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Abstract

The aim of this thesis is to present new versatile devices based on Silicon Drift
Detectors (SDDs). They have excellent spatial and energy resolutions and can
be used for high precision X spectroscopy for synchrotron light applications. A
large number of projects was developed within the INFN ReDSoX Collabora-
tion.

The research activity carried out, and presented in this thesis, has as its main
objective the study of SDDs monolithic arrays and in particular, the develop-
ment, tests, the quality and reliability evaluation of the monolithic multipixel
SDD designs dedicated to the numerous specific applications in synchrotron
radiation and astrophysics.

In detail for synchrotron radiation applications, the various phases of the

developments are described:

Customized sensor design based on the destination use of the detector

Various progressive phases of testing and optimization of the SDD element

Progression to improve the reliability and stability of the integrated sys-

tem performance

Optimisation and final characterization on the beamline of the complete

system

In particular, monolithic arrays of SDDs in dedicated designs will be used
for the XAFS beamline of the SESAME synchrotron in Jordan for EXAFS
spectroscopy, and for the TwinMic beamline of the Elettra Trieste synchrotron,
for spectromicroscopy.

This thesis work has led to the development and the substantial improvement
of performances of detection systems for both XAFS-SESAME and TwinMic

beamlines.






Introduction

Experimental physics faces new and unique challenges. In this context it is es-
sential to have advanced tools that can face up to these challenges in the context
of international competition where it is important to achieve high quality and
performance. The advanced tools that are the subject of my doctoral study and
of this thesis are the Silicon Drift Detectors (SDDs) and new versatile mono-
lithic multipixel detector systems based on them, dedicated to the applications
in astrophysics and to synchrotron radiation.

SDDs have good energy resolution due to the small size and capacity of the
readout anode. Coupled to a dedicated low noise FrontEnd Electronics can be
used for fast high precision X spectroscopy.

This sensor has a remarkable versatility, specifically the design is customiz-
able for each project, the geometry can be adapted to the needs of measurement
allowing assessable improvement in efficiency and solid angle coverage.

A complete production chain staring from a customized project has been
setup according to the needs of the specific beamlines. My job has been to
follow and coordinate this progression from the first test of the prototypes to
the final characterization of the full detection system.

The most relevant output of this effort is the XAFS-SESAME detection
system whose SDD sensors matrix is new and unique showing unmatched char-
acteristics. It has to be noted that it is not a laboratory development but a
completely engineered and integrated system that has been delivered to the
SESAME laboratory in Amman. All characteristics have been previously of
the delivery verified at the analogous XAFS beamline of Elettra Sincrotrone
Trieste.

My personal contribution was to grant this work progression taking care of
every step from testing and integration of the detection system to the edition
of the user manual which is annex in this document.

Many of the intermediate results have already been published. In some cases
in-depth analyses of the data are still in progress and the first qualitative results
will be presented here.

This thesis is organized as follows:

the first chapter gives a brief overview about the Silicon Drift Detectors, from
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the PN junction to the basic detector principles.

The second chapter describes one aspect of the sensor optimization which I
personally followed namely the mapping of the single SDD cell collection area.

The third chapter introduces the customization aspect for synchrotron ra-
diation detector system. The importance of dedicated design according to the
specifications of the beamline scientist is underlined. In fact each beamline has
different needs in order to achieve and optimize its scientific objectives.

In the fourth chapter the XAFS-SESAME Detector System is describes in
detail together with a sample of the most significant tests and the results of the
final characterization.

The fifth chapter is about the detector system dedicated to the TwinMic
beamline at Elettra Sincrotrone Trieste. This is a different challenging dedicated
development to which I have had the chance to give a significant contribution.
This study was initiated in collaboration with beamline scientists and regarded
also the possibility to exploit the detector geometry for topographic studies of
samples.

In the sixth chapter a parallel effort, to which I contributed, for the use
of similar detector in astrophysics is reported. It is an interesting application
which extend the range of sensitivity of the detector system to higher energy.

The seventh chapter concerns the natural development of this state-of-the-
art technology. A new multipixel detector is described.

Appendix A presents the ReDSoX Collaboration.

Appendix B gives the timeline of my work.

Appendix C contains the XAFS-SESAME Detector System datasheet and
FICUS software manual which I personally wrote.

Below is a graphic representation of the thesis structure [Fig. 1].
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Chapter 1

Brief introduction to Silicon
Drift Detectors (SDDs)

The Silicon Drift Detectors (SDD) are radiation detectors and are part of the
solid-state detector family. In the 1983 SDDs were proposed by Emilio Gatti
and Pavel Rehak as a new type of solid-state drift chamber. The main feature
of these devices is the possibility of having a small electrode collection, in this
way you can have a very small capacity, with the effect of having a low noise
electronic [46, 45, 47]. For this, and other features described below, suitable to

be the ideal detector for high-resolution X-ray spectroscopy.

1.1  From silicon to SDD

The objective of any detection system is to measure a signal as accurately as
possible. The challenge is to find the right way to do this, i.e. to find for each
signal to be measured the best way to do it.

Especially with regard to the observation of high-energy emission phenom-
ena, it has been necessary to develop, through new theories and technologies,
more efficient sensors adapted to the needs of measurements in the X-band of
the electromagnetic spectrum. Among the main X-ray detectors developed in
recent decades are proportional counters, microcalorimeters, scintillators, and
solid state detectors. In particular, the latter have had a great development
linked to research carried out on semiconductors (silicon and germanium). In
solid state detectors, the interaction of X-ray photons with the sensor electrons
is therefore exploited. In fact, this type of detector base their operation on the
generation of an electron - hole pair, implemented by the passage of an ionizing
particle, within a sensitive area.

Semiconductors are elements belonging to group IV of the periodic table.
They have a Face Centered Cubic (FCC) structure in which each atom is sur-

rounded by 4 equidistant atoms. The 4 electrons of the outer orbital of each



8 Chapter 1. Brief introduction to Silicon Drift Detectors (SDDs)

atom are shared and form covalent bonds. At low temperature all the electrons
are bound to the atoms, at higher temperature thermal vibrations can break
these bonds and some electrons can pass from the valence band to the conduc-
tion band. This is possible because in semiconductors the band gap between
the conduction and valence band is different from that of insulators and conduc-
tors: insulators in fact have a very large band gap (which makes it impossible
for electrons to jump from the valence band to the conduction band), metals
instead do not have the band gap because there is an overlap of the bands of
valence and conduction [Fig. 1.1]. Typical value of the band gap at room tem-
perature are 1.12 eV for silicon and 0.67 eV for Germanium, so compared this
with the thermal voltage at room temperature, it occur that in semiconductors
the electrons occupy the conduction band. In this process it must be underlined
that the bonds left free by these electrons are called holes. the nearby valence
electrons can fill the hole and leave another one in its previous place. The pro-
cess can be iterated and thus give a general effect of a positive charge mode,
holes in the valence band, as well as that of the electrons in the conduction
band. In an intrinsic semiconductor there are the same number of electrons
and holes [80, 53, 52].

I ... occupied levels . emply levels

em
cond ucugt;uand 0 single empty levels (electron)

o ...... Single occupied levels (holes)

empty
lermi conduction band

conduction band
.« " s 80

conduction — rconduction band

alectron energy

Metal Metal
(conduction (partly

Semiconductor Semiconductor band partly averlapping
alT=0K atT>0K occupled) bands)

FIGURE 1.1: Scheme of energy band structure of materials.

It is possible to modify the characteristics of a semiconductor by doping,
i.e. by replacing a small number of lattice atoms with atoms of elements of

neighbouring groups in the periodic table:

e n-doping with an element of group V (donors), to have an additional

valence electron

e p-doping with an element of group III (acceptors), to have one less electron

of valence

In this case the doped semiconductor is called extrinsic. The addition of

donor atoms introduces permitted energy levels for electrons just below the
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conduction band. The addition of acceptor atoms introduces permitted energy

levels for gaps just above the valence band [80, 53, 52].

1.1.1 PN junction

When two different semiconductors (one of p-type, one of n-type) are brought
into contact with each other, a PN junction (or diode) is made [Fig. 1.2]. The
electrons tend to move by diffusion from zone N to zone P, where they are in
considerably smaller number, instead the holes will be diffused from zone P to
zone N. The process of diffusion stops quickly once equilibrium is achieved. The
electrons and holes leave the positive ions of the donor atoms and the negative
ions of the acceptor atoms. The electrostatic field due to these charges, fixed in
their reticular positions, opposes the diffusion motion by deforming the valence
and conduction bands. A depletion zone is created in the junction area without
free charge-carriers (depletion zone). If the dimensions of the two doped p and n

conductors are different, the depletion region will be asymmetrical [80, 53, 57].
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FIGURE 1.2: Pictures of two different semiconductors (one of p-type, one of n-
type) on the left and of a PN junction on the right, and the respective schemes
of the conduction and valence zones.

In Figure 1.3 the current-voltage characteristic of a PN junction. If an
external potential Vp > Vn (direct polarization) is applied, electrons and holes
move towards the emptied area. If the voltage is sufficient to overcome the
existing potential barrier, the holes and electrons combine with each other,
giving rise to a current, called diffusion current [Fig. 1.4 (a)]. Instead, by the
application of an external potential Vn > Vp (reverse polarization), electrons
and holes move away from the emptied zone and and increases the size of the

latter. A potential barrier is generated that prevents the passage of the current,
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FIGURE 1.3: Current-voltage characteristic of a PN junction [80].

and only a very weak current is circulated due to minority charges called drift
current [Fig. 1.4 (b)]. In a reverse polarization diode, however, flows a weak
current called leakage current (depends on the quality of the silicon, the design
and manufacturing method of the junction). This is caused by the thermally
produced electron-hole pairs which, due to the applied electric field, do not
recombine but are separated and their motion originates this current. In this

case the depletion zone can be used as a detector [80, 53, 57].

- =1
S -

FIGURE 1.4: (a) Picture of the PN junction in direct polarization - (b)] Picture
of the the PN junction in reverse polarization.

In a diode made with a PN junction the P side is called an anode and the
area corresponding to the N side is called a cathode. In a junction used as
detector, the depletion voltage is defined as the minimum voltage at which the

device is completely depleted.

1.2 SDD and its working principle

The Silicon Drift Detector is a semiconductor detector invented by E. Gatti

and P. Rehak in 1983 exploiting the planar technology for the production of
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silicon detector, started in 1980s, and the idea of sideway depletion. The SDDs
are proposed for the detection of ionizing radiation and particles, and for spec-
troscopy because they have a good energy resolution, and they can also be
designed to provide high accuracy in the determination of the interaction posi-
tion [45, 47, 51, 19].

The operating principle of SDDs for radiation detection is similar to that of
a PN diode [Fig. 1.5] [80, 57, 79]. The silicon bulk constitutes the active volume
of the sensor. A completely fully depleted part of the device is used, therefore
without free charge carriers. Radiation incident on the device looses energy
via ionization of the silicon atoms releasing, directly or by secondary interac-
tions, electron and hole pairs. The amount of charge liberated in the crystal,
proportional to the energy loss, is the signal to be measured. Electron-hole
pairs are collected and converted into a measurable signal. When an electron
- hole pair is created, there is a coupling between electrodes and charges (both
positive and negative). As soon as the charges move, the charge induced to the
electrodes changes and the induced current (expressed mathematically by the
Branch theorem) that depends on this coupling changes continuously while the

charges move in the junction. [80, 53, 57].
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FIGURE 1.5: SDD working principle [10].

The drift chamber is generally built on a doped silicon substrate n. On
both sides are implanted into the surface of the p+ electrodes, commonly called
cathodes, which are used to deplete the detector and impose an electric field
inside it. On one side of the device (commonly called the n side) one or more
of the following are implanted n+ electrodes that act as anodes for collecting
the charge generated within the emptied region. A fairly high negative voltage
is applied to the cathodes so as to completely depleted the substrate n [Fig.

1.6] and create an electric field that directs the electrons towards anodes and
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captures on the cathodes the holes created by the arrival of a photon X. The
number of electrons collected by the anode is proportional to the energy of the
incident photon [46, 57, 26].
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FIGURE 1.6: Depletion in an SDD: scheme of the situation in the diodes and
of the corresponding potential energy of the electrons [46, 56].

The electrons are guided to the collection anodes through the potential: in
fact, the minimum of the potential is located right at these collection electrodes.
It is possible to both change the collection speed by changing the voltage [Fig.
1.7].

1.2.1 Readout chain, noise and energy resolution

A typical readout chain includes: a preamplifier, a pulse-shaping filter, a peak
detector, an analog-to-digital (ADC) converter, and an acquisition system.
Silicon Drift Detectors are readout with Charge Sensitive Amplifiers (CSA)

followed by a shaping circuit to optimize noise performance.

SIRIO preamplifier

SIRIO charge preamplifiers is an Ultra Low Noise CMOS Charge Sensitive
Preamplifier. It has been specifically designed by Politecnico of Milano for high

resolution X-ray spectrometry with SDDs. The front-end integrated circuit is
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FIGURE 1.7: Gutter-shape potential energy of the electrons (a) with voltage
differences between two neighboring cathodes of 7.5 V and 15 V in the upper
and lower image respectively (b) in the region of anode (AR) [45].

built in 0.35 pm AMS CMOS technology and represents the state-of-art in low-
noise FE electronics. SIRIO has an Equivalent Noise Charge (ENC) down to
1.2 and 0.9 electrons r.m.s. at room and at -30 °C respectively [19, 20, 23].

This preamplifier is designed to reduce 1/f noise and noise when coupled to
a low capacity detector. SIRIO works with pulse reset: an impulse is generated
from the control electronics that periodically downloads the feedback capability
[26].

Various versions of SIRIO have been designed, in this way each SIRIO adapts

best to the characteristics of the detector system and its user requirements.

Contribution to noise

The noise in a semiconductor detector system depends on various parameters:
geometry of the detector, the biasing scheme, the readout electronics. The per-
formance of a system is typically expressed as Equivalent Noise Charge (ENC),
which is the charge delivered by the detector at which the signal-to-noise ratio
(SNR) is unitary.

The noise in a system composed by SDDs and CSA can impact on energy
resolution, for this reason is important to model it. The ENC of the system
is represented by three terms: series (or voltage noise, consisting mainly of

the electronic noise of the preamplifier), parallel (or current noise, consisting



14 Chapter 1. Brief introduction to Silicon Drift Detectors (SDDs)

mainly of current noise placed in parallel to the CSA and related to the detector
leakage current or noise on the bias), and 1/f noise (or flicker) contributions
[Fig. 1.8]. Understanding the source of the noise helps you understand what
the optimal peaking time is for the system features. Usually in detectors with
low leakage current or working at low temperature the parallel noise component
becomes negligible, so the optimal peaking time is the longer one. However, it
is important to remember that long peaking times increase the chances of pile-
up, so it is useful to find a compromise between the energy resolution and the

count-rate of the system [26].
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FicUrE 1.8: Graph of the ENC trend of the system as a function of shaping
time.

Energy resolution

Energy resolution is one of the main parameters in an energy dispersive detector.
The objective is in fact to try to minimize this value in order to obtain the best
possible results. The energy resolution is usually referred to the Full Width
Half Maximum (FWHM) value of a Gaussian distribution (FWHM=2.3550).
The factors influencing energy resolution are: fluctuations in the signal

charge and fluctuations in the readout electronics

AE = \/ AE2, + AE?

elec
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For state detectors the first term is a theoretical limit and is due to statis-
tical fluctuations in the charge generation process (fluctuations in the number
of electron-hole pairs that are produced when the semiconductor is hit by radi-
ation). It can be calculated as

AFE?

sig

- FWHMStat - 2355\/ FE()E

where F is the Fano Factor (0.115 for Silicon), Fjy is the energy of photon and
¢ is mean energy required to extract an electron-hole pair (in silicon is about
3.62 eV). For the Mn-Ka line this term is 119 eV, and it is called Fano limit.
The second term it is due to the intrinsic noise in the detector and pream-
plifier, and it is:
AE?,. =2.355ENCe

elec

This term cannot be eliminated but only reduced [14].

1.3 Main features of SDD and different geome-

tries

The characteristics of the SDDs lead them to have an excellent signal to noise
ratio due to the small size and capacity of the readout anode, and coupled to
a low noise FFE can be used for fast high precision X spectroscopy. They have
some important features that can be exploited. Thanks to their remarkable
versatility, the geometry can be adapted to the needs of measurement: they
can have large sensitive area, excellent spatial and temporal resolution, good
energy resolution. They also have a good resistance to radiation and a high
efficiency at low energy [47, 82, 57, 26, 78, 506].

The versatility and the customizable design specifically for the project cer-
tainly remain the special features of these detectors. It is possible to design
and realize different types of SDD with different geometries by changing the
number and position of the electrode implants and the shape of the potential
[47, 82, 57, 26, 78, 56].

1.3.1 Linear Drift Devices

Linear Drift Devices a very simple structure with the collection anodes im-
planted on the two ends of the n side; the p+ electrodes are in the middle [Fig.
1.9]. The most negative voltage is applied to the central electrode, which de-

creases towards the anodes, while on the p side of the detector the p+ cathodes
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are held at a constant negative potential. The most negative voltage is applied
to the central electrode, which decreases towards the anodes, while on the p side
of the detector the p+ cathodes are kept at a constant negative potential. The
electron-hole pairs created to the left of the central cathode will result on the
left anode, those created to the right on the right anode. In addition to making
energy measurements they can also make one-dimensional position measure-
ments, where the x coordinate is given by the time of drift of the electrons from
the point where the photon hits the detector to one of the two collection anodes
[45, 72, 57, 26].

tral electrode #p140
limit of the
CAN #p 70\ ruengd'g;‘plef /“ p70 C

33cm

e P
#p70'| #p70
guard ragions

42cm

FIGURE 1.9: Linear Drift Devices (a) Scheme [81, 45, 57] (b) Photograph of
the linear SDD [81, 45, 72].

1.3.2 Matrix Drift Devices

Matrix Drift Devices are an evolution of SDDs to drift linear [Fig. 1.10]. In
fact, it is obtained by dividing the long anodes of the latter into several pads.
The result is a detector with which the position can be measured in a two-
dimensional way: where, in addition to the x, always given by the drift time,
there is also have information on the y according to the anode that collected
the charge [45, 72, 82, 57, 26].

1.3.3 Large Area Devices

The large area semiconductor drift detectors are developed for high resolution
measurement of the position of ionizing particles and of the energy deposited in
the detector. One original design of large area SDD (with an active area of 7.0
x 7.5 cm?) was installed and used for 10 years (2007-2017) in the Inner Trackin
System of the ALICE experiment at LHC [Fig. 1.11] [69, 81, 70].



1.3. Main features of SDD and different geometries 17

|

{

0000 IE

| (o] [ [ )

F
$ ;

FIGURE 1.10: Scheme of a Matrix Drift Devices [45, 57, 51].

FIGURE 1.11: Photograph of the Large Area SDD of ALICE [69, 81, 70].

A new large area linear multi-anode SDD (with an active area of 12.0 x 7.2
cm?) has been developed for X-ray astronomy applications [43]. This detector
has a sensitive area of 76 cm?, and an energy range of 2-50 keV with a spectral
resolution below 260 eV at 6 keV [10].

1.3.4 Pixel Drift Devices

Pixel Drift Devices are the are the SDDs that most allow you to take advantage

of the features. This is useful for applications that predominantly require good
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energy resolution rather than spatial one.

Electron potential energy
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FIGURE 1.12: (a) The funnel-shaped potential energy of the electrons inside
the cell (b) The section of a SDD sensor (1 cell) [19].
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FIGURE 1.13: Section of an SDD with a single-side structure [57].

The pixellated SDD [Fig. 1.13] are built on a doped silicon substrate n. A
single p+ cathode is implanted in the window through which the photons enter
(called the p-side of the detector) along the entire active surface of the detector,
which is supplied with a negative bias voltage. On the n side, a small n+ anode
is implanted, surrounded by p+ circular strip cathodes (called drift cathodes)
that extend at regular intervals from the anode to the edge of the active cell
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surface. The cathodes on the n side are connected together by resistors that
act as voltage dividers: a negative voltage is applied to the outermost cathode,
it gradually decreases in the direction of the innermost cathode (also called the
return cathode) on which a negative voltage of a few volts is usually imposed.
This leads to the complete depleting of the substrate n with an electric drift field
that guides the charge carriers towards the anode. When a photon penetrates
the silicon it creates electron-hole pairs. The holes are almost instantly absorbed
by the nearest cathode, while electrons are guided inside the substrate towards
the collection anode [47, 57, 56, 66, 26]. In this geometry the electron potential
energy has a funnel-shaped distribution that drives the electrons towards the
anode, thus ensuring an effective charge collection (holes, instead, are collected
by the cathodes) [Fig. 1.12].

The readout anodes of the pixel SDD are wire bonded to a Charge Sensitive
Amplifier (CSA). In this way the acquisition, amplification and transformation
of the collected signal begins.

These individual cells become the basis to represent the customized geome-
tries that best fit the needs.

1.4 Multipixel monolithic SDD

The possibility of starting from cells of different shapes and being able to de-
sign detectors of various shapes and sizes has allowed to optimize, along with
production process, also the ability to customize monolithic arrays of SDD for
projects in which they will be used.

A small example is provided in Figures 1.14, where a multi-project wafer
of the ReDSoX Collaboration is visible. Three of the detectors that will be
analyzed in detail are present in this photo: the basic sensor (called strip)
the XAFS-SESAME Detector System (analyzed in detail in Chapter 4), the
trapezoidal detector for the TwinMic beamline (described in Chapter 5), and
that of the type on which the mapping was made in the chapter ?7.

1.4.1 Some additional details about multipixel mono-

lithic sensors

The multipixel monolithic sensor has been designed to be able to detect low
energy X-rays with good sensitivity down to few hundreds of eV by minimizing
the passive materials encountered by the radiation before reaching the bulk

(entrance window): a thin dielectric layer, a protective thin layer of oxide,
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FIGURE 1.14: Multi-project wafer of ReDSoX Collaboration: the sensors were
simulated and designed by INFN-Trieste and produced by FBK-Trento.

covering a shallow uniform junction, assuring efficient radiation transmission
and collection of carriers generated close to the detector surface, specifically
produced at FBK with a proprietary technology!, assuring efficient radiation
transmission and collection of carriers generated close to the detector surface.
No aluminum layer is covering the entrance window. The expected overall dead
layer is in the order of few tens of nm. The thin detector entrance window
the detection efficiency at the C Ko line is at least 60% (based on Geant4
Monte Carlo simulations [17]) [28]. On the other side, at the center of each
cell is located an anode surrounded by several concentric cathodes, the most
external of which (the HV bias cathode) being in common to all the cells.
Surrounding the cells, on both sides, several floating p+ rings (guard cathodes)
gently degrade the electrostatic potential to ground before reaching the edge of

the structure.

'The specific details of the FBK technology cannot be disclosed, the approach adopted is
similar to the one reported in [36].
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Chapter 2
Sensor optimization

In the chapter 1 it has been presented the main uses currently being made of
SDDs. It is important to evaluate the quality of current detectors and imple-
menting improvements, where necessary. In this regard, to improve the perfor-
mance of the detectors, one can act on several fronts: to deepen the knowledge
of the critical issues of one’s own detectors, so as to improve them, and modify
them in order to try to make them more suitable for others future developments

and uses.

2.1 Mapping of 3 x 3 mm? SDD

To evaluate and improve the performance of the detectors and to find future
optimizations, an accurate characterization of the detectors and a detailed map-
ping campaign was carried out. In particular, the main purpose is to map the
efficiency and uniformity of charge collection as the polarization voltage of the
sensor changes. This analysis was done on a Silicon Drift Detector with 3 x
3 mm? sensitive area designed by INFN of Trieste and built by FBK-Trento
[37]. It represents a single-pixel precursor of a monolithic matrix of multipixel
Silicon Drift Detectors and, at the same time, a model of one cell Fluorescence
Detector System (XAFS) for SESAME.

The point-by-point mapping tests of the detector were carried out in the
X-ray facilities at INAF-IAPS in Rome, equipped with a motorized two-axis
micrometric positioning system. High precision characterization of this detector
was done with a radioactive °Fe source and a collimated monochromatic X-ray
beam.

The mapping in different positions and bias condition was specifically-aimed
to the detailed analysis of the charge collection efficiency at the edge of the
detector. We compare it with a mapping performed by F. Ceraudo [35] on a

previous version of SDD, using the same analysing software.
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The result lead to understand and verify the aspects related to the collec-
tion of the signal with respect to the position of interactions of the photons,
especially in consideration of the new design and development of monolithic

multipixel detectors.

2.1.1 Detector and experimental setup

The detector mapped is a not-collimated single-pixel Silicon Drift Detector
(SDD), with nominal 3.0 x 3.0 mm? [Fig.2.1] sensitive area, designed by INFN of
Trieste and built by FBK-Trento. The SDD, consists of 450 um-thick fully de-
pleted n-type Silicon bulk, with an entrance window (with bias voltages Vwin)
in the front side. In the backside, the drift p+ cathodes (bias voltage Vor
and ViR is applied respectively to the outer and inner drift cathodes) and the
small, very low capacitance central, n+ anode, connected with the readout by
the ultra-low noise SIRIO [19, 23] charge sensitive preamplifier. The potential
energy of the electrons in the SDD has the shape of a funnel [19].

Wi

£ i
5 5 ¢

1 ‘f_ T radiation 1

FIGURE 2.1: Working principle and structure of the detector.

The detector mapping [34, 35] were carried out in the X-ray facilities at
INAF-IAPS in Rome, equipped with a motorized two-axis micrometric posi-
tioning system. The sources used for these measurements were: a radioactive
%Fe source and a collimated Ti X-ray tube with a Bragg crystal monocromator.
The measurements were carried out in an air-conditioned room with a constant

ambient temperature of 18 °C.
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Experimental setup

The detailed description of the experimental setup used for the measurement is
shown in Figure 2.3 and described below.

The measuring room with all the setup is at a controlled temperature of 18
°C for all measurements.

A closed and darkened metal box [Fig. 2.3 (1)] contains the QuadSDD [Fig.
2.2] composed by the sensor and the SIRIO amplifier, whose output is then
directly digitized and processed by a Multi-Channel Analyzer (MCA). Nitrogen

is fluxed in the box in a constant way for all measurements [Fig. 2.3 (14)].

FIGURE 2.2: Picture of the QuadSDD circuit: SDD and SIRIO preamplifier
(boxed in red), high-voltage supply (boxed in pink), and low-voltage supply
and scientific signals (boxed in green) [35].

A power supply was used for depletion voltage (window, Vwiy) and the
anode (inner ring, Vig) of the detector [Fig. 2.3 (4)], and another power supply
was used for powering the detector cathode (outer ring, Vor) [Fig. 2.3 (5)]. An
high voltage filter was applied to the detector [Fig. 2.3 (13)].

Another power supply was needed to power the SIRIO preamplifier [Fig. 2.3
(6)] and the relative low voltage filter [Fig. 2.3 (12)].

Connected to the system there are the amplifier and its power supply, and
the reset pulser [Fig. 2.3 (11)(7)(8)].

To complete the acquisition was used a DP5 digital pulse processor [Fig. 2.3
(9)] connected with the acquisition computer, located outside the experimental
room.

QuadSDD circuit, the closed box with the sensor, was placed on two mo-
torized micrometric rails for two-dimensional positioning [Fig. 2.3 (3)]: in this
way it was possible change the position of the sensor to do the mapping mea-

surements.
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FIGURE 2.3: Experimental setup: 1. Sensor and SIRIO amplifiers (QuadSDD
circuit) - 2. Ti anode X-ray tube equipped with a Bragg diffractor to select
the Ti Ko line (4.5 keV), crystal: Fluorite CaF? (220), The X-ray tube was
configured at 35 kV and 0.6 mA. A 1/40-ratio diaphragm (purple box in 2) is
between the tube and the diffractor, the diaphragm between the diffractor and
the detector is composed of: a second 1/40-ratio diaphragm (green box in 2),
a 34 mm length diaphragm and a diaphragm with 100 pgm hole size (pink box
in 2) - 3. Two motorized micrometric rails for two-dimensional positioning -
4. Supply voltage needed for depletion voltage (window, Vwin) and the anode
(inner ring, Vig) for the detector - 5. Supply voltage needed for the cathode
(outer ring, Vor) for the detector - 6. Supply voltage needed for the SIRIO
preamplifier - 7. Supply voltage needed for the amplifier - 8. Reset pulser - 9.
DP5 digital pulse processor - 10. Oscilloscope - 11. Amplifier - 12. Low voltage
filter for the SIRIO preamplifier supply voltage - 13. High voltage filter for the
detector - 14. Nitrogen.
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An Ti anode X-ray tube, model Oxford series 5000, was used as the main
source for the measurements [Fig. 2.3 (2)]. The X-ray tube was equipped with a
Bragg diffractor to select the Ti Ka line (4.5 keV), crystal: Fluorite CaF? (220),
The X-ray tube was configured at 35 kV and 0.6 mA. A 1/40-ratio diaphragm
(purple box in 2) is between the tube and the diffractor, the diaphragm between
the diffractor and the detector is composed of: a second 1/40-ratio diaphragm
(green box in 2), a 34 mm length diaphragm and a diaphragm with 100 pm
hole size (pink box in 2).

2.1.2 Measurements and analysis

The main purpose is to map the efficiency and uniformity of charge collection

as the polarization voltage of the sensor changes.

Beam shape

Before performing the mapping, we have to estimate the dimension of the beam.
The way to do it was to take measurements with a commercial detector, instead
of the QuaddSDD, using it as a counter. The detector used was the XR-100CR
of Amptek: it is an high performance thermoelectrically cooled Si-PIN X-ray
detector and preamplifier [15]. To perform the measurement of the beam size
we assume that the beam is a Guassian shape. To determine its FWHM we
used a diaphragm on the XR-100CR detector and we moved the detector from
x1, near to one edge of the detector, to x2 near to its second edge with a speed
of 1um/s [Fig.2.4 (a)]. As a result we obtained light-curve of the beam shape
[Fig.2.4 (b)].

Counts/10s

Time (s}

FIGURE 2.4: (a) XR-100CR and the diaphragm used for to determine the
beam shape - (b) Light-curve using the XR-100CR detector. The velocity of
the movement is 1um/s and the light-curve binning is 10s.
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We fit the beam shape with a Gauss error function and a complementary
error function, we found the o and we calculated the FWHM of the beam. For
the X axis the FWHM of the beam is 165.48 pm and for the Y axis is 128.83

.

Beam positioning

An essential requirement for further measurements is to identify the centre
position as precisely as possible. To align the detector QuadSDD with the
X-Ray tube, we searched for the center position by acquiring a Light-curve.
We consider that a constant signal value corresponds to a position inside the
sensor and a zero signal value corresponds to a position outside the sensor. The
positions where the signal was half of the average were chosen as the limits of
the sensor. Simultaneously, one of the motorized rails was moving from one
approximate edge to the other. Given that the rail was moving at a known and
constant velocity (1um/s), the light-curve binning is 10 s and knowing the start
and the end positions, we can relate the number of channels to the position. In

this configuration, the center position was (243.37, 7.955).

Calibration

For the calibration, we acquired, in the central position of the detector previ-
ously found, two spectra: one using the %Fe source [Fig.2.5 (a)] and one using
the Ti X-ray tube [Fig.2.5 (b)].

— data
- it
- — o — — Tika|
a 1 2 3 4 5 L 7 B o 1 2 3 4 5 & 7 8
Energy (keV) Energy (keV)

FIGURE 2.5: Calibration acquisitions (a) Spectrum of Mn [FWHM 173 eV

at 5.9 keV, Shaping Time 2.4 us, Vor 124.4 V, Temp 231 K, AT 240 s| (b)

Spectrum of Ti [FWHM 165 eV at 4.5 keV, Shaping Time 2.4 us, Vor 124.4
V, Temp 231 K, AT 240 s.

Mapping

The mapping procedure is controlled by a LabView interface named Baby-

lonTower, which allows to move the detector through the micrometric rails
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according to the coordinates chosen, respect to the center of the sensor, and
programmed for the measurement.

For the point-by-point mapping, we used the collimated Ti X-ray tube and
we have acquired data at coarse steps in the central zone (500 pm) and at finer
steps (100 pm) near the edges of the detector [Fig.2.6 (a)].

a better view of the results, and to obtain a square representative of all the

In order to have

detector area, the acquired points have been mirrored. The measurements have
been repeated for 4 different outer ring voltages [Fig.2.6 (b)], keeping the values
of the other detector voltages as constant as possible. We have chosen to vary
the Vor in a range that would guarantee us a uniform spacing between the
voltage values, a number of measurements compatible with the times reserved
for the test beam, the minimum voltage that would allow us to have a detector
correctly polarized, and a maximum voltage equal to that used for the mapping

previously made on the previous version of the sensor.
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FIGURE 2.6: (a) Scheme of the grid used for the automatic acquisitions with
different steps for the central region and the edge of the detector (b) Table
showing the four different bias conditions used for the measurements.

Each spectrum acquired, in each point of the grid for each of the 4 power
supply configurations, was analysed in the same way. We compare it with
the one done on a previous version of SDD. In order to make this analysis
comparable with the measurement campaign carried out on an earlier version
of the detector we used the same analysis software. The software was written
in Python by F. Ceraudo [35].

The analysis process carried out by the software is the following: search for
the maximum of the analysed spectrum (which is supposed to be the Ti Ko
line). If the number of peak counts is less than 25, the spectrum is discarded,

because it is less than that required by Gaussian statistics, and no further
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analysis will be carried out on it. If the peak count is higher than 25 we
proceed with the estimation of the position of the center of the line and its
width through an iteration of 2 Gaussian fits, to improve accuracy. Then energy
calibration is performed (was not carried out earlier so as not to influence the
values of FWHM), using previously acquired calibration data (under the same
measurement conditions). Finally, the plots and results are saved.

From the analysis, 3 parameters are evaluated [Fig.2.7]:

e F'WHM - The Full Width Half Maximum of the Ti K« line

e Relative (than the one obtained for the central point) Ti Ka line position

e Relative (than the one obtained for the central point) Ti K« line counts,
of the data between -1.50 and 40

Energy [V Enarqy [keV] Energy (keV

FiGure 2.7: FWHM - The Full Width Half Maximum of the Ti K« line (b)
Relative (than the one obtained for the central point) Ti Ka line position (c)
Relative (than the one obtained for the central point) Ti Ko line counts.

2.1.3 Results and conclusions

Results of the analysis are the maps, with relative errors, of the trend of the 3
parameters evaluated. In these maps: the squares represented the points of the
grid having more than 25 counts for the Ti Ka line, which were processed; the
triangles represented the discarded measurements with less than 25 counts for
the Ti Ko line. Values between the experimental points were obtained through
linear interpolation.

Below are the maps obtained from the analysis:

e FWHM - The Full Width Half Maximum of the Ti K« line [Fig.2.8] and

relative errors [Fig.2.9]

e Relative (than the one obtained for the central point) Ti K« line position
[Fig.2.10] and relative errors [Fig.2.11]
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e Relative (than the one obtained for the central point) Ti Ko line counts
[Fig.2.12] and relative errors [Fig.2.13]

The value of the spectral resolution of the detector, considering the associ-
ated error, remains constant under all measurement conditions. However, there
is greater uniformity for a voltage Vogr higher than 124 V. Further, the outer
ring voltage changes the efficient area of the detector.

The analysis of the results shows that this detector has an effective area
of 2.7 x 2.7 mm? [Fig.2.8 and Fig.2.14]. In the previous version of the tests
carried out in 2016, with the same voltage Vogr, on the previous sensor design,

2. If we compare

by Ciraudo [35], there was a collection area of 2.5 x 2.5 mm
these results we can see that the collection area of the second sensor version is
larger than that of the previous sensor, but still less than the nominal 3.0 x 3.0
mm? area.

From the analysis and comparison of the data it can be seen that the further
we are from the centre, the lower the counts below the peak, the more asym-
metric the peak is and the more the centroid moves towards a lower energy
[Fig.2.14].

This mapping allows to verify aspects related to the charge collection to
the detector’s edge. Furthermore, the mapping allows the cross check of the
device simulation and fosters the progress in the design and development of
new monolithic matrix of multipixel Silicon Drift Detectors for applications in
astrophysics and advanced light source.

In the new version of the sensor, INFN-Ts has taken these results into ac-
count to improve the design and optimize the collection area. Further compar-
ison mappings on the brand new version of the sensor will be carried out in the

coming months.
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FIGURE 2.8: (a) Maps of FWHM - The Full Width Half Maximum of the Ti
Ka line - Top row: Right: Vor = 144.6 V, Left : Vor = 124.4 V. Bottom row:
Right: Vor = 104.06 V, Left: Vor = 84.1 V.
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FIGURE 2.9: Maps of the relative error FWHM - Top row: Right: Vor =
144.6 V, Left: Vor = 124.4 V. Bottom row: Right: Vor = 104.06 V, Left:
Vor =84.1 V.
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FIGURE 2.10: (a) Map of Ti Ka line position - Top row: Right: Vor = 144.6
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FIGURE 2.14: Spectra (Ti Ka line) at points: green (-1.0, -1.0), purple (-1.2,

-1.2) and blue (-1.3, -1.3) with Vor = -124.4 V. The centroid of the peak is,

respectively, at 4.51, 4.50 and 4.47 keV, the mismatch is due to the progressive

growth of the left shoulder of the peak caused by truncated events where a part
of the signal charge is lost to the periphery of the detector.
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Chapter 3

Customized detector system for
synchrotron radiation

applications

Electromagnetic radiation is a basic instrument of investigation for our knowl-
edge of the world. Depending on the energy of the radiation, it is possible to
see objects or phenomena characterized by different dimensions. But energy is
not the only discriminating factor for the selection of a source: intensity, polar-
ization, coherence and collimation are also very important. Among the sources
we have available light or synchrotron radiation is one of the most useful and
versatile for its characteristics. It has a number fields such as material science,
physics, chemistry, biology, cultural heritage, etc. Also it needs always new and
advanced scientific and technological developments both in terms of acceleration
technology and in terms of the last step, the beamline detectors [24, 58, 61].
In this context, off-the-shelf detection systems severely constrain the achiev-
able results. Then the main goal of the project was to develop novel versatile
detection systems able to cover a large photoemission solid angle, being easily
adaptable to the needs of different X-ray spectroscopy beamlines and ready to
cope with high photon count-rates in order to exploit all the power of new light

sources [28].

3.1 Synchrotron

Synchrotron radiation (or synchrotron light) is now well known as a powerful
scientific investigation tool. The phenomenon of the radiation emitted by an
electron on a circular orbit has been known since the end of 1800, but only with
the construction of the first particle accelerators, after 1940, its potential was
realised. [61, 58, 24].
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In particular, synchrotron radiation is the electromagnetic radiation emit-
ted by a lightly charged particle (usually electrons or positrons) accelerated
radially. When the particle moves with a non-relativistic speed we speak of
cyclotron radiation, when instead the particle has a relativistic speed we define
synchrotron radiation. The radiation is emitted in the direction of the particle
motion, in a narrow cone (the narrower the more the energy of the particle in
motion) tangent to the orbit [61].

The synchrotron light source [Fig. 3.1] is a circular accelerator (therefore
with fixed radius), in which the electrons are confined in a ring in which the
ultra high vacuum is made. Inside this ring, the electrons are accelerated by
electric fields, and deflected, to make the circular orbit, by magnetic fields.
The radiation thus produced by electrons is very intense, collimated and with a
wide emission band that can range from infrared to hard X-rays [Fig. 3.2]. This
makes it possible to study all phenomena or things that have a dimension or
energy comparable to that of the synchrotron radiation produced. The flux and
brilliance of the radiation can be increased by inserting in the straight sections

of the ring (placed between the bending magnets) of wigglers or undulators [61]

Booster ring

Storage ring

; Optics cabin
Control cabin

Experimental cabin

FI1GURE 3.1: General diagram of a Synchrotron light source - Copyright EPSIM
3D / JF Santarelli, Synchrotron Soleil [4].

The first facilities of the 60s, defined as first generation, were not instru-
ments dedicated to synchrotron radiation, but physics experiences that were

used in a parasitic way. Consequently there was the construction of the first
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FIGURE 3.2: Scheme comparing the energies, and corresponding wavelengths,
of the synchrotron radiation produced with the phenomena or things that can
be analysed [61].

facilities dedicated to synchrotron radiation, defined as second generation, and
its uses only with the development and use of the first wigglers. A further de-
velopment, with the passage to the third generation facilities, took place with
the development of the undulators. The technological development led to an
increase in radiation brightness and thus to the increasing potential of advance
light sources. In the 21st century we see the improvement of third generation
sources and, together, the development of fourth generation sources based on
free electron lasers (FELs) [61] [Fig. 3.3].

Third and fourth generation light sources have revolutionized research in
many scientific and technological disciplines. New scientific challenges require
the construction of cutting-edge performance machines and experimental sta-

tions.

3.2 Some applications: X-ray spectroscopy

X-ray spectroscopy is a technique that uses radiation in the X-ray of the spec-
trum to investigate matter. The synchrotron radiation plays a very important
role in order to investigate matter, and with the X-Ray Spectroscopy is possible

to probe composition, particles, bonds of matter [2, 61].
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The physical phenomenon can be schematized as follows: the atom, when
hit by X-ray, excites an electron from the inner shell. For this to happen the
energy of the incident photon must be greater than the bonding energy of the
electron. When this electron returns to low energy level it emits a photon that
has the characteristic wavelength for the element. From the analysis of the
spectrum it is therefore possible to identify the chemical composition of the
sample [18].

In order to have optimal spectroscopic measurements, certain characteristics
are required from the detectors. Many of these specifications are the main
features of the SDD (described in the paragraph 1.3).

Several spectroscopic techniques using X-Ray, those relevant to the detectors

analyzed and the measurements performed are as follows.

3.2.1 XRF - X-Ray Fluorescence

X-Ray Fluorescence (XRF) is a spectroscopy in which the incident energy is
fixed and the energy dependence of the secondary photons is measured. XRF
analysis is a non-destructive technique. The physical phenomenon can be
schematized as follows: when an atom that has been excited because it has

been hit by X-rays (a photon guides an electron out of the bound state), regains
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balance and the sample emits X-ray fluorescence. In this case every element
with an edge (whose positions correspond to the bonding energies) below the
incident energy will fluoresce. When the energy of the X-rays is sufficient to
excite an electron in state 1s we refer to edge K. It is possible from the XRF
spectrum to analyse the composition of the sample [Fig. 3.4 and 3.5]. With this
type of measurement element concentrations can be quantified [2, 11, 76, 63].
The source can be a radioactive source, an X-ray tube or synchrotron radiation.

This analysis will be performed using the PyMca X-ray Fluorescence Toolkit
[77].
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FIGURE 3.4: An example of XRF spectrum [11].
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FIGURE 3.5: An example of XRF spectrum showing the Fe Ko and K emis-
sion lines, and the elastic scattered peak [63].
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3.2.2 XAFS - X-ray Absorption Fine Structure

In general XAFS is the modulation of the X-ray absorption coefficient at ener-
gies near and above an X-ray absorption edge.

X-ray Absorption Fine Structure (XAFS) analysis is a non-destructive tech-
nique. Usually XAFS spectrum is divided in two regime (with the same physical
origin but with different specific interpretation): X-ray Absorption Near-Edge
Spectroscopy (XANES) and Extended X-ray Absorption Fine Structure (EX-
AFS) [Fig. 3.6].
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FIGURE 3.6: Example of acquisition for the same sample of (a) XAFS spectrum
(b) XANES spectrum [63].

The physical phenomenon of XAFS spectroscopy can be schematized as
follows: when an atom that has been excited because it has been hit by X-
rays (a photon guides an electron out of the bound state), regains balance and
the sample emits X-ray fluorescence [Fig. 3.7]. This emitted wave propagates
and is diffused by the other atoms nearby, from the sample then emerges, and
is detected, the interference of these two [Fig. 3.8] [63]. During an XAFS
measurement, the energy of the incident beam is changed continuously and
over a wide energy range; synchrotron radiation is required as a string to carry

out this type of measurement.

Fluorescence

I

Synchrotron Transmission
b ¥
| 0 WV 1
I :I—-' —
Monochromator Sample

FIGURE 3.7: Scheme of an X-ray Absorption Spectroscopy Spectroscopy ex-
perience in transmission or fluorescence. The intensities of the incident and
transmitted radiation are measured by ionisation chambers [12].
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FIGURE 3.8: Physical origin of the XAFS or XANES spectrum [12, 63].

The XAFS technique allow to study the position of atoms within the crystal
lattice and to determine the distance, coordination number and species of the
neighbours of the absorbing atom. When an atomic species is selected from
the sample to be analysed, XAFS spectroscopy then gives information on the
chemical state and local atomic structure [63].

This type of analysis are usually performed using the Demeter, a system for

processing and analyzing X-ray Absorption Spectroscopy data [71].

3.2.3 XANES - X-ray Absorption Near Edge Structure

X-ray Absorption Near Edge Structure (XANES) spectroscopy results from a
physical phenomenon equal to that of XAFS spectroscopy seen previously. But
but unlike this last one, XANES analyses the zone closest to the edge [Fig. 3.6
and 3.9]. The same considerations made on the usable sources as for the XAFS
measurements can also be made for the XANES measurements.

The XANES technique allow to study the oxidation state and the coordi-
nation chemistry of the absorbing atom, for example the valence state. This is
possible interpreting the data by comparison with standard samples and peak
fit [63, 71].

This type of analysis are usually performed using the Demeter, a system for

processing and analyzing X-ray Absorption Spectroscopy data [71].
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FIGURE 3.9: An example of XANES spectrum (Mn K edge): specific parts

of the spectrum are highlighted: pre-edge (red line), edge (purple line), and
near-edge (green line) [2].

3.3 SDD for two setups with two different ex-

perimental needs

The Silicon Drift Detectors (SDD) are among the most widely used devices in
energy dispersive spectroscopy. SDDs have evolved considerably since the first
prototype was produced and tested in 1984 [46] and the first large area detector
was introduced [82]. Technological advancements contributed to a substantial
decrease of the detectors leakage current and to design highly customized ultra
low-noise front-end electronics, allowing the operation of large area detectors
with good performances even at room temperature [20, 19]. In order to man-
age high count-rates without saturating the acquisition chain, it is necessary
to distribute the charge collection among several electrodes (anodes) and pro-
cessing channels, thus mitigating the pile-up and dead time phenomena. Since
the leakage current is split between several anodes, and since different elements
can be assembled in custom configurations, the production of large area multi-
element detectors covering a wide solid angle is possible. This is of paramount
importance for applications where the events to be measured are rare.

The multi element approach made possible to build custom detector con-

figurations according to the specific experimental requests, paying particular
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attention to the maximum expected count-rate and to the operation tempera-
ture, while maximizing the collection solid angle. And although the whole sys-
tem consists of several independent detectors, it is highly integrated in terms
of both back-end electronics, and acquisition software, which is unique for the
entire instrument. This allows operating the device as a single, large area detec-
tor, thus providing a total aligned and calibrated spectrum, while maintaining
the possibility to control every single element separately for advanced spatial
and morphological studies [25].

There are no universal detectors suitable for all purposes and the off-the-shelf
detection systems severely constrain the achievable results. For this reason, the
specific needs of two typical realities in which SDDs are mainly used were con-
sidered: soft X-ray spectroscopy, where high solid angle acquisition and energy
resolution are of paramount importance, and X-ray absorption fine structure
(XAFS) analysis, where the detectors have often to cope with very high count-
rates. Taking into account the requirements on count-rate, energy resolution as
well as the photon energies used at the TwinMic [49] and XAFS [38] beamlines
of Elettra synchrotron (Italy) and XAFS beamline of the SESAME Middle Easts
light source (Jordan), two detection systems based on multi-element SDDs were
developed [28]. The first detector consists of a matrix of 64 SDD elements dis-
posed on 8 monolithic arrays covering an overall non-collimated active area of
576 mm? and operating over an energy range between 4 and 30 keV. The second
system is composed of 32 SDD elements arranged on 4 monolithic sensors and
covers a total non-collimated area of 1230 mm?. Such device is optimized for
detecting low-energy photons in the 200 — 4000 eV energy range. Both systems
are highly integrated and can either be operated as an apparent large area single
detector or as a multi-element detector, collecting information separately from
each single element in order to enable spatially and angularly resolved advanced
studies. The performances of the two detector systems have been studied at the
XAFS and TwinMic beamlines (Elettra Sincrotrone Trieste, Italy), respectively
[28]. In the next two chapters the two detector systems will be described in

detail and will present the tests and characterizations carried out.

3.4 Elettra Sincrotrone Trieste

Elettra is the third-generation Italian synchrotron radiation facility in Trieste
operating since 1993, provided with 28 beamlines [Fig. 3.10]. This synchrotron
produces beams with energy of 2-2.4 GeV, and provides photons in the en-

ergy range from a few to several tens of KeV. It is available for experiments
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in many fields of physics, chemistry, material engineering biology, medicine,
forensic science, and cultural heritage. All the relevant X-ray based techniques
are present in the areas of spectroscopy, spectromicroscopy, diffraction, scat-
tering and lithography, together with structures for infrared microscopy and

spectroscopy, ultraviolet inelastic scattering and band mapping [3].
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FIGURE 3.10: Sketch of the 28 beamlines of Elettra Sincrotrone Trieste [3].

I and

Elettra Sincrotrone Trieste is a partner of the ReDSoX collaboration
actively participates in the development and testing of new detector systems.
Its participation is very important because thanks to the collaboration with the
beamline scientists the detectors can be designed and engineered to be suited for
their needs increasing therefore the performance of activities at the beamline.
In addition, it was crucial the ability to test and optimize the detectors made at
the Optical X-ray laboratory, and the beamline XAFS and TwinMic of Elettra

Sincrotrone Trieste.

'For more details see Appendix A.
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3.4.1 XAFS Beamline at Elettra Sincrotrone Trieste

The XAFS beamline at Elettra Sincrotrone Trieste covers an energy range from
2.4 to 27 keV. It combines X-ray Absorption Spectroscopy (XAS) with X-ray
diffraction (XRD) to give important physical and chemical information to char-
acterize the atomic structure of the samples under test. As in a typical XAFS
beamline, the radiation is diffracted by a double monochromator crystal and
hits the sample, which is positioned between two ionization chambers. These
measure the intensity of the incident and outgoing beam (transmission measure-
ment). In this way it is possible to study the trend of the absorption coefficient
when the energy changes near the absorption edge of an atomic element (typi-
cally in an energy range of 1-2 keV around the energy of interest).

When the sample is optically thick or too diluted, the fluorescence technique
is used instead of transmission. In this case only a small fraction of the emitted
fluorescence radiation generated by the elements under test reaches the detector
and it is important for the detector to have a large acceptance to reduce the
measurement time. The detector has to be able to cope with a a high count
rate maintaining a good energy resolution to resolve the peaks of interest from

the surrounding spectrum features [42, 41, 38].

Current detector

The XAFS beamline at Elettra Sincrotrone Trieste uses for its experiments a
KETEK GmbH AXAS-M Silicon Drift Detector. It is composed of a single
SDD cell of 100 mm? (80 mm? of effective collimated area) and has an energy
resolution of about 170 eV for the Mn Ko line at 5.89 keV at a peaking time
of 1.32 us and cooling at -70 °C. This detector is limited at high count rates by
dead time because the use of a large SDD cell (50% of dead time at an OCR of
1.3 x 10° counts s~* of output) [8, 7].

3.4.2 TwinMic Beamline at Elettra Sincrotrone Trieste

The TwinMic beamline at Elettra Sincrotrone Trieste covers an energy range
from 400 to 2200 eV. TwinMic is a microscope that combines a full-field imaging
and a scanning X-ray microscopy in a single instrument: allows you to do X-ray
imaging for morphological characterization, dynamic studies and morphology,
and also spectromicroscopic analysis with recognition of chemical elements and
sample maps. The Low-energy XRF (LEXRF) systems works in vacuum and in
the range of the soft X-ray and therefore it allows the mapping of light elements
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like C, N, O, Mg, Na, that are the main constituents of the life matter, and then
it can supply important information for the study of the biochemical processes
[50, 49].

Current detector

The TwinMic beamline at Elettra Sincrotrone Trieste uses for its experiments
the Low Energy X-ray Fluorescence (LEXRF) system that is composed of 8 large
area Silicon Drift Detectors (SDDs) from company PNsensor disposed circularly
[Fig. 3.11]. The 8 SDDs are installed on a copper support that through a water
cooling system and Peltier cells allows to have a working temperature of -15
°C. Each SDD has an active area of 30 mm? (for a total system active area of
240 mm?) and an FWHM of 135 eV at the Mn Ka line, and 69 eV at the C
ka line. The detectors are windowless in order to reduce the absorption of the
most light elements. The solid angle covered by this detector system is about
4° [50].

FIGURE 3.11: (a) Sketch of the LEXRF detector system on the beamline Twin-
Mic [27] (b) Picture of the current LEXRF detector system on the beamline
TwinMic [48].
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3.5 Synchrotron-light for Experimental Science
and Application in the Middle East (SESAME)

The Synchrotron-light for Experimental Science and Application in the Middle
East (SESAME) is a project born to help in improving the delicate situation in
the Middle East. It is inspired by the CERN model: to promote technology and
science in the Middle East to increase cooperation reducing tensions through
the front-edge scientific work. The main idea is that scientists with different
religion, traditions, political system could work together in an international
laboratory.

SESAME is a 2.5 GeV third Generation synchrotron light source located in
Jordan, more precisely in Allan, 30 km North-West of Amman. It was officially
founded in 2003 as a resource of all the Middle East and North Africa (MENA).
The Members (all from MENA) of SESAME are currently Cyprus, Egypt,
Iran, Israel, Jordan, Pakistan, the Palestinian Authority and Turkey. The Ob-
server countries, from outside the MENA, are: Brazil, China, France, Germany,
Greece, Italy, Japan, Kuwait, Portugal, the Russian Federation, Spain, Sweden,
Switzerland, the United Kingdom and the United States of America.

The scientific interdisciplinary program includes: chemistry, physics, biologi-
cal science, materials science, environmental applications, medicine, agriculture,
molecular biology and cultural heritage.

SESAME has the capacity to host about 28 beamlines [Fig.3.12]. The ini-
tial beamlines are seven: XAFS/XRF (X-ray Absorption Fine Structure/X-
ray Fluorescence) spectroscopy, IR (Infrared Spectromicroscopy), MS (Mate-
rials Science), MX (Macromolecular Crystallography), Soft X-ray Beamline,
SAXS/WAXS (Small Angle and Wide Angle X-ray Scattering) and Tomogra-
phy Beamline [13, 39, 75, 1].

Italy, one of the Observer countries, has allocated, through the Ministry of
Education, University and Research (MIUR), an ad hoc financing. This signifi-
cant contribution to its implementation is managed by the Istituto Nazionale di
Fisica Nucleare (INFN) in collaboration with Elettra Sincrotrone Trieste. One
of such contributions, realized within the ReDSoX (Research Drift detectors
for Soft X-ray) Collaboration? by INFN-Trieste and Elettra, was the produc-
tion of a multi-channel silicon detector for X-ray Fluorescence measurements to
be used at XAFS/XRF beamline at SESAME, which will be described in the

construction and characterisation details in the next chapter.

2For more details see Appendix A.
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FIGURE 3.12: SESAME: the Synchrotron-light for Experimental Science and

Application in the Middle East: (a) The building housing the synchrotron and

logo [13]. (b) SESAME beamlines layout showing the location of the seven
Phase I beamlines on the storage ring [1].

In the realization and optimization of the XAFS detector system were cru-
cial conversations with the beamline scientists of the beamline XAFS/XRF of
SESAME and Elettra, in order to understand their demands and their needs.
In fact, thanks to this synergy between developers and user the detector system

has acquired a great added value compared to a commercial detector.
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Chapter 4

Detector System for XAFS

Beamline

A Fluorescence Detector System for XAFS (X-ray Absorption Fine Structure)
composed of 8 monolithic arrays of Silicon Drift Detectors, each having 8 cells
of 9 mm? area, is being realized within the INFN ReDSoX Collaboration!. It
will be used for X-ray absorption spectroscopy at the Jordanian synchrotron
light source SESAME that provides a photon beam with an energy range be-
tween 3 and 30 keV. This detector system has been designed specifically for the
beamline requirements, and is equipped with a segmented sensor with 64 cells of
smaller area coupled with fast and low-noise electronics with independent read
out circuitry, allowing to operate with a low dead time at high count rates. De-
tailed characterization tests at Elettra Sincrotrone Trieste have demonstrated
an energy resolution at the Mn 5.9 keV Ka line, for the monolithic array, below
170 eV FWHM at room temperature.

An infographic timeline of the project’s activities over the last 3 years is
provided in Appendix B.

The personal contribution for the SESAME project was to carry out the
operational coordination with the step-by-step testing and integration of the

detector system.

4.1 The novel detector system: XAFS-SESAME
Detector System

The detector system was designed and implemented for X-Ray Fluorescence
(XRF) and X-ray Absorption Fine Structure (XAFS) experiments. It is based
on the state-of-the-art technology both for the sensor and for the readout elec-

tronics. It is composed of 8 rectangular monolithic arrays of SDDs, with a total

'For more details see Appendix A.
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2. Tt is specially designed from the XAFS beamline

sensitive area of 570 mm
scientists’ requests and optimized to work in an energy range of 3-30 keV.

The detection system, shown schematically in Figure 4.1, is a modular sys-
tem consisting of eight planes arranged in an aluminum case. Every plane is
composed of an array of SDDs (1) coupled with ultra low-noise Front End Elec-
tronics mounted on a PCB (2) connected with the Front End (FE) PCB (3),
mounted at 90°. Above the latter there is a brass profile for the cooling system
(4). Every plane is inserted in the instrument case as a drawer by means of two
sets of frame guides (5-6) and connected to the power supply and filter (7) and
Back-End (BE) (8) PCBs. Under the modules, in the back side of the system,
there are inlet (9) and outlet (10) cooling distribution. The rear panel supports

the Ethernet PCBs (11) and the power supply connectors (12) [66].

FIGURE 4.1: Detector system: (1) detectors, (2) detector PCB, (3) front-end
PCBs, (4) brass profile with cooling liquid flowing inside, (5) insertion guides at
flanks of detecting heads, (6) rails for eight detection heads, (7) power supply
and filters PCBs, (8) back-end PCBs, (9) inlet cooling distribution, (10) outlet
cooling distribution, (11) ethernet PCBs, (12) power supply connectors [66].

Before this final version of the detection system, two different prototypes
have been built and tested in the laboratory and on the beamline at Elettra
Sincrotrone Trieste [42, 41].

Figure 4.2 shows the first part of the detector system: without the external
aluminum case, it is possible to see two of the eight planes mounted inside the
system. During operation, the system is completely closed and darkened (with
a Mylar window) on the left side, in which there are the SDDs, FE electronics

and the first part of the cooling system (an aluminum prototype is visible in the
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FIGURE 4.2: The first part of the detector system: without the external case,
it is possible to see two of the eight modules mounted inside the system.

picture). Moreover, this part of the case is subjected to a moderate nitrogen
fluxing in order to avoid dew condensation.

In Figure 4.3 two images of the complete detector system from two different
angles. In Appendix C the XAFS-SESAME Detector System Datasheet is given.
It contains the main descriptions of the detector system and the instrumentation

supplied.

4.1.1 The sensor

The sensors of this detector system, Figure 4.4, consist of SDDs designed by
INFN-Trieste and built by FBK-Trento. They are obtained from a high purity,
450 pm thick n-type silicon wafer with a resistivity of 9 k2-cm. The sensor
is composed of 8 rectangular monolithic arrays of SDDs, each having 8 square
cells of 9 mm? (called strip) [Fig. 4.4] [66, 41, 19]. The sensors used for this
detector system have been designed taking into account the results obtained
from the mapping of the chapter 2 and therefore optimized for charge collection.
Hence the effective area of these sensors is very similar to the nominal value
of active area. Collimation would help define the sensitive area and minimize
the partial charge collection of events arising from the detector edge. In the
first complete layout collimators have not been installed because the need of

progressive characterizing integration of the latter whose test is in progress.



52 Chapter 4. Detector System for XAFS Beamline

FIGURE 4.3: (a) Upper, front and right side of the detector system (b) Upper,
back and left side of the detector system.

As previously described in chapter 1, the silicon bulk constitutes the active
volume of the sensor. The sensor has been designed to be able to detect low
energy X-rays with good sensitivity down to few hundreds of eV. This is also
possible for the use of a thin entrance window: a shallow uniform p+ implant,
common to all the eight cells, covered by a protective thin layer of oxide.

The FBK process technology coupled to the sensor design allowed the con-
struction of devices featuring an anode capacitance of about 40 fF and a leakage
current below 100 pA/cm? at 20 °C [66].
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FIGURE 4.4: SDD linear array comprising 8 square cells with a 3 x 3 mm?

active area. Anode (top) and entrance window (bottom) sides.

Each SDD has an on-board thermistor that, once calibrated in a climatic
chamber, allows to determine the temperature of the sensor.

The monolithic array of 8 SDDs is mounted (by means of a thermally con-
ductive and electrically insulating glue) on a detector PCB, onto which 8 STRIO
charge preamplifiers [19, 20] are glued. This detector board also contains bias
filter capacitors, connectors to the FE PCB (that is mounted at 90°) and pro-
vides anchor points for the coupling to the cold side of the cooling system [Fig.
4.5].

4.1.2 Electronics

The readout anodes of every SDD cell are wire bonded to SIRIO [19, 20, 23]
charge preamplifiers [Fig. 4.5 (b)]. This Ultra Low Noise CMOS Charge Sen-
sitive Preamplifier has been specifically designed by Politecnico of Milano for
high resolution X-ray spectrometry with SDDs. The front-end integrated cir-
cuit is built in 0.35 um AMS CMOS technology and represents the state-of-art
in low-noise FE electronics: it has an Equivalent Noise Charge (ENC) down to

1.2 and 0.9 electrons r.m.s. at room and at -30 °C respectively.



54 Chapter 4. Detector System for XAFS Beamline

FIGURE 4.5: (a) The front and back side of one strip: monolithic SDD with
8 cells installed on PCB and connected with SIRIO charge preamplifiers. (b)
Detailed view of the SIRIO-SDD connection.

As shown in Figure 4.6, the signal conditioning is divided in: FE, BE,
power supplies and filter and ethernet interface (not shown in the Figure 4.6).
The Front-End PCB includes eight fast RC-CR? analog shaping filters with a
selectable time constant, the the logic circuitry that signals the FPGA when to
reset the SIRIO preamplifiers and single-ended to differential buffers to drive
the ADC inputs.

FIGURE 4.6: Signal Conditioning electronic system: (1) Front-End PCBs, (2)
cooling profile on FE PCB, (3) Back-End PCB, (4) power supply and filters
PCB.

Connected to the FE PCB, the Back-End PCB includes an 8-channel, 12
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bit ADC and an FPGA. Here the pre-shaped signals are sampled at a rate of 40
MHz and are filtered with an optimized finite impulse response (FIR) filter of
variable length by the FPGA. The selectable peaking times for the acquisition
are 0.4, 0.7, 1.0 and 1.45 us.

After the digital elaboration, the data are transmitted through the ethernet
PCB via TCP/IP to a host computer in which there is a dedicated software for
the control and the acquisition [41, 66, 28].

4.1.3 The cooling system

The cooling system is meant to stabilize the temperature of the detectors cooling
them down moderately (0-10 °C). Toward this purpose we use two systems that
complement one another, shown in Figure 4.7 and 4.8: a cooling fluid and Peltier
cells. Preliminarily, nitrogen is lightly fluxed inside the aluminum case in order

to lower the dew point and prevent water condensation on the FE PCB.

FIGURE 4.7: Cooling system: (1) Peltier cells connected to the PCB and to the
Brass profile, (2) inlet and outlet cooling distribution, (3) BE heat exchangers.

The detector PCB on which the SDD array is mounted is in thermal contact
with the cool side of a Peltier cell, which is glued to the structure.

Water cooled to 18 °C by an external chiller is circulated through the brass
profile on the FE board, the BE heat exchangers and the input and output
collectors that together constitute the cooling fluid distribution. In this way it
is possible to cool down the temperature of the BE boards. Moreover, the heat
from the hot side of the Peltier cell is also removed by the brass profile mounted
on the FE PCB [41, 66].
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FIGURE 4.8: Detail photo of the cooling system of the detector system (system
being assembled). It is possible to see: inlet and outlet cooling distribution,
BE heat exchangers, and the tubes through which the refrigerated fluid flows.

In the first version of the cooling system one Peltier cell was used for each FE
board, and the metallic profiles of the cooling system were built from aluminum.
In the latest version of the cooling system two smaller Peltier cells are used
for each FE board, and the metallic profiles, now made in brass, have been
modified to optimize the thermal interface with the Peltiers and the detector
board. This new configuration allows to reduce power consumption and provides
longer durability to the water circulation system while improving the cooling

performance.

4.1.4 Software

A custom software was specifically designed, following the beamline require-
ments, for the tasks of data acquisition and instrument management: FICUS
(Fluorescence Instrumentation Control Universal Software) [Figure 4.9]. In Ap-
pendix C the the first version of the FICUS software manual is included.

The FICUS software is an integral part of the detector system: it has been
designed to complete the instrument according to the requests and needs that
have emerged from the continuous consultation with beamline scientists and
users. The software has 3 different levels: each level corresponds to a different
subject who uses it and, consequently, a different choice of options available. In

particular, three levels are available:
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e Detector Expert: dedicated to detector and software developers, allows
the maximum degree of variation of the available parameters and the

display of screens useful for development and debugging;

e Beamline Staff: dedicated to the staff of the beamline, allows an inter-
mediate degree of variation of the parameters for the setting and the

measurement;

e User: dedicated to all possible users of the beamline, allows a low degree

of parameter variation for data collection and pre-analysis.

FICUS has been tested and used in during all the acquisitions made. This
has allowed to verify its performance and to further optimize it. It is also
integrated with the line control software, so it can be synchronized with the

normal measurement cycle of the line.
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FIGURE 4.9: The windows of the last version of FICUS software acquisition
(Histogram), Detector Expert level, after the measurement by five minute with
the calibration sample.

Using this software, after a preliminary selection of measurement parame-
ters, it is possible to perform the following tasks: data alignment of the cells,

energy calibration, and selection of the Region Of Interest (ROI). During the
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measurement it is possible, for example, to obtain a spectrum in real time with
some information such as FWMH and peak centroid (in ADC channels and in

eV), count rate and dead time.

4.2 Test on the XAFS-SESAME Detector Sys-

tem

To obtain the XAFS-SESAME detector system a detailed and progressive work
has been carried out from the selection of the sensors, through testing and
assembly of the system. To get to the complete system it was necessary an
iterative test and development procedure to solve some hardware, firmware and
software bugs. The most relevant logical and chronological steps of this method
will be described below.

After the SDDs have been characterized with a probe station, they are
glued and bonded on the PCBs and tested at different assembly stages. After
these preliminary tests, every strip was mounted on-board into the system and
characterized in laboratory with radioactive sources. To carry out more detailed
tests at higher energies and rates, the detection system has been brought to the
optical X-ray laboratory and on the XAFS beamline at Elettra Sincrotrone

Trieste.

4.2.1 Characterization of detector strips

The first test done on a strip (and, consequently, a complete plane) is the acqui-
sition with both a pulser and a %°Fe source to analyze the correct functioning
of the cells, uniformity and resolution of the SDDs. In a second moment the
calibration of on-board the temperature sensor of the SDD arrays is carried
out, which allows the determination of its operating temperature during the
experimental measurements. The characterization tests were made for all the
strips of the detector system. Only a representative graph of the sum of the 8
channels of the strip21 is shown in Figure 4.10.

In laboratory [Fig. 4.11], we tested also the performance by changing the
power supplies (and using batteries to power the system), the digital filter ap-
plied and the waiting time after reset. These test lead to the best measurement
parameters. We noted that, despite the many changes, the system was robust

enough not to present sizable performance variations.
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FIGURE 4.10: Acquisition with all the 8 channel of strip21 and ®*°Fe source at
room temperature. The resolution is 170 eV at Mn Ka line at room tempera-
ture for a peaking time of 0.9 us.

FIGURE 4.11: Detector system at the INFN Trieste laboratory. From left
to right: chiller, %°Fe source, detector system, power supplies, laptop with
acquisition software (previous version of FICUS), nitrogen bottle.

For the preliminary test we used the X-ray optical laboratory of Elettra
Sincrotrone Trieste. In particular we used an X-ray tube with an Ag anode as
source and the detector system with only one module.

The first measurement was done to characterize the spectrum of the beam
scattered by a plastic sheet since this was used to perform the successive tests.

The next test of the detector system was the characterization of the materi-
als used in the instrument to check if they can interfere with the measurements
the detector is designed for: we analyzed the detector PCB, including its com-

ponents, the Peltier cell, and the glue used to mount detector, ASIC and Peltier.
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By comparing the acquired data with the spectrum of the scattered beam, the
analysis showed that none of the materials that make up the measurement sys-
tem produced relevant peaks in the scattering spectrum, confirming therefore
that they do not affect the measurements [Fig. 4.12]. It is underlined how-
ever that for this test the system (detector, software, firmware, filters, cooling

system) was in a prototype state.

Characterization of detector materials:
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- PCB+Detector: Argon, Calcium, Iron, Nickel, Zinc, Bromine
- Glue Peltier Argon, Calcium, Titanium, Chreme, Iron, Nickel, Copper,
Gallioum, Arsenic, Bromine, Strontium
- Glue Peltier: Argon, Calcium, Iron, Nickel, Zinc, Arsenic, Bromine

FIGURE 4.12: Characterization of the detector materials: analysis of the de-

tector PCB (including its components), the Peltier cell, and the glue used to

mount detector, ASIC and Peltier. All the spectra are compared with the
spectrum of the scattered beam (in red).

A sample was prepared and subsequently used to test the detector system.
This sample was composed of Ti, Zn, and Mo; in this way we made an energy
calibration in a large energy range, from 4 to 20 keV, and analyzed the per-
formance of the detector in detail. This task was performed using the PyMca
X-ray Fluorescence Toolkit [9, 77]. Figure 4.13 presents the spectrum and the
peak energy of the elements present in the calibration sample; this acquisition
was done at room temperature. Table 4.1 shows the analysis of the FWHM of
the elements present in the calibration sample.

The high flux provided by the X-ray tube allowed us to design and test a
digital pile-up rejection circuit, within the FPGA, that enabled us to improve
the detector performance and to measure the Output Count-Rate (OCR) as
function of the Input Count-Rate (ICR) [Fig. 4.14]. To perform the OCR vs
ICR scan we irradiated a Zn target (fluorescence lines Ka = 8639 eV and Kf
= 0572 eV): using a peaking time of 0.9 us, a single module produces an OCR
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FIGURE 4.13: Analysis of the sample (Ti, Zn, Mo), acquisition with strip8
at room temperature at the Optical X-ray laboratory of Elettra Sincrotrone
Trieste.

TABLE 4.1: The analysis of the FWHM of the elements present in the sample
(Ti, Zn, Mo).

Line Energy FWHM

[eV] [eV]
Ti Ko 4509 155
Ti Kp 4932 159
7n Ko 8639 193
In KB 9572 201

Mo Ko 17479 257
Mo Kp 19607 270

of 1600 kcounts/s-cm?, hence the complete detection system with 64 cells is
expected to be able to operate up to 10 Mcounts/s [66].

Another test was performed with two test strip mounted in the central po-
sition of the case (stripl with only 5 cells active and the strip8 with all the cells
active, for for a total of 13 active cells) to confirm the ability of the new system
to work at high input count-rates (ICR) while maintaining low dead time and
a good energy resolution. Experimental results confirmed the targeted design
parameters, reaching a maximum acquisition rate of 3.1 Mcounts/cm?s with a
peaking time of 0.4 us [Fig. 4.15]. This translates into an output count-rate
(OCR) of 15.5 Mcount/s for the entire 64 elements collimated detector [28].

There is obviously a trade-off between energy resolution and short signal
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Output Count Rate vs Input Count Rate
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FIGURE 4.14: Output count-rate (OCR) was measured with a single module
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FIGURE 4.15: Output count-rate (OCR) versus input count-rate (ICR), ob-
tained with different peaking time ranging from 0.4 to 1.6 us [28].

process time (which permits high throughputs). The maximum OCR was ob-

tained with a peaking time of 0.4 us; the energy resolution was around 175 eV
FWHM at Mn Ka. The longer is the shaping time, the lower is the white volt-

age noise (for this reason, and analyzing the resolution measures depending on

peaking time, for the following measures it has been chosen to consider optimal

and to use a peaking time of 1.45 us). Being the leakage current for a single
XAFS 9 mm? SDD element as low as 10 pA at 20 °C, the energy resolution

is improved by increasing the shaping time towards some microseconds. An
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energy resolution below 150 eV FWHM at Mn Ka line was measured using 1.6
us peaking time. With this peaking time the maximum achievable OCR results
around 1 Mcounts/cm?s, however with a slightly worse energy resolution (155

eV FWHM at Mn Ka) a maximum OCR of 1.6 Mcounts/cm?s was obtained
with 0.9 us peaking time [28].

4.2.2 First test on the XAFS beamline at Elettra

In February 2018 the detector system using two SDD modules (strip8 with 8
channels and stripl, a first prototype in which only 5 channels work properly)
was tested on the XAFS beamline [66]. The detector system (working at room
temperature and with a peaking time of 0.9 us) was installed in two different
position: normal position [Fig. 4.16 (a)] and parasitic position [Fig. 4.16 (b)].
In parasitic position the detector is 2-3 times further away from the sample than
the KETEK SDD.

FIGURE 4.16: The detector system during the test at the XAFS beamline: (a)

our detector system and the KETEK SDD are both in normal position. (b) the

KETEK sensor is in normal position while our detector system is in parasitic
position.

Preliminary to the measurements a new calibration sample was prepared
and subsequently used to test the detector system. This sample was composed
of K, Ti, Mn, Zn, Br, Zr; in this way we could make energy calibration in
a large energy range, from 4 to 18 keV, and analyze the performance of the
detector in detail. To deploy this analysis we used PyMca X-ray Fluorescence
Toolkit [9, 77]. Figure 4.17 presents the spectrum and the peak energy of the
elements present in the calibration sample; this acquisition was done at room
temperature in normal position. Figure 4.18 (a) shows the comparison between
the sum spectrum of the 13 channels (strip8+stripl, in black) and that of a
single channel (chl of strip8, in red); figure 4.18 (b) shows the analysis of the

FWHM of the elements present in the calibration sample for the same data sets.



64 Chapter 4. Detector System for XAFS Beamline

Peak:

Ka Ti—4511 eV
KB Ti—4932 eV
Ko Mn — 5859 el
KB Mn — 5490 eV

350000 T T T r

Kot Ni — 7478 eV
Kot Cu — 8048 eV
300000 - Ir ks T Ka Zn—8639 eV
n . KB Zn-89572 eV
250000 | s = g‘f‘a Ko Br— 11924 eV
— pileup K Br—13291 eV
w 200000 0 Ka s T; Eg Koo 7r— 15775 eV
g Ni_Ka — MnKa KBz lroea ey
8 150000 | {— Mnkb
Br_Kb — NiKa
100000 | o I ke Eml
e | l l — ZnKb e
n_| — r ka
50000 l rl l | J h 1— g( Eg E 200090
— 2T
0 i - A 1 ﬁ_J _L et < ZrkKh = weae l
1000 1500 2000 2500 socase
Channel o ‘
RS- UL_J LA

Enurgy

FIGURE 4.17: Analysis of the calibration sample (K, Ti, Mn, Zn, Br, Zr),
acquisition with stripl and strip8 at room temperature at Elettra Sincrotrone
Trieste with detector in normal position. The beam energy was 20 keV.
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FIGURE 4.18: (a) Analysis of the calibration sample (K, Ti, Mn, Zn, Br, Zr),

acquisition with stripl and strip8 at room temperature at Elettra Sincrotrone

Trieste with detector in normal position, beam energy of 20 KeV - comparison

between acquisition with one channel (in red) and with 13 channels (in black)

(b) The table at the right shows the energy resolution at the different lines of
the calibration sample for 1 channel and for the sum of 13 channels.

After these preliminary measurements, a simultaneous acquisition of a sam-
ple containing Selenium was performed with the KETEK SDD in normal po-
sition and the new detector system (with active only the strip8) in parasitic
position.

The results of this test allow us to compare the two detectors (the KETEK
SDD against one 8-SDD module), whose normalized spectra are plotted in Fig-
ure 4.19:
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e The energy resolution is comparable;

e KETEK SDD stops working effectively at a maximum OCR just above
100 kcounts/s with a dead time of 50%;

e One module of 8 SDDs have an OCR of 1600 kcounts/s-cm? (that is higher
than 10 Mcounts/s for the complete system of 8 modules).
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FIGURE 4.19: Normalized XAFS spectra measured by the two detectors near
the Selenium edge (single module of 8 SDDs vs standard single element SDD
(KETEK VITUS H80) [66].

4.2.3 Development of the eight-strip detector system

After this encouraging first measurement on the XAFS beamline the work of
development and optimization of the detector proceeded towards the complete
system.

One of the steps was to install the previously described cooling system on
the case. subsequent measures will have the advantage of stabilization of the
temperature of the system. Before the cooling system was permanently and
permanently installed, it was kept in operation and monitored for weeks.

The improved version of SDDs to maximise the active area was pre-tested
in order to find the strips that showed uniform behaviour and with the desired
characteristics.

The new SIRIO (SFS3) preamplifiers in an optimized version from PoliMI

have been used to improve the performance of the detector system. Elettra



66

proceeded with the implementation of the FICUS software. The firmware of

the BE and communication boards has also been improved. Digital filters have

been created for each channel of the detector.

The selected SDDs were glued and mounted, and tests were carried out on
them to assess their stability and repeatability characteristics. Only the strips
that have passed all these tests on bench setup were selected to be part of the
detector system. Based on the test results, the mounting position was chosen.

The selected SDD strips, their position and characteristics are shown in Table

4.2.

TABLE 4.2: Information of the SDDs installed in the XAFS-SESAME Detector

Chapter 4. Detector System for XAFS Beamline

System.
Position Strip Name Production Lot Wafer ID
1 strip12 SESAME W2  NNS-12
2 strip20 SESAME W5 NNS-8
3 strip16 SESAME W2 NNS-4
4 strip14 SESAME W3 NNS-2
5 strip15 SESAME W3 NNS-4
6 strip21 SESAME W4 NNS-9
7 strip22 SESAME W5 NNS-3
8 strip18 SESAME W3 NNS-8

All these steps have led to the final assembly of the XAFS-SESAME Detector
System [Fig. 4.20]. The appearance of the complete system is that shown in

Figure 4.4.

FI1GURE 4.20: The SDDs installed in the XAFS-SESAME Detector System.

To complete the tests, the system was again installed in the Optical X-ray

laboratory [Fig. 4.21] to use the source with rotating Cu anode.
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FI1GURE 4.21: The XAFS-SESAME Detector System installed in the Optical
X-ray laboratory.
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FicUrRE 4.22: FICUS software screenshot of the simultaneous live acquisi-
tion of the 64 channels of the Detector System of the signal coming from the
calibration sample: all channels work properly.

Several tests have been performed using this source and the calibration sam-
ple, previously used, to better optimize the system, firmware and FICUS soft-
ware. An example of the simultaneous acquisition of the 64 channels of the
Detector System is shown in Figure 4.22.

In Figure 4.23 (a) it is possible to see the typical values of the temperatures
in the condition at room temperature (Tamb), obtained with the ignition of the

chiller only, and in the condition of cooled system (Tcool), obtained with the
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ignition and complete supply also of the Peltier cells. It is also possible to see
the progressive trend of the temperatures during the gradual feeding phase of
the Peltier cells [Fig. 4.23 (b)].
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FIGURE 4.23: (a) Typical values of the temperatures in the condition at room

temperature (Tamb) and in the condition of cooled system (Tcool) (b) The

progressive trend of the temperatures during the gradual feeding phase of the
Peltier cells.

Among the tests carried out in the Optical X-ray laboratory, with differ-
ent samples in addition to the calibration sample [Fig. 4.24], for example an
acquisition with all the 64 channels was made with a sample of iron at room
temperature. The resolution is 196 eV at Mn Ka line at room temperature for
a peaking time of 1.45 us [Fig. 4.25]. This analysis was also performed using
the PyMca X-ray Fluorescence Toolkit [9, 77].

Complete system was carried out to verify that the gradual integration had
been successful and that the detector system worked properly. In this way it
was possible to debug the software and verify the performance of the system

before mounting it on the XAFS beamline for tests with synchrotron radiation.
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FIGURE 4.24: Acquisition window of the old version of the FICUS software
during test acquisitions with the calibration sample at room temperature in

the Optical X-ray laboratory.
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FIGURE 4.25: Acquisition with all the 64 channel of the Detector System with
Fe sample and X-ray tube at room temperature. The resolution is 196 eV at
Mn Ka line at room temperature for a peaking time of 1.45 us.
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4.2.4 Final detector system on the XAFS beamline at
Elettra

In March 2019 and May 2019 the complete detector system was tested on the
XAFS beamline. It was installed in the normal position in order to test the ac-
quisition and verify the integration with the acquisition system of the beamline

and optimize performance.

Beamtime March 2019

During the tests in March 2019, samples specially prepared by beamline scien-
tists were analysed to test the performance of the detector system. For example,
a sample composed mainly of Cr with traces of Fe; samples with different per-
centages of Fe were prepared and analysed. The one presented in Fig. 4.26 is
the sample A with 0.09% in moles. A full EXAFS spectrum to the line of the
Fe was acquired. Below is the first (in black, with the beat at 6.7 keV) and
last (in red, with the beam at 8.5 keV) XRF spectrum of the acquisition, each
lasting 5 seconds at room temperature for a peaking time of 1.45 us. The black
spectrum was acquired with beam energy below the iron edge and therefore only
the fluorescence of chromium appears. The spectrum in red instead has been
acquired with beam energy above the iron edge and therefore the fluorescence
lines of chromium and iron are present.

Once this challenge had been overcome, 3 samples of mushrooms with about
200 ppm of Fe were analysed [Fig. 4.27]. For all 3 mushroom samples complete
EXAFS spectra were acquired at the Fe line (4 for mushroom1 and mushroom2
and 3 for mushroom3) each with single acquisition lasting 5 seconds at room
temperature for a peaking time of 1.45 us. The repeatability of the measure-
ments and the stability of the system were proven: in fact, the EXAFS spectra
were perfectly superimposable in the examination carried out by the beamline
scientist [Fig. 4.28].

Beamtime May 2019

During the tests carried out during the beamtime in May 2019 [Fig. 4.29],
real samples specially carried by the scientist Carlo Meneghini were analysed to
test the performance of the detector system with a real scientific problem. In
particular, we analyzed samples of mussel shells, in search of possible pollutants,
and geological samples to do in-depth research of their content of heavy metals
[Fig. 4.30].
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FIGURE 4.26: Spectrum of a sample with Cr and Fe (in 0.09% in moles).
The first (with the beam at 6.7 keV, in black) and last (with the beam at 8.4
keV, in red) XRF spectrum of the acquisition, each lasting 5 seconds at room
temperature for a peaking time of 1.45 us. The black spectrum was acquired
with beam energy below the iron edge and therefore only the fluorescence of
chromium appears. The spectrum in red instead has been acquired with beam
energy above the iron edge and therefore the fluorescence lines of chromium
and iron are present.

FIGURE 4.27: Three different samples of mushrooms.

Acquisitions of XANES spectra of the samples in the number and lines shown
in the Table 4.3 were carried out. For the mussel sample, which contains about
100-120 ppm of Cu, each acquisition has a total duration of about 2 hours. For

the geological samples each acquisition has a total duration of about 50 minutes.
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FIGURE 4.28: (a) The XRF spectra of the samples of mushrooms from single

acquisition (64 channels summed) of XAFS spectrum (lasting 5 seconds at room

temperature for a peaking time of 1.45 us): the first (in blue) and last (in blue)

acquisition of mushroom sample 1, the last acquisition of mushroom 2 (in red),

and the last acquisition of mushroom 3 (in black) (b) The EXAFS spectra of
the sum of the acquisitions for each of the three samples compared.

In both cases, each acquisition has been carried out with a cooled system and
with a peaking time of 1.45 us. The results of the preliminary analysis will be

presented in the next paragraph.

4.2.5 First scientific results of the XAFS-SESAME De-

tector System

Thanks to these tests, we have tried to verify the performance and reliability of
the XAFS-SESAME Detector System both from a technological and a scientific
point of view.

Detailed analyses of the data acquired are in progress. The following are

the preliminary analyses that have already been carried out.
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F1GURE 4.29: The XAFS-SESAME Detector System installed in the XAFS
beamline in May 2019.

FIGURE 4.30: Real samples carried by the scientist Carlo Meneghini (a) Geo-
logical samples from Appennine (b) Mussel from Sardinia.

Mussel

The analysis of the mussel sample will be reported first. The principal objective
of the scientific analysis is to discover the composition of the sample in order to
investigate the presence of heavy metals; this possible presence may be related
to the characteristics of the place where the mussel was harvested.

The XRF analysis concerns the last acquisition made for the XANES spec-

trum on the Fe line: an acquisition of 5 seconds with cooling system for a
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TABLE 4.3: Information about the XANES acquisitions carried out during the
May 2019 beamtime.

Sample Line Number of Time duration
acquisition each [min]
Mussel Cu Ka 2 60
Mussel b Cu Ka 2 60
Geological Sample_c9 Cr Ka 12 30
Geological_Sample_c9 Fe Ka 1 40
Geological Sample c9_1la Cr Ko 4 30
Geological_Sample_c9_1b Cr K« 2 30
Geological Sample_c9 V Ka 1 30
Geological Sample_c9 Mn Ka 1 15
Geological_Sample_c9 Mn Ko ) 30
Geological Sample_c9 Mn Kg 1 30
Geological_Sample_c11 Fe Ka 1 40
Geological Sample_c11 Mn Kg 4 30
Geological Sample_c13 Fe Ka 1 40
Geological Sample_c13 Mn Kg 4 30
Geological Sample_c20 Fe Ka 1 50
Geological_Sample_c20 Mn Kp 8 30

peaking time of 1.45 us. The spectrum [Fig. 4.31] shows the presence in the
sample of Ca, Mn, Fe, Co, Ni, Cu.

Scattering
Ca_ka

Fe, Co, Ni

: Cu_ka
+ pile-up

Ca_k
Ar_ka kB

Counts

2 4 6 8 10
Energy [keV]

FiGURE 4.31: The XRF spectrum of the mussel sample since the last acqui-
sition made for the XANES spectrum on the Fe line; acquisition of 5 seconds
with cooling system for a peaking time of 1.45 us.
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First of all, it should be noted that the spectra of the two successive ac-
quisitions are perfectly superimposable, a sign of the repeatability of the mea-
surements taken. We also notice the presence of saturation effects on the signal
(a problem that has been solved in the acquisitions with the following samples,
moving the detector away from the sample by a few cm and making sure, before
acquisitions, that the spectrum XRF was not saturated for any of the channels).

Preliminary analyses of XANES spectra of mussel samples, which contains
about 100-120 ppm of Cu, were done. The Figure 4.32 shows the results:
the comparison with the standard samples gives the information that 46 %
of Cu(I)20 and 54 % of Cu(II)O seem to be present in the sample.

Also with regard to geological samples, the main scientific aim is to in-
vestigate the composition of the samples, the nature of the links between the
constituents and to investigate the strange composition of these samples.

The Table 4.4 shows the composition of the geological samples we have
analysed. The data relating to the elements analysed with the acquisitions

made are highlighted: Cr in fuchsia, Mn in blue, and Fe in green.
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FIGURE 4.32: Preliminary analysis of XANES spectra of mussel samples, which
contains about 100-120 ppm of Cu, (a) Are represented: (in green) the sum
of the two acquired XANES spectra (2 scans of two hours each), (in red) the
spectrum of a standard sample of CuO, and (in blue) the spectrum of a standard
sample of CusO (b) Are represented: (in blue) the merge of the two acquired
XANES spectra (2 scans of two hours each), (red) the fit obtain the fit obtained
by assuming a composition of Cu(I) 46% and Cu(IT) 54% present in the mussel
sample, (green) the residual, (yellow) the spectrum of a standard sample of
CuO, and (purple) the spectrum of a standard sample of CuyO.
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TABLE 4.4: Information about the composition of the geological samples.

Sample Co09 C11 C13 C20
[mg/kg] [mg/kg] [mg/kg] [mg/kg]
Al 514 300 319 239
\V, 3.1 2.1 1.2 0.8
Cr 2.90 2.92 3.48 4.48
Fe 397 131 129 212
Mn 38.2 11.9 19.6 12.8
Ni 2.4 1.8 1.6 1.5
Co 1.08 0.58 0.53 0.54
Cu 1.39 0.78 0.82 0.79
Zn 7.3 16.4 11.4 8.4
Rb 0.85 0.52 0.51 0.25
Sr 138 100 105 72
Mo 0.29 0.20 0.16 0.13
cd 0.18 0.17 0.12 0.34
Ba 6.2 4.2 3.4 3.0
Pb 0.9 2.5 0.8 0.6
U 1.6 1.4 1.3 1.2

As was already evident from the composition, from the analysis of the XRF
spectra it can be seen that the spectra relative to the geological samples ¢9,
cl1, c13 and c20 are very similar to each other (only one is reported). The lines
relating to the elements analysed are highlighted (with the same colors used in
the Table 4.4): Cr in fuchsia, Mn in blue, and Fe in green.

Ca_ka

Ca_kp Scattering
Ar_ka

Counts

1 2 3 4 5 6 7 8
Energy [keV]
F1GURE 4.33: The XRF spectrum of the geological samples since the last ac-

quisition made for the XANES spectrum; acquisition of 5 seconds with cooling
system for a peaking time of 1.45 us.
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The XRF analyses concerns the last acquisition made: an acquisition of 5
seconds with cooling system for a peaking time of 1.45 us. The spectrum [Fig.
4.33] shows the presence in the sample of Ca, Cr, Mn, Fe.

The first remarkable result is that, although there is a quantity of Cr in the
samples between 3 and 5 ppm, this is well detectable in the spectrum in Fig.
4.33 (fuchsia peak).

Also with regard to geological samples, the main scientific aim is to in-
vestigate the composition of the samples, the nature of the links between the
constituents and to investigate the strange composition of these samples. Each
acquisition has an average total duration of about 40 minutes; each one has
been carried out with a cooled system and with a peaking time of 1.45 us. The
measurements were all carried out consecutively and some were repeated up to
12 times.

It should be noted that the spectra of the two successive acquisitions are
perfectly superimposable, a sign of the repeatability of the measurements take,
and it represents the fact that the detector system is reliable.

Preliminary and qualitative analysis of XANES spectra of geological samples

were done and are presented below.

Fe in the geological samples

The analysis started from the element between Fe, Mn and Cr of which the
geological samples tested are richer: Fe, is present in quantities between 130
and 400 ppm, in particular in 400 ppm in c09, 131 ppm in c¢11, 129 ppm in c13,
and 212 ppm in ¢20 [Table 4.4]. The Figure 4.34 shows the XANES spectra:
in the lower part there are the spectra relative to the sum of the data for each
sample (c9 in purple, c11 in blue, ¢13 in red, and ¢20 in green); in the upper part
the reference sample spectra. A quantitative comparison shows that samples
with more Fe (c09 and ¢20) seem to be composed of Fe3*, while samples with

less Fe seem to be composed of Fe?™ and Fe?™.

Mn in the geological samples

In the geological samples the Mn is present in quantities between 10 and 40
ppm about, in particular in 38.2 ppm in c09, 11.9 ppm in c11, 19.6 ppm in ¢13,
and 12.8 ppm in ¢20 [Table 4.4]. Figure 4.35 shows the XANES spectra: in the
upper part there are the spectra relative to the sum of the data for each sample
(c9 in blue, c11 in red, ¢13 in green, and c20 in purple); in the lower part the

reference sample spectra.
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FIGURE 4.34: The XANES spectra of Fe relative to the sum of the data for

each sample (c9 in purple, cl11 in blue, c13 in red, and c¢20 in green) in the

lower part; they are compared to the reference sample spectra (in the upper
part of the figure).

A quantitative comparison shows that all the samples seem to be composed
of Mn3* and Mn?*.

Cr in the geological samples

In the geological sample C09 the Cr is present in quantities of 2.90 ppm [Table
4.4]. This is the only geological sample for which this acquisition was made.
Figure 4.36 shows the XANES spectra: in the upper part there is the spectrum
relative to the sum of all the 12 set of data (in purple); in the lower part the
reference sample spectra.

A quantitative comparison shows that the c09 sample seem to be composed

mainly of Cr3* and Cr?*.
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FIGURE 4.35: The XANES spectra of Mn relative to the sum of the data for

each sample (c9 in blue, cl1 in red, c13 in green, and ¢20 in purple) in the

upper part; they are compared to the reference sample spectra (in the lower
part of the figure).
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FI1GURE 4.36: The XANES spectrum of Cr relative to the sum of the data for
the c09 sample (in purple) in the upper part; it is compared to the reference
sample spectra (in the lower part of the figure).
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4.2.6 Detection System optimization

After testing the XAFS beamline, the system was reassembled in the Optical
X-ray laboratory.

Some bugs firmware and software are resolved. Optimized and customized
digital filters have been generated for each channel. The optimization of the
filters allowed an improved and simplified procedure of alignment of the channels
through the software.

Final global setup have been created: for room temperature, (called Tamb,
only the chiller is switched on) and cooled system (called Tcool, with maximum
power allowed by the system), and for the 4 possible peaking times (0.4, 0.7,
1.0 and 1.45 pus).

Usually the working temperatures of the system are those shown in the
tables in Figures 4.37.

| Mode select
Detector LDO FPGA ADC . Detector LDO FPGA ADC
27.81°C 43.56°C 3581 °C 32,06 °C Detector 1 7.75°C 48.00°C 38,25 °C 33.56 9C
28.50°C 4312°C 3587 °C 33.06 °C Detector 2 8.37°C 47.44 °C 3831°C 34,69 °C
2742°C 40.50°C 3594 9C 3275 °C Detector 3 s310C|  as12°C 3812 9C 3437 °C
2475 °C 4481 °C 36.25 °C 3287 °C Detector 4 337 °C 49.00°C 38,50 °C 3444 °C
Detector5 | 2675°C | 4281°C| 34759C| 3250°C Detector 5 a9a°c| 4669°C| 3687°C| 3381°C
Detector 6 2750 °C 4325°C|  3519°C 3169 °C Detector 6 4s0°c|  47.08°C 37.75°C 3344 °C
Detector 7 2587 °C 4225°C|  3584°C 32,06 °C Detector 7 569°C |  46.25°C 38,50 °C 3356 °C
Detector 8 2675°C | 42.94°C 3525 °C 33.259C Detector & 6.56 °C 47.12°C 37.87 °C 34.75°C

FIGURE 4.37: Usual temperatures of SDDs: (a) when the system works at

room temperature (Tamb) with only the system of temperature stabilization

through the chiller (b) when the system works at cooled temperature (Tcool)
with additional cooling with Peltier cells.

At the end of the entire process of testing and optimising the XAFS-SESAME
Detector System, the latest acquisitions were made with the calibration sample
for each of the global setups (under the relevant conditions). The analyses of
the FWHM Mn Ka line relative to the sum of the signal coming from all 64
channels at different peaking times and temperatures are shown in the Table
4.5. These analyses and subsequent ones were also performed using the PyMca
X-ray Fluorescence Toolkit [9, 77].

The same values found have been reported in the graph to be able to visualize
the trend of the resolution to the variation of the peaking time, to the two
different temperatures of work [Fig. 4.38].

Finally we have analyzed in detail the acquisitions at peaking time of 1.45 us
in order to compare the values of the resolutions for each of the 64 channels with

the temperature variation. The resolution FWHM Mn Ka line for each channel
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TABLE 4.5: Analyses of the FWHM Mn Ka line in acquisitions made with

the complete and optimized detector system at different peaking times and

temperatures. The values are relative to the sum of the signal coming from all

64 channels. The Peak to Background (P/B) Ratio is calculated as the ratio
of Mn Ka peak to the value of the spectrum at 2500 eV.

Temperature FWHM Mn Ka Peaking Time P/B Ratio

Fig. 4.37 [eV] [us]
Tamb 195 0.4 26.5
Tamb 177 0.7 28.5
Tamb 171 1.0 28.0
Tamb 168 1.45 26.6
Tcool 192 0.4 28.7
Tcool 174 0.7 30.1
Tcool 166 1.0 30.9
Tcool 162 1.45 29.2

200
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T e 145168
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02 04 06 08 1 1,2 14 16 18
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FIGURE 4.38: Analysis of the FWHM Mn Ka line in acquisitions made with

the complete and optimized detector system at different peaking times and

temperatures (in orange the data acquired at room temperature, Tamb, and in
blue the data acquired with cooled system, Tcool).

of measurement at Tamb and Tcool are given respectively in the Table 4.6
and 4.7. The visual comparison between the FWHMs of the channels related
to these data sets is shown in Figure 4.39. In order to verify the trend, the
difference was calculated and it is shown in Table 4.8.

The most relevant differences between the resolutions at room temperature

and those at cooled system are marked in bold.
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TABLE 4.6: Analysis of the FWHM Mn Kea line in acquisitions made with the

complete and optimized detector system at 1.45 us of peaking times and at

room temperature (Tamb). The values are relative to the signal coming from

each single channel. The mean resolution between channels is 168 eV.

The resolution of the sum of the signal coming from all 64 channels is 168 eV,
as seen in Table 4.5.

Strip Strip Chl Ch2 Ch3 Ch4 Ch5 Ch6 Ch7 ChS8
Position Name [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]

1 stripl2 166 186 166 166 168 167 162 169
strip20 167 168 170 161 166 176 167 167
stripl6 162 163 168 166 172 163 164 161
stripl4 162 164 169 169 164 163 170 166
stripld 165 170 164 169 166 161 163 164
strip21 170 167 163 170 165 167 167 165
strip22 175 172 170 173 167 168 165 165
stripl8 180 167 169 174 173 179 168 175

0O Uik Wi

TABLE 4.7: Analysis of the FWHM Mn Ka line in acquisitions made with the

complete and optimized detector system at 1.45 us of peaking times and with

cooled system (Tcool). The values are relative to the signal coming from each

single channel. The mean resolution between channels is 161 eV. The

resolution of the sum of the signal coming from all 64 channels is 162 eV, as
seen in Table 4.5.

Strip  Strip Chl Ch2 Ch3 Ch4 Ch5 Ch6é Ch7 Ch8
Position Name [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]

1 stripl2 160 169 159 158 163 162 155 164
strip20 159 164 160 156 162 167 165 160
stripl6 157 156 160 158 164 156 160 155
stripl4 156 160 164 165 158 156 158 159
stripld 162 166 159 158 161 159 156 158
strip21 159 158 158 160 161 165 162 160
strip22 161 162 161 174 161 162 160 160
stripl8 173 1656 164 167 166 170 162 171

0 NO Uik W

To complete the analysis, Table 4.8 was compared with the anode current
values [Table 4.9] measured cell by cell before the SDDs were mounted. Current
values above 10 pA are highlighted in bold. To better visualize the correlation
between the value of the difference of FWHM at different temperatures and the
anode current the values in Tables 4.8 and 4.9 are shown in the Figure 4.40 and
4.41.

There is a perfect correspondence between the channels that already had
a current greater than 10 pA before the installation and the channels whose

resolution improves more with the lowering of the temperature, which leads to
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FIGURE 4.39: Comparison between FWHM of Tamb (orange) and Tcool (blue)

channels related to the data respectively in the Tables 4.6 and 4.7.
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TABLE 4.8: Differences between the FWHM values of the Mn Ka line measured
at Tamb and Tcool (the exact values of the temperatures on the strips are those
present in Figure 4.37). The mean value of the differences is 6.4 eV. The most
relevant differences between the resolutions at room temperature and those at
cooled system are marked in bold.

Strip Strip Chl Ch2 Ch3 Ch4 Ch5 Ch6 Ch7 ChS8
Position Name [eV] [eV] [eV] [eV] [eV] [eV] [eV] [eV]

1 strip12 6 17 7 8 ) ) 7 )

2 strip20 8 4 10 ) 4 9 2 7

3 stripl6 ) 7 8 8 8 7 4 6

4 stripl4 6 4 5) 4 6 7 12 7

5 stripl5 3 4 ) 11 D 2 7 6

6 strip21 11 9 ) 10 4 2 ) )

7 strip22 14 10 9 -1 6 6 5) )

8 stripl8 7 2 ) 7 7 9 6 4

TABLE 4.9: Anode current values (in pA) of individual strip channels mea-
sured before bonding and mounting operation. Current values above 10 pA are
highlighted in bold.

Strip  Strip Chl Ch2 Ch3 Ch4 Ch5 Ch6 Ch7 Ch8
Position Name [pA] [pA] [pA] [pA] [pA] [pA] [pA] [pA]
1 stripl2 515 24.30 495 485 480 475 480 5.05

2 strip20 955 7.85 20.45 7.75 7.65 18.75 7.50 7.65

3 stripl6  6.40 6.60 655 680 870 7.05 7.25  7.30

4 stripl4  7.00 695 690 690 695 6.90 15.00 6.90

5 stripl5 710  7.05 715 705 705 6.95 695 7.00

6 strip21 11.65 10.25 7.05 22.55 7.00 6.65 6.75  6.80

7 strip22 21.65 6.65 675 675 665 6.75 6.65 6.45

8 stripl8 725 720 715 725 7.25 1875 7.20 7.20

the lowering of the leakage current in the SDD. Only two channels (highlighted

in italics), whose current was below 10 pA before mounting, are positively

affected by the lowering of temperature; it is thought that it may be due to

a small resentment of the anode due to the bonding.
At the end of these tests we can safely say that the XAFS-SESAME De-

tector System has achieved and exceeded the targets required by the beamline

scientists for delivery.
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FIGURE 4.40: FWHM at different temperatures and anode current for channels
(values in Tables 4.8 and 4.9.
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FIGURE 4.41: Correlation between the FWHM difference value at different
temperatures and the anode current (the values in Tables 4.8 and 4.9).

4.3 Current status of the XAFS-SESAME De-

tector System and future perspectives

At the end of the optimization and the last tests, the XAFS-SESAME Detector
System was properly packed, with all the instrumentation supplied, and sent
to the synchrotron SESAME. The packaging and shipping operation required
appropriate precautions to ensure the safety of the equipment during transport
[Fig. 4.42]. The documentation to be attached to the detector, i.e. the first
version of the instrument manual, the software manual and the datasheet are
being completed (the first versions are attached in appendix C to the thesis).

On 31/10/2019 the detector arrived in Jordan. In the following phases will
be carried out the work of assembly, commissioning, optimization and commis-
sioning of the instrument on the XAFS beamline of SESAME.

The XAFS-SESAME Detector System has demonstrated in the tests that
it can achieve great goals. Now the new challenge for him will be to be tested
every day in the field in the hands of beamline scientist and user at the syn-
chrotron SESAME in Jordan, where in a few months will be at the service of
the international scientific community.

But it’s not over because new challenges can be seen on the horizon, in fact
after obtaining these results the demands from the beamline scientist become
more difficult: to create a new version of the detector system for the beamline
XAFS of Elettra that can wash in vacuum.
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FIGURE 4.42: Photographic documentation of the packaging phase and prepa-
ration of the detector system and instrumentation provided for shipment.

Note

This work has been made within the ReDSoX-2 INFN research project, sup-
ported with the contribution of the Italian Ministry of Education, University
and Research within the EUROFEL and SESAME Project.
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Chapter 5

Detector System for TwinMic

Beamline

Over the last years X-ray Fluorescence (XRF) spectroscopy has become one of
the essential analytical techniques in various scientific fields such as life and en-
vironmental sciences but also in archaeological, cultural, forensic chemistry and
industrial applications, respectively. This technique exploits an X-ray source
to excite the emission of fluorescence photons in the sample under examination
and allows the elucidation of its chemical composition by analysing the collected
fluorescence spectrum. In synchrotron radiation facilities the exciting radiation
is often focused on a sub micrometric focal point, which enables high spatial
resolution X-ray fluorescence spectro-microscopy, thus 2 dimensional elemental
mapping, by scanning the sample over the stationary incident beam. As the
illuminated sample emits XRF isotropically in all directions, an ideal detector
should entirely encase the sample in order to collect all emitted fluorescence
photons. Because of technological limitations in detectors construction and
mechanical constraints, which are different for each experimental setup, com-
mercial off the shelf detectors often cover only a small fraction of the solid
angle, thus losing a substantial part of the information carried by the fluores-
cence photons. This can be counterbalanced by increasing the dwell time per
scan point, which subsequently leads to a dilation of the measurement time per
samples and subsequently reduces the number of possible experiments for any
given beamtime. Moreover, the prolonged exposure to an intense X-ray beam
increases the possibility of radiation damage, especially in fragile biological sam-
ples. These motivations have prompted the research to explore new solutions
related to silicon drift detectors, which are the most commonly used detectors
in X-ray fluorescence spectroscopy. Below we introduce a new multi-element
detector system able to match the aforementioned requirements for low energy
XRF (LEXRF) spectroscopy and we present the recent results obtained at the

TwinMic beamline of Elettra Sincrotrone Trieste [30].
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5.1 The novel detector system

Low-energy X-ray fluorescence (LEXRF) is an essential tool for bio-related re-
search of organic samples, whose composition is dominated by light elements.
Working at energies below 2 keV and being able to detect fluorescence photons
of lightweight elements such as carbon (277 eV) is still a challenge, since it re-
quires in-vacuum operations to avoid in-air photon absorption. Moreover, the
detectors must have a thin entrance window and collect photons at an angle of
incidence near 90 degrees to minimize the absorption by the protective coating.
Considering the low fluorescence yield of light elements, it is important to cover
a substantial part of the solid angle detecting ideally all emitted X-ray fluo-
rescence (XRF) photons. Furthermore, the energy resolution of the detection
system should be close to the Fano limit in order to discriminate elements whose
XRF emission lines are often very close within the energy spectra. To ensure
all these features, a system consisting of four monolithic multi-element silicon
drift detectors was developed. The use of four separate detector units allows
optimizing the incidence angle on all the sensor elements. The multi-element
approach in turn provides a lower leakage current on each anode, which, in com-
bination with ultra-low noise preamplifiers, is necessary to achieve an energy
resolution close to the Fano limit. The potential of the new detection system
and its applicability for typical LEXRF applications has been proved on the
Elettra TwinMic beamline.

The difficulties encountered at TwinMic [49] are typical for all the low-energy
fluorescence synchrotron radiation beamlines. Even if working in vacuum sup-
presses the in-air photon absorption, the overall photon count-rate in LEXRF is
limited by the low fluorescence yield in comparison to the Auger-probability and
by an unavoidable photon absorption in the detector entrance window or other
window protection layers. It is therefore essential to increase the solid angle
seen by the detector in order to collect almost all emitted fluorescence photons.
This can be achieved only with custom-made detectors, specially designed for
the requirements of a particular beamline.

For applications in which large solid angle and an energy resolution close
to the Fano limit are paramount, a multi-element structure is undoubtedly the
most suitable geometry for silicon drift devices [46]. In multi-element SDDs
electrons generated by photon absorption in the depleted volume are conveyed
by a suitable electric field towards several small anodes, each collecting the
charge from a separate region of the detector. The technique of dividing the

detector into macro-pixels has numerous benefits, including:
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e A smaller area of the single element ensures a proportionally smaller leak-
age current on the anodes, which means that a multi-element detector can
operate with the same noise characteristics at higher temperature than a

single-element SDD with the same active area.

e As it is less likely that multiple events will occur simultaneously on a
smaller area, a multianode structure permits better operation at higher
photon fluxes than a single SDD possessing the same active area, thus

reducing the pile-ups in a single element.

e A multi-element structure allows to easily configure suitable geometries
for a particular experimental setup, “assembling” various elements of the
detector in order to cover a substantial portion of the solid angle while

matching the clearance constraints of the experimental chamber.

5.1.1 Detectors characteristics and architecture

The detector system presented in this work is an evolution of the sensors de-
scribed in [27, 67, 48, 29]. With some essential upgrades, the improved new
setup renders the detector competitive with state of the art off the shelf de-
vices.

Regarding spatial constrains of the experimental chamber of the TwinMic
beamline, simulations based on Geant4 software toolkit [17] showed that the
most suitable configuration is a compound of 4 trapezoidal-shaped detectors,
assembled as sides of a pyramidal frustum, where the synchrotron beam trans-
verses the minor base and impinges on the sample placed in the centre of the
major base [Fig. 5.1]. The new detector consists of four monolithic SDD arrays
covering a total non-collimated active area of 1232 mm?, and a total collimated
active area of 1113 mm?2. FEach trapezoidal-shaped sensor is composed of 8
square cells of 6.2 x 6.2 mm?.

Owing to previous experiences, in this experiment the 4 detectors were tilted
by 45° in order to minimize the path of photons in the inactive detector entrance
window (the photons penetrate the detector at an angle of incidence close to
90°). In this configuration the total collection solid angle results in 0.547 stera-
dians, which means about 27% of the hemisphere on which the sample emits
XRF. This is approximately 7 times higher when compared to the solid angle
covered by the 8 commercial SDDs currently used on the beamline [49].

In the low-energy regime the angle of incidence is a very important qualify-
ing parameter because of photon absorption in the entrance window. To ensure

optimal collection efficiency at low energies it is therefore necessary to divide
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FIGURE 5.1: Sketch of new detector system of the beamline TwinMic. The new

detector system consists of 4 monolithic SDD sensors composed of 8 elements

each. The focused synchrotron beam exits from the centre of the detector
system and hit the specimen placed just above the detectors. [28, 30].

the entire detector assembly into several separate SDDs and orient them inde-
pendently, avoiding the use of a single monolithic SDD, as proposed in some
work [55], which entails a very unfavourable angle of incidence.

The trapezoidal SDDs [Fig. 5.2] were fabricated on a 450 pm thick n-type
silicon substrate with a resistivity of 9 k{2cm. The long base of the sensors
measures 33.6 mm, the short base 20.3 mm and the height 15 mm. In order
to minimize the dead space the lower wings of the trapezium are cut to allow
placing the detectors closer to each other. The active area of each sensor is sub-
divided into 8 square elements, with a leakage current of less than 100 pA/cm?
at room temperature. The anode capacity is about 30 fF.

The new features introduced in this setup resulted in a fivefold improvement
of the collection efficiency, with respect to the standard measurement system
of the TwinMic beamline, while preserving the excellent energy resolution (as

reported in the experimental results section).

5.1.2 The cooling system

One of the challenges of this detector system has been that of the in-vacuum

cooling. To obtain this the cooling ring already present in the experimental
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FIGURE 5.2: The multipixel SDD with trapezoidal shape for the detector sys-

tem TwinMic. The active area of each sensor is divided into 8 square elements;

the long base of the detector measures 33.6 mm, the short base 20.3 mm and
the height 15 mm [30].

chamber was used. The chiller, which circulates a mixture of water and alcohol,
brings the system to 10 °C [27].

The new SDDs are equipped with implants for temperature monitoring and
are actively cooled down to a desired operating temperature by Peltier cells.
The temperature measurement is carried out by providing a small current on
silicon resistors implanted on the edge of the detector, outside its active area.
The resistance of the resistors decreases lowering the temperature, guaranteeing
an accuracy of around 1 °C following an appropriate calibration. Eventually

the temperature is stabilized by using a suitable PID controller.

5.1.3 Acquisition system

A readout complete scheme for a single trapezoidal detector is shown in Fig.
5.3.

GA SHAPER MUK ADC FPGA ETHERNET
<{ o— |- | |- \E‘z’
SIRIO ASIC —

FIGURE 5.3: Scheme of the acquisition system of the detector system [48].
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The electrons collected on the SDD anodes are converted into a voltage
signal by a dedicated electronics. Since each single photon induced charge pulse
consists of a few hundred electrons only, the first amplification stage is one of the
most critical elements for preserving the energy resolution in the read-out chain.
All tests described here have been carried out with the SIRIO preamplifier—a
charge sensitive amplifier (CSA) developed at the Polytechnic of Milan [21]. Tt
is a charge preamplifier built in 0.35 um AMS CMOS technology, the result
of years of research mainly aimed to reduce the electronic noise at its ultimate
limits [22]. The third-generation SIRIO-3G ASIC has an intrinsic equivalent
noise charge (ENC) of 1.3 electrons r.m.s. at room temperature and even less
than 1 electron at -30°C [23, 19]. Owing to its excellent noise characteristics
and the fact that the ASIC has been designed and developed specifically for the
SDD designed at INFN in Trieste and produced by FBK, SIRIO is the optimal
read-out for the multi-element sensors described here.

In order to increase the signal-to-noise ratio, the output signal from the
CSA (a voltage step of a few mV) is filtered and further amplified by CR-RC?
analogue pre-shaper with a peaking time of 0.4 us before being sampled and
digitized by the back-end electronics. The shaper must be designed to optimize
the ENC and to amplify the signal in order to cover the full range of the analog
to digital converters (ADCs) minimizing the quantization noise.

Another advantage of the new X-ray detection systems is its real-time sam-
pling and processing stage based on ADC and field programmable gate array
(FPGA) placed close to the front-end in the vacuum environment of the exper-
imental chamber. This approach decreases the length of connections carrying
delicate analog signals before their conversion into robust digital signals and
also allows maintaining a fixed and limited number of vacuum feedthroughs,
regardless of the number of detector elements.

The analog pre-shaper allows filtering a large part of the noise; however, it
consists of discrete electronics components and it is not configurable. During
previous tests we noticed that, beside finding the optimal peaking time based on
the series/parallel noise, it is also essential to take into account the specific noise
of the given work environment (disturbances of step motors, vacuum pumps
etc.). In order to allow configurable filtering based on different acquisition
requirements it was decided to implement further digital filtering on the sampled
data based on finite impulse response (FIR) filters. The FPGA can manage
independent fully parameterized trapezoidal filters (one per detector element)
that can be programmed by the user even during the acquisition. By analyzing

the raw signals it is possible to configure the coefficients in order to attenuate
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any noise present at certain frequencies and adjust the output peaking time to
reach the optimal value.

The data collected and processed by the 4 FPGAs (one for each trapezoidal
sensor) are transmitted via TCP-IP protocol to a control PC running a spe-
cially developed software. In order to obtain one comprehensive spectrum from
all single SDD elements, this software is capable to offset and gain correct the
spectra of each detector element in real time. Further data analyses are facili-
tated by providing suggestions of the elements found in the obtained spectrum.
At the same time, the software can be remotely controlled through a TCP-IP
connection, so that the whole system can be easily included in a pre-existing

integrated measurement environment.

5.2 Experimental results and future perspec-
tive

After initial tests and characterizations in the laboratory with conventional
X-ray sources the performances of the detector were studied at the TwinMic
beamline [26, 27, 29].

As far as the solid angle coverage and the count-rates are concerned the
system satisfies the main design target by a fivefold increase of the integrated
count rate compared to the TwinMic standard detection system [50]. With the
new cooling system also the energy resolution has been substantially improved
with respect to the first prototypes. The most common method for evaluating
the energy resolution of SDDs consists in measuring the radioactive isotope
%TFe, which emits photons of substantially two different energies: Mn Ko at
5.90 keV and Mn Kf at 6.49 keV. An average trapezoidal SDD shows a fairly
uniform energy resolution on all the detector elements. In particular the energy
resolution on Ko (5.9 keV) taken at -20 °C with a peaking time of 4 ps shows
a FWHM ranging from 125 eV to 132 eV [Fig. 5.4] with an average resolution
of 129 eV FWHM thus very close to the Fano limit.

The new detection system shown in Figure 5.5 was then tested at the low en-
ergies, exciting with a monochromatic photon beam of 2 keV a standard sample
of 550 nm thick MgF, layer deposited on a 100 nm thick silicon nitride window.
The spectrum [Fig. 5.6 (a)] shows the K emission lines of F, Mg, Si and a small
elastic peak at 2 keV. The energy resolution is of about 93 eV FWHM on the Mg
Ko emission line (1253.6 €V) with a count-rate of 2.10-10° counts/s, whereas

the flux of the incident beam was 109 photons/s. The collection efficiency on
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FIGURE 5.4: Energy resolution (FWHM) at 5.9 keV of an average trapezoidal
SDD taken at -20 °C with a peaking time of 4 us. [30].

the same specimen using the same incident photon flux was then compared with
that of the standard TwinMic detection system. For the same dwell time one
of the 4 trapezoidal SDD sensors already acquires more photons than the entire
TwinMic standard setup [Fig. 5.6 (b)], so that the complete system increases
the detection efficiency by 550%.

FIGURE 5.5: The detector system for TwinMic beamline at Elettra Sincrotrone

Trieste: it is composed by 4 trapezoidal SDD sensors. In this picture the system

detector is installed in the experimental chamber of the TwinMic beamline at
Elettra [30].
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FIGURE 5.6: (a) K emission lines of F, Mg, Si and elastic peak at 2 keV.
The energy resolution is of about 93 eV FWHM at 1254 eV with a count-rate
of 2.10-10° counts/s. (b) A comparison with the standard TwinMic detection
system, where the clearly visible low energy tails on the left of the XRF peaks
on the trapezoidal multi-element SDD are due to the lack of collimation [30].

Further measurements were carried out on a biological sample, a slice of
human lung tissue of a patient exposed to asbestos fibres, representing a typical
case study performed at the TwinMic beamline [65, 64]. The XRF mapping
was acquired at 2 keV by scanning the sample with 0.5 um step size. The
elemental distributions are shown in figure 7 where a comparison between one
trapezoid [Fig. 5.8 (a)] and the standard LEXRF setup of TwinMic [Fig. 5.8
(b)] are depicted. Even if the mapped areas are not exactly coincident the
overall counts proof the previous finding of a fivefold increase with respect to
the 8 SDDs TwinMic system.

As transpires from the Figure 5.8 (c) there is still an important issue to
be addressed. All the previous measurements were performed without a col-
limation system and this causes extended tails towards lower energies left of
the XRF peaks that particularly worse the XRF' lines below 1 keV, especially
in complex spectra with multiple peaks in a narrow energy range. These tails
are due to partial charge collection from X-rays impinging at the periphery of
the multi element SDDs and can be avoided by utilizing suitable collimators as
demonstrated in Figure 5.7.

To confirm the above-mentioned hypothesis one element of the monolithic
trapezoidal sensor was equipped with a 100 gm thick Mo collimator. A com-
parison carried out with *Fe reveals that the presence of the collimator greatly
reduces the low energy background and the left tail of the XRF peaks. For the
collimator setup the peak-to-valley ratio can be quoted as 15600:1 [Fig. 5.7].

The experimental data acquired with the new detector system using labo-
ratory sources and the TwinMic beamline confirmed the targeted design pa-
rameters; sensitivity to low energies has been proved acquiring Carbon (C)

fluorescence X-ray photons (277 €V) and a count-rate gain of 5 times compared
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FIGURE 5.7: Comparison between not-collimated (black) and collimated (red)

95Fe spectra of one trapezium element. The peak-to-valley ratio of the correctly

collimated detector, i.e. the Mn Ka peak counts divided by the average number
of counts around 1 keV, results in 15600:1 [30].

to the standard TwinMic detectors has been observed. To collect a typical map
of 60 x 140 pixels, the standard system usually works with a dwell time of 5
s/pixel for a total acquisition time of approximately 11.6 hours. With the new
detection setup the same measure would be reduced to less than 2.3 hours, thus
allowing a greater number of experiments and better preservation of the sample.

The energy resolution is comparable with that of the 8 standard SDDs,
although we note the lack of a collimator, which has already been produced

and will be implemented for the next test campaigns.
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FIGURE 5.8: Elemental distributions of Si, Mg, Al and O in a slice of human

lung tissue containing an asbestos fibre, together with the corresponding ab-

sorption image (Abs), where a comparison between 1 trapezoid (a) and the

standard LEXRF setup of TwinMic (b) is depicted. In (c) are shown the

sum spectra of the current collimated TwinMic system and one non-collimated
trapezoid of the new setup. [30].

5.3 XRF topography

Synchrotron based Low Energy X-ray Fluorescence (XRF) spectroscopy is one of
the most widely used non-destructive techniques for elemental analysis in many
fields; from biomedical to electrochemical. The XRF emission is an isotropic
phenomenon. Despite the known angular dependence of XRF detection, arte-
facts remain an issue especially when using micro- or nano-X-ray beams and
detectors located at small angles with respect to the sample’s surface. This
angular dependence may be an advantage in some cases but for inhomoge-

neous samples with non-flat surfaces such as biological specimens, the sample
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topography and roughness play an important role and may cause misleading
interpretation [25]. Below we present the results obtained with a new detec-
tor system based on 4 trapezoidal sensors, each containing 8 SDD elements
[48, 28, 29] recently developed at the TwinMic beamline of Elettra Sincrotrone
Trieste [49, 54].

5.3.1 Materials and methods

During the measurement with the new detector system, TwinMic microscope
was operated in scanning mode [49] with 2 KeV incident photon beam energy,
a spot of 500 nm and a dwell time of 5 s per pixel. The scan was acquired line
by line. The sample consisted of 2 crossing 25 um diameter Al wires over a
uniform 50 nm thick NiFe layer [Fig.5.9 (a)].

FIGURE 5.9: (a) Sample schematic view (b) Schematic view of incoming and
detected X—ray beams (c) and (d) XRF Al maps of the wires acquired by the
left and right detectors respectively (e) sum of panels ¢ and d (f) lines profiles
across the lines marked in panels ¢, d and e (g) simulated XRF intensity across
the wires for different detector inclinations (20°, 35°, 50°, 90°) of a detector on
one side of the wire (continuous lines) and for 2 opposite ones (dashed lines).

5.3.2 Results and conclusions

The XRF maps and their corresponding line profiles [Fig.5.9 (c¢) (d) (e) (f)]
other than the expected shadows, exhibit a much higher intensity on the borders
facing the specific detector. While a uniform Al XRF detection intensity would
be desirable, this holds true mostly for detectors located perpendicularly to
the sample’s surface (continuous grey line in Fig. 5.9 (g)). However, when

the detector axis forms a smaller angle compared to the samples’ surface, as
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in this study, the sum shows a different trend (Fig. 1le with corresponding
green line profile in Fig.5.9 (f)). This is not surprising if we take into account
the overall sample-detector geometry with their relative dimensions. With a
uniform composition of the wire, while the primary beam penetration depth
(yellow arrow in Fig.5.9 (b)) is the same in each position of the scan, the XRF
photons emitted by a small volume inside the wire are more re-absorbed on
the top of the wire (case 1), compared to the side facing the detector (case
2), since for the latter their path inside the sample becomes shorter (dashed
lines). Thus the sample geometry clearly affects XRF intensity. When using a
multi detector system, however, often the response of all detectors is summed to
maximise statistics and count rate. This example shows that even by summing
the XRF counts of two opposite detectors [Fig.5.9 (e)] the final map is not as
the expected one. The green line profile of Fig.5.9 (f) should in fact look like
the grey dashed line profile of Fig.5.9 (g). Interestingly Fig.5.9 (g) shows that
the higher is the angle between incoming beam and detector axis, the more
pronounced are the misleading border effects on the sum maps (dashed lines).

Often micro-beam setups are prone to produce artefacts in XRF maps some-
times yielding misleading results [25]. This is more likely for morphologically
complex samples. The topographical information can be used not only to cor-
rect artefacts (red dashed line in Fig.5.9 (g)), but also to provide additional
information about the morphology of the sample [Fig.5.9 (c) (d)]. Finally,
the obtained results suggest that the detectors geometry by itself can play an
important role for optimising the performance with respect to both detection
efficiency and extraction of topography data.

New data with specially designed samples are being analysed and new tests

are planned for the coming months.
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Chapter 6

Silicon Drift Detectors for

applications in astrophysics

One of the biggest scientific and technological challenges comes from the space
sector. This has always seen scientists from multiple disciplines pushing them-
selves to the limit of technology to be able to look beyond current knowledge.

In astrophysics, light from various objects allows us to investigate their char-
acteristics, and have a larger and more complete view of the physical phenomena
involved.

Astrophysics have marked key points for the development of knowledge.
One of these happened on 17 August 2017, when for the first time we witnessed
the reception of the gravitational wave coming from the merging of two neu-
tron stars. This phenomenon has awakened a desire for complete knowledge of
astrophysical phenomena that has certainly opened the door to a new way of
approaching observations of the sky. It has led to what is called multi-messenger
astronomy, which represents the future for a greater and deeper knowledge of
astrophysical phenomena. Driven by this new stimulus, new ways of observing
the sky at more wavelengths and with an increasing focus on collaboration and
networking are being planned.

Among the many topics still under study, one of the phenomena of astro-
physics very intriguing and compelling is certainly linked to Gamma Ray Bursts
(GRB). These are intense flashes of light in the gamma band of the electromag-
netic spectrum observed since the 1960s. GRBs last between a few seconds and
tens of minutes and are among the most energetic phenomena observed. They
have an isotropic distribution in the sky and therefore have an extragalactic ori-
gin. It is impossible to predict where and when the next GRB will be observed.
In order to study and understand them, it is important to try to observe with
an all sky monitor in the X and gamma bands of the spectrum. New projects

are active or under study to try to do this.
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In this context there are some projects that exploit new detector systems.
To achieve these goals in high-energy astrophysics you must therefore have a
detector that:

e work in the wide energy range (energies between 1 keV and 1 MeV)

has a good energy resolution

has a good temporal resolution

is compact and has a light weight

has a moderate power consumption

A possible solution to all these requests is in the following description of the
detection system for X- and ~v-ray, in which we have the combination of using

a Silicon Drift Detector with a crystal scintillator.

6.1 A new detector architecture: coupling SDD

with crystal scintillator

The silicon drift detectors are mainly used for their good energy resolution and
their low intrinsic noise, to detect X-rays of energy between 1 and 30 keV. A
different (and complementary) way of using them is to use them indirectly by
coupling them to a scintillating crystal. In this way it is possible to use only
one detector for the detection of X and gamma ray.

Considering that to use a single detector for the acquisition of very different
signals to be able to discriminate well between the two signals is very important.
One possible way to discriminate is to use the different temporal properties of
the two types of signals: the interaction of the radiation in the silicon creates
electron-hole pairs that are quickly collected (about 10 ns of rise time), on the
other side, the scintillation process is slower (about a few microseconds) because
it is dominated by the fluorescence de-energizing time. therefore with a Pulse
Shape Discriminator (PSD) it is possible to discriminate between the two types
of signals. PSD can be obtained in several ways [60, 59].

The new detector core architecture (the “siswich” read-out concept [32])
is about how to discriminate between the two types of signals: this is done
not through the temporal study of the signal but thanks to a different way
of connecting together parts of the detector system. In this new way a single

crystal is coupled to two SDD channels. The X-ray radiation affects an SDD
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matrix and is detected by it, particularly only in the cell of the SDD that
hits. The gamma radiation passes undisturbed through the SDD and deposits
its energy on the crystal scintillator, that reemits in visible light and it lights
evenly: in this way both SDD cells receive the same signal at the same time.
This allows the detection of X-rays and gamma rays to be discriminated with
a segmented SDD.

X-ray N

=2 N
N\ r g

y-ray N f oA

~_ 1. GAGG

scintillation light

o
d

T ,
|
|

FI1GURE 6.1: New detection core architecture in which a single crystal is cou-
pled to two SDD channels. The X-ray radiation affects an SDD matrix and is
detected by it, particularly only in the cell of the SDD that hits. The gamma
radiation passes undisturbed through the SDD and deposits its energy on the
crystal scintillator, that reemits in visible light and it lights evenly: in this
way both SDD cells receive the same signal at the same time. This allows
the detection of X-rays and gamma rays to be discriminated with a segmented

SDD.

This new method of detection is just a relevant piece that led to the project
to observe the sky X and gamma with a compact and lightweight detector
system, low power consumption, with good energy and temporal resolution.
One of the projects based on this new detection method is the HERMES project.

6.2 HERMES project

The High Energy Modular Ensemble of Satellites (HERMES) project [44] is
aimed to realize a modular X/gamma ray monitor for transient events, to be
placed on-board of a nano-satellite bus (e.g. CubeSat). This expandable plat-
form will achieve a significant impact on Gamma Ray Burst (GRB) science and
on the detection of Gravitational Wave (GW) electromagnetic counterparts: the
recent LIGO/VIRGO discoveries demonstrated that the high-energy transient
sky is still a field of extreme interest. The very complex temporal variability
of GRBs (experimentally verified up to the millisecond scale) combined with

the spatial and temporal coincidence between GWs and their electromagnetic
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counterparts suggest that upcoming instruments require sub-microsecond time
resolution combined with a transient localization accuracy lower than a degree.
The current phase of the ongoing HERMES project is focused on the realization
of a technological pathfinder with a small network (3 units) of nano-satellites
to be launched in mid 2020. We will show the potential and prospects for short
and medium-term development of the project, demonstrating the disrupting
possibilities for scientific investigations provided by the innovative concept of
a new “modular astronomy” with nano-satellites (e.g. low developing costs,
very short realization time). Finally, we will illustrate the characteristics of the
HERMES Technological Pathfinder project, demonstrating how the scientific
goals discussed are actually already reachable with the first nano-satellites of
this constellation. The detector architecture will be described in detail, show-
ing that the new generation of scintillators (e.g. GAGG:Ce) coupled with very
performing Silicon Drift Detectors (SDD) and low noise Front- End-Electronics
(FEE) are able to extend down to few keV the sensitivity band of the detec-
tor. The technical solutions for FEE, Back-End-Electronics (BEE) and Data
Handling will be also described.

6.2.1 HERMES mission concept

The High Energy Modular Ensemble of Satellites (HERMES) [5] project aims
to realize a new generation instrument for the observations of high energy tran-
sients. The proposed approach here differs from the conventional idea to build
increasingly larger and expensive instruments. The basic HERMES philoso-
phy is to realize innovative, distributed and modular instruments composed by
tens/hundreds of simple units, cheaper and with a limited development time.
The present nanosatellite (e.g. CubeSats) technologies demonstrates that off-
the-shelf components for space use can offer solid readiness at a limited cost.
For scientific applications, the physical dimension of a single detector should to
be compatible with the nanosatellite structure (e.g. 1U CubeSat of 10 x 10 x
10 cm?3). Therefore, the single HERMES detector is of course underperforming
(i.e. it has a low effective area), when compared with conventional operative
transient monitors, but the lower costs and the distributed concept of the in-
strument demonstrate that is feasible to build an innovative instrument with
unprecedented sensitivity. The HERMES detector will have a sensitive area >
50 cm?, therefore with several tens/hundreds of such units a total sensitive area
of the order of magnitude of ~ 1 m? can be reached.

By measuring the time delay between different satellites, the localization

capability of the whole constellation is directly proportional to the number of
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components and inversely proportional to the average baseline between them.
As a rough example, with a reasonable average baseline of ~7000 km (compa-
rable to the Earth radius, and a reasonable number for low-Earth satellites in
suitable orbits) and ~100 nanosatellites simultaneously detecting a transient,
a source localization accuracy of the order of magnitude of ~10 arcsec? can be
reached, for transients with short time scale (ms) variability.

The current phase of the project, HERMES Technological Pathfinder (TP),
focuses on the realization of three nanosatellites, ready for launch at mid-2020.
The purpose here is to demonstrate the feasibility of the HERMES concept,
operating some units in orbit and to detect a few GRBs. The next phase of the
project, HERMES Scientific Pathfinder (SP) [6], will demonstrate the feasibil-
ity of GRB localization using up to 6-8 satellites in orbit. Although in both
these preliminary phases reduced ground segment capabilities will be used, i.e.
reduced data-downloading with a few ground contacts/day, the complete devel-
opment of the HERMES detectors is expected. These activities will pave the
way to the final HERMES constellation composed of hundreds of nanosatel-
lites. Detailed mission studies, including orbital configuration, attitude control
strategy, and sensitive area distribution will be performed, as well as a proper
planning of the ground segment allowing to reach the ambitious scientific re-
quirements, i.e prompt diffusion of the transient accurate localization. Thanks
to the production approach, the context of a typical Small or Medium-class
space mission seems to be compatible with HERMES final constellation, where
most of the resources will be devoted to the multiple launches and to the real-

ization of the ground segment.

6.2.2 Payload description

A possible solution for the HERMES payload is allocated in 1U-Cubesat (10 x 10
x 10 cm?) [Fig. 6.2]. A mechanical support is placed on the instrument topside.
The support is composed by two parts to accommodate an optical /thermal filter
in the middle. The electronic boards for the Back-End and the Data Handling
unit are allocated on the bottom of the payload unit. The detector core is
located in the middle: this is a scintillator-based detector in which Silicon Drift
Detectors (SDD, [46]) are used to both detect soft X-rays (by direct absorption
in silicon) and to simultaneously readout the scintillation light. The payload
unit is expected to allocate a detector with >50 cm? sensitive area in the energy
range from 3-5 keV up to 2 MeV, with a total power consumption <4 W and
total weight of <1.5 kg.
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FIGURE 6.2: (a) Exploded view of the payload unit (10 x 10 x 10 cm?®) on board
the HERMES nanosatellite. From the top are shown the mechanical support
composed by top (pink) and bottom (gray) parts, with optical filter (violet)
in middle, the FEE board (dark green) allocating SDD matrices (light green),
FE-LYRA chips on the top and BE-LYRA chips folded on the side (not shown
for clarity), the GAGG crystal pixels (white transparent) and their housing
(greenish blue). Mechanical ribs on top (gray) and on bottom (yellow) are also
visible, necessary to fix the payload components to the satellite structure (blue
and red) (b) Compact view of the payload unit (10 x 10 x 10 cm?) on board
the HERMES nanosatellite.

Detector core architecture

Aiming at designing a compact instrument with a very wide sensitivity band,
the detector is based on the so-called “siswich” concept [59, 60], exploiting the
optical coupling of silicon detectors with inorganic scintillators. The detector
is composed by an array of scintillator pixels, optically insulated, read out by
Silicon Drift Detectors.
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In this concept the SDDs play the double role of read-out device for the opti-
cal signal from the scintillator and of an independent X-ray solid state detector.
Low energy X-rays are directly absorbed by the SDD, while higher energy X-
rays and 7y-rays are absorbed in the crystal and the optical scintillation photons
are collected by the same detector. Only very low noise readout sensors and
front-end electronics allow to reach a low energy scintillator threshold below
20-30 keV. Above these energies the increasing sensitivity of the scintillator is
able to compensate the lack of efficiency of thin silicon sensors (450 pm), so a
quite flat efficiency in a wide energy band for the whole integrated system is
reached. The inorganic scintillators selected for this innovative detector is the
recently developed [6] Cerium-doped Gadolinium-Aluminum-Gallium Garnet
(Ce:GAGQG), a very promising material with all the required characteristics,
i.e. a high light output (~50,000 ph/MeV), no internal radioactive background,
no hygroscopicity, a fast radiation decay time of ~90 ns, a high density (6.63
g/cm?), a peak light emission at 520 nm and an effective mean atomic number of
54.4. All these characteristics make this material very suitable for the HERMES
application. Since GAGG is a relatively new material, it has not yet extensively
investigated with respect to radiation resistance and performance after irradi-
ation, although the published results are very encouraging [74, 83, 84]. These
tests showed that GAGG has a very good performance, compared to other scin-
tillator materials largely used in the recent years in space-borne experiments
for y-ray astronomy (e.g. BGO or Csl), i.e. a very low activation background
(down to 2 orders of magnitude lower than BGO), and a minor light output
degradation with accumulated dose.

The SDD development builds on the state-of-the-art results achieved within
the framework of the Italian ReDSoX collaboration!, with the combined de-
sign and manufacturing technology coming by a strong synergy between INFN-
Trieste and Fondazione Bruno Kessler (FBK, Trento), in which both INFN and
FBK co-fund the production of ReDSoX Silicon sensors. A custom geometry
for a SDD matrix [Fig. 6.3] was designed, in which a single crystal (~ 12.1 x
6.94 mm?) is coupled with two SDD channels. Therefore, the scintillator light
uniformly illuminates two cells, giving rise to a comparable signal output for
both channels. This allows to discriminate scintillator events (higher energy -
rays) by their multiplicity: lower energy X-rays, directly absorbed in the SDD,

are read out by only one channel.

'For more details see Appendix A.
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FIGURE 6.3: Sketch of the top view of FEE board for the HERMES nanosatel-

lite. The black corner indicate the overall nanosatellite structure (10 x 10 cm?).

The board will allocate SDD matrices (in red) and FE-LYRA chips (light blue)

very close to each SDD anode. The BE-LYRA chips (blue) are allocated on

the rigid part that will be folded on the side of the satellite, by means of flex
cables (gray).

Readout ASIC: from VEGA to LYRA

The HERMES detector, constituted by 120 SDD cells distributed over a total
area of ~92 cm?, requires a peculiar architecture for the readout electronics.
A low-noise, low-power Application Specific Integrated Circuit (ASIC) named
LYRA has been conceived and designed for this task. LYRA has an heritage
in the VEGA ASIC [16, 31] that was developed by Politecnico of Milano and
University of Pavia within the ReDSoX Collaboration during the LOFT Phase-
A study (ESA M3 Cosmic Vision program), although a specific and renewed
design is necessary to comply with the different SDD specifications, the unique
system architecture and the high signal dynamic range needed for HERMES. A
single LYRA ASIC is conceived to operate as a constellation of 32+1 Integrated
Circuit (IC) chips. The 32 Front-End ICs (FE-LYRA) include preamplifier, first
shaping stage and signal line-transmitter, the single Back-End IC (BE-LYRA)
is a 32-input ASIC including all the circuits to complete the signal processing
chain: signal receiver, second shaping stage, discriminators, peak&hold, control
logic, configuration registers and multiplexer. The FE-LYRA ICs are small
(0.9 x 0.6 mm? die) allowing to be placed very close to the SDD anodes, in



6.2. HERMES project 111

order to minimize the stray capacitances of the detector-preamplifier connection,
maximizing the effective-to-geometric area ratio (~54 cm? vs. ~92 cm?). In
this configuration [Fig. 6.3], the BE-LYRA chips (~ 6.5 x 2.5 mm? die) can be
placed out of the detection plane, allocating SDD matrix and FE-LYRA ICs
on a rigid part, by means of embedded flex cables. The flat cables allow also
avoiding the additional space required by connectors, offering the possibility to
“fold” the boards allocating the BE-LYRA chips (on a rigid part) at right angle

with respect to the detection plane, on the external side of the payload unit.

Back-End electronics

The Back-End electronics (BEE) of HERMES includes the BE-LYRA chips, ex-
ternal commercial analog-to-digital (ADC) converters and a FPGA-based con-
trol logic. The control logic takes care of the signal handshaking required to
read out analogue signals from BE-LYRA chips, synchronizing the digital con-
version operations, and time tagging the events based on conventional GPS
sensor, combining an atomic clock signal (CSAC) to reduce as much as possible
the natural shift/jitter of the GPS sensor ensuring a sub-microsecond timing
resolution. Due to the peculiar architecture of the detector core, the BEE will
also perform the Event Data Generator functionality, automatically discrimi-
nating the location of photon interaction (silicon or scintillator), on the basis of
the multiplicity of the readout signals. This fundamental task has to be carried
out in real-time to generate the photon lists that include channel address, time
of arrival of photons and a raw energy estimation, which are mandatory for

scientific data processing based on a suitable on-board logic.

Payload data handling unit

The HERMES Payload Data Handling Unit (PDHU) will be implemented on
iOBC, manufactured by ISIS, a commercial on-board computer. This model,
with a weight of ~100 g and an average power consumption of 400 mW, will im-
plement all functionalities required for HERMES, such as telecommands (TCs),
housekeeping (HKs), power system commanding (PSU), handling operative
modes of the payload (by TCs or automatically), generating the telemetry pack-
ets (TMs) and managing the interface with the spacecraft. A custom algorithm
making the satellites sensitive X-ray and y-ray transients, continuously compare
the current data rate of the instrument with the average background data rate
taken previously. When a transient occurs, the events, recorded on a circular

buffer, are then sent to the ground on telemetry packets. Due to the different
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families of GRB, ratemeters on different timescales, energy bands and different

geometric regions of the detection plane will be implemented.

6.2.3 Conclusion and future perspectives

The HERMES project final aim is to realize a new generation instrument com-
posed by hundreds of detectors onboard nanosatellites. This disruptive technol-
ogy approach, although based on “underperforming” individual units, allows to
reach overall sensitive areas of the order of ~1 m?, with unprecedented scientific
performance for the study of highenergy transients such as GRBs and gravita-
tional wave counterparts. The current ongoing phase of the HERMES project
(Technological Pathfinder), focuses on the realization of the three nanosatellites
to be launched in mid-2020, that will demonstrate the proposed approach to
detector design (Silicon Drift Detectors coupled to GAGG:Ce scintillator crys-
tals) and its performance. In this framework, relevant prototyping activities are

currently under development, towards the implementation phase.
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Chapter 7

A new development: the Pixel
Drift Detector - PixDD

The new scientific objectives to be achieved and the experience that in these
years we have accumulated on many fronts with various projects has led us to
develop a new pixel silicon drift detectors: the PixDD [40].

This detector is designed to be fast, have good energy and temporal resolution
(so you can perform a good spectroscopic and temporal analysis), being able to
work at high count rates, and also have a low power consumption (including the
one for cooling). This would make them perfect for astrophysical applications,
such as being placed at the focal plane of an X-ray telescope.

The design, production and laboratory characterization of a state-of-art pix-
elated detector prototype — PixDD — based on planar silicon technology is
presented. PixDD is aimed at the measurement of X-rays between 0.5 and 15
keV with a nearly ”Fano-limited” spectral resolution, a timing resolution of
few microseconds and a photon-by-photon fast read-out. The detector system
exploits the superior noise characteristics typical of the Silicon Drift Detectors
(SDD) and the ultra-low noise performance of a dedicated front-end electron-
ics. The PixDD development builds on the state-of-the-art results achieved in
Italy on both SDDs, with the combined design and manufacturing technology
of INFN-Trieste and Fondazione Bruno Kessler (FBK, Trento), and the read-
out electronics, with the unprecedented noise performance of the SIRIO charge
preamplifier [21, 23] developed at Polytechnic of Milan. This high-performance,
pixelated silicon detector (<1 mm?/pixel) has been designed aiming to imag-
ing, timing and spectroscopic studies of astrophysical X-ray sources and will
enable the development of a large-area detector with immediate application to
spaceborne high-energy astrophysics experiments.

The PixDD detector layout is aimed at reducing the total capacitance of
the anode when compared with a classical pixel structure of the same size, thus

minimizing the series noise contribution and enhancing the performance. The
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detector is composed of a matrix of small drift structures having a common
shallow p+ entrance window. On the anode side, two cathodes surrounding the
collecting electrode provide a transversal field, which is designed to avoid regions
where the potential is slowly varying and the drift velocity is therefore very
small. In Figure 7.1 the simplified PixDD detector layout is shown. The two
drift cathodes (in grey) are biased from the external circuitry without the need
for integrated resistors. This allows to minimize the detector power consumption
with respect to the use of an integrated voltage divider for each detector cell.
The shallow p+ entrance window (on the bottom in Fig.7.1) is biased at a
negative potential with respect to the anodes (-85V < Vdep < -75V) to ensure
the full depletion of the detector bulk. The first PixDD detector prototype
[Fig.7.2] has been fabricated by FBK on a 450 pm thick n-type, floating-zone
(FZ) silicon substrate with a resistivity of 9 kQ2 - cm. The detector is made
of a total of 16 square pixels 500 ym x 500 um wide, arranged in 4 rows by
4 columns. By design, the anode capacitance is about 30 fF. The shallow p+
implant of the entrance window guarantees a good detector quantum efficiency

for low energy photons.

FIGURE 7.1: (a) Simplified single pixel layout (b) Multi-pixel layout (right) of
the PixDD detector.

7.1 PixDD read-out system

In order to characterize the novel PixDD detector an ultra low-noise charge
preamplifier has been selected to ensure the minimum contribution of the front-
end electronics to the detector noise and energy resolution. All the tests de-
scribed here have been performed with the SIRIO 3 charge sensitive preamplifier
(CSA) developed at the Polytechnic of Milan [23] to achieve a nearly Fano lim-

ited resolution performance.
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FIGURE 7.2: The first PixDD detector prototype. Left: n-side (anode side),
Right: p-side (entrance window side).

To simplify the interconnection scheme between the CSA and the 16 channels
of the PixDD detector, a custom 4-channel SIRIO preamplifier (SIRIO 3.4) has
been designed and built in 0.35 gum AMS CMOS technology. The four channels
share the CSA biases and the reset signals, while the inputs, the test injection
pads and the feedback network fine-tuning voltages (V) are individual for each
channel. The overall dimensions of the 4-channel preamplifier chip are 2300 pm
x 1820 pm.

Two custom PCBs, namely PixDD control board (PixDD-CB) and PixDD
detector board (PixDD-DB), have been designed and manufactured by IASF
Milano and TAPS Rome to integrate the PixDD detector with the SIRIO 3.4
chips [Fig.7.3]. The PixDD-CB provides bias line distribution for both the
detector and the CSA chips and allows for the fine regulation of the 16 feedback
network fine-tuning voltages. The setting of the Vg voltages is performed
by means of digital potentiometers (AD5263 by Analog Devices) controlled
with I2C interface. The PixDD-DB provides effective filtering of the bias lines,
impedance matching for the reset and test pulse signals, detector and read-
out chip mounting and interconnection. Moreover, an analogue temperature
transducer (Analog Devices AD590KF') placed in close proximity of the detector
die allows for a direct monitoring of the detector temperature. Input and output
analogue signals are available through a set of 50 {2 MCX connectors placed on
the PixDD-DB perimeter, while the interconnection between the two PCBs is

accomplished by means of ribbon flat cables.
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FIGURE 7.3: PixDD control board (PixDD-CB, left) and PixDD detector
board (PixDD-DB, right) developed at the Istituto di Astrofisica Spaziale e
Fisica Cosmica (IASF) in Milan.

7.1.1 Front-end electronics characterization

The performance of the front-end system (FEE) has been tested and character-
ized in the INAF-TAPS laboratory after the integration of the SIRIO 3.4 ASICs
with the PixDD-DB but before the interconnection of the PixDD anodes with
the read-out input pads. The system biases were provided by standard linear
power supplies, filtered by 2-stage RC networks and integrated EMI filters. The
injection of charge pulses was made by means of voltage steps applied to the
SIRIO 3.4 test capacitances and generated by an Arbitrary Function Generator
(Rigol DG5251). A passive 40-60 dB attenuator was used to maximize the
signal to noise ratio of the injected voltage steps. A second Arbitrary Function
Generator (Tektronix AFG3022B) was used to generate the periodic digital sig-
nal for the preamplifier reset. After a further amplification (G, = 10), carried
out by means of a custom AC coupled amplifier, the SIRIO 3.4 output signals
were processed and acquired with a Digital Pulse Processor (Amptek DP5).

In order to characterize each system channel in terms of noise and function-
ality, the 16 CSAs have been individually stimulated with different test-pulse
amplitudes, ranging from 170 eV to 3490 eV (equivalent energy in silicon). An
average equivalent noise charge (ENC) of 4.0 = 0.4 e r.m.s. has been measured
at +21 °C in the 500 eV-3490 eV energy range (40 dB attenuation applied to
the test signal). A significantly better ENC of 2.4 + 0.2 e~ r.m.s has been
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obtained between 170 eV and 500 eV (attenuator set to 60 dB), most likely
indicating the presence of a non-negligible noise contribution from the Arbi-
trary Function Generator. Although the measured ENC at room temperature
is still substantially larger than the value of 1.3 e~ r.m.s. measured with the
single channel SIRIO [19], the overall FEE performance has been considered
very promising to fulfil the energy resolution requirement at room temperature
(< 150 eV FWHM at 5.9 keV) of the integrated detector system.

7.2 PixDD detector characterization

After the FEE system electrical characterization, the 16 PixDD anodes have
been wire-bonded at the INFN Trieste laboratories to the relevant CSA in-
put pads [Fig.7.4 (a) and (b)]. The adopted bonding scheme [Fig.7.4 (c)] was
designed to minimize the bonding length and thus the stray capacitance con-
tribution of the wire bondings to the system series noise. Fifteen out of sixteen
CSA channels were successfully wire-bonded to the PixDD anodes, while chan-
nel number 3 (CHO3 hereafter) experienced an interconnection problem during
the wire bonding procedure of the SIRIO 3.4 input pad, resulting unusable for

all the following measurements.

FIGURE 7.4: (a) and (b) The PixDD detector wire bonded to the 16 SIRIO 3.4

channels. (c) Correspondence of SIRIO 3.4 channels with PixDD pixels as seen

from the p-side detector window - Different number colours refer to different

SIRIO 3.4 ASICs (red: ASIC 1, blue: ASIC 2, green: ASIC 3 and black: ASIC
4).

The integrated detector has been enclosed in a light-tight aluminium box
to provide proper shielding. All the measurements have been performed at a
detector temperature of 427 4+ 1 °C, with the box continuously exposed to a
nitrogen flow in order to maintain a dry atmosphere.

For the test the PixDD detector has been illuminated with a > Fe radioactive

source. The data were acquired and processed individually on all the pixels. The
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energy spectra, obtained with a peaking time of 1 us at 427 °C, are displayed
in Figure 7.5. The FWHM energy resolution of all the channels lies between
141 eV and 156 eV.
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FIGURE 7.5: %°Fe energy spectra acquired with 1 us peaking time. CHO3 (on
the bottom-left corner of the detector) has not been acquired due to problems
during the CSA—anode interconnection.

The signal conditioning and digitization system used so far for the PixDD
characterization is limited to the acquisition of a single channel. To overcome
this limitation, a multi-channel digitization system, based on the CAEN DT4750
fast digitizer, has been built. A custom 16-channels interface board has been
designed and manufactured to provide proper amplification of the signals and
analogue pre-filtering by means of a highpass CR network with 3.4 us time
constant.The signals have been digitized by the CAEN DT4750 digitizer at 62.5
MS - s~! with 12 bit resolution, controlled by a specifically developed LabView



7.2. PixDD detector characterization 119

interface. The pulse-height analysis has been performed off-line by means of a
digital trapezoidal filter. In presence of a trigger signal, provided by a digital
threshold discriminator implemented in the DT4750 firmware, all the connected
channels are sampled simultaneously and the waveforms are stored in a FITS
binary table. This multi-channel acquisition system allowed for an in-depth
characterization of the detector response.

A dedicated measurement campaign was carried out in the X-ray facility of
the INAF-IAPS Rome laboratory [62] with the aim of characterizing the noise
properties of the integrated PixDD-FEE system. The facility was equipped
with a commercial Ti-anode X-ray tube and a custom collimation system to
produce a ~ 40 pm FWHM wide X-ray spot on the detector surface. A three-
axis motorized linear stage system was used to position the X-ray spot in the
centre of each PixDD pixel with micrometric precision.

Each PixDD pixel has been exposed to more than 7.3 x 10* counts in the 2-15

' (corresponding to

keV energy band, with a count rate of about 175 counts - s~
a flux of 7.0 x 10* counts - em™2 - s71), for a total of 1.1 x 10° counts collected
by all the 15working channels. For each channel, the acquired signal waveforms
were digitally shaped with different peaking times ranging from 0.32 us to 9.6
us and the resulting energy spectra were fitted with two Gaussian functions
centred at 4.51 keV and 4.93 keV (Titanium Ka and Kg fluorescence lines) to

estimate the energy resolution and thus the single-channel noise.
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FIGURE 7.6: Energy resolution at 4.51 keV and the corresponding equivalent
noise charge (ENC) as a function of the peaking time for the 15 read-out
channels.
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Figure 7.6 shows the energy resolution and the equivalent noise charge at
4.51 keV (Ti Ka) as a function of the peaking time for the 15 channels. All
channels, except the slightly noisier CH10, show a FWHM energy resolution
comprised between 120.1 eV and 128.0 eV at the optimal peaking time of 1.8
pus. The fitted energy spectra for all the channels are shown in Figure 7.7.
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FIGURE 7.7: Fitted energy spectra of a Ti-anode X-ray tube. CHO03 (on the
bottom-left corner of the detector) has not been acquired due to problems
during the CSA—anode interconnection.

A further analysis was performed to evaluate the presence of charge-shared
events between neighbouring pixels. Although due to ionization the initial
charge cloud lateral dimension is limited to a few microns, diffusion during
charge drift in the silicon bulk is expected to lead to non-negligible cloud broad-
ening. In these conditions, an appreciable fraction of charge-shared events can

be observed, that can lead to a sensible worsening of the detector spectroscopic
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performance. For this characterization campaign a non-collimated *Fe X-ray
source was used to simultaneously illuminate the whole PixDD detector. In
Figure 7.8 (top and bottom panels) two signals of 5.9 keV (Mn Ka) are shown.
Top panels show the waveforms acquired by all the channels when a single event
(multiplicity m = 1) is detected. For this event, the charge produced during the
photon interaction was entirely collected by one channel (CH10). For compar-
ison, bottom panels show a charge-shared event (m = 2), for which the charge
cloud has been collected by two adjacent channel (CH10 and CH12). In order
to quantitatively evaluate the amount of charge sharing between neighbouring
channels, we analysed the dependence of the charge collected by the 4 central
pixels with the signal of the 8 relative neighbouring pixels. In the following we
present the analysis performed on CH10, but consistent results were obtained
for the four central pixels. The acquired events were selected following the con-
dition that more than 50% of the total charge was collected by CH10, this to
ensure that the photon interaction took place in CH10 volume.

In Figure 7.9 each panel shows the distribution of the charge collected by
CH10 (X-axis) versus the charge measured by the other pixels (Y-axis). Mea-
surement points distributed parallel to the abscissa axis show single events (i.e.
no charge sharing), while the points distributed following approximately the
relation X + Y = K represent shared (double) events. From the plots is clear
that a fraction of the events experienced charge sharing, and that sharing be-
tween more than two nearby pixels is less probable. Still a few triple-events are
present, as it can been seen from the presence of measurement points not fol-
lowing the Y = K and the X + Y = K relations and from the signal distribution
on CHO8, CH11, CH0O2 and CH13.

By setting a threshold equal to 5 times the channel r.m.s noise for the event
multiplicity determination, single events (m = 1) resulted to be 83.8% of the
total, while double and triple (m = 2 and m = 3) events were quantified to be
15.8% and 0.4% respectively.
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FIGURE 7.8: Two Mn Ka signals (5.9 keV) acquired with the multi-channel
fast digitization system. Top panels show a single event (m = 1) waveform

while bottom panels show a charge-shared event (m = 2) between CH10 and
CH12.
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# 4 &
CHID [kev]

Distribution of the charge collected by CH10 (X-axis) versus the
charge measured by the other pixels (Y-axis). Measurement points distributed
parallel to the abscissa axis show single events (i.e. no charge sharing), while the
points distributed following approximately the relation X + Y = K represent
shared events.
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7.3 Results and future perspectives

In the framework of the RedSoX Italian collaboration, a novel, pixelated, silicon
drift detector (PixDD) has been designed and produced to fill the technologi-
cal gap in the capability of realizing pixel silicon detectors with fast response,
which are capable of asynchronously detect and trigger on the individual X-ray
photons and can offer a nearly Fano-limited energy resolution and soft X-ray
response at room temperature, as required by high throughput X-ray astronomy
applications.

The whole system, composed of a 16 pixels 500 pm x 500 pym wide, has been
integrated with ultra low-noise front-end electronics (SIRIO 3.4) and charac-
terized at +27 °C at the INAF-TAPS laboratories, demonstrating outstanding
noise figure (single channel ENC < 10 e~ r.m.s.) and spectroscopic capabilities
(AE < 150 eV FWHM at 5.9 keV). The physical and electronic behaviour of the
individual pixels have been studied to assess the charge sharing between neigh-
bouring detector cells, resulting in a limited fraction of shared events ("16%)
whose contribution to the energy resolution does not undermine the overall
detector performance.

Further experimental activities have already taken place aimed at the design
and production of a large PixDD detector, composed by 16 x 8 pixels with 300
x 300 pum? dimensions. The 16 x 8 PixDD will be read-out by a monolithic
16 x 8 channel ASIC (namely RIGEL) developed by Polytechnic of Milan and
University of Pavia and currently in production. The PixDD-RIGEL hybrid
will be flip-chip-bonded exploiting the bump bonding technique developed at
the Karlsruhe Institute of Technology (KIT) [33].
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Conclusion

The concrete effort to bring a detection system from the prototypal state through
engineerization phase to the delivery of the completely characterized system
has been my task. Future projects will profit of this demonstrative effort where
monolithic multipixel SDD have been applied, some of them has been presented
in this thesis.

In my work I had the opportunity to bring the detector systems of which I
took care to a finalized stage following all single aspects.

For what matter the single element SDD optimization, I had the chance
to increase my knowledge and to contribute in the field with the mapping of a
detectors prototype in the intermediate stage of development and with the tests
on the very promising prototype just designed and built.

The crowning of my effort took form when I could unpack and install the
detector at the SESAME laboratory site in Amman. This has been the best

demonstration of my two main targets:
e realization of a completely new dedicated state of the art detection system,;
e construction and delivery of an integrated user ready system.

The availability of the new detector systems represent for the TwinMic and
XAFS beamline a real quantum leap. This results has been made possible by
a transversal collaboration between detector design, detector production, Front
End Electronics development, complete engineering and of all other aspects.
In each of this directions dedicated state of the art elements were developed
on purpose. It is so that the 64-channel XAFS detector and the large solid
angle TwinMic detector were able to reach unique results and will represent an
important starting point for the next steps.

Having had the opportunity to follow the day by day work and taken part
to the development and test of those detection systems, I have improved my
knowledge and have given my contribution in this challenging research and

development fields.
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Appendix A

ReDSoX Collaboration

The ReDSoX, REsearch Drift for SOft X rays (https://web.infn.it /redsox2) Col-
laboration, Fig.A.1, was born buildings on a strong existing experience with the
aim of connecting some universities and research institutes that had a common
goal: the development of high energy resolution SDD for soft X-ray, with a
dedicated very low noise front-end electronics, for applications in astrophysics

and advanced light source [10].

D 5

ORIFT

>0+

FOR
S0OFT
HoRAYS

FIGURE A.1: Logo of the ReDSoX Collaboration [10].

The collaboration of several institution has allowed us to develop state-of-
the-art detectors that allow us to reach very ambitious scientific and technolog-
ical objectives. It involves many institutions between universities and research
institutes, some of these are INFN, TIFPA, INAF-TASF Bologna, INAF-TAPS
Rome, FBK-Trento, POLIMI, Elettra Sincrotrone Trieste, ENEA, University of
Pavia, University of Bologna, University of Udine, University of Trieste, ASI,
ICTP, KTIL.

The collaborative work within ReDSoX has allowed to reach otherwise im-

possible results.
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Appendix B

XAFS-SESAME Detector
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Appendix C

the XAFS-SESAME Detector
System datasheet and FICUS

software manual

The document XAFS-SESAME Detector System Datasheet and XAFS-
SESAME Detector System Datasheet are attached below. They are the
first version of the datasheet of the XAFS-SESAME Detector System and
the FICUS (Fluorescence Instrumentation Control Universal Sotfware) software
manual.

The XAFS-SESAME Detector System Datasheet the main descriptions of
the detector system and the instrumentation supplied. It contains the list of
objects accompanying the detector system, documentation regarding the size of
the detector, the connections between the various parts of the instrument, the
specifications and technical specifications of the power supplies.

The FICUS software is an integral part of the detector system: in fact, it has
been designed to complete the instrument according to the requests and needs
that have emerged from the continuous consultation with beamline scientists
and users. The software has 3 different levels: each level corresponds to a
different subject who uses it and, consequently, a different choice of options

available. In particular, three levels are available:

e Detector Expert: dedicated to detector and software developers, allows
the maximum degree of variation of the available parameters and the

display of screens useful for development and debugging;

e Beamline Staff: dedicated to the staff of the beamline, allows an inter-
mediate degree of variation of the parameters for the setting and the

measurement;

e User: dedicated to all possible users of the beamline, allows a low degree

of parameter variation but allows for data collection and pre-analysis.
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software manual

13
FICUS has been tested and used in the field during all the acquisitions made
and this has allowed to verify its performance and to further optimize it.
In particular, they include the Safety warnings for using the XAFS-SESAME

Detector System.
These two documents are part of the documentation accompanying the in-

strument.
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SESAME Detector
System Datasheet
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1 Overview

A Fluorescence Detector System for XAFS (X-ray Absorption Fine Structure) composed of 8 mono-
lithic arrays of SDDs (Silicon Drift Detector), each having 8 cells of 9 mm? area, is being realized
within the INFN ReDSoX Collaboration. It will be used for X-ray absorption spectroscopy at the
Jordanian synchrotron light source SESAME that provides a photon beam with an energy range be-
tween 3 and 30 keV. Detailed characterization tests at ELETTRA Sincrotrone Trieste have demon-
strated an energy resolution at the Mn 5.9 keV Ka line, for the monolithic array, below 170 eV
FWHM at room temperature.
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2 Description

The detector system was designed and implemented for X-Ray Fluorescence (XRF) and X-ray Ab-
sorption Fine Structure (XAFS) experiments. It is based on the state-of-the-art technology both
for the sensor and for the readout electronics. It is composed of 8 rectangular monolithic arrays
of SDDs, with a total sensitive area of 570 mm?. It is specially designed from the XAFS beamline
scientists’ requests and optimized to work in an energy range of 3-30 keV.

The detection system, shown schematically in Figure 1, is a modular system consisting of eight
planes arranged in an aluminum case

Figure 1: Detector system: (1) detectors and detector PCBs, (2) front-end PCBs, (3) brass profile
with cooling liquid flowing inside, (4) insertion guides at flanks of detecting heads, (5) rails for eight
detection heads, (6) power supply and filters PCBs, (7) back-end PCBs, (8) inlet cooling distribution,
(9) outlet cooling distribution, (10) ethernet PCBs, (11) power supply connectors

Figure 2: Upper, front and right side of the detector system
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Figure 3: Upper, back and left side of the detector system.

3 Applications

FICUS, after a preliminary selection of measurement parameters, performs the following tasks:
data alignment of the cells, energy calibration, selection of the Region Of Interest (ROI). For exam-
ple, during the measurement it is possible to obtain a spectrum in real time with some information
such as FWMH and peak centroid (in ADC channels and in eV), count rate and dead time.

4 Cables and Connections

4.1 PC - Instrument

Ethernet Cable

(Cat 6 Recommended) 8 Ethernet Cables

Extension
Cable

Instrument

USB/RS485
Adaptor

Vaisala
Digital Cable

Power Supply — Ch3
(Keysight E36312A) %

"—." 24V

Figure 4: Diagram of the connections between the PC and the instrument
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4.2 Power Supply - Instrument

4.2.1 HYV Biasing

Power Supply
(Keysight E3647A)

‘ Out 1 OutZJ

lo o

Female Connector

Figure 5: Diagram of the connections between the HV power supply and the instrument

4.2.2 Analogue PS Cable

Pin Description
Unused*
—7.5V Boards 1/2
+5 V Boards 1/2

Unused*
+5 V Boards 7/8 ITT Cannon Trident

—7.5V Boards 7/8 19-Pin Female Connector
Shield
—7.5V Boards 5/6 QOutside View
+5 \ Boards 5/6
Unused*

—7.5V Boards 3/4
Ground 3/4
Ground 1/2

Unused*
Ground 7/8
Ground 5/6

Unused*

Shield

A
B
C
D
E
F
G
H
J
K
L +5 \ Boards 3/4
M
N
P
R
S
=
U
Vv
i

nused holes must be left empty (no pin inserted)

Power Supply
(Keysight E36312A)

+5V

Figure 6: Diagram of the connections between the Analog power supply and the instrument
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4.2.3 Back-End PS Cable

Pin Description

+Board 5

—Board 6

+ Board 7

—Board 7

+ Board 8

—Board 8

+ Board 1

—Board 2

+ Board 3

—Board 3

—Board 4

—Board 5

+ Board 6

Unused*

—Board 1

+ Board 2

Unused*

Unused*

ITT Cannon Trident
19-Pin Female Connector

QOutside View

A
B
{0
D
E
F
G
H
J
K
L + Board 4
M
N
P
R
S
N
U
Vv
*U

nused holes must be left empty (no pin inserted)
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Power Supply
{Rohde & Schwarz HMP 4040)

1/2 -
1/2+
3/4 -
3/4 +
5/6 —
5/6 +
7/8 -
7/8 +

\
|
]

Figure 7: Diagram of the connections between the Digital power supply and the instrument

4.2.4 Peltier PS Cable

-
3

i Description

+ Board 5

—Board 6

+ Board 7

—Board 7

+ Board 8

—Board 8

+ Board 1

— Board 2

+ Board 3

—Board 3

+ Board 4

—Board 4

—Board 5

+ Board 6

Unused*

— Board 1

+ Board 2

Unused*

Unused*

ITT Cannon Trident
19-Pin Female Connector

Outside View

A
B
c
D
E
F
G
H
1
K
L
M
N
P
R
S
-
u
vV
211

nused holes must be left empty (no pin inserted)

Power Supply
(Rohde & Schwarz HMP 4040)

Ch1 Ch2 Ch3 Ch4
-+ -+ -+ -+

¢ ¢ 9 ¢ ¢ 9 ¢

1 + | + | + | %
™~ =r o =4] o3
Al Bl Bl B Bl -l B
—| - ol m Ty N ~f ~

] [ —

Figure 8: Diagram of the connections between the Peltier Cells power supply and the instrument
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5 Specifications

E3647A HV power supply:

RS232 Interface (Ethernet, maybe, in the future)

There are two output channels: OUT1 and OUT2

It is possible Enable/disable output

For each of the two output channels, implement the following;:

- Set maximum current on OUT1 and OUT2 to 1 mA

- Set voltage of OUT1 to 60 V (Ramp up and ramp down)

- Set voltage of OUT2 to 60 V (Ramp up and ramp down)

- Ramp up: gradually set voltages of OUT1 from 0V to 60 V in steps of 5V per second and after set
voltages of OUT2 from 0 V to 60 V in steps of 5 V per second

- Ramp down: gradually set voltages of OUT2 from 60 V to 0 V in steps of 5V per second and after
set voltages of OUT1 from 60 V to 0 V in steps of 5V per second

Lock/unlock instrument to protect system from accidental manual operation (if available)

E36312A Analog power supply:
Ethernet Interface
There are three output channels: OUT1 (yellow), OUT 2 (green) and OUT3 (blue)
For each of the three output channels, implement the following:
- enable/disable output OUT1, OUT2, OUT3
- Set maximum current on OUT1 to 1500 mA
- Set maximum current on OUT2 to 30 mA
- Set maximum current on OUT3 to 10 mA
- Set voltage of OUT1to 5V
- Set voltage of OUT2to 7.5V
- Set voltage of OUT3 to 24 V
- OVP (Over Voltage Protection) for each output channel: setted voltage +0.2 V
Lock/unlock instrument to protect system from accidental manual operation (if available)

HMP4040 Digital power supply:
Ethernet Interface
There are four output channels: CH1, CH2, CH3, and CH4
For each of the output output channels, implement the following:
- Enable/disable output (corresponds to OUTPUT button)
- Enable/disable output CH1, CH2, CH3, CH4
- Set maximum current on CH1to 4.5 A
- Set maximum current on CH2 to 4.5 A
- Set maximum current on CH3 to 4.5 A
- Set maximum current on CH4 to 4.5 A
- Set voltage of CH1to 45V
- Set voltage of CH2to 4.5V
- Set voltage of CH3 to 4.5V
- Set voltage of CH4 to 4.5V
- OVP (Over Voltage Protection) for each output channel: setted voltage +0.2 V
Lock/unlock instrument to protect system from accidental manual operation

HMP4040 Peltier Cells power supply:
Ethernet Interface
There are four output channels: CH1, CH2, CH3, and CH4
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For each of the output output channels, implement the following:
- Enable/disable output (corresponds to OUTPUT button)
- Enable/disable output CH1, CH2, CH3, CH4
- Set maximum current on CH1to 3.0 A
- Set maximum current on CH2 to 3.0 A
- Set maximum current on CH3 to 3.0 A
- Set maximum current on CH4 to 3.0 A
- Set voltage of CH1 to 2.0 V (Ramp up and ramp down)
- Set voltage of CH2 to 2.0 V (Ramp up and ramp down)
- Set voltage of CH3 to 2.0 V (Ramp up and ramp down)
- Set voltage of CH4 to 2.0 V (Ramp up and ramp down)
- OVP (Over Voltage Protection) for each output channel: setted voltage +0.2 V
- Ramp up: gradually set voltages of each CH at the same time from 0 V to 2 V in steps of 0.1V
every 2 minutes
- Ramp down: gradually set voltages of each CH at the same time from 2V to 0 V in steps of 0.1V
every 2 minutes
Lock/unlock instrument to protect system from accidental manual operation

6 Software

Following the beamline requirements, a custom software developed in LabVIEW for data acquisi-
tion and instrument management, FICUS (Fluorescence Instrumentation Control Universal Soft-
ware), was specifically designed.

FICUS is a software designed to act on different levels: each level corresponds to a different
subject who uses it and, consequently, a different choice of options available. In particular, three
levels are available:

« Detector Expert: dedicated to detector and software developers, allows the maximum degree
of variation of the available parameters and the display of screens useful for development and
debugging;

- Beamline Staff: dedicated to the staff of the beamline, allows an intermediate degree of
variation of the parameters for the setting and the measurement;

« User: dedicated to all possibile users of the beamline, allows a low degree of parameter vari-
ation but allows for data collection and pre-analysis.

For further details please see the FICUS software manual for the SESAME-XAFS Detector System.
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Technical specification

Services instruments

The detector system also includes':

1.

Power supply Keysight E3647A [HV power supply]
https://literature.cdn.keysight.com/litweb/pdf/5968-7355EN.pdf

Power supply Keysight E36312A [Analog power supply]
https://literature.cdn.keysight.com/litweb/pdf/5992-2124EN.pdf

Power supply Rohde & Scwartz HMP4040 [Digital and Peltier Cells power supply]
https://www.rohde-schwarz.com/it/prodotto/hmp4000-pagina-iniziale-del-prodotto_63493-
47360.html?rusprivacypolicy=0

Cooling system chiller Lauda MC350 [Chiller]
https://www.lauda.de/pimimport/assets/context/pdmarticle/85/8576/8576/attachments/Export.8576.2018-
10-11-16-45-11.a8¢336d7.pdf

Fluid cooling system Lauda Aqua 90 10 litre
https://www.lauda.de/en/constant-temperature-equipment/heat-transfer-liquids/product/Aqua-
90.html

PC Dell 3620 with lcd monitor
https://www.dell.com/support/article/it/it/itdhs1/sIn305332/guida-dell-system-precision-tower-
3620?lang=eng

Aruba 2530-8G-PoE+Switch (j9774A) [Switch ethernet]
https://www.arubanetworks.com/assets/ds/DS_2530SwitchSeries.pdf

. Accessories: water tubes

https://docs.rs-online.com/dd4f/0900766b8157a402.pdf

Accessories: ethernet cables

'The instrument name that is used within the instructions is indicated in square brackets.
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8 Dimensions

144.3mm

115.7mm

143mm

82mm

Figure 9: Front side of the detector system

208.5mm

Figure 10: Back side of the detector system
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Figure 11: Right side of the detector system

Figure 12: Left side of the detector system

Figure 13: Down side of the detector system

10
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Safety warnings for using the SESAME-XAFS Detector Sys-

tem

To use the SESAME-XAFS detector system correctly and avoid damaging the measuring system,
you must carefully follow the on/off instructions and the software user’s guide. It’s very important:

9.1

Never switch the HV power supply off and/or on suddenly: it is important gradually increase
or decrease the voltage

Never switch the Peltier cells power supply off and/or on suddenly: it is important gradually
increase or decrease the voltage

If the ambient and system temperatures change, it may be necessary to repeat the procedure
for loading the appropriate settings, aligning the cells and calibrating the detector

Make sure that the holes for the nitrogen/dry air vent are not obstructed
Make sure that when the flushing is switched on (with appropriate flow rate) the window just

swells up

Instructions for switching on

It is very important to follow the switch-on procedure following the steps in order and precisely.

Turn on the PC

Start flushing nitrogen / dry air [maximum flow rate of 2 liter/minute - WARNING: A higher
flow rate would damage the inlet window and risk irreparably damaging the sensors]

Turn on the power supply of the dew point temperature sensor [ch3 - analog power supply]
Launch FICUS software
Check that the dew point temperature is below 16 °C

- Only if it is so, activate temperature stabilization and turn on the chiller set to 18 °C

- If it is not so, wait for the dew point temperature to drop below this value thanks to the

flushing
Switch on the digital power supply [all ch1, ch2, ch3, ch4 together]
Switch on the analog power supply [ch1 and ch2 of analog power supply]
From FICUS software connect the detector system

From FICUS software load the appropriate settings according to the condition and temperature
of use (possible choice of 8 global setups)

Switch on the HV power supply (setting recall mode1), gradually increase the voltage from 0
V to 60 V on ch1 and then from 0 V to 60 V on ch2

Wait about 5 minutes for the temperature of the detector to stabilize
Proceed with cell alignment (o load a previously saved alignment setting)

Now it is possible activate measurement

11
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After stop the measurement, proceed with the calibration of the detector system (o load a
previously saved calibration)

If you want work in cooling mode (to lower cell temperature), start the instruction for cooling
mode

Instructions for switching off

It is very important to follow the switch-off procedure following the steps in order and precisely.

9.3

10

Gradually decrease the voltage from 60 V to 0 V on ch2 and then from 60 V to 0 V on ch1, and
after switch off the HV power supply

In FICUS close the acquisition window and disconnect the detector
Switch off analog power [ch1 and ch2 analog power]

Switch off the digital power supply [all ch1, ch2, ch3, ch4 together]
Turn off FICUS software

Turn off flushing nitrogen / dry air

For long detector shutdown or if it is necessary, switch off the dew point temperature meter
power supply [ch3 - analog power supply] and turn off the chiller

Turn off the PC

Instructions for cooling mode

Before starting the Peltier cell ignition procedure, check that the dew point temperature is
below —12°C

Never switch the Peltier cells power supply off and/or on suddenly: it is important gradually
increase or decrease the voltage

Switching on and off of the Peltier cells have to be gradual: power supply for 0.1V steps every
2 min (maximum voltage 2 V)

When the supply voltage of Peltier cells is 2 V, wait at least 5 minutes for the temperature of
the detector to stabilize

When the cooling mode is activated, remember to load the appropriate global settings [Tcool]
in FICUS

Troubleshooting

In this section some possible errors or problems that may occur, along with how to fix them. If the
problem is not listed, please contact the ReDSoX Collaboration.

TCP-IP or/and FPGA tests aren’t successful for one or more strips - There may be prob-
lems with FPGAs or communication boards. Try turning off the system (following the switch-
off instructions) and, following the switch-on instructions, try switch it on again from the
beginning.

12
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« One or more channels pass from active and functioning to non-active for no apparent
reason - There may be problems with FPGAs or communication boards. Try turning off the
system (following the switch-off instructions) and, following the switch-on instructions, try
switch it on again from the beginning. If the problem is not solved, try again the shutdown
procedure by exiting the software and restarting the PC. And then reactivate everything by
following the switch-on procedure. If the problem is not solved even in this way, contact the
ReDSoX Collaboration.

« One or more temperature values have abnormal and different values than normal, or
are equal to zero - Check that the chiller is on and set to the correct value. Try turning off
the system (following the switch-off instructions) and, following the switch-on instructions,
after a few minutes, try switch it on again from the beginning.

« The value of the dew point temperature does not decrease with the nitrogen / dry air
fluxing - Check that the nitrogen/dry air flow is active and at the values recommended by
the manual. Check that the window is intact and well stretched.

« The sum signal of the channels appears deformed - Try realigning the channels.

« One or more power supplies do not turn on - Check the correct connection of the power
supply to the electric grid.

11 Information & Contact - ReDSoX Collaboration

The SESAME-XAFS detector system implementation is managed by the Istituto Nazionale di Fisica
Nucleare (INFN) in collaboration with Elettra Sincrotrone Trieste, within the ReDSoX (Research
Drift detectors for Soft X-ray) collaboration by INFN and Elettra (and other entities listed below
in alphabetical order) thanks to ad hoc financing from the Ministry of Education, University and
Research (MIUR).

In particular, this work has been made within the ReDSoX-2 INFN research project, supported
with the contribution of the Italian Ministry of Education, University and Research within the
EUROFEL Project and FBK-INFN agreement 2015-03-06.

13
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1 Overview

Following the beamline requirements, a custom
software developed in LabVIEW for data acquisi-
tion and instrument management, FICUS (Fluo-

rescence Instrumentation Control Universal Soft-

ware), was specifically designed.

Figure 1: FICUS - Fluorescence Instru-
mentation Control Universal Software
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2 Description

FICUS is a software designed to act on different levels: each level corresponds to a different subject
who uses it and, consequently, a different choice of options available. In particular, three levels are
available:

+ Detector Expert: dedicated to detector and software developers, allows the maximum degree
of variation of the available parameters and the display of screens useful for development and
debugging;

« Beamline Staff: dedicated to the staff of the beamline, allows an intermediate degree of
variation of the parameters for the setting and the measurement;

+ User: dedicated to all possible users of the beamline, allows a low degree of parameter varia-
tion but allows for data collection and pre-analysis.

3 Applications

FICUS, after a preliminary selection of measurement parameters, performs the following tasks:
data alignment of the cells, energy calibration, selection of the Region Of Interest (ROI). For exam-
ple, during the measurement it is possible to obtain a spectrum in real time with some information
such as FWMH and peak centroid (in ADC channels and in eV), count rate and dead time.
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4 Guide for Detector Expert

Before starting any activity, please take a look at the Safety warnings for using the SESAME-
XAFS Detector System, on page 52, and the Instructions for switching on/off, respectively on
page 52 and 53.

This version of the software is recommended only for developers of the detector system in order
to perform extensive testing and optimize performance.

After the launch of FICUS software, following the instructions recommended in this manual for
switching on the detector system, the first window is the one shown in Fig. 2.

&k FICUS - Main Panel ~ DETECTOR EXPERT ~ -

i Fluorescence FICUS Version 1.4.2 .
po,  Instrumentation Developed by Eletira Sincrotrone Trieste | Quit

Cantrol Copyright © 2019
Universal i
Software

R = i 1o

Sensor Status: Normal

Dewpoint T (°C) Timestamp

-15.40 09:07:09

Detector
Status Message

- i'ﬁiﬁ' CONNECTED |
G U I TCP Remote Server f@ ]

Status Message

- | Not connected

Detector

Figure 2: The first window of FICUS software

In the System Monitor window it is possible to see the dew point temperature of the system,
the time, the status of the detectors and the status of the TCP Remote Server (red disconnected -
green connected).

After connect of the detector, it is also possible to click on System monitor to know:

the log of the dew point temperature [in Fig. 3 (a)]

the log of the temperature of the strips [in Fig. 5 (a)]

the log of the temperature of the LDOs [in Fig. 5 (b)]

the log of the temperature of the FPGAs [in Fig. 5 (c)]

the log of the temperature of the ADCs [in Fig. 5 (d)]

the table with all the last measured temperatures [in Fig. 3 (b)]



ReDSoX Collaboration October 28, 2019 FICUS Software manual

149

& FICUS - Systern Monitoring - LRER - ® W FICUS - Systerm Monitgrng ~ UISER = *

Detectors  LDOs  FPGAs  ADCs Tables

ltbdlsdt.ed
27310C|  4744°C
28.06 °C 46.75°C
26,50 °C 4381°C
24.37°C 48.81°C
26.19°C 46.06 °C
27.06°C 4675 °C
2550°C 4562 °C
2612 °C 46.12°9C

Figure 3: (a) The log of the dew point temperature. (b) the table with all the last measured temper-
atures (visible after connecting the detectors).
« the setting for measuring temperatures [in Fig. 4]

In the log it is possible to modify the time duration displayed and to set the extremes of the
graph, or to set its auto setting.

&k FICUS - Symem Manftarng - USER - *

Figure 4: The setting for measuring temperatures.
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#% FICUS - System Monitoring - USER - E

W RIS - System Monitoring - USER —

Detectors  LDOs  FPGAs ADCs  Tables

2
s
'asd
s
[
6 M
'
[a's

Figure 5: In clockwise direction starting from the top left (a) The log of the temperature of the strips
(b) The log of the temperature of the LDOs (c) The log of the temperature of the FPGAs (d) the log
of the temperature of the ASICs.
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To connect the detector system click on Connect (in Fig. 2). The connection window in Fig. 6
(a) appears. Click on Run TCP-IP and FPGA tests and, if the test is successful, all the boxes will be
colored green [Fig. 6 (b)] and you can proceed to the connection by clicking OK.

[

1| FULL SESAME 8x8 SDD Matrix |] Run TCP-IP OK
and FPGA tests

2. FREEEDITING |

IP Address Port Status Unique Part Identifier TCP-IP status FPGA status
192.168.1.1 10001 | W4 ENABLED SDD_STRIP_012 Unkeown Unknawn
19216822 || 10002 | [} ENABLED SDD_STRIP_020 Unknown Unknown |
192.16833 | 10003 |4 ENABLED SDD_STRIP_016 T Kikionh
192.16844 | 10004 | [/ ENABLED SDD_STRIP_014 Deikown Unknown |
192.16855 | 10005 |4 ENABLED SDD_STRIP_015 Unknirwn Ubknown
19216866 | 10006 | [ ENABLED SDD_STRIP_021 Unknown Unknown |
192.1687.7 | 10007 |l ENABLED SDD_STRIP_022 T Kikionh
19216888 || 10008 | [ ENABLED SDD_STRIP_018 || | unknown Unknow |
& FICUS - System Setup ~ DETECTOR EXPERT ~ x
FULL SESAME 8x8 SDD Matrix |J | RunTCP-p ‘ r + OK ‘
. and FPGA tests

r

| # FREEEDITING

IP Address Port Status Unique Part |dentifier TCP-IP status FPGA status
192.168.1.1 10001 | WAl ENABLED SDD_STRIP_012 PASSED PASSED
192.16822 || 10002 | [ ENABLED SDD_STRIP_020 PASSED PASSED

192.168.3.3 10003 || \” ENABLED SDD_STRIP_016 PASSED PASSED

19216844 | 10004 | [ ENABLED SDD_STRIP_014 PASSED PASSED
19216855 || 10005 |l ENABLED SDD_STRIP_015 PASSED PASSED
192.168.6.6 10006 ;=| ENABLED SDD_STRIP_021 PASSED PASSED
192.16877 | 10007 | ENABLED SDD_STRIP_022 PASSED PASSED
19216888 || 10008 | [ ENABLED SDD_STRIP_018 PASSED PASSED

Figure 6: (a) The connection window - before connecting tests. (b) The connection window - after
passing the connecting tests.

A message appears asking if you want to restore the previously used settings: press OK to proceed
or Cancel to annul the setting restore [Fig. 7]. It is possible to see that the status of the detector
has changed to CONNECTED.

The first window of the FICUS settings opens, in Spectrum View [Fig. 8]. Here, at the top from
the left you can see the signals of the individual channels: 4 at a time (those highlighted in light
green in the panel at the bottom left), and you can change which ones to select by clicking on
the green arrows in the center on the right. In in the panel at the bottom left, in addition to the
Cell Status, it is also possible to display the map of the Enabled/Disabled channels [Fig. 9 (a)], and
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Conirol
Software

SYSTEM MONITORING

W Autoscale %
¥ fstoscale ¥

int Temperatures | Settings

on % Prompt User for Input

Detector
GUI

Figure 7: The final window for the connection.
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Figure 8: The first windows of the FICUS setting (with Global Setup).

the map of the channels in Permanent Reset [Fig. 9 (b)]. Within each box in the upper part, it
is possible Enable/disable the channel, put the channel in Permanent reset, and manually set the
Threshold, Baseline and Filter.
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In the upper right corner, it is possible to enable and disable the test signals (VTEST and Double
VTEST) and to select the Frame Duration (among the values: 5 ms, 7.5 ms, 10 ms, 25 ms, 50 ms, 75
ms, 100 ms, 250 ms, 500 ms, 750 ms, 1s,2.5s,5s, 7.5 s, 10 s, and External Gate).
In the central part on the right there are buttons to activate the measurement: Single Acquire (F5)
and Continuous Acquire (F6), and a green dot indicating the acquisition in progress.
In the lower right part of the window there are: a graph with the Cells counts represented (with
the graduated scale of colors next to it), one with the Cells status visible (where in grey it is an
unavailable channel, in green an active and counting channel, in red an inactive and with error
channel, in black a disabled channel, and in dark green an active and with no counts channel,
placed in permanent reset). There are also three buttons (Show 1 Cell Plot, Show All Plots, Show
Counts), which allow you to view respectively the detail of the signal of a channel [Fig. 11 (a)], the
contemporary graph of all 64 channels [Fig. 10] and the counts of 64 channels [Fig. 11 (b)]. In this
graphs it is possible to change X and Y scale of the histograms.

T mr S " S v T — @ wn HE ma] i no +E

| : Z |SPECTRUM | A | SPECTRUM
e T | | P | ||t | || R | oview | (R i e » LoviEw

[ TR — e i s B

R

¥
|
}

¥ i3 |®

ddddadad

1]
|
i_
|
|

THIS IS ONLY FOR DISPLAYI

EFFEEFEF

CEOEDEDE

5 [FEELE 8

THIS IS ONLY FOR DISPLAY! - TR

Figure 9: The windows of the FICUS setting, in Main Setting (a) Enabled/Disabled, and (b) Perma-
nent Reset channels.

In the central part of the window, there is an additional menu that modifies the central part of

the window by enabling further possible adjustments.
In Global Setup there is the possibility to save (assigning a name and notes) the current settings,
with Save Global Setup, or to open settings already set and saved, with Load Global Setup. if you
select the latter option in particular, a further window opens in which it is possible to choose from
the 8 pre-set global setups: four different possible filter lengths (0.4, 0.7, 1, and 1.45 us) at two
possible cell temperatures (at room temperature, Tamb, and with cooled cells with voltage on the
Peltier cells, Tcool) [Fig. 12 (a)]. After selecting the one you want, just click on OK; load this setup,
and Yes at the next confirmation window that opens, as in Fig. 12 (b).

In Main Setting [Fig. 13] it is possible to Enable/Disable all the channels of one strip, put all the
channels of one strip in Permanent Reset, and Set the Threshold, for each strip or for all strips at the
same time, manually or in Autoset.

In HW Debug [Fig. 14] it is possible to see the PART IDs of every strips of the detector system
and to TEST and RESET, if it necessary, for each strip or for all strips at the same time, the FPGAs.

In Shortcuts | [Fig. 15] it is visible the MANAGE SETTING. Here it is possible to STORE, RECALL
and APPLY the current setting, for each strip or for all strips at the same time.

In Shortcuts Il [Fig. 16] there are settings for the Baselines and for the filters; in particular, it is
possible to SET the Baselines manually or in Autoset (based on the parameters provided in the |
box), and upload the Filters, for each strip or for all strips at the same time.

In Shortcuts | [Fig. 17] it is possible to know the ADC status and the RTD Table Filenames for every
strip. It is also possible to set the Filter Binary Cut and the Reset Parameters: Trigger (FIX/AUTO),
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Figure 10: The windows of the FICUS with Show All Plots, with VTEST and Double VTEST enabled.

Frequency, Width, and Delay.

As it can be seen in Fig. 18, it is possible to change acquisition mode and switch from Spectrum
View (used for normal acquisition) to Scope View (RAW Data) (used for RAW data acquisition),
Scope View (Filtered Data) (used for acquisition of filtered RAW data), and Scope View (Long Time).

When switching to Scope View (RAW Data) Acquisition Mode, the Save rawdata field appears in
the middle of the page, through which you can set the duration of the raw acquisition, the file
name and the save folder; during the acquisition, the Elapsed time after the end is indicated [Fig.
19].

When the settings are all set it is possible switch to acquisition window: to do so you have to
return to the Spectrum View Acquisition Mode and click on the green button at the top right Use
current setting. The FICUS acquisition window opens, which appears as in Fig. 20. To return to the
settings just click on the HW Setting button.
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B v chir %

Figure 11: The windows of the FICUS with (a) Show 1 Cell Plot, and (b) Show Counts.

@8 FICUS - Deterton Seifings - DETECTOR EXPERT -

B
B [EEED
[FIRI_S12_ch1_ 125 ft5.ng Tamb |

SDC_STRIP_02T
SDD.STRIP_f22
SDD STHIP D&

% Prompe User for Input

Figure 12: (a) The windows in which it is possible to choose from the 8 pre-set global setups, and
(b) the confirmation window.
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Figure 13: The windows of the FICUS setting (with Main Setting) in Spectrum View.

#% FICLS - Debector Settings - DETECTOR EAPERT —
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sl [__][”’ Double VTEST
Trigger Posibion (SCOPE modes
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 Main Setings | Global Setup HW Debug | Shorteuts| | Shorteuts i | Shorauts il |
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Single. . ﬂ (‘ominuclus_
acqure 5| | ¥ acquire (6

Figure 14: The windows of the FICUS setting (with HW Debug).
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Figure 15: The windows of the FICUS setting (with Shortcuts I).

@ FICUS - Dstoctor Settings - DETECTOR EXPERT —

= il ' u
=

Figure 16: The windows of the FICUS setting (with Shortcuts II).
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Figure 17: The windows of the FICUS setting (with Shortcuts III).
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Figure 18: The windows of the FICUS setting (menu of Acquisition Mode).
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o Ficus - Detector Settings ~ DETECTOR EXPERT ~

Figure 19: The windows of the FICUS setting (Scope View - rawdata).
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Figure 20: The windows of the FICUS acquisition (Histogram), before alignment and starting the
measurement.

The FICUS acquisition window, by clicking on the corresponding buttons in the upper right
corner, it is possible to open the window of System Monitor, as shown in Figs. 3 - 4 - 5, and the
Diagnostic Info, as shown in Figs. 21. The windows of Diagnostic Info are used to verify the correct
functioning of the detector through detailed information regarding the status [Figs. 21 (a)], counts
[Figs. 21 (b)], dead time [Figs. 21 (c)], and pile-up [Figs. 21 (d)] of all channels. From these windows
(using the buttons in the upper part is Show 1 Cell Plot in Figs. 11 (a), Show Counts [Figs. 11 (b)],
and Show All Plots [Figs. 22]) it is possible to have detailed information of the signal collected.
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Figure 21: The windows of the FICUS Diagnostic Information (a) Cell Status, (b) Counts, (c) Dead-
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On the right of the FICUS acquisition window it is possible to know the count rate of the acqui-
sition (in counts/s), an overview of information on the functioning of the cells and on the counts
cell by cell. In addition, the TCP Remote Server connection information is also visible. Under this
box, are visible the name and description of the Global Setup in use, and next to them there are
buttons to open the HW Setting, Alignment and Calibration windows; next to each of them there
is an indicator that has three possible aspects: PASS in green (which means that that setting was
made), WARNING in yellow (which means that that setting has been done previously, but some-
thing has been changed since then and you may need to redo the setting), and FAIL in red (which
means that that setting has never been done before and you need to do the setting).

Clicking on Alignment opens the window dedicated to it. The top and right parts of the FICUS
Alignment window are always the same; through the mid-page menu it is possible to change the
bottom-left part of the window. In the Alignment window, from the Figs. 23 to the Fig. 26, in the
alignment window there is the possibility to load a pre-saved alignment (by clicking on Load from
file...), to align the channels starting from a new acquisition (by starting the acquisition with the
Start/Stop acquiring button) or to align the channels starting from saved data (by using the Original
data, load from file... top left button).

On the right side, starting from the top, it is possible to select manually manually, indicating the
detector (Det.) and cell (Cell), the channel with respect to which to align the others or select the box
Autoselect Cell for automatic alignment (in which the software, using the chosen criterion, chooses
the most appropriate box with respect to which to align the channels); in the graph, on which it
is impossible to act, the channels with respect to which the system is aligning are displayed. To
align is necessary to choose the Alignment Parameters: Peak Reject (selects only the peaks with
the minimum required height compared to the highest), Peak Width (selects only the peaks with
minimum required width), and the number of Peak to Use. Below it is possible, after starting the
acquisition or loading the data and selecting the alignment parameters, to calculate the parameters
(Recalc parameters, selecting Live recalc) and apply them, clicking on Apply parameters.

After starting the acquisition (click on Flush to restart from zero), at the top of the window it is
possible to see the histogram (of all channels or only some channels) of the accumulated signal (it
is possible change manually the ends of the axes or you can zoom by clicking on the magnifying
glass symbol); two markers can be used to delimit the ends of the signal on which to make the
alignment. An indicator is provided to indicate that the acquisition is in progress.

In the middle of the Alignment windows there is a menu that allows you to change the informa-
tion displayed:

« Alignment Results - allows to display a preview of the aligned signal sum [in Fig. 25 (a)]

« # Peaks - allows to see how many peaks of the signal of each channel correspond to the set
parameters, and therefore are useful for the alignment. When all channels have the same
number of peaks (which is also the one chosen in of Peak to Use), the green light will light up.
[in Fig. 24]

« Centers - allows you to see the position of the centroid, it is possible to select the peak [in Fig.
25 (b)]

« Counts - allows to see the counts of the cell [in Fig. 25 (c)]
« Max Value - allows to see the maximum counts of the cell [in Fig. 26 (a)]

« Delta - if there is an alignment with two peaks, it allows to know the distance between them:
maximum [peak centers] - minimum [peak centers], the total of all channels and the total for
each strip are also displayed [in Fig. 26 (b)]
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« FWHM - allows to see the FWHM of the cell, it is possible to select the peak, and the total of
all channels and the total for each strip are also displayed [in Fig. 23]

« Norm. FWHM Quad (%) - if there is a two peaks alignment, it allows to verify the best com-
promise between FWHM (which in the best of cases must be the smallest possible) and delta
(which in the best of cases must be the largest possible), the total of all channels and the total
for each strip are also displayed [in Fig. 26 (c)]

% FICUS - Aignment ~ DETECTOR EXFERT ~

Figure 23: The windows of the FICUS Alignment (FWHM).

L3 FILUS - Aligament - DETECTOR EXPERT -

Figure 24: The windows of the FICUS Alignment (Peaks).
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Figure 25: The windows of the FICUS Alignment: (a) Alignment Result, (b), Centers, (c) Counts.
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Figure 26: The windows of the FICUS Alignment: (a) Max Value, (b), Delta, (c) Norm. FWHM Quad
(%).
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To complete the alignment in a short time and effectively it is recommended:

« to cut through the cursors any signal baseline and escape peak, so as to leave highlighted the
peaks on which to do alignment

+ to use alignment parameters such as those in the figure
« to wait for the time necessary to have a good signal collection
« to have the same number of peaks on all channels (and then turn on the light in the Peaks box)

If it is necessary to leave the alignment procedure without completing it, click on Discard all changes.
At the end of the procedure, when you have a good sum signal, (if you want you can save the
alignment by clicking on the Save to file... button) and exit the alignment procedure by clicking on
Stop acquiring and then on Use current alignment. This will re-open the acquisition window and the
alignment indicator will be coloured green, as shown in Fig. 27.

& FICUS - Detector GUI - DETECTCR EXPERT —

. Fluorescence

S ~PETECTOR €XPERT ~

Counts Charts
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Figure 27: The windows of the FICUS acquisition (Histogram), after Alignment.

Back to the FICUS acquisition window, it is possible to start a measurement by setting the Frame
Duration and the Acquisition Time (in format hh:mm:ss). For a single measurement equal to the
duration of the frame click on Single Acquire (F5), for a timed measurement just set the acquisi-
tion time and then click on Continuous Acquire (F6). If instead it is wanted to start and stop the
measurement manually, it is enough to leave the acquisition time field at zero.

The Histogram Graph box shows the accumulated graph of the sum signal [it is also possible to
display the signal of the single channels by clicking on Sum (Aligned) an additional one will appear
in which it is possible to choose which channel to display]. It is possible change manually the
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ends of the axes or you can zoom by clicking on the magnifying glass symbol (to unlock the ladder
just click on the bolt symbol). It is possible to choose whether to display the Y axis in linear or
logarithmic scale, and the X axis in channels or in eV (this is possible only after having performed
the calibration procedure).

# FICUS - Detector GUI - DETECTOR EXPERT - - x
) ~ PETECTOR EXPERT ~ oo | o
Cortrol ; i
L D R p Monitor Info
Sottware

Counts Charts

[Tami_FirAL 1uts

Tamis FINAL 1ud5 -

Realime | Elapsed time
250ms 312.0ms
EG.DDU‘S 74,93

Peak Statistics
Use onginal data

1140 |1ﬂ9655l 7013 | Not available
i ———————1

Figure 28: The windows of the FICUS acquisition (Histogram), after the measurement by one
minute with VTEST and Double VTEST.

During or after the acquisition it is possible to select Regions Of Interest (ROI) clicking on Add
ROI and by positioning the sliders manually; up to 20 different ROls can be selected (there are
4 colours and they repeat cyclically with no choice) [Fig. 28]. The table below shows the data
of each ROI: Events, Min position, Max position, Peak position, and an estimate of the FWHM (is
calculated as the width at half height considering the intersections of the sliders with the signal). If
the calibration procedure has been performed, when eV is selected as the X unit, the ROI data also
changes the unit of measurement and the table shows the list of the elements that may correspond
to the selected peak in the ROI. The ROI can be removed individually by clicking on Remove ROI
and selecting the one to be deleted, or all by clicking on Clear all.

After stopping or ending the acquisition, it is possible to perform the calibration: clicking on
Calibration opens the window dedicated to it. FICUS Calibration window appears as in Fig. 29:
the accumulated signal is visible and you can zoom in using the zoom button. A previously saved
calibration file can be loaded (by clicking on Load from file...) or a new calibration can be performed.
To do this it is necessary to click on New point... (to select a point on the x-axis) or on New region...
(to select the region of the peak we are interested in using cursors, search for the maximum); in
the window that appears, write the name of the element corresponding to the centre of the peak
and then the corresponding energy. Repeat the procedure for all peaks you want to identify. If it
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is necessary to delete one or all of the points inserted, it is possible to do so by clicking on Delete
Calibration Item... or Delete All Calibration Items. To exit without saving or applying the calibration
click on Ignore Change. When it is considered sufficient, (you can save the calibration by clicking
on Save to file... and select the name of the file) it is possible to apply the calibration by clicking on
Use This Calibration. This will re-open the acquisition window and the calibration indicator will be
coloured green, as shown in Fig. 30.
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Figure 29: The windows of the FICUS Calibration.

Instead of the histogram, it is possible to display the Counts Chart to monitor the number of
total counts and ROI counts [Fig. 30].
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Figure 30: The windows of the FICUS acquisition (Counts Charts), after Alignment and Calibration.

To save the acquired data and the information related to them, just click on SAVE DATA, select
the saving folder and indicate the name of the file.
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To delete the acquisition data, and be ready to start with a new acquisition (continuing to work
with the same alignment and calibration) just click on Clear AlL

To switch off the system, carefully follow the switch-off procedure described in the sec-
tion Instructions for switching on on page 53.

To close the FICUS software, from the acquisition window click on the X, the FICUS control
window will appear [Fig. 31 (a)]. Click on Disconnect, a message will open to confirm disconnecting
the detector, press OK, as shown in Fig. 31 (b). To close the software click on Quit, a confirmation
message will open, press OK, as shown in Fig. 31 (c).

&4 FICUS - Main Panel ~ DETECTOR EXPERT - =

Sensor Status Normal
Dewpaint T (C) Thuestasicp
1535 | | o114

Detector
Status Message

L I CONNECTED

Detector
GUI

System
Monitor

Detector _| Detector
su = cu

Figure 31: The FICUS control window (a) Connected, (b) With the message requesting confirmation
to disconnect, (c) Disconnected and with the message requesting confirmation that the program
has been closed.
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5 Guide for Beamline Staff

Before starting any activity, please take a look at the Safety warnings for using the SESAME-
XAFS Detector System, on page 52, and the Instructions for switching on/off, respectively on
page 52 and 53.

This version of the software is recommended for the beamline staff in order to optimize the
system settings for the planned measurements.

To pass from the FICUS software User version to the Beamline Staff version it is necessary to
have the access codes.

Only the FICUS software Beamline Staff version can connect and disconnect the detec-
tors.

Fluorescence FICUS Version 1.4.2 |
Instrumentation Developed by Elettra Sincrotrone Trisste | Cuil
Control Copyright © 2019 |
Universal

Softwars

& Prompt User for Input |

Syst

Enter password #20
Mon  gor Ficus Version 0.0.0.0 F

Password —

Cancel |
|

TCP Remote Server
Status  Message

I NOT CONMNECTED

Figure 32: The FICUS control window: to pass from the FICUS software User version to the Beam-
line Staff version.

After the launch of FICUS software, following the instructions recommended in this manual for
switching on the detector system, the first window is the one shown in Fig. 33.

In the System Monitor window it is possible to see the dew point temperature of the system,
the time, the status of the detectors and the status of the TCP Remote Server (red disconnected -

green connected).
After connect of the detector, it is also possible to click on System monitor to know:

« the log of the dew point temperature [in Fig. 34 (a)]

« the log of the temperature of the strips [in Fig. 35 (a)]
« the log of the temperature of the LDOs [in Fig. 35 (b)]
« the log of the temperature of the FPGAs [in Fig. 35 (c)]
« the log of the temperature of the ADCs [in Fig. 35 (d)]

« the table with all the last measured temperatures [in Fig. 34 (b)]
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Figure 33: The first window of FICUS software
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Figure 34: (a) The log of the dew point temperature. (b) the table with all the last measured tem-
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peratures (visible after connecting the detectors).

In the log it is possible to modify the time duration displayed and to set the extremes of the

graph, or to set its auto setting.
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To connect the detector system click on Connect (in Fig. 33). The connection window in Fig. 36
(a) appears. Click on Run TCP-IP and FPGA tests and, if the test is successful, all the boxes will be
colored green [Fig. 6 (b)] and you can proceed to the connection by clicking OK.

@& FICUS - System Setup ~ BEAMLINE STAFF ~ *

1[FULL SESAME 8x8 SDD Matrix | | Run TCP-IP ‘ O |<
b . and FPGA tests

3

#. FREEEDITING |

IP Address Port Status Unique Part Identifier TCP-IP status FPGA status
192.168.1.1 10001 @ ENABLED SDD_STRIP_012 Unknown Unknown
19216822 || 10002 | [ ENABLED SDD_STRIP_020 = ntwn | |
192.168.3.3 10003 % ENABLED SDD_STRIP_016 Unknown . Unknown
192.16844 || 10004 % ENABLED SDD_STRIP_014 . Unknown Unknown
192.168.5.5 10005 m ENABLED SDD_STRIP_015 Unknown . Unknown
19216866 || 10006 | [ ENABLED SDD_STRIP_021 = Unknown
192.168.7.7 10007 % ENABLED SDD_STRIP_022 Unknown . Unknown
192.168.88 || 10008 % ENABLED SDD_STRIP_018 . Unknown Unknown

& FioUs

rIEIS]MULATiON 8x8 SDD Matrix ” | RunTCPP J [ + OK ‘

¥ and FPGA tests |

| # FREEEDITING

IP Address Port Status Unique Part Identifier TCP-IP status FPGA status
127.0.0.1 10001 |4l ENABLED |  SIMULATION_00001 PASSED PASSED
127.0.0.1 | 10002 MENABLED SIMULATION_00002 PASSED PASSED
127.0.0.1 10003 |l ENABLED |  SIMULATION 00003 I~ PASSED
127.0.0.1 || 10004 @ENABLED SIMULATION_00004 PASSED PASSED
127.0.0.1 10005 ||l ENABLED |  SIMULATION_00005 s PASSED
127.0.0.1 [ 10006 MENABLED SIMULATION_00006 PASSED PASSED
127.0.0.1 10007 |l ENABLED |  SIMULATION 00007 I~ PASSED
127.0.0.1 [ 10008 MENABLED SIMULATION_00008 PASSED PASSED

Figure 36: The connection window -(a) before connecting tests (b) The connection window - after
passing the connecting tests (in simulation mode, for figurative use).

A message appears asking if you want to restore the previously used settings: press OK to proceed
or Cancel to annul the setting restore [Fig. ??]. It is possible to see that the status of the detector
has changed to CONNECTED [Fig. ??].

The first window of the FICUS settings opens, in Spectrum View [Fig. 38]. Here, at the top
from the left you can see the signals of the individual channels: 4 at a time (those highlighted in
light green in the panel at the bottom left), and you can change which ones to select by clicking
on the green arrows in the center on the right. In in the panel at the bottom left, in addition to
the Cell Status, it is also possible to display the map of the Enabled/Disabled channels [Fig. 39 (a)],
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Figure 37: The FICUS control window: (a) during connection, with the message asking if you want

to restore the previously used settings (b) After connection.
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Figure 38: The first windows of the FICUS setting (with Global Setup).

and the map of the channels in Permanent Reset [Fig. 39 (b)]. Within each box in the upper part,
it is possible Enable/disable the channel, put the channel in Permanent reset, and manually set the

Threshold, Baseline and Filter.
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In the upper right corner, it is possible to enable and disable the test signals (VTEST and Double
VTEST) and to select the Frame Duration (among the values: 5 ms, 7.5 ms, 10 ms, 25 ms, 50 ms, 75
ms, 100 ms, 250 ms, 500 ms, 750 ms, 1s,2.5s,5s, 7.5 s, 10 s, and External Gate).
In the central part on the right there are buttons to activate the measurement: Single Acquire (F5)
and Continuous Acquire (F6), and a green dot indicating the acquisition in progress.
In the lower right part of the window there are: a graph with the Cells counts represented (with
the graduated scale of colors next to it), one with the Cells status visible (where in grey it is an
unavailable channel, in green an active and counting channel, in red an inactive and with error
channel, in black a disabled channel, and in dark green an active and with no counts channel,
placed in permanent reset). There are also three buttons (Show 1 Cell Plot, Show All Plots, Show
Counts), which allow you to view respectively the detail of the signal of a channel [Fig. 41 (a)], the
contemporary graph of all 64 channels [Fig. 40] and the counts of 64 channels [Fig. 41 (b)]. In this
graphs it is possible to change X and Y scale of the histograms.

L EEEERIE] -

THIS IS ONLY FOR DISPLAY!

THIS 15 ONLY FOR DISPLAY!

Figure 39: The windows of the FICUS setting, in Main Setting (a) Enabled/Disabled, and (b) Per-
manent Reset channels.
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Figure 40: The windows of the FICUS with Show All Plots, with signal.
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Figure 41: The windows of the FICUS with (a) Show 1 Cell Plot, and (b) Show Counts.

In the central part of the window, there is an additional menu that modifies the central part of

the window by enabling further possible adjustments.
In Global Setup there is the possibility to save (assigning a name and notes) the current settings,
with Save Global Setup, or to open settings already set and saved, with Load Global Setup. if you
select the latter option in particular, a further window opens in which it is possible to choose from
the 8 pre-set global setups: four different possible filter lengths (0.4, 0.7, 1, and 1.45 us) at two
possible cell temperatures (at room temperature, Tamb, and with cooled cells with voltage on the
Peltier cells, Tcool) [Fig. 42 (a)]. After selecting the one you want, just click on OK; load this setup,
and Yes at the next confirmation window that opens, as in Fig. 42 (b).

In Main Setting [Fig. 43] it is possible to Enable/Disable all the channels of one strip, put all the
channels of one strip in Permanent Reset, and Set the Threshold, for each strip or for all strips at the
same time, manually or in Autoset.

In HW Debug [Fig. 44] it is possible to see the PART IDs of every strips of the detector system
and to TEST and RESET, if it necessary, for each strip or for all strips at the same time, the FPGAs.

As it can be seen in Fig. 45, it is possible to change acquisition mode and switch from Spectrum
View (used for normal acquisition) to Scope View (RAW Data) (used for RAW data), Scope View
(Filtered Data) (used for filtered RAW data), and Scope View (Long Time).

When the settings are all set it is possible switch to acquisition window: to do so you have to
return to the Spectrum View Acquisition Mode and click on the green button at the top right Use
current setting. The FICUS acquisition window opens, which appears as in Fig. 46. To return to the
settings just click on the HW Setting button.

The FICUS acquisition window, by clicking on the corresponding buttons in the upper right
corner, it is possible to open the window of System Monitor, as shown in Figs. 34 - 35, and the
Diagnostic Info, as shown in Figs. 47. The windows of Diagnostic Info are used to verify the correct
functioning of the detector through detailed information regarding the status [Figs. 47 (a)], counts
[Figs. 47 (b)], dead time [Figs. 47 (c)], and pile-up [Figs. 47 (d)] of all channels. From these windows
(using the buttons in the upper part is Show 1 Cell Plot in Figs. 41 (a), Show Counts [Figs. 41 (b)],
and Show All Plots [Figs. 40]) it is possible to have detailed information of the signal collected.

On the right of the FICUS acquisition window it is possible to know the count rate of the acqui-
sition (in counts/s), an overview of information on the functioning of the cells and on the counts
cell by cell. In addition, the TCP Remote Server connection information is also visible. Under this
box, are visible the name and description of the Global Setup in use, and next to them there are
buttons to open the HW Setting, Alignment and Calibration windows; next to each of them there
is an indicator that has three possible aspects: PASS in green (which means that that setting was
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made), WARNING in yellow (which means that that setting has been done previously, but some-
thing has been changed since then and you may need to redo the setting), and FAIL in red (which
means that that setting has never been done before and you need to do the setting).
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Figure 47: The windows of the FICUS Diagnostic Information (a) Cell Status, (b) Counts, (c) Dead-
times, (d) Pileups.

Clicking on Alignment opens the window dedicated to it. The top and right parts of the FICUS
Alignment window are always the same; through the mid-page menu it is possible to change the
bottom-left part of the window. In the Alignment window, from the Figs. 48 to the Fig. 26, in the
alignment window there is the possibility to load a pre-saved alignment (by clicking on Load from
file...), to align the channels starting from a new acquisition (by starting the acquisition with the
Start/Stop acquiring button) or to align the channels starting from saved data (by using the Original
data, load from file... top left button).

On the right side, starting from the top, it is possible to select manually manually, indicating the
detector (Det.) and cell (Cell), the channel with respect to which to align the others or select the box
Autoselect Cell for automatic alignment (in which the software, using the chosen criterion, chooses
the most appropriate box with respect to which to align the channels); in the graph, on which it
is impossible to act, the channels with respect to which the system is aligning are displayed. To
align is necessary to choose the Alignment Parameters: Peak Reject (selects only the peaks with
the minimum required height compared to the highest), Peak Width (selects only the peaks with
minimum required width), and the number of Peak to Use. Below it is possible, after starting the
acquisition or loading the data and selecting the alignment parameters, to calculate the parameters
(Recalc parameters, selecting Live recalc) and apply them, clicking on Apply parameters.

After starting the acquisition (click on Flush to restart from zero), at the top of the window it is
possible to see the histogram (of all channels or only some channels) of the accumulated signal (it
is possible change manually the ends of the axes or you can zoom by clicking on the magnifying
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Figure 48: The windows of the FICUS Alignment (FWHM).
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Figure 49: The windows of the FICUS Alignment (Peaks).

glass symbol); two markers can be used to delimit the ends of the signal on which to make the
alignment. An indicator is provided to indicate that the acquisition is in progress.

In the middle of the Alignment windows there is a menu that allows you to change the informa-
tion displayed:

« Alignment Results - allows to display a preview of the aligned signal sum [in Fig. 50 (a)]

« # Peaks - allows to see how many peaks of the signal of each channel correspond to the set
parameters, and therefore are useful for the alignment. When all channels have the same
number of peaks (which is also the one chosen in of Peak to Use), the green light will light up.
[in Fig. 49]
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« Centers - allows you to see the position of the centroid, it is possible to select the peak [in Fig.
50 (b)]

« Counts - allows to see the counts of the cell [in Fig. 50 (c)]
« Max Value - allows to see the maximum counts of the cell [in Fig. 51 (a)]

+ Delta - if there is an alignment with two peaks, it allows to know the distance between them:
maximum [peak centers] - minimum [peak centers], the total of all channels and the total for
each strip are also displayed [in Fig. 51 (b)]

« FWHM - allows to see the FWHM of the cell, it is possible to select the peak, and the total of
all channels and the total for each strip are also displayed [in Fig. 48]

« Norm. FWHM Quad (%) - if there is a two peaks alignment, it allows to verify the best com-
promise between FWHM (which in the best of cases must be the smallest possible) and delta
(which in the best of cases must be the largest possible), the total of all channels and the total
for each strip are also displayed [in Fig. 51 (c)]

To complete the alignment in a short time and effectively it is recommended:

« to cut through the cursors any signal baseline and escape peak, so as to leave highlighted the
peaks on which to do alignment

« to use alignment parameters such as those in the figure
+ to wait for the time necessary to have a good signal collection
+ to have the same number of peaks on all channels (and then turn on the light in the Peaks box)

If it is necessary to leave the alignment procedure without completing it, click on Discard all changes.
At the end of the procedure, when you have a good sum signal, (if you want you can save the
alignment by clicking on the Save to file... button) and exit the alignment procedure by clicking on
Stop acquiring and then on Use current alignment. This will re-open the acquisition window and the
alignment indicator will be coloured green, as shown in Fig. 52.

Back to the FICUS acquisition window, it is possible to start a measurement by setting the Frame
Duration and the Acquisition Time (in format hh:mm:ss). For a single measurement equal to the
duration of the frame click on Single Acquire (F5), for a timed measurement just set the acquisi-
tion time and then click on Continuous Acquire (F6). If instead it is wanted to start and stop the
measurement manually, it is enough to leave the acquisition time field at zero.

The Histogram Graph box [Fig. 53] shows the accumulated graph of the sum signal [it is also
possible to display the signal of the single channels by clicking on Sum (Aligned) an additional
one will appear in which it is possible to choose which channel to display]. It is possible change
manually the ends of the axes or you can zoom by clicking on the magnifying glass symbol (to
unlock the ladder just click on the bolt symbol). It is possible to choose whether to display the Y
axis in linear or logarithmic scale, and the X axis in channels or in eV (this is possible only after
having performed the calibration procedure).
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Figure 50: The windows of the FICUS Alignment: (a) Alignment Result, (b), Centers, (c) Counts.
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Figure 52: The windows of the FICUS acquisition (Histogram), after Alignment.
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Figure 53: The windows of the FICUS acquisition (Histogram), after the measurement by one
minute with a simulated signal.
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During or after the acquisition it is possible to select Regions Of Interest (ROI) clicking on Add
ROI and by positioning the sliders manually; up to 20 different ROIs can be selected (there are
4 colours and they repeat cyclically with no choice) [Fig. 54]. The table below shows the data
of each ROI: Events, Min position, Max position, Peak position, and an estimate of the FWHM (is
calculated as the width at half height considering the intersections of the sliders with the signal). If
the calibration procedure has been performed, when eV is selected as the X unit, the ROI data also
changes the unit of measurement and the table shows the list of the elements that may correspond
to the selected peak in the ROI. The ROI can be removed individually by clicking on Remove ROI
and selecting the one to be deleted, or all by clicking on Clear all.

Figure 54: The windows of the FICUS acquisition: adding ROI.

After stopping or ending the acquisition, it is possible to perform the calibration: clicking on
Calibration opens the window dedicated to it. FICUS Calibration window appears as in Fig. 55
(a): the accumulated signal is visible and you can zoom in using the zoom button. A previously
saved calibration file can be loaded (by clicking on Load from file...) or a new calibration can be
performed. To do this it is necessary to click on New point... (to select a point on the x-axis) or
on New region... (to select the region of the peak we are interested in using cursors, search for the
maximum); in the window that appears, write the name of the element corresponding to the centre
of the peak and then the corresponding energy. Repeat the procedure for all peaks you want to
identify. If it is necessary to delete one or all of the points inserted, it is possible to do so by clicking
on Delete Calibration Item... or Delete All Calibration Items. To exit without saving or applying the
calibration click on Ignore Change. When it is considered sufficient, (you can save the calibration
by clicking on Save to file... and select the name of the file) it is possible to apply the calibration
by clicking on Use This Calibration [Fig. 55]. This will re-open the acquisition window and the
calibration indicator will be coloured green, as shown in Fig. 56.

Instead of the histogram, it is possible to display the Counts Chart to monitor the number of
total counts and ROI counts [Fig. 56].

To save the acquired data and the information related to them, just click on SAVE DATA, select
the saving folder and indicate the name of the file, as shown in Fig. 57.

To delete the acquisition data, and be ready to start with a new acquisition (continuing to work
with the same alignment and calibration) just click on Clear All
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Figure 57: The windows of the FICUS acquisition: saving data.

To switch off the system, carefully follow the switch-off procedure described in the sec-
tion Instructions for switching on on page 53.

To close the FICUS software, from the acquisition window click on the X, the FICUS control
window will appear [Fig. 58 (a)]. Click on Disconnect, a message will open to confirm disconnecting
the detector, press OK, as shown in Fig. 58 (b). To close the software [Fig. 58 (c)] click on Quit, a
confirmation message will open, press OK, as shown in Fig. 58 (d).
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Figure 58: The FICUS control window (a) Connected, (b) With the message requesting confirmation
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that the program has been closed.
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6 Guide for User

Before starting any activity, please take a look at the Safety warnings for using the SESAME-
XAFS Detector System, on page 52, and the Instructions for switching on/off, respectively on
page 52 and 53.

This version of the software is useful for the users in order to realize the planned measurements.

Only the FICUS software Beamline Staff version can connect and disconnect the detec-
tors.

After the launch of FICUS software, please refer to the staff beamline for for switching on the
detector system, the first window is the one shown in Fig. 59.
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G Ul TCP Remote Server
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I NOT COMMECTED

Figure 59: The first window of FICUS software

In the System Monitor window it is possible to see the dew point temperature of the system,
the time, the status of the detectors and the status of the TCP Remote Server (red disconnected -
green connected).

After connect of the detector, it is also possible to click on System monitor to know:

« the log of the dew point temperature [in Fig. 60 (a)]

« the log of the temperature of the strips [in Fig. 61 (a)]
« the log of the temperature of the LDOs [in Fig. 61 (b)]
« the log of the temperature of the FPGAs [in Fig. 61 (c)]
« the log of the temperature of the ADCs [in Fig. 61 (d)]

« the table with all the last measured temperatures [in Fig. 60 (b)]

46



ReDSoX Collaboration October 28, 2019 FICUS Software manual

192

W FICUS - System Menitoring - LUSER ~ x % FICLS - Systern Monitoeing - LISER - x

o  Flugrescence - ©
| mentation e I tian
i, Cantrol : \
5 Software

SYSTEM MONITORING SYSTEM MONITORING

| Dizshle temperature logging | Disable tempesatuse logging
Bewpaint || Temperatures : Dewpaint  Temperatures - =
L B dustsze 3 [ Displzy selection Histary ferigth
= Autoscale ¥ ||;:'::|=~ |m © All getectors D005 faatka
Detectors  LDDs FPGAs ADCs Tables S iE et et

Mods calact

fas i Detector LDO FPGA ADC

:: Detector 1 2000°C |  101.81°C| 14856 °C 52,62 9C

5= Detector2 | 191449C | 1006°C |  10094°C|  9175°C

g '-“ | Detector 3 22900°C | 13587°C|  5837°C| 104,50 °C
5 "”: Detector 4 12037°C| 11812°C| 17394°C| 7731°C
e Detector 5 21981°C | 187.06°C 78319 | 159,06 °C
200- Detector 6 169,44 °C BB.00 °C 1556°C | 15950 °C
i | Detector 7 203,12 °C 134319 | 19431°C |  106.69°C
-H?-'l-ﬂl.‘n'ﬂ 141559 14149 141739 14129 a1 142008 Detector 8 2731 a0,75 °C . 177.00 eC 87,50 ¢C

AMH00T A GA0AT  ANGANDT  AMGO0ET 201900007 20161007 |
»

Figure 60: (a) The log of the dew point temperature. (b) the table with all the last measured tem-
peratures (visible after connecting the detectors).

In the log it is possible to modify the time duration displayed and to set the extremes of the
graph, or to set its auto setting.

All settings, channel alighment and calibration must be done, by those who have access,
with FICUS Beamline Staff version.

The FICUS acquisition window opens, which appears as in Fig. 62. To return to the settings
just click on the HW Setting button.

On the right of the FICUS acquisition window it is possible to know the count rate of the acqui-
sition (in counts/s), an overview of information on the functioning of the cells and on the counts
cell by cell. In addition, the TCP Remote Server connection information is also visible. Under this
box, are visible the name and description of the Global Setup in use, and next to them there are
buttons to open the HW Setting, Alignment and Calibration windows; next to each of them there
is an indicator that has three possible aspects: PASS in green (which means that that setting was
made), WARNING in yellow (which means that that setting has been done previously, but some-
thing has been changed since then and you may need to redo the setting), and FAIL in red (which
means that that setting has never been done before and you need to do the setting).

It is possible to start a measurement by setting the Frame Duration and the Acquisition Time (in
format hh:mm:ss). For a single measurement equal to the duration of the frame click on Single
Acquire (F5), for a timed measurement just set the acquisition time and then click on Continuous
Acquire (F6). If instead it is wanted to start and stop the measurement manually, it is enough to
leave the acquisition time field at zero.

The Histogram Graph box [Fig. 63] shows the accumulated graph of the sum signal [it is also
possible to display the signal of the single channels by clicking on Sum (Aligned) an additional
one will appear in which it is possible to choose which channel to display]. It is possible change
manually the ends of the axes or you can zoom by clicking on the magnifying glass symbol (to
unlock the ladder just click on the bolt symbol). It is possible to choose whether to display the Y
axis in linear or logarithmic scale, and the X axis in channels or in eV (this is possible only after
having performed the calibration procedure).
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Figure 61: In clockwise direction starting from the top left (the values represented are derived from
a simulation and purely figurative) (a) The log of the temperature of the strips (b) The log of the
temperature of the LDOs (c) The log of the temperature of the FPGAs (d) the log of the temperature

of the ASICs.
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Figure 62: The windows of the FICUS acquisition (Histogram).
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Figure 63: The windows of the FICUS acquisition (Histogram), after a measurement by one minute
with a simulated signal.
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During or after the acquisition it is possible to select Regions Of Interest (ROI) clicking on Add
ROI and by positioning the sliders manually; up to 20 different ROIs can be selected (there are
4 colours and they repeat cyclically with no choice) [Fig. 65]. The table below shows the data
of each ROI: Events, Min position, Max position, Peak position, and an estimate of the FWHM (is
calculated as the width at half height considering the intersections of the sliders with the signal). If
the calibration procedure has been performed, when eV is selected as the X unit, the ROI data also
changes the unit of measurement and the table shows the list of the elements that may correspond
to the selected peak in the ROI [Fig. 64]. The ROI can be removed individually by clicking on
Remove ROI and selecting the one to be deleted, or all by clicking on Clear all.
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Figure 64: The windows of the FICUS acquisition (Histogram), after a real measurement by five

minute.

Figure 65: The windows of the FICUS acquisition: adding ROI.

Instead of the histogram, it is possible to display the Counts Chart to monitor the number of
total counts and ROI counts [Fig. 66].
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Figure 66: The windows of the FICUS acquisition (Counts Charts), after Alignment and Calibration.
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Figure 67: The windows of the FICUS acquisition: saving data.

To save the acquired data and the information related to them, just click on SAVE DATA, select
the saving folder and indicate the name of the file, as shown in Fig. 67.

To delete the acquisition data, and be ready to start with a new acquisition (continuing to work
with the same alignment and calibration) just click on Clear AllL

Only the FICUS software Beamline Staff version can connect and disconnect the detec-
tors.

51



ReDSoX Collaboration October 28, 2019 FICUS Software manual

7

197
Safety warnings for using the SESAME-XAFS Detector Sys-

tem

To use the SESAME-XAFS detector system correctly and avoid damaging the measuring system,
you must carefully follow the on/off instructions and the software user’s guide. It’s very important:

7.1

Never switch the HV power supply off and/or on suddenly: it is important gradually increase
or decrease the voltage

Never switch the Peltier cells power supply off and/or on suddenly: it is important gradually
increase or decrease the voltage

If the ambient and system temperatures change, it may be necessary to repeat the procedure
for loading the appropriate settings, aligning the cells and calibrating the detector

Make sure that the holes for the nitrogen/dry air vent are not obstructed
Make sure that when the flushing is switched on (with appropriate flow rate) the window just

swells up

Instructions for switching on

It is very important to follow the switch-on procedure following the steps in order and precisely.

Turn on the PC

Start flushing nitrogen / dry air [maximum flow rate of 2 liter/minute]

Turn on the power supply of the dew point temperature sensor [ch3 - analog power supply]
Launch FICUS software

Check that the dew point temperature is below 16 °C

— Only if it is so, activate temperature stabilization and turn on the chiller set to 18 °C

- If it is not so, wait for the dew point temperature to drop below this value thanks to the
flushing

Switch on the digital power supply [all ch1, ch2, ch3, ch4 together]
Switch on the analog power supply [ch1 and ch2 of analog power supply]
From FICUS software connect the detector system

From FICUS software load the appropriate settings according to the condition and temperature
of use (possible choice of 8 global setups)

Switch on the HV power supply (setting recall mode1), gradually increase the voltage from 0
V to 60 V on ch1 and then from 0 V to 60 V on ch2

Wait about 5 minutes for the temperature of the detector to stabilize
Proceed with cell alignment (o load a previously saved alignment setting)

Now it is possible activate measurement
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« After stop the measurement, proceed with the calibration of the detector system (o load a
previously saved calibration)

« If you want work in cooling mode (to lower cell temperature), start the instruction for cooling

mode

7.2 Instructions for switching off

It is very important to follow the switch-off procedure following the steps in order and precisely.

« Gradually decrease the voltage from 60 V to 0 V on ch2 and then from 60 V to 0 V on ch1, and
after switch off the HV power supply

+ In FICUS close the acquisition window and disconnect the detector
« Switch off analog power [ch1 and ch2 analog power]

« Switch off the digital power supply [all ch1, ch2, ch3, ch4 together]
« Turn off FICUS software

« Turn off flushing nitrogen / dry air

« For long detector shutdown or if it is necessary, switch off the dew point temperature meter
power supply [ch3 - analog power supply] and turn off the chiller

e Turn off the PC

7.3 Instructions for cooling mode

« Before starting the Peltier cell ignition procedure, check that the dew point temperature is
below —12°C

« Never switch the Peltier cells power supply off and/or on suddenly: it is important gradually
increase or decrease the voltage

« Switching on and off of the Peltier cells have to be gradual: power supply for 0.1V steps every
2 min (maximum voltage 2 V)

« When the supply voltage of Peltier cells is 2 V, wait at least 5 minutes for the temperature of
the detector to stabilize

« When the cooling mode is activated, remember to load the appropriate global settings [Tcool]
in FICUS

8 Troubleshooting

In this section some possible errors or problems that may occur, along with how to fix them. If the
problem is not listed, please contact the ReDSoX Collaboration.

« TCP-IP or/and FPGA tests aren’t successful for one or more strips - There may be prob-
lems with FPGAs or communication boards. Try turning off the system (following the switch-
off instructions) and, following the switch-on instructions, try switch it on again from the
beginning.
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« One or more channels pass from active and functioning to non-active for no apparent
reason - There may be problems with FPGAs or communication boards. Try turning off the
system (following the switch-off instructions) and, following the switch-on instructions, try
switch it on again from the beginning. If the problem is not solved, try again the shutdown
procedure by exiting the software and restarting the PC. And then reactivate everything by
following the switch-on procedure. If the problem is not solved even in this way, contact the
ReDSoX Collaboration.

« One or more temperature values have abnormal and different values than normal, or
are equal to zero - Check that the chiller is on and set to the correct value. Try turning off
the system (following the switch-off instructions) and, following the switch-on instructions,
after a few minutes, try switch it on again from the beginning.

« The value of the dew point temperature does not decrease with the nitrogen / dry air
fluxing - Check that the nitrogen/dry air flow is active and at the values recommended by
the manual. Check that the window is intact and well stretched.

« The sum signal of the channels appears deformed - Try realigning the channels.

« One or more power supplies do not turn on - Check the correct connection of the power
supply to the electric grid.

9 Information & Contact - ReDSoX Collaboration

The FICUS software was developed by Elettra Sincrotrone Trieste.

This software manual (about FICUS 1.4.2.0 and FICUS 1.4.2.1) has been prepared by the testers
of the detector system (detector expert) of INFN-Ts.

The SESAME-XAFS detector system implementation is managed by the Istituto Nazionale di
Fisica Nucleare (INFN) in collaboration with Elettra Sincrotrone Trieste, within the ReDSoX (Re-
search Drift detectors for Soft X-ray) collaboration by INFN and Elettra (and other entities listed
below in alphabetical order) thanks to ad hoc financing from the Ministry of Education, University
and Research (MIUR).

In particular, this work has been made within the ReDSoX-2 INFN research project, supported
with the contribution of the Italian Ministry of Education, University and Research within the
EUROFEL Project and FBK-INFN agreement 2015-03-06.
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Appendix D

Outreach

3 September 2019 - (talk) Studiare Fisica a Trieste 2019 - The push towards
the development of most advanced new microscopes and telescopes to gain

a better comprehension of natural phenomena, Trieste. Italy

21 June 2019 - (talk) Science Corner - The push towards the develop-
ment of most advanced new microscopes and telescopes to gain a better

comprehension of natural phenomena, Trieste. Italy

15 October 2018 - (talk) Nuove frontiere dell’astrofisica X e gamma per
H.E.R.M.E.S.. University of Udine, Udine. Italy.

D.1 Talks/Posters

23 October 2019 - (talk) New versatile monolithic multipixel detector sys-
tems based on Silicon Drift Detectors. PhDay2019 - DMIF - UNIUD,
Udine. Italy

27 September 2019 - (talk) Novel monolithic array of Silicon Drift Detector
systems designed for low-energy X-ray. 105 Congresso Nazionale della

Societa Italiana di Fisica, L’Aquila. Italy

14 June 2019 - (talk) The SDD system for TwinMic. 5th ReDSoX Meet-
ing, Rome. Italy

13 June 2019 - (talk) The XAFS SDD system for SESAME. 5th ReDSoX
Meeting, Rome. Italy

3 April 2019 - (poster) Novel Monolithic Array of Silicon Drift Detec-
tor Systems Designed for Low Energy X-ray. VIII International Course
Detectors and Electronics for High Energy Physics, Astrophysics, Space
Applications and Medical Physics, INFN National Laboratories of Leg-

naro. Italy
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18 October 2018 - (talk) Characterization of the Detector System for the
XAFS beam-line of the synchrotron light source SESAME. High precision
X-ray measurements, INFN-LNF Rome, Italy

25 September 2018 - (talk) Work on GAGG crystals at Uniud. Project
Meeting HERMES, Rome. Italy

18 September 2018 - (talk) Characterization of the Detector System for the
XAFS beam-line of the synchrotron light source SESAME. 104 Congresso
Nazionale della Societa Italiana di Fisica, Cosenza. Italy [awarded as the
first best communication of section 6 - Applied physics, accelerators and

cultural heritage]

28 May 2018 - (poster) High precision mapping of single-pizel Silicon
Drift Detector for application in astrophysics and advanced light source.
PM2018 - 14th Pisa Meeting on Advanced Detectors. La Biodola, Isola
d’Elba. Italy

17 April 2018 - (talk) Silicon Drift Detector: development of a monolithic
array dedicated to advanced applications in the field of astrophysics and

advanced light source beam lines detection system. PhDay2018 - DMIF -
UNIUD, Udine. Italy

3 October 2017 - (talk) QuadSSD mapping. Project Meeting, Rome. Italy

13 September 2017 - (talk) Towards fast high energy resolution pizelated
silicon drift detectors. 103 Congresso Nazionale della Societa Italiana di

Fisica, Trento. Italy

6 March 2017 - (talk) Sviluppo di sensori di silicio per spettroscopia X
veloce di alta precisione. PhDay2017 - DMIF - UNIUD, Udine. Italy

17 February 2017 - (talk) Silicon Drift Detectors (SDD). XXVII Giornate
di Studio sui Rivelatori - Scuola F. Bonaudi, Cogne, Aosta. Italy.
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Appendix E

List of Pubblications

e ALESINI, D., et al. FuPRAXIA@ SPARC_LAB Conceptual Design Re-
port. 2018.

e BUFON, J., et al. A new large solid angle multi-element silicon drift
detector system for low energy X-ray fluorescence spectroscopy. Journal
of Instrumentation, 2018, 13.03: C03032.

e BUFON, J., et al. Large solid angle and high detection efficiency multi-
element silicon drift detectors (SDD) for synchrotron based x-ray spec-
troscopy. In: AIP Conference Proceedings. AIP Publishing, 2019. p.
060061.

e CIRRINCIONE, D., on behalf of the ReDSoX Collaboration. First char-
acterization of the detector system for the XAFS beam-line of the syn-
chrotron light source SESAME. Nuovo Cimento della Societa Italiana di
Fisica C. 2019, 42(5), 235.

e CIRRINCIONE, D., et al. High precision mapping of single-pixel Silicon
Drift Detector for applications in astrophysics and advanced light source.
Nuclear Instruments and Methods in Physics Research Section A: Accel-
erators, Spectrometers, Detectors and Associated Equipment, 2019, 936:
239—241.

e EVANGELISTA, Y., et al. Characterization of a novel pixelated Silicon
Drift Detector (PixDD) for high-throughput X-ray astrophysics. Journal
of Instrumentation, 2018, 13.09: P09011.

e FEROCI, M., et al. The large area detector onboard the eXTP mission.
In: Space Telescopes and Instrumentation 2018: Ultraviolet to Gamma
Ray. International Society for Optics and Photonics, 2018. p. 106991C.

e FERRARIO, M., et al. EuPRAXIA@ SPARC_LAB Design study towards
a compact FEL facility at LNF. Nuclear Instruments and Methods in
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Appendix E. List of Pubblications

Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2018, 909: 134-138.

FUSCHINO, F.,; et al. HERMES: An ultra-wide band X and gamma-
ray transient monitor on board a nano-satellite constellation. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 2019, 936: 199-203.

KOUROUSIAS, G., et al. XRF topography information: Simulations
and data from a novel silicon drift detector system. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers,
Detectors and Associated Equipment, 2019, 936: 80-81.

RACHEVSKI, A., et al. The XAFS fluorescence detector system based
on 64 silicon drift detectors for the SESAME synchrotron light source.
Nuclear Instruments and Methods in Physics Research Section A: Accel-

erators, Spectrometers, Detectors and Associated Equipment, 2019, 936:
719-721.

SAMMARTINI, M., et al. Pixel Drift Detector (PixDD) — SIRIO: an
X-ray spectroscopic imaging system with high energy resolution at room
temperature. Nuclear Instruments and Methods in Physics Research Sec-

tion A: Accelerators, Spectrometers, Detectors and Associated Equipment,

2020, 953: 163114.
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