluing phase. The spectrum was acquired every 15 minutes after the resin
injection. Figure 7.31 shows that the effect of the glue polymerization does

not produce any significant deviation of the centroid energy with respect to
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Figure 7.30: Left : Diffracted spectrum by the Ge (111) crystal. Right : Spectrum of
the diffracted photons from the GaAs (220) tile.

the nominal energy expected for the GaAs (220) placed in the cell #25.
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Figure 7.31: GaAs (220) spectra obtained during the 80 minutes monitoring.

After the glue polymerization we have verified whether the holder re-
moval, which is the most critical phase, introduces some change in the energy
centroid. Actually a shift, less than 1 keV, in the centroid energy has been
observed, corresponding to a changing of ~ 20 arcsec in the crystal orienta-
tion. Figure 7.32 shows the measured spectra before and after the holding
removal. The effect is mainly related to the angular tilt between the petal
frame and the glued crystal plane. The tilt produces an asymmetric glue dis-
tribution over the crystal, giving origin to the observed energy change. The

same effect was also observed during the preliminary resin tests in which the
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orientation of 20 muck-up tiles of 30 x 10 mm? cross section was monitored
during their polymerization phase. A systematic deviation of 20-30 arcsec
was found. This systematic error is being taken into account during the

assembling phase of the crystal tiles on the petal frame.
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Figure 7.32: Diffracted spectra of the GaAs (220) before (left) and after (rigth) the
mechanical release of the holder. The difference is visible in terms of energy deviation
from the nominal position. After the holding removal the energy deviation was within 1

keV, corresponding to ~ 20 arcseconds.

The diffracted beam by the crystals has also been observed through the
imager detector placed in the nominal lens focus. After setting the slit aper-
ture to 4 X 6 mm? in order to reduce the divergence (few arcsec), the image
of the diffracted beam shows the distinctive focusing effect of bent crystals.
The tile focusing capability can be observed in Figure 7.33 in which the ra-
dial dimension has decreased from 4 mm in correspondence of the crystal to
2 mm at the detector level due to the focusing capability of the lens. In the
orthogonal direction, a non focusing effect is expected and, indeed, in this
case the beam increases from 6 mm to 12 mm as expected due to the beam

divergence.
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GaAs (220) @ 157 keV

{12 mm

Figure 7.33: GaAs (220) diffracted image. The focusing effect along the horizontal
direction is visible.



Chapter 8

Conclusions and Prospects

The LAUE project results are very promising for the prospects of the
hard X-ray astronomical observations (up to 600 keV). The accuracy with
the adopted lens assembling method has turned out to be what we expected,
allowing the building of a Laue lens petal with a precision in the crystal
positioning of 10 arcsec.

Also the tests of the bent Ge (111) and GaAs (220) crystals, for the first
time used for a y-ray focusing telescope, are consistent with the expectations,
opening a new window in the realization of a Laue lens for astrophysical
applications thanks to their high efficiency and focusing capability.

I have reported some possible astrophysical open issues that can be faced
by a satellite mission based on Laue lens, showing that for the first time we
can achieve unprecedented goals and make unexpected discoveries thanks to
the high sensitivity, which is expected to be about 2 orders of magnitude
better than the current instrumentation at the same energy [64].

In the framework of the LAUE project, a feasibility study has demon-
strated that a Laue lens made of petals is feasible. Another advantage of
the Laue lenses is their very low weight, much lower than that of the direct
view instruments currently adopted and focusing telescopes based on grazing
reflection.

Further improvements in Laue lens building are expected in the crystal
bending techniques, that can extend the thickness of bent crystals to values

greater than 2 mm. Thicker bent crystals could extend the passband of Laue

133
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lenses up to about 1 MeV, with a great increase in sensitivity for nuclear

astrophysics.



Appendix A

Research Activity at ESRF

A.1 Introduction

In order to deepen experimental aspects of diffractometry and its most
advanced applications, during the last year of my PhD I have carried out,
for three months, a research activity at the Furopean Synchrotron Radiation
Facility in Grenoble. I have been working at ESRF as a Research Fellow
within the framework of a collaboration agreement between the "Universita
Degli Studi di Ferrara” and the ESRF, under the scientific supervision of
Dr.  Roberto Verbeni. The collaboration was with the group Detector &
Electronics of the Fxperiments Division.

In the following section I will present the activity carried out at the ESRF
which mainly focused on the installation and commissioning at beamline
ID20, and on the realization of spherical crystal analysers, with the opportu-

nity to have practical experiences on the X-ray related instrumentation.

A.2 The ID20 upgrading project (UPBLO0G6)

In the period I have been at the ESRF I took part to the installation and
commissioning of the beamline ID20, which was being upgraded (UPBL06
project) for the inelastic X-ray scattering (IXS) programme dedicated to the
study of electronic excitations. The main idea of the upgraded design is to

strengthen the advantages of IXS providing:

135
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e two spectrometers for studies of electronic excitations optimized for
high efficiency with medium energy resolution (flexible in the range 300
meV - 1 eV) and for high energy resolution applications ( 100 meV),

respectively;

e an intense, stable beam focused down to 8 x 16 microns (V x H) leaving
at the same time enough free space around the sample for complex

sample environments;

e an optical scheme to extend the energy range of applicability of the
technique for studies of electronic excitations from the 6-10 keV interval
used today to the 5-20 keV range.

The high-efficiency, medium energy-resolution spectrometer will be opti-
mized for X-ray Raman Spectroscopy (XRS), a rapidly developing, powerful
technique in chemistry, physics, and materials science. More specifically,
XRS can be used in circumstances where soft X-rays are unusable, e.g. high
pressure studies. This will be of particular interest for geophysical investiga-
tions.

The high-resolution spectrometer foreseen within the UPBL06 project
will instead be optimized for resonant IXS (RIXS) in the hard X-ray range.
Indeed, RIXS is a powerful tool for studying electronic excitations in solids
giving access to site, element, and orbital selective information.

Another very important aim of the UPBL06 project is to push non-
resonant IXS experiments towards energies higher than those where they
are currently performed (6-10 keV). The present limitations are imposed by
technical reasons (mainly energy resolution), and can be overcome by the
development of crystal-analyzers made of Ge, thus allowing the technique to
be pushed to the 20 keV energy.

A.3 General layout

Inelastic X-ray scattering (IXS) and X-ray emission (XES) spectrometers

can provide optimal performances on undulator beamlines capable of provid-
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ing an intense X-ray beam fixed in position and characterized by a bandwidth
and a spot size which can be chosen as freely as possible.

The optics dedicated to focusing the beam consist of four mirrors: i)
a vertically collimating mirror placed in the white beam; ii) a pre-focusing
mirror that produces a secondary source; iii-iv) a double mirror setup in KB
geometry to focus the beam to the sample stage. The layout proposed here
was to design the focusing optics so that not less than 200 mm of free space
is left around the sample position, i.e. comparable to the free space left by
the spectrometer design. It also allows in addition to easily reach a spot size
of ~ 8 x 8 ym? (VxH) FWHM by simply slitting down the secondary source

horizontally to half of its size (at the expense of 50% loss in intensity).

SECONDARY SOURCES POST-MONO
RIXS SPECTROMETER

FOCUSING MIRROR
RAMAN SPECTROMETER KB MIRRORS PRE-MONO A\%g;’g IgEAM

KB MIRRORS

oL g | 00
% OH2 | OH1
——

cct |

Figure A.1: UPBLO6 all beamline layout (top view).

The optics dedicated to selecting the bandwidth (a fixed-exit double
crystal pre-monochromator, DCM, and a four-crystal post-monochromator,
4CM) are installed after the beam has been collimated in order that the ver-
tical divergence plays as small a role as possible in the monochromatization
stage.

Finally, in order to make the operation of the beamline as efficient as pos-
sible, two experimental stations (UPBL06-A and UPBL06-B) are foreseen,
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optimized for non-resonant /resonant emission experiments respectively, with

>
& S
© Sample &
& P &
& o & s
/ & <&@ © 6”@% 620
i oS
o FM4A - KB Mirror FM3A - KB Mirror I/ —— |
i AV | 1 1
/ ! ] ! R I i
l,l;/ el - ——iwji S S N i & ) i
| \ 9
Sample 2 QW Postmono’ VR o 8
Secondary source A 7 1 e
\\Secvndarysourueﬁ Pre-mono White Beam |
CM1 Mirror
3 £ & & el & & & £ £ | Distance from source
g 3 & [ 8 2 = ® “
I 12000 2500
00 L 15500 . 8000 -
- 2000 -
1000, 19700
o~ 300 |
1000, 27200
E 8 g
Pf@e FMAB - KB Mirror & £ H : s
LR b7 8 o FM3B - KB Mirror g 3 2z )
(] f . 1 e White Beam
L [ﬁ % =1
i
Snmplea/ SalpleA
E E g &l
£ & & £ £ Distance from source
"
|50 | 20200 |
00|
I 800, 36700

Figure A.2: UPBLO06 optical layout principle. The vertical configuration is presented at
the top of the figure, the horizontal one at the bottom. Distances from the source are in

meters.

A.4 Design of end station

In this section I will ofcus on the activity I have been involved in. Mainly,
I participated to the realization of spherical crystal analyzers for inelastic X-

ray scattering experiments (IXS) using a new manufacturing technique. In
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the following paragraphs I will introduce the crystal analyzers which are
the key elements in IXS, as most of the spectrometers are based today on
crystal analyzers operating in Rowland-circle geometry, which allows for a
simultaneous focusing and energy analysis of the X-rays emitted by a point
source.

The main motivation for the UPBLO6 project is to build a beamline opti-
mized for electronic-excitation spectroscopy. The new beamline will feature

two separate spectrometers optimized for different scientific tasks:
1. High-resolution IXS spectrometer in Experimental Hutch 2 (EH2)
2. Large collection angle IXS spectrometer (in EH3)

Both spectrometers are multiple-analyzer-crystal instruments and are based
on the symmetric Rowland-circle geometry [70] with spherically bent analyzer
crystals. The spectrometers are optimized for energy resolutions in the 5-200
meV range (EH2) and in the 300-1000 eV range (EH3), and will be operated
in the 5-20 keV energy range.

This chapter is dedicated to describing the expected optic performance

of these spectrometers.

A.4.1 EH2: high-resolution spectrometer

EH2 is dedicated to the housing of the high-resolution spectrometer. This
spectrometer is specialized in energy resolutions <100 meV for non-resonant
IXS experiments and of 100-200 meV for resonant IXS ones. The accessible
energy range covers the typical K edges of the 3d transition metals, L. edges
of lanthanides and many of the corresponding emission lines.

The spectrometer for EH2 is shown in Figure A.3 and consists of a 20
arm which houses several analyzer crystals. The spectrometer is mounted
on a marble block which lies on rails (perpendicular to the beam) making it
possible to move the KB+spectrometer assembly in and out of beam. The
spectrometer arm is a 2-circle goniometer with two external rotations, one
for #Z and one for Y. The arm itself is 2 m long and can accommodate
analyzers at distances of either 1 m or 2 m from the sample position. The

analyzer housing is an aluminum frame containing individual goniometers for
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up to 5 analyzer crystals. The analyzers are curved or diced wafers of Si or
Ge, 100 mm in diameter, that are fixed to concave glass forms which are 15

mm thick.

Figure A.3: Different spectrometer configurations for RIXS experiments. (a) Spectrom-
eter ready for vertical- q operation; (b) Ready for horizontal-q operation. In this picture

the analyzers are located at distance R=2 m from the sample.

The analyzers monochromatise the scattered radiation with a Bragg angle
in the 70-90° range. At the same time, the analyzers focus the collected
radiation on a detector which is mounted on its own positioning system.
The purpose of the detector motorization is to keep the analyzers on the
Rowland circle when the analyzer angles are tuned during an Es scan.

The detector is an ESRF-developed 5 x Medipix2 chip.

Johann-geometry aberration

The ideal spectrometer conceived by DuMond and Kirkpatrick [71] re-
quires two conditions for the reflecting lattice planes: they should 1) be
curved so that their normals converge to a point (the center of curvature)

located on the Rowland circle; and 2) that the crystal surface should coincide
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with the Rowland circle. However, the second condition is not as compelling
as the first and within a reasonable approximation it can be relaxed, leading
to the so-called Johann geometry where the reflecting crystal planes are par-
allel to the crystal surface, both being curved into a cylindrical shape with
a curvature radius twice that of the Rowland circle. This approximation is
widely used today, but in certain cases causes a non-negligible effect on the
resolution function for RIXS experiments. The angle of incidence of the rays
arriving at the crystal is smaller for the ray ¢ arriving at the centre of the
crystal (the nominal angle) than for a ray j that arrives at another part of
the crystal. If ¢ is the largest angular difference in the dispersing direction

between the rays ¢ and 7, then the Johann aberration can be estimated as:

Af; ~ % cot (O + a) p*. (A.1)

An example of the dispersion of the photon energies reflected by a Si
(551) diced analyzer crystal in conditions for a RIXS experiment at the Ni
K-edge (diameter 100 mm, R=1000 mm, g = 78.05° , E;=E;=8.332 keV)
is reported in Figure A.4. There it is shown that an efficient way of reducing
the Johann aberration in the case of round analyzer wafers is to mask the

edges.
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Figure A.4: Left: Distribution of photon energy shifts on a Si (551) analyzer crystal
with nominal Bragg angle 5 =78.05°. Right: An efficient way of reducing the spread is

to use an active analyzer area shown on right.
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Figure A.5: Contributions to the energy resolution in a RIXS experiment at Ni K-edge.
(a) Incident bandwidth from a Si (111)+Si (444) monochromator ensemble; (b) Darwin
width of the Si (551) analyzer (note the refraction correction leading to a shifted profile);
(c) contribution from the finite pixel size of the Medipix2 detector; (d) from the incident-
beam focal spot size on the sample; (e) from the Johann-geometry aberration; (f) total

(theory: line and experiment: dots).

A.4.2 EH3: large solid angle spectrometer

EH3 is dedicated to the spectrometer optimized for non-resonant IXS
experiments with an energy resolution of ~ 0.3-1 €V, and covers a large
solid angle for the collection of the scattered radiation. This spectrometer
is specialized for X-ray Raman spectroscopy measurements from a variety of
samples. The aim of its design is to concentrate a large number of analyzer-
crystals in positions corresponding to a well defined momentum transfer q.

The final arrangement of the units, and the number of analyzers (eight
to twelve) in each unit will be finalized at the end of the detailed design
study of the spectrometer and will depend on the progress that is made in
the construction of Ge analyzers and on the availability of CdTe detectors.
In this spectrometer the angles of the analyzers will not be scanned during
the experiment (after they have been aligned) and the detector will be at a

fixed position (of course after it has been aligned as well). The design shown
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in Figure A.6 is based on six units housing 12 analyzers each.

Guiding 26 reils

Figure A.6: Overall view of the EH3 spectrometer with six modules carrying 12 analyzer
crystals each.

Figure A.7: Picture of the unit for the housing of 12 analyzer crystals.

Figure A.8 shows the pre-design of a module housing 8 analyzer crystals
in two rows each carrying four analyzers. As shown in Figure A.8, the radia-
tion scattered by the sample enters the module through an entrance window
(kapton) and is monochromatised by the analyzers. The chamber wall mate-

rial is composite carbon fiber. The chamber is evacuated to avoid absorption
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and scattering by air in the sample-analyzer-detector flight path. The an-
alyzers simultaneously focus the collected radiation on a detector which is

placed near the entrance window. Each module will carry one unit of the
256x256 pixel Medipix2 CdTe detector.

Figure A.8: Design of an analyzer-crystal module carrying 8 analyzer crystals.

Off Rowland contribution
Since 1) this spectrometer will be operated with Bragg angles close to
90°, 2) at the same time it will be necessary to reserve a certain amount of
space for sample environment and 3) it is also necessary to tune the analyzer-
detector distance to conditions where the foci of the analyzers are fully cap-
tured by the detector, we will place the detector in- or outside the Rowland
circle by a distance of 2z and move the analyzers correspondingly by a dis-
tance z. This causes the Bragg angles to vary across the analyzer to generate
a dispersion:
A—; = ;—DQ cot Op. (A.2)
Here D is the diameter of the analyzer (100 mm). This dispersion is
called the off-Rowland contribution to the resolution function and it may
become important for the spectrometer operation conditions. To minimize
the off-Rowland contribution, the relative offset z/R should be kept as small
as possible, the individual-analyzer opening D /R should be kept small and

Og as close to 90° as possible.
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A.5 Analyzer crystals

All of the IXS experiments foreseen on the beamline are based on crystal-
analyzer Rowland-circle spectrometers. The analyzer crystal is a curved
Bragg monochromator which is placed downstream of the sample. A typ-
ically used analyzer crystal is based on the Johann geometry, i.e. in the
dispersive plane it has a circular shape with a radius equal to the Rowland
circle diameter R.

A.5.1 Bent-wafer analyzers

Bent analyzers (Fig. A.9) are based on large (4" diameter) monolithic
wafers which are bonded on a curved glass substrate. While taking the form
of the substrate, the bending causes elastic deformations. This modifies the
reflectivity curve of such an analyzer and in general the bandwidth becomes
larger than the Darwin width. An approximate dependence of the reflected

bandwidth on the curvature radius and Bragg angle is given by:

AFE
E
Here t is the absorption length within the crystal and v is the Poisson

~ % }cotQHB - nu‘ . (A.3)

ratio of the crystal material. The parameter n = 1 for cylindrical or n = 2
for spherical bending.

To minimize this bandwidth, it is possible to minimize the probing depth
of the X-rays (using high-Z materials such as Germanium or choosing the low-
est X-ray energies compatible with the experiment), to increase the bending
radius R, or to choose a Bragg angle close to the condition cot? § = nv . The
current choice of B materials of Si and Ge together with bending radii R=1-2
m corresponds to a reasonable compromise between available technologies,

collected solid angles, and experimental bandwidths.

A.5.2 Diced analyzers

To avoid the elastic-deformation broadening of the analyzer reflectivity,
analyzer crystals consisting of a collection of single crystal cubes (size 0.7 mm

x 0.7 mm, thickness ~ 1-2 mm) fixed on a spherical substrate are used (Fig.
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Figure A.9: An anodic bonded elastically bent analyzer.

A.10). The shape of the crystal in this case follows the ideal curved shape
only approximatively. The Bragg angle varies on the surface of a crystal cube
of size c creating a dispersion given by:

AE ¢

T = }—%cot 0p. (A.4)

The cube-size contribution has this far been considered to be inevitable.
The only ways of minimizing the effect have been to reduce the cube size c, to
increase the Rowland circle diameter R and to increase the Bragg angle to as
close to 90° as possible. Reducing the cube size faces mechanical limitations,
and a part of the crystal is inevitably lost because of sawing and etching.
Thus the smaller the cube size, the lower the efficiency of the analyzer. In-
creasing the Rowland circle diameter reduces the solid angle over which the
photons are collected, the observed intensity decreasing as 1/R2.

A method (Fig. A.11) has been developed to eliminate the cube-size
error by using a two-dimensional position-sensitive pixel detector (PSD) and
performing a dispersion-compensation correction to the data recorded by
individual pixels [72]. The method was applied in an experiment with an
incident photon energy of 9.9 keV, a diced Si (555) crystal in a 1 m Rowland
geometry |73] and a Medipix2 detector. The 190 meV cube-size contribution
to the resolution function was eliminated and a final resolution of 23 meV
was achieved.

Diced analyzers are used in particular when the broadening of the band-
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Figure A.10: Diced crystal analyzer for high-resolution applications, thickness 2 mm

and a cube size 0.7 mm.

width due to bending is too large. Their energy resolution is very high, down
to 10 meV. The main disadvantage of diced analyzers is that they do not offer
point-to-point focusing. Also, for medium energy-resolution applications the
bandwidth of a diced crystal can be too narrow and a larger intensity is often
welcome, which is achieved using bent analysers.

Currently most of the analyzers are made out of Silicon due to the good
availability of high-quality material and to its properties under bending. Ge
is of interest for two main reasons: 1) it is a necessary choice in several
relevant energy ranges; 2) due to its higher Z, the effect of the curvature
on its bandwidth is smaller. The last point makes Ge especially interesting
since it is expected to retain its narrow bandwidth up to relatively high
energies, whereas bent Si crystals start to have bandwidths far beyond what

is acceptable for typical IXS experiments.

A.6 Realization of spherical crystal analyzers

Throughout my stay at the ESRF I took part in the construction of spheri-
cal elastically bent crystal analyzers for the IXS experiments. In the following
section I will present the technique adopted to produce silicon analysers for
electronic excitations [74], thanks to the anodic bonding procedure.

The energy resolution required for IXS experiments is usually not very

high (AE=0.2+1.5 V). For this reason the spherical analyzers employed in
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Incident X-rays

Square focus with
an energy gradient

Diced analyser consisting
of small flat crystals

Figure A.11: The working principle of the removing cube-size error method.

such experiments are usually elastically bent and not diced. In order to pro-
duce an elastically bent analyzer, the most common procedure is to glue a
thin silicon wafer onto a spherical substrate, with the difficulty of distribut-
ing the glue uniformly. Given that dust particles may negatively affect the
processes, all the operations have been done in a clean room environment.

To avoid the problems associated with the glue uniformity and presence
of dust particles, has been developed by the group led by R. Verbeni the
anodic bonding technique.

Basically, the anodic bonding is a is a process which allows for the bonding
of silicon to glass well below the softening point of the glass. The bond
is typically performed between a sodium-bearing glass (borosilicate glasses)
wafer and a silicon wafer. The bonding procedure is fairly simple. Once the
surfaces are perfectly clean and the wafer is in contact with the substrate with
the help of a small applied pressure, the wafer plus the substrate are heated
up to a temperature in the range of 200+450 °C. In these conditions the bond
is realized by the application of an external electric field with a voltage of
the order of 15004000 V. The glass substrate is the cathode and the silicon
wafer is the anode. Under such a high field and elevated temperature, the

mobile NaC ions in the glass migrate away from the bonded interface, leaving
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behind fixed charges in the glass that create a high electric field across the
bond interface with image charges in the silicon. The variables that control
the process are temperature, time and voltage.

The anodic bonding is also an irreversible process in the sense that it is
impossible to separate the wafer and substrate by applying an inverse electric
field at high temperature.

The following procedure has been adopted for the realization of bent
analyzers.

The analyzers are obtained from silicon wafers of 100 mm diameter (Fig.
A.12) and 500 or 300420 mm thickness, which are cut from an ingot produced
by the float zone technique. The IXS spectrometers for electronic excitations

studies at the ESRF require a curvature radius of 1.0 or 2.0 m.

Figure A.12: Double-side polished silicon wafer (10 cm diameter) in the clean room

before the cleaning.

The wafers characterization is accomplished using a precise interferometer
(Fig. A.14) to measure the figure error and the focal distance. A selection
of the crystals is done by studying their shape and subsequently discarding
all the wafers with an irregular dislocations. Some examples are shown in
Figures A.13.

After the selection, the silicon wafers and the spherical Pyrex substrates
are cleaned in a clean room with acetone and ethanol (Fig. A.15). To
remove the residual organic compounds we use the ultra-violet ozone cleaning

procedure.
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Figure A.13: Top: Silicon wafer with a flat profile. Bottom: Discarded wafer with

irregular shape.

Figure A.14: Silicon wafer during the interferometric profile measurements.
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Figure A.15: The spherical Pyrex during the cleaning.

Once the surfaces are clean the silicon wafer is put in contact with the
concave blank. This operation should be done as fast as possible in order to
minimize the presence of dust particles. On top of the silicon wafer we put

a thin film of conducting kapton of the same size and the convex glass blank
(Fig. A.16).

Figure A.16: Left: The silicon wafer on the glass concave substrate. Right: The ensem-
ble once the convex glass is placed on. The kapton film (black) is also visible.

Afterwards the whole ensemble is installed in the pressing tool (Fig. A.17)
and heated up to 200--350 °C for 2h. A positive high voltage (15004000 V)
is gradually applied to the conducting kapton and maintained for 2-3 h until
the produced current decreases to zero (Fig. A.18). A zero current means

that all the free positive ions have moved away from the bonding surface.
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Figure A.17: The pressing tool.

In typical working conditions (T=335 °C and V=1800 V) the current
rapidly increases to 2.9+3.1 mA and then decreases exponentially to zero
within a few hours.

Once the analyser is ready, the X-ray characterization is done often in
backscattering configuration in order to minimize the various geometrical
contributions to the energy resolution such as the source size, the Johann
error contribution and the out-of-Rowland contribution, that are all propor-
tional to cot @ or to cot?dg. The results are very good, and the resolution
achieved by analysers realized with the anodic bonding procedure is very
high (AE=1+10 meV).

The above described manufacturing technique is very satisfactory and it
does not need major modifications. The analyzers have an energy resolution
very close to the expected one over basically the whole crystal surface and

they have as well a very good focal spot.
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Belvilles
Conducting Kapton
foil

Figure A.18: Top: Schematic view of the experimental apparatus for the anodic bonding
procedure. The voltage is applied on a thin conducting kapton foil situated between the
silicon wafer and the Pyrex convex blank. Bottom: A picture of the apparatus during the

bonding.
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