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Zusammenfassung

Ab dem Jahr 2025 wird ein neuer Satellit, die enhanced X-ray Timing and Polarimetry
(eXTP) Mission, den Réntgenhimmel beobachten. Diese Mission ist ein Zusammen-
schluss der chinesischen XTP und der européischen LOFT Missionen und besteht aus
vier wissenschaftlichen Instrumenten: dem Wide Field Monitor, dem Large Area De-
tector, dem Spectroscopic Focusing Array und dem Polarimetry Focusing Array. Mit
diesen Instrumenten kénnen polarimetrische, spektroskopische und zeitlich aufgeloste
Beobachtungen gleichzeitg durchgefiihrt und dazu benutzt werden, um das Verhalten
von Materie in extremen Bedingungen zu erforschen. Hierzu wird eXTP isolierte und
bindre Neutronensterne, Systeme mit magnetischen Feldern bis zu 10'4-10% Gauss, und
schwarze Locher beobachten. Das Ziel ist es, starke Wechselwirkungen durch das Finden
der Zustandsgleichung von Materie in supernuklearen Dichten zu verstehen, QED Ef-
fekte wie Vakuumpolarisation und den Einfluss von starken magnetischen Feldern auf
die Lichtausbreitung zu erforschen, und durch die Analyse von Massenakkretierung in

stark gravitativen Feldern mehr iiber die zentralen Objekte zu lernen.

Das Institut fiir Astronomie und Astrophysik in Tiibingen (IAAT) ist Teil des inter-
nationalen eXTP Konsortiums, welches sich nicht nur aus grofien Instituten der Chi-
nesischen Akademie der Wissenschaften und Universitdten in China, sondern auch aus
groflen Institutionen in mehreren européischen Landern und den USA zusammensetzt.
Neben einer wichtigen Fiihrungsrolle im Konsortium und der aktiven Teilnahme in
wissenschaftlichen Arbeitsgruppen triagt das IAAT durch die Entwicklung von elektro-
nischen Komponenten fiir den Large Area Detector und den Wide Field Monitor zum
Gelingen der Mission bei. Im Zuge dieser Masterarbeit wurden die Hard- und Soft-
warekomponenten eines Detektorsimulators, welcher die FEigenschaften und die Funk-
tionsweise der im Wide Field Monitor verwendeten Siliziumdriftdetektoren imitiert,
entwickelt und getestet. Dieser Detektorsimulator kann in Zukunft fir das Testen der
Ausleseelektronik, welche ein Tiibinger Beitrag zum Wide Field Monitor sein wird,

verwendet werden.






Abstract

In 2025, the enhanced X-ray Timing and Polarimetry (eXTP) mission will be launched
into a low-earth orbit from the Wengchang Satellite Launch Center in China. The mis-
sion, which is a merger of the Chinese XTP and the European LOFT missions, carries
four scientific instruments — the Wide Field Monitor, the Large Area Detector, the
Spectroscopic Focusing Array and the Polarimetry Focusing Array — which will con-
duct simultaneous studies in timing, spectroscopy and polarimetry. These instruments
will be utilized to study states of matter under extreme conditions, such as ten times
the density found in atomic nuclei, warped spacetimes found close to the event horizon
of black holes, and magnetic fields of 10'4-10'® Gauss. To conduct these studies, eXTP
will observe isolated and binary neutron stars, systems with strong magnetic fields,
especially magnetars, and black holes. The observations are analyzed to find the equa-
tion of state of matter at supra-nuclear densities needed to understand the nature of
strong interactions, to study QED effects in highly magnetic systems in order to test
vacuum polarization and the effect of strong magnetic fields on light propagation, and
to observe accretion in the strong-field regime of gravity which will give information

about the objects creating these fields.

The Institute of Astronomy and Astrophysics in Tiibingen (IAAT) is part of the inter-
national eXTP consortium that consists of major institutions of the Chinese Academy
of Sciences and Universities in China, in addition to major institutions in several
European countries and the United States. Next to an important leadership role in
the consortium and the active participation in science working groups for the mission,
the IAAT will contribute electronics components for the Large Area Detector and the
Wide Field Monitor. Within this work, the hard- and software components of a detec-
tor simulator for the Wide Field Monitor’s Silicon Drift Detector were developed and
tested. This simulator can be used in order to check the performance and functionality
of the read-out electronics that will be contributed to the eXTP mission’s Wide Field
Monitor by the TAAT.
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1 Introduction

With the identification of the Sun as the first observed cosmic X-ray source in 1949,
a new field in observational astronomy was born: X-ray astronomy. Within this field
it soon became evident that polarization measurements add a new and unexplored
dimension to the parameter space when observing cosmic X-ray sources (Weisskopf,
2018)). According to |Soffitta et al. (2013), X-ray polarization can be used to investi-
gate acceleration processes, for example the ones typical of magnetic reconnection in
solar flares, and emission in neutron stars’ and white dwarfs’ strong magnetic fields.
The scattering in asymmetric structures like accretion disks and columns, as well as
in ionization cones and molecular tori, can be detected, and fundamental physics in
conditions that cannot be created in laboratories, such as very strong magnetic fields
and the high regimes of gravity, can be probed. With the help of X-ray polarization,
models describing fundamental interactions, for example quantum gravity and the ex-
tension of the Standard Model, can be tested.

Electromagnetic waves consist of electric and magnetic fields that are oriented trans-
verse to the direction of the wave motion (Figure and are the solutions of the wave
equation obtained from Maxwell’s equations. Since polarization describes the config-
uration of these fields, the polarization of an electromagnetic wave can be defined as
the direction in which the electric field oscillates (Kaaret) 2014). Often, sources emit
random mixtures of waves with different polarizations and no preferred oscillation di-
rection, and are therefore classified as unpolarized. However, when a significant fraction
of the emitted waves oscillates in a certain orientation, the source is polarized with a
particular polarization degree and a polarization angle. These observables describe the
relative amount of polarized photons to all observed photons, and the orientation of

the electric field of the electromagnetic wave, respectively (Maier et all 2014)).

According to Kaaret| (2014), an electromagnetic plane wave propagating in z-direction
with angular frequency w can be described by a sinusoidally varying electric field of

the form
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Eoy - cos(kz — wt) + §Ey, - cos(kz —wt +&) (1.1)

11



12 1 Introduction

Ny

E e e
s — T i

Figure 1.1: An electromagnetic wave of wavelength A\ with its electric field vector E
(red) oscillating in the vertical direction. The magnetic field B (blue) is
always orthogonal to it, and both are perpendicular to the direction of
propagation, shown in z-direction. The polarization of an electromagnetic
wave is the direction in which the electric field oscillates. Source: Wikipedial
contributors| (2018).

where Ey, and Ej, are the amplitudes of the electric field in x- and y-direction, respec-
tively, k = ¢ is the wavenumber, c is the speed of light, ¢ is the time of propagation,
and ¢ is the initial phase angle. The polarization angle of the wave is given by the
ratio g—gz, while the type of polarization depends on &: the wave is linearly polarized if
& = nm, where n is an integer, while for the case of ¢ # nr the electric field rotates as a
function of time (or position) and the polarization is elliptical. Using Stokes parameters

(McMaster, 1954), the polarization of a source can be fully characterized:

I = (Eg,) + (Eg,) (1.2)
Q = (Eg,) — (Epy) (1.3)
U= (2-Ey, - Eoy, -cos(§)) (1.4)
V = (2 Ey, - Ey, - sin(§)) (1.5)

The Stokes parameter V' describes the case of elliptical polarization. With these pa-
rameters, for which the averages are taken over the photons detected from the source,

the polarization degree P and the polarization angle ¢y become

VIFTET

P = 7 and (1.6)
tan(2¢g) = g , (1.7)

respectively. The degree of polarization and the polarization angle depend on the con-
ditions under which the electromagnetic waves are produced. Therefore, by observing

these key parameters and by modeling the physical processes such that they are con-
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sistent with the observations, the mechanisms that lead to the observed radiation can
be investigated (Weisskopf, 2018).

In cosmic X-rays, the only single source of which polarization has been observed so
far is the Crab Nebula (see |Wolft et al, (1970)) and Novick et al.| (1971) for examples).

For other sources, only upper limits for the degree of polarization are known. With the

enhanced X-ray Timing and Polarimetry (eXTP) mission, the goal is to improve the
sensitivity of X-ray polarization measurements to find polarization degrees and angles
for a large number of sources. However, eXTP is not only designed to perform X-ray
polarization measurements, but will conduct spectral, timing and polarimetry studies
in the energy range of 0.5-30keV with its four scientific instruments shown in Figure
m The Large Area Detector (LAD) used for spectral timing studies in the energy
range of 2-30keV, has a total area of 3.4m? at 8keV and, in the current configuration,
consists of two panels at the side of the telescope tube (Feroci et all 2018). The Wide
Field Monitor (WFM) located on top of the telescope tube consists of three pairs of

coded mask cameras and observes single photon events in the energy range of 2-30 keV

to detect sources that will then be studied with follow-up observations by the LAD and

the detectors of other observatories (Hernanz et al., 2018)). The Spectroscopic Focusing

Array (SFA) uses nine of the 13 Wolter I telescopes onbord the mission to conduct
spectral timing observations in the energy range of 0.5-10keV, while the remaining
four Wolter I telescopes are used by the Polarimetry Focusing Array (PFA) for spatial,

energy and time resolved X-ray imaging polarimetry in the energy range of 2-8keV

(Zhang et al., 2018)). By observing isolated and binary neutron stars, systems with

strong magnetic fields and black holes, the eXTP mission will study states of matter
under extreme conditions. Details about the mission’s science case and the instruments
can be found in Chapter

Wide Field Monitor

Figure 1.2: The instruments onboard the eXTP mission. Source: |Zhang et al.| (]2018[).
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The PFA uses a Gas Pixel Detector in order to find the polarization degree and
angle for the incoming photons. The other three instruments however use Silicon Drift
Detectors (SDDs) to find the energy, arrival time and, in case of the WFM, the in-
cident interaction position of the incoming photons. They use the fact that a photon
interaction with silicon produces an electron cloud that, by applying a drift field to
the detector, drifts towards anodes, where the charges can be analyzed and used to
find information about the incident photon. This process and the SDDs used in the

instruments are described in more detail in Chapter

The read-out and analysis of the anode charges in the SDDs is performed by dedi-
cated read-out electronics. They will use the data and apply a fit in order to find the
initial photon energy, the interaction time and the incident interaction position on the
detector. The Institute of Astronomy and Astrophysics in Tubingen (IAAT), which
is part of the international eXTP consortium, will contribute the read-out electronics
for the LAD and the WFM. The aim of this thesis was the development of a detector
simulator for the WFM’s SDD in order to test the perfomance and functionality of

these electronics.

The detector simulator consists of a software- and a hardware component. The soft-
ware component on a PC is responsible for the simulation of photons with different
energies in different locations on the detector. It calculates the electron distribution on
the anodes for each individual photon event and sends this information to the hardware
component, which consists of an Field Programmable Gate Array (FPGA, see Section
, and saves this information into an onboard memory. When the hardware com-
ponent receives a "send data' command, it will transmit the saved information for
individual photon events to the connected electronics. In addition to the photon event
simulation, the software component of the simulator has a feature that reconstructs
the initial interaction position and photon energy from the data saved in the memory
of the FPGA, and can visualize the interaction positions on the detector based on the
reconstructed data. The data transmission between the hardware component and the
connected electronics as well as the features of the software component are used to
check whether the read-out electronics receive data correctly and reconstruct the cor-
rect incident photon energy and interaction positions, or if improvements are needed

before the mission is sent into orbit.
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The current version of the detector simulator and its components are presented
in Chapter [4 The final Chapter [5] concludes this thesis by reviewing the detector
simulator developed in the course of this work and by discussing possible improvements

and future versions of the simulator.






2 The eXTP Mission

In 2025, a satellite with four scientific instruments will be launched into orbit: the
enhanced X-ray Timing and Polarimetry (eXTP) mission. With its 13 X-ray grazing—
incidence Wolter I telescopes (see Section in addition to a Large Area Detector
and a Wide Field Monitor it will study states of matter under extreme conditions that
cannot be created in laboratories, such as densities as high as ten times the one found
in atomic nuclei, warped spacetimes found close to the event horizon of black holes,
and magnetic fields of 10*4-10'® Gauss. The current design of the satellite can be seen

in Figure [2.1]

Focal Plane Module

Telescope Tube

Mirror Assembly Module

LAD Assembly

w&

Service Module

WFM

(a) Artistic view of the current eXTP design. (b) Exploded view of the deployed eXTP
satellite with its modules.

Figure 2.1: The current eXTP design. shows an artistic view of what the assembled
mission might look like, while [2.1b| shows an exploded view, depicting the
different modules. Source: Zhang et al.| (2018).

In the following sections, the mission will be described in more detail: first, the
mission profile will be presented, followed by a discussion of the mission’s scienctific
goals. This chapter is completed by an in-depth description of the instruments onboard
of eXTP.

17
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2.1 The eXTP Mission Profile

The eXTP mission is a merger of the Chinese XTP (Dongj, 2014) and European LOFT
(Feroci et al., [2012)) missions. The mission will be launched into an equatorial low-Earth
orbit with an inclination of less than 2.5° and an altitude of 550 km. This orbit has
been chosen for the robust shielding from solar particle events and cosmic rays by
the geomagnetic field as well as the reduction of the time spent in the South Atlantic
Anomaly! and its effects on the instruments. The eXTP satellite will be launched into
orbit from the Wenchang Satellite Launch Center located in Wenchang, Hainan, China,
onboard a Long March 7 rocket (Zhang et al., [2018)).

The goal of the mission design is to stay within the launch vehicle’s maximum car-
rying capacity, which is 6000 kg, while realizing a maximal focal length and effective
detection area, which is important in order to measure and observe weaker fluxes and
sources. As can be seen in Figure the mission is composed of four different func-

tional modules:

1. The Mirror Assembly Module, which holds the 13 mirror modules and star track-
ers of both the SFA and the PFA.

2. The Focal Plane Module, which consists of the 13 focal plane cameras and a sun

shield to protect the detectors.

3. The LAD Assembly, which will, after launch, deploy two wings covered with
SDDs that have the same pointing direction as the Mirror Assembly Module.

4. The WFM, which consists of six coded mask cameras that simultaneously look

at a large fraction of the sky.

Both the Mirror Assembly Module and the Focal Plane Module are supported by the
telescope tube, the spacecraft’s main structure that helps to achieve the focal length
of 5.25m.

2.2 The eXTP Science Case

The eX'TP mission has two operating modes: the pointed observation, which is the main

working mode where the principal axis points towards the observed target, and the scan

!The South Atlantic Anomaly is a dip in Earth’s magnetic field that reaches down to an altitude of
about 200 km above the surface, which leads to an increased flux in charged particles and cosmic
rays that can damage detectors. The dip is created because the intersection of Earth’s rotational
axis and its magnetic axis is not at the same location as Earth’s midpoint (Snowden, S. L.} [2002).
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mode, in which the area close to a known source is scanned in order to calibrate the
pointing or verify the point spread function®. The scan mode is not foreseen to be used
for scientific purposes but for calibration only. By simultaneously conducting studies
in timing, spectroscopy and polarimetry, these modes are used to fulfill the mission’s
primary goals, which are included in the mission statement to study the state of matter

under extreme conditions, stated below:

1. Finding the equation of state of matter at supra-nuclear density.
2. Studying QED? effects in highly magnetic stars.

3. Analyzing accretion in the strong-field regime of gravity.

eXTP will complete these goals by observing bright sources in the Milky Way, such
as black holes, isolated and binary neutron stars, and systems with strong magnetic
fields, especially magnetars. The mission will also make use of its wide field monitoring
capabilities to detect electromagnetic counterparts of gravitational wave sources (Zhang
et al.l 2018).Unless marked differently, the information of the following subsections is
based on |Zhang et al.| (2016).

2.2.1 The Study of Matter in Ultra-Dense Conditions

Modern physics wants to understand the nature of strong interactions, which is respon-
sible for the state of nuclear matter. In order to achieve this understanding, neutron
stars are suitable objects to observe because their physics is also determined by strong
interactions. Their matter is compressed by gravity to densities of approximately ten
times the one found in atomic nuclei, producing exotic states and phases of matter that

relate to extreme temperatures and pressures, such as nuclear superfluids*, the color

2The point spread function, PSF, describes the normalized intensity distribution of the point source
image, which means that it describes how an ideal, pointlike object is imaged by the system.
For a circular aperture, the theoretically best achievable PSF relation is I(r) = ( %@)2, where
J1(7r) is the Bessel function of first kind. This gives the best achievable point-image resolution
set by diffraction, also known as full width at half maximum (FWHM), which can be calculated
by FWHM =~ %, where ) is the observed wavelength and D is the aperture diameter (Sacek,V.)
2015)).

3Quantum Electrodynamics, the study of the interaction of electromagnetic radiation with electrically
charged matter under the account of relativity and quantum mechanics.

4At high densities and low temperatures, nucleons inside a neutron star form Cooper pairs due to
the long-range attractive nuclear force. This results in a fluid with zero viscosity that does not lose
kinetic energy when flowing: a nuclear superfluid (Lombardo and Schulze, 2001)).
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superconductor phase® and strange matterS like hyperons’ and deconfined quarks®.
Therefore, neutron stars provide access to a parameter space at high densities that is
unique, for example high baryon chemical potentials. As shown in Figure[2.2] these high
densities in combination with their low temperatures make the observations of neutron
stars a complement to the research conducted at the Large Hadron Collider at CERN
and other heavy ion collision experiments where high temperatures and low densities
are studied. The pressure and density of a neutron star is related by its equation of
state, which can be used to intertwine strong interaction physics and observables, and
is encoded into the mass vs. radius diagram via stellar structure equations. Using the
relation between mass and radius, not only can the equation of state be found, but
the microphysics in the neutron star’s interior, where extreme densities exist, can be
studied. Different equations of state and their corresponding mass vs. radius diagrams

are shown in Figure 2.3

In order to complete the observational goal to measure the mass and radius within
a few percent precision for several sources, the eXTP mission will use pulse profile
modeling and spin measurements. Figure [2.4] shows the graphic of a neutron star’s
surface hotspot and a schematic of a pulse profile. The pulse profiles are created by the
emission from surface hotspots that develop on fast spinning neutron stars with weak
magnetic fields (Watts et al.,|2016)). Their pulsation amplitude is affected by relativistic
effects depending on the neutron star’s mass-over-radius ratio, which means, by fitting
high quality profiles, the mass and radius can be found. eXTP’s polarimetry capabili-
ties will help to constrain both the observer and hotspot inclination angles by making
phase-resolved measurements of the polarization degree and angle that are found in
the hotspot radiation modulated with the spin phase. Knowing these inclination angles
will reduce degeneracies, which in return will help make more precise mass and radius
measurements. The key targets for pulse profile observation and modeling are burst

oscillation sources and accretion powered millisecond pulsars, which will be observed

5In the color superconductor phase, which is thought to be a superfluid and an electromagnetic
insulator, two different types of quarks are barely able to pair because of a difference in Fermi
momenta, which is the result of different masses or different chemical potentials (Alford, 2001)).
Alford et al.| (2008]) describes the color superconductor phase as a degenerate liquid of quarks that
undergo Cooper pairing near the Fermi surface. Once the Cooper pairs condense, the color gauge
symmetry spontaneously breaks.

6Strange matter is a liquid form of quark matter and consists of up, down and strange quarks as
opposed to nuclear matter, that only consists of up and down quarks in neutrons and protons, or
non-strange quark matter that only contains up and down quarks.

"Baryons that contain one or more strange quarks, but no charm, bottom or top quark are called
hyperons.

8Deconfined quarks can move freely over distances that are larger than one femtometer and form the
quark-gluon plasma, which is created at extremely high densities.
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Figure 2.2: Different states of matter that can be studied by observing neutron stars
and by conducting laboratory experiments. The baryonic chemical potential
stands for the pressure, where 1-2 GeV correspond to approximately 1-6
times the density of atomic nuclei. Quarkyonic matter is a hypothesized
phase in which cold dense quarks are confined. Source: Watts et al. (2016)).
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Figure 2.3: Different equations of state and their corresponding mass vs. radius dia-
grams based on models including different microphysics. Shown are nucle-
onic equations of state to the highest pressures and masses (red), hybrid
models with a strange quark core (solid black curves), hyperon core models
(dashed black curves), a self-bound strange quark star model (dash-dotted
magenta curve), and a range of parametrized nucleonic equations of state
that are based on the chiral effective field theory (for details see [Machleidt
and Entem| (2011)) at low densities (shaded grey bands). Source: [Watts
et al.| (2016).
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ranging from a few to several hundred ks.
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Figure 2.4: Left: The graphic of a neutron star’s surface hotspot. ¢ describes the ob-
server inclination, while o describes the hotspot inclination. As the neutron
star rotates, the emission from the surface hotspot generates a pulsation.
Due to relativistic light bending, the invisible surface is smaller than a
hemisphere. Right: A schematic of the pulse profile and the phase depen-
dence of spectral color for a neutron star spinning at 600 Hz. The waveform
is affected by relativistic effects and is modified from a pure sinusoid. Even
though the hotspot has a uniform temperature, the spectral color, which
is the ratio of the number of photons with energies above to those below
the blackbody temperature, is phase dependent. By using the shape of the
waveform and the energy dependence, the mass and radius of the neutron
star can be found. Source: Watts et al.| (2016]) and [Psaltis et al.| (2014),
respectively.

The large effective area of eXTP will not only help to constrain the neutron star’s
equation of state by finding many more neutron star spins, of which the fastest will put
more severe constraints on the equation of state, but will also allow a detection of burst
oscillations in Type I X-ray bursts” to an amplitude of 0.4 %rms' in the burst tail and
1.3 %rms in the burst rise. Simulations have shown that pulsation with amplitudes of
0.04 %rms, 0.3 %rms and 1.9 %rms can be found for bright, moderate and faint sources,

respectively.

9Type I X-ray bursts are thermonuclear flashes on the surface of a neutron star with a weak magnetic
field that is part of a binary system with a main sequence star. The flashes happen once the mass
that the neutron star accretes from its companion reaches the critical mass. The luminosity profile
of a Type I X-ray burst shows a sharp rise time of approximately one second, which is followed
by a slow and gradual decline over approximately 60 seconds. The bursts happen in irregular
intervals with some sources being inactive for weeks to months, and can range from hours to days.
In comparison, a Type II X-ray burst has a quick pulse shape and multiple fast bursts within
minutes. So far, only a couple of Type II bursts have been observed (Woodruff, J, 2007).

0Root mean square, the square root of the arithmetic mean of the squares of a set of numbers.




2.2 The eXTP Science Case 23

2.2.2 The Physics and Astrophysics of Strong Magnetic Fields

A deep understanding of the physics of strong magnetic fields will be provided by
targeting magnetars, accreting X-ray pulsars and rotation-powered pulsars with the
broadband, high sensitivity, polarimetry and monitoring capabilities of eXTP. Studies
of QED effects will also be enabled by the mission.

Magnetars, which are highly variable X-ray sources, have magnetic fields of the order
of 1014-10' Gauss and fluxes that can change by order of magnitudes. Their variability
extends from short bursts (< 1s) over intermediate flares (~ 1 —40s) and giant flares
(~ 500s) to outbursts, which can have a duration of several weeks to years. eXTP is
expected to find a new magnetar candidate every year due to their high variability and
the WFM’s large sky coverage shown in Figure This coverage provides the oppor-
tunity to observe a large fraction of the Galactic Plane during pointings, enabling the
spin period observation and monitoring of several magnetars at the same time, which
makes it possible for eXTP to detect glitches'! and precession, which is the change in

the orientation of the rotational axis, as well as to measure braking indices'?.

Another key target is accreting X-ray pulsars, whose emerging radiation and its po-
larization properties will be important. Depending on the geometry of the emission
region, the X-ray linear polarization varies with the energy and the pulse phase, and
can reach polarization degrees of up to 70 %. As shown in Figure [2.5a] the exposure
time of phase-resolved studies for bright sources is approximately 10 ks, while the one
for weak sources is approximately 100 ks in order to constrain the linear polarization
fraction to better than 10 %. These long exposure times will produce high quality pulse
profiles, and will extend studies on the luminosity dependence of the cyclotron reso-

nance scattering feature'® while investigating the criteria for accreting pulsars to switch

1Glitches are sudden jumps in the frequency Q of a pulsar of the order £2 ~ 1075. A possible
explanation for them is that the rotational vortices in the neutron superfluid are pinned to the
crystal structure of the neutron star’s crust. Because of the proportionality of the superfluid’s
rotation frequency with the density of the vortices, the vortices move outward when the neutron
star’s spin slows. The stress that is produced by this movement is released in the form of glitches
(Alford et al., [2008).

12The braking index reveals physical expectations as to why the spin of stars should slow down. It

can be calculated by n = 2 = 2 — 9 B2 where Q is the angular velocity, = —KQ™ is the

02 ~ 2 P2
first derivative of €2 with the proportionality constant K, v = % is the spin frequency and P = %
is the spin period. As an example, n=1 points towards particle-wind radiation and n= 5 points
towards a gravitational wave emission as reasons for a declining spin (Gao et al., [2016)).

13When the radiation that is emitted by the accretion column is reflected from the neutron star’s
surface, cyclotron lines, also called cyclotron resonance scattering features, are formed. According
to [Mushtukov et al.| (2014]), the neutron star’s magnetic field channels the accreting gas towards

the magnetic poles, which leads to a line-like absorption feature in the form of cyclotron lines in
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from local super-Eddington to sub-Eddington accretion!'®. By analyzing the energy and
luminosity dependence of the pulse profiles and cyclotron lines due to the long exposure
times (for an example see Figure , the relation between the phase dependence of
the polarization properties and the geometry of the emission region will be studied.
According to Jaisawal and Naik (2016)), the line energy and luminosity are positively
correlated in low-luminosity sources, while it is negatively correlated or not correlated
at all in high-luminosity sources. As described in Klochkov et al.| (2012), the different
correlations are due to whether a source is undergoing super- or sub-Eddington ac-
cretion. In super-Eddington accreting sources, the infalling matter is decelerated in a
radiative shock. The height of this shock increases with the luminosity of the source,
meaning it drifts to an area with a lower magnetic field strength. In sub-Eddington ac-
creting sources, the infalling matter is slowed down by the Coulomb drag!® and plasma
effects. With increasing luminosity, the height of the emitting region decreases due to

an increase in ram pressure of the infalling material, which in return leads to a positive
Ecyc
flux

in Becker et al.| (2012).

relation. Details about the correlation of line energy and luminosity can be found

For one of the first predictions of QED, which are vacuum polarization and the
effect of strong magnetic fields on light propagation, the eXTP mission will supply
the first tests. By observing neutron stars and magnetars, the existence of the effect
can be verified, while the effect for the latter is the strongest due to the magnetars’

strong magnetic fields. The linear X-ray polarization is enhanced by vacuum birefrin-

the X-ray spectrum. The absorption features are due to a resonant scattering between the hard
X-ray photons and electrons in quantized states, the so called Landau levels, which depend on
the strength of the magnetic field and are equally spaced. The energy of the cyclotron resonance
scattering corresponds to the separation of the levels and can be calculated by Ecy. = llleB keV,
where B is the magnetic field in 102 G and z is the gravitational redshift (Jaisawal and Naikl,
2016)).

14The Eddington limit describes the case in which the gravitational force acting on an electron-ion
pair in the gas surrounding a star is exactly equal to the radiation pressure that radiates spherically
outward. If this limit is exceeded, the gas is blown away. The Eddington limit, also called Eddington
luminosity, can be calculated by Leqq = w, where G is the gravitational constant, M is the
mass of the central object, m, is the mass of a proton and o7 is the Thompson cross section. For

pure ionized hydrogen, the Eddington luminosity becomes Legqq = %, where k = 7= describes
P

the opacity of stellar material. The mass accretion rate for the Eddington limit is Mogq = Lﬂz%d,
with 7 being the efficiency of the accretion disc. If the mass accretion rate of an object is higher
than the Eddington limit mass accretion rate, for example due to non-spherical accretion, the
object undergoes Super-Eddington accretion. In the other case, if the mass accretion rate of an
object is lower than the Eddington limit mass accretion rate, sub-Eddington accretion takes place
(Abramowicz and Straub), [2014).

15Coulomb drag is a transport phenomenon whereby long-range Coulomb interaction between charge
carriers in two closely spaced but electrically isolated conductors induces a voltage (or, in a closed
circuit, a current) in one of the conductors when an electrical current is passed through the other

(Narozhny and Levchenko), 2016)).



2.2 The eXTP Science Case 25

gence!® from about 5 — 10 % to nearly 100 %. For neutron stars with a magnetic field

of 102 Gauss, this effect is nearly as strong.

Polarization degree, %
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linear polarization degree to better than

= N W A (% )]
(=] o o o o o
T

10

31

— Vela X-1
X Per
V 0332453 |

30

29

28

R N T ¥ T N e arSararasSae S‘
£ 27

L o o6 “-‘_"s ¥y

%

_______________ 3 ? V0332453, Tsygankov et al. (2010) S
24 |+ eXTP/LAD 20ks at low flux &
L . . # eXTP/LAD 20 ks at moderate flux 8

10° 10° 10* 10° 10° 79 e

%.

100 10*

Required exposure, s L/(10%7 erg/s)

(b) Variation of the cyclotron line energy with
luminosity for V0332+-53.

Figure 2.5: The required exposure time to constrain the linear polarization degree to

better than 10 % for three different cases is shown in Blue: Vela X-1,
a bright source (Fy_jopey ~ 1.6 x 1079 —oB5); Green: X-Per, a weak per-
sistent source (Fa—igrev ~ 6 x 10719 225): Red: V0332453, a Be transient
in outburst (Fy_jopey ~ 1.6 x 1078 By shows the variation of the
cyclotron line energy with luminosity for V0332+53. The line energy at low
luminosities can be measured by the LAD, which will extend the study of
the correlation between line energy and luminosity. The red markers are
20 ks observations at low flux, while the green markers are observations of

the same length for a moderate flux. Source: Zhang et al.| (2016).

2.2.3 The Physics of Accretion in Strong Gravitational Fields

In order to investigate the physics of accretion in strong gravitational fields, the study

of matter close to the event horizon of black holes is very suitable. Looking at the mo-

tion of matter near super-massive and stellar-mass black holes gives information about

the deep potential well that is generated by the central object, its mass and spin,

and helps to verify predictions made by general relativity in the strong-field regime.

Relativistically broadened Fe lines and relativistic time-scale variability, for example

16Tn vacuum, electromagnetic radiation propagates along two modes: the ordinary mode (O mode), in
which the electric field oscillates parallel to the magnetic field plane, and the extraordinary mode
(X mode), in which the electric and magnetic field planes are orthogonal to each other. In strong
magnetic fields virtual electron/positron pairs are created, leading to a change in the refractive
indices proportional to B2 along the X and O modes. This change in the refractive indices affects
the propagation, causing a change in the polarisation degree of the electromagnetic radiation,
called birefringence (Mignani et al., [2017)).
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quasi-periodic oscillations, are used to investigate the behavior of matter in the strong—
field regime. The spectral resolution needed to resolve the relativistically broadened Fe
lines as well as the large photon throughput required to study their variability to time
scales below the dynamic time scale of the strong-field regime are provided by the
eXTP mission. Additionally, the accretion and ejection flows around black holes will

be studied for the first time with polarization information obtained by eX'TP.

As a simulation discussed in |Zhang et al.| (2016]) shows, the eXTP mission can make
measurements of the inner disc’s radius of a 0.5 Crab'” black hole with maximal spin
(for example GRO J1655-40) and its radial emissivity within 1 — 2 % accuracy in the
unprecedented short time of 100s. The black hole’s spectrum and the confidence levels
for the disc emission vs. the inner radius are shown in Figure [2.6] This short obser-
vation time offers the possibility of studying the innermost region and variability on
time-scales comparable to different outflow components, for example winds and jets,
and will ultimately provide a link on how ejection is linked to the inner accretion flow.
The mission’s energy resolution in combination with the large effective area and the
broadband coverage of both the SFA and the PFA not only enables a disentanglement
of the spectral complexities in the Fe-K region'®, but also allows measuring the reflec-
tion continuum shape. According to Noda| (2015)), reflection components are created
when the primary continuum is Compton scattered and/or photo-absorbed by neu-
tral/ionized materials that surround the central black hole, for example the accretion
disk. Due to this scenario, photons in the high energy band lose their energy due to
the Compton down scattering, while in the low energy band the reflection continuum
is created by the photo-absorption process. The continuum has a hard spectral shape
and is responsible for the Fe-K absorption edge at ~ 7.1keV. The measurement of the
reflection continuum shape leads to the extraction of relativistic reflection parameters

and the recovery of the black hole spin to an accuracy of 10 %.

The mission’s broadband coverage from 0.5 — 30 keV together with the high energy
resolution and the large photon throughput make a simultaneous measurement of Fe-K
lines, the reverberation lags of the disk blackbody and Compton reflection humps, ex-
plained below, possible. According to De Marco and Ponti (2016), accreting black hole
systems are emitting X-rays from the inner Comptonizing region. They illuminate the

surrounding matter, of which the dense material from the optically thick disk responds

17Crab is the measurement of intensity of X-ray sources and describes the intensity of the Crab Nebula
at the corresponding X-ray photon energy of the observed object. For photons in the range of 2-10
2
keV, one Crab corresponds to 15 kcl{/eanS'

18Fe-K lines are located at around 7.1keV (Noda, 2015).
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Figure 2.6: The simulated eXTP broadband spectrum of a 0.5 Crab, maximally rotating
X-ray burst black hole like GRO J1655-40 for an exposure time of 100s is
shown in 2.6al The confidence level of disc emission vs. radius for the same
source is depicted in [2.6bl The solid, dotted and dashed lines represents
confidence levels of one, two and three sigmas, respectively. Source: Zhang
et al. (2016)).

quasi instantaneously to the X-ray irradiation. The time delay between the primary
and the reprocessed emissions is the light crossing time between the two regions and
is observed as reverberation lags that are a tracer for the geometry of the innermost
accretion flow. As Reynolds (1999)) states, the X-ray reflection imprints atomic features
onto the observed spectrum because the cold matter in the disk that is close to the
X-ray emitting hot matter intercepts and reprocesses a fraction of the primary X-ray
continuum. This leads to the Compton reflection humps, which can be observed around
30keV. Measuring Fe-K lines, the reverberation lags of the disk blackbody and Comp-
ton reflection humps give separate information about the inner disk radius, allowing an
accurate and independent determination of the black hole spin. Adding the spectral-
timing approach, the accuracy of disk thermal fitting is enhanced, which is used to

map the innermost regions and to measure the black hole spin.

The high sensitivity of the eXTP instruments will enhance the study of Quasi-
Periodic-Oscillations (QPOs). The mission can measure the QPO’s waveform either
directly or by Fourier reconstruction. The direct approach will for the first time allow a
coherent detection, where an adequate number of photons will be collected within the
signal’s coherence time'?. So far, this approach has been limited to a few high-coherence

low-frequency QPOs. However, the achieved signal-to-noise ratio and spectral resolu-

19The coherence time is the time span over which a propagating wave is coherent, meaning that its
2
phase is predictable. The coherence time can be calculated with 7 = ﬁ = Cz—)\, where A\ is the
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tion have not been good enough to study the phase dependence of the spectral shape.
With eXTP, the direct approach will be common for low-frequency QPOs and neutron
star kHz QPOs. Additionally, the LAD will provide a phase-resolved spectroscopy study
of QPOs, leading to a detection of the change in shape of the iron line as a function of
the QPO phase.

Combining the data obtained by the LAD and the PFA, eXTP enables the combi-
nation of X-ray polarimetric and timing information. This combination is obtained by
cross correlating the photon polarization signal of the PFA with the high signal-to-noise
light curves of the LAD, making it possible to determine the time dependent polar-
ization signal in a similar manner to spectral-timing measurements like reverberation
and QPO phase-resolved studies. This enables the determination of the accretion flow

geometry and will put limits on the black hole spin and other key parameters.

2.3 The Instruments

eXTP will fulfill its scientific goals with the help of its instruments, namely the Large
Area Detector, the Wide Field Monitor, the Spectroscopic Focusing Array and the
Polarimetry Focusing Array. In the following sections each instrument will be intro-
duced. The presented information is mainly based on [Zhang et al.| (2018)), however,
for the LAD and the WFM additional sources (Feroci et al.| (2018)) and |Hernanz et al.
(2018), respectively) have been used. Details about the SDDs utilized in the instru-
ments will be given in Chapter [3|

2.3.1 The Large Area Detector

With its large collecting area, the LAD), of which the main specifications can be found in
Table [2.1], will observe single photon events in an energy range of 2—30keV. This range
will be extended to 30 — 80keV for out of field of view burst events as the collimator
becomes transparent. The instrument’s large effective area of ~ 3.4m? at 8keV is the
reason that eXTP’s most important science case, which is to determine neutron stars’
radii and masses, and to investigate gravitation in strong magnetic fields, is fulfilled.
Spectral timing studies will be made possible by the high resolution measurement of
the arrival time and energy of each photon for a large number of events. The LAD’s
large area SDDs and capillary plate collimators form the X-ray detectors, each with a

thickness of a few mm and a weight of a few hundred grams, which in comparison to

central wavelength of the source, Av is the spectral width in units of frequency and A\ is the
spectral width in units of wavelengths.
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proportional counters and mechanical collimators of the past generation of large area
instruments yield a reduction of weight, volume and power requirements by an order

of magnitude.

Table 2.1: The main specifications of the Large Area Detector. Source: [Feroci et al

(2018)).

Parameter Specification

Energy range 2-30keV; extended to 30-80keV
for out of field of view events

Effective area 3.4m? at 8keV; 0.9m? at 2keV;
0.3m? at 30keV

Field of View 1° (FWHM)

Absolute time accuracy | <10ps

Deadtime <1% at 1Crab

Background <10 mCrab

Maximum flux >500 mCrab sustained; >15 Crab
continuous over 300 min

Collimators
Frame

Radiator —

Figure 2.7: Exploded view of the LAD modules’ assembly. Each module consists of a
300 pm thick lead back shield (not shown), a 2 mm thick aluminum radiator,
a detector and a collimator tray, holding 16 large area SDDs and FEEs, and
16 capillary plate collimators, respectively. Source: Zhang et al. (2018).

The LAD consists of two panels which both hold 20 modules with a 5 x 4 modules
configuration. The module assembly can be seen in Figure Each module is formed
of a 300 pm thick lead back shield to reduce the background events in the SDDs, a

2mm thick aluminum radiator dissipating heat from the module to the backside of
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the module box in addition to a detector and a collimator tray, holding 16 large area
SDDs and 16 capillary plate collimators, both in a 4 x 4 configuration, respectively. The
capillary plate collimators, shown in Figure 2.8 are a compact design of a mechanical
structure with micro-channel plates. They consist of a 5mm thick sheet of lead glass
with the dimensions of the SDD, perforated by thousands of round micro-pores with a
diameter of 83 pm. They limit the field of view to 0.98° reducing both source confusion
and the X-ray background. The detector tray not only holds 16 SDDs and Front End
Electronics (FEE), which amplify and digitize anode charge pulses, but also interfaces
the Module Back End Electronics (MBEE), one of two levels of the LAD’s Back End
Electronics (BEE), the other one being the Panel Back End Electronics (PBEE). The
overall panel structure consists of a carbon fiber reinforced plastic, which withstands
the launch and brings both mechanical and thermo-elastic stability as well as thermal

control to the modules and the PBEE it supports.

Figure 2.8: The prototype of the LAD capillary plate collimator. This prototype was
fabricated by North Night Vision Technology (NNVT, Nanjing, China). The
red-framed inlet shows a sketch of the round micro-pores. Source: [Feroci
et al.| (2018).

In order to enable the high-density readout of each detector, 8 x 32 channel IDeF-X
HD Application-Specific Integrated Circuits (ASICs, see Section [4.2.1)) with a high

performance and low power (17 electron rms with 650 2% Feroci et al. (2018)) in

addition to 1 x 16 channel OWB-1 ASICs for analog-to-digital conversions are used.
The energy resolution for events in the 2 — 30 keV range is 60 eV, whereas 30 — 50 keV
events, which are used for the study of timing properties of bright sources and hard
events outside the field of view, are transmitted with a reduced energy information of
2keV bins. As can be seen in Figure 2.9 the ASICs are implemented on the rigid-flex
printed circuit board (PCB) that not only forms the FEE but also has a flat cable



2.3 The Instruments 31

connection to the MBEE, and are directly wire-bonded to the SDD’s anode pads.

SDD

FEE
Flex

Figure 2.9: Schematic of the LAD Front End Electronics. Source: |Zhang et a1.| (]2018[).

Once a previously set threshold in one of the ASIC channels is exceeded by the
collected signal charge, a trigger is forwarded to the BEE. If the trigger is confirmed,
the signals in all ASICs are digitized and sent to the BEE, where, after the analog-to-
digital conversion, the processing pipeline is started: each event will be time tagged,
the pedestal (the background due to the electronic devices) and common noise will be
subtracted, and the event parameters will be determined by reconstructing the energy.
The energy reconstruction will be explained in Chapter |3l However, the BEE is not
only in charge of event processing, but also of the FEE and the Power Supply Unit.
It also creates both housekeeping data and ratemeters, and is responsible for passing
formatted event packets along. As mentioned above, the BEE has two hierarchical
levels. The MBEE is located at the back of the detector tray and is organized into
two PCBs, interfacing eight SDDs each, which it controls along with the FEE and
the Power Supply Unit. The MBEE reads out the digitized events of the FEE and is
responsible for creating housekeeping data and ratemeters as well as for the formatting
and time stamping of events, which will be passed on to the PBEE, the second level of
the BEE. Four PBEESs, each interfacing 10 modules, can be found on the panels’ back
sides. They send commands to the MBEE, distribute clocks and power, and interface
all MBEEs with the Instrument Control Unit (ICU) by collecting and buffering the
received event packets as well as reorganizing data depending on the observation mode

before passing the received science and housekeeping data on to the ICU.

The ICU, which is in cold redundancy, is the central controlling element with access
to all instrument subsystems and acts as interface to the spacecraft’s onboard data
handling system. It consists of three components: the data handling unit, which re-

ceives data from the PBEE, the mass memory, and the power distribution unit. The
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ICU executes and distributes telecommands, has access to mass memory as well as time
distribution and synchronization, processes and compresses data, collects housekeeping

data and monitors instrument health.

The LAD is completed by an optical filter on top of the modules (Figure
consisting of a 1 pm thick substrate in Polyimide of which one side is coated with a
120 nm aluminum layer. The filter enables a light tightness of 107% transmission in the
IR /Visible/UV bands, while more than 90 % will be transmitted at energies larger than
2keV (Feroci et al, 2018).

Figure 2.10: The LAD optical light blocking filter. This Polyimide filter will enable a
light tightness of 107¢ transmission in the IR/Visible/UV bands, while
more than 90 % will be transmitted at energies larger than 2keV. Source:
Zhang et al.| (2018).

2.3.2 The Wide Field Monitor

The WFEM consists of three pairs of coded mask cameras that are used to detect sources

for follow-up observations with the LAD (Hernanz et al., [2018). The specifications of
the WFM can be found in Table 2.2] As Figure shows, the central camera pair

is observing along the central axis of the satellite, while the other two pairs are tilted

by 60°. Each camera pair, in which the cameras are oriented orthogonal to each other
(Figure , has a field of view of ~90° x 90° at zero response while observing in
the 2-50keV energy range with an energy resolution of ~ 300eV at 6keV. For each
photon, the energy, incident x- and y- positions on the detector (with an accuracy
of <8mm and <60 pm, respectively) and the time of the event with an accuracy of
1 ps are determined. The cameras, whose design is shown in Figure [2.12] consist of one

detector tray each, holding four SDDs, shielded by four 25 pm thick Beryllium windows
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to protect them against micro meteoroids and debris, four FEEs, one BEE assembly,

one collimator and a coded mask with a thermal blanket.

(a) The WFM camera configuration. (b) One WFM camera pair.

Figure 2.11: The configuration of the WFM cameras is shown in [2.11a] While the cen-
tral camera pair observes along the central axis, the other two pairs are
tilted by 60° from the central axis. As can be seen in the cameras
in one camera pair are oriented orthogonal to each other, which enables
a source position reconstruction in two coordinates. Source:
(2018)) and [Hernanz et al. (2018)), respectively.

Table 2.2: The main specifications of the Wide Field Monitor. Source: Hernanz et al.|

(2018)).

Parameter Specification

Energy range 2-50keV

Effective area 1080 cm? for all six cameras

Field of View 5.hsteradian at zero response;
camera: ~90° x 90° at zero re-
sponse

Energy resolution <300eV at 6keV

Time resolution <300s for images; <10ps for
event data

Peak sensitivity in LAD direction 0.6 Crab over 1s; 2.1 mCrab over
50 ks

Burst trigger scale 10 ms-300s

Number of Gamma Ray Burst triggers | > 1 trigger per orbit
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Figure 2.12: Exploded view of the WFM camera design. The coded mask frame is
supported by a collimator. The Silicon Drift Detectors are shielded by
Beryllium windows. Underneath the SDDs, the Back End Electronics can
be found. Source: Zhang et al. (2018).

The coded mask is a 150 pm thick 260 x 260 mm? tungsten foil with strict require-
ments for flatness and positional stability under thermal fluctuations in order to give
accurate source positions. The shadow cast onto the detector due to the mask’s pat-
tern is used to reconstruct the direction of the incoming photons. This pattern consists
of 1040 x 16 open and closed elements with a pitch of 250 pm x 16.4 mm, leading to
an open fraction of ~ 25% which ensures enough flux when observing weaker sources.
The chosen detector-mask distance of 202.9 mm assures the required angular resolution
of 4.25arcmin in the fine mask pitch direction and 4.5° in the coarse direction. The
angular resolution at full width half maximum for viewing in the on-axis direction can
be calculated with

resolution = arct(m(g) : (2.1)

where p is the mask pitch and d is the detector-mask distance. Since the cameras in
a camera pair are orthogonal to each other, the combination of the camera images
makes the fine position resolution in the two coordinates possible. This is shown in
Figure 2.13] The coded mask frame is supported by a collimator made of a light and
carbon fiber reinforced polymer, which avoids deformations due to accelerations during
launch or thermal stress during operation of the WFM. The collimator is covered by a

tungsten sheet to shield background and on its inner part has copper and molybdenum
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plates used for in-flight energy calibration.

Figure 2.13: Reconstruction of the source position in two dimensions. Due to the posi-
tion of the two cameras, the reconstruction (middle tile) is made possible
by combining the images taken by the camera pair (left and right tiles).
Source: Hernanz et al.| (2018).

Since the coded mask has to stay flat to £50pm over the entire surface for the
full operational temperature range of —30°C to —3 °C, meaning that the temperature
gradients between sunlit and dark parts of the orbit cannot exceed 10 °C, the mask is
covered by a thermal blanket and the WFM has a sun shield (Hernanz et al.| 2018).
The collimator is surrounded by a multi-layer insulation blanket offering optimal pro-
tection for the SDDs and FEE as well as keeping the camera alignment in the desired
margin. The backside of the BEE box will serve as a radiator and transfer the power
dissipated by the BEE to the optical bench and the deep sky.

The BEE consist of only one level since only four detectors have to be read out. Each
BEE is located at the bottom of the camera and has a similar processing hierarchy as
the LAD’s BEE described in [2.3.1] Because they analyze the charge distribution over
the anodes for each event and with that determine the energy amplitude, anode po-
sition and the drift position for each photon, the FPGAs that the BEE is based on
have to be larger, faster and more flexible than the ones used in the LAD. In addition
to analyzing the event data, the BEE transmits science and housekeeping data to the
ICU. The ICU has a main and a redundant unit in separate boxes consisting of the
payload data handling unit including a mass memory and a power distribution unit.
The ICU controls each camera independently and is able to do real time on-board

computations to locate bright transient events.

With the largest field of view of all eXTP instruments, the WFM is expected to
detect approximately 100 Gamma-ray bursts (GRB) per year. Although not part of a

top level science goal, a burst alert system is implemented. In this system, a network
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of small ground stations is informed about the time and sky position of the bursts via
a very high frequency transmitter within 30s of the burst in order to ensure a fast
follow-up of the GRB afterglow. In addition to the burst alert system, a large number
of known high-mass X-ray binaries will be monitored by the WFM, which is a crucial
part in finding counterparts for gravitational wave sources. A comparison of the WFM

field of view with other sky monitoring X-ray instruments is shown in Figure 2.14]

RXTE ASM

Figure 2.14: A comparison of the WFM field of view with other all sky monitoring in-
struments. RXTE ASM is the Rossi X-ray Timing Explorer All Sky Mon-
itor (Swankl (1999), MAXI is the Monitor of All-sky X-ray Image aboard
the International Space Station (Mihara et al., 2014), and Swift BAT is
the Neil Gehrels Swift Observatory’s Burst Alert Telescope (Krimm et al.|
2013). The labeling is as follows: Yellow diamonds are known Be X-ray bi-
naries, red crosses are supergiant high-mass X-ray binaries, orange crosses
are supergiant fast X-ray transients, and purple boxes symbiotic X-ray
binaries. Grayed out are sources that fall outside the WFM field of view
during single pointings towards the Galactic Center. Source: |Zhang et al.
(2018).

2.3.3 Focusing Instruments

In addition to the LAD and WFM, eXTP consists of the SFA and the PFA. These
instruments use a total of 13 X-ray grazing incidence Wolter I telescopes with a focal
length of 525 cm and a maximal diameter of 510 mm. This kind of telescope is a com-
bination of paraboloid and hyperboloid mirrors, of which X-rays are totally reflected
when they have a grazing incidence. According to Singh! (2011)), the critical hitting an-
gle depends on the density of the mirror material p and the wavelength of the incoming

light A and can be calculated with

- p_ A
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The mirrors, which are shells nested into each other to enlarge the effective area of the
telescope, are coated with a metal that has a high density and therefore good reflection
properties for low-energetic X-rays, for example iridium or gold (Sagdeo et al. 2010)).
The mirrors are made using a nickel electroforming approach, hence nickel replication,
which has succesfully been used in BeppoSAX (Boella, G. et al.,|{1997), XMM-Newton
(Lumb et al.l 2012) and Swift (Burrows et al., 2005) and is planned to be used for
eROSITA (Merloni et al., 2012), the ART-XC telescopes (Pavlinsky et al., 2008) of the
Spectrum-Roentgen-Gamma astrophysical mission, and the IXPE polarimetric mis-
sion (Weisskopf et al.l 2016)). In this procedure, nickel mirror shells are electroformed
in an electrolytic bath onto machined and superpolished aluminum mandrels. Once
the mirror shells reach the desired thickness, they are released by differential thermal
contraction (Ramsey} [2005). Since the focal length of an X-ray mirror increases with
the energy of the incoming light, only energies up to 15 keV can be observed due to
limitations in the telescope size. Specifications of the optics used for the SFA and PFA
are shown in Table 2.3

Table 2.3: The main specifications of the optics used for the SFA and the PFA. The
specifications are given for one telescope. Source: |Zhang et al.| (2018]).

Parameter Specification
Energy range 0.5-10 keV
Collective area > 900 cm? at 2keV:; > 550 cm? at
6 keV
Field of View > 12 arcminutes
Angular resolution (SFA) 1 arcminute
Angular resolution (PFA) 30arcsec at 6keV
Focal length 5.25m
Maximal diameter of mirror shells | 510 mm

The Spectroscopic Focusing Array

With its nine Wolter I grazing incidence telescopes that offer an effective area of
~7400 cm? at 2keV and a field of view of 12 arcmin in diameter, the SFA is responsible
for spectral-timing observations in the 0.5 — 10keV energy range. These observations
have a time resolution of 10s, an energy resolution of <180eV at 6keV and an an-
gular resolution of <1arcmin. Each telescope consists of a thermal shield that holds
the working temperature of the mirrors stable at (20 & 2)°C, 19 SDDs, and a mir-
ror module with an electron deflector attached to the bottom to reduce the particle
background. A schematic of the SFA is shown in Figure [2.15
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Figure 2.15: Schematic of the SFA. Source: |Zhang et al.| (]2018[).

The SFA electronics consists of the detectors, pre-amplifiers, analog-to-digital con-
verters (ADCs) and an FPGA. After the detector signal has passed through the pre-
amplifier, shaping and peak-holder, it reaches the ADC, from where the digital signal is
sent to the FPGA. There, the data is packed into packets and passed on to the platform
of the spacecraft. The focal plane detector (Figure [2.16a]) consists of 19 SDDs, each
with an area of 26.6 mm? for a total of 5cm? detecting area. They have a hexagonal
shape with a side length of 3.2mm and a thickness of 450 pum. The central detector
located at the focal position has its own ADC, while the other 18 SDDs are divided
into three groups of which each has one ADC with multiplexers. Above the detector,
a metal mask is attached to cover the gaps between the SDDs, decreasing the ratio of
split events at the SDD edges. The detectors will operate in the temperature range of
—100°C to —80°C to mitigate the effects of particle damage due to protons, and to
reduce dark current? due to electrons that have a thermal energy of Finerm = kg7,
where kg is the Boltzmann constant, and can be thermally excited into the conduction
band of the detector. The temperature will be held stable to +5°C via heating com-

pensation, for example by a proposed active method that uses a helium pulse tube and

20Dark current is produced although no photons hit the detector when electrons and holes are ran-
domly generated by thermal excitation within the depletion region.
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loop heat pipes?!.

The background during observations is reduced by an electron deflector, a magnetic
system located underneath the mirror module that diverts soft electrons (electrons with
energies of 300 kV or lower), multi-layer composites glued around the detector and a

baffle above the filter wheel that supresses visible and X-ray stray light.

Calibration —» H «— Block

Optical
Blocking

(a) Focal plane of the SFA. (b) Filter wheel of the SFA.

Figure 2.16: The SFA focal plane is shown in Each SDD has a side length of
3.2mm and a thickness of 0.45 mm. shows the filter wheel with the
possible positions. These are, from the top in an anti-clockwise fashion:
the open position for ground testing and observation of weak sources;
the calibration, where an Fe-55 radioactive source is moved in front of
the detector; optical blocking, where a polyimide and aluminum film are
used to block out visible and UV light and prevent contamination of the
detector; closed filter, where a metal sheet is rotated above the detector
to measure the internal background and to prevent any damages to the
detector. Source: Zhang et al.| (2018).

The filter wheel (Figure [2.16b) mounted above the detector has four operational
modes depending on the positions it is set to. The first possibility is the Open Filter,

which is used for both ground tests and for observing weak sources during the mission.

21This structure is called a cryocooler and, for example, is used in the James Webb Space Telescope.
The primary piece, the heat pump, consists of two parts: a preecooler using helium gas as a
working fluid, and a high-efficiency pump that circulates helium gas as refrigerant previously
cooled by conduction with the precooler. Using pulse tubes that acoustically exchange heat with a
regenerator, the precooler, consisting of a two-cylinder horizontally-opposed pump, cools the helium
gas. The high-efficiency pump, also a two-cylinder horizontally-opposed piston device, circulates
a separate batch of helium gas. This primary piece is connected to plumbing within a cylinder
the size of a coffee can. There, the cooled helium refrigerant passes through an opening with a
diameter of less than 1 mm, which leads to an expansion and the final cooling. The helium gas with
the final temperature then passes through tubes attached to a metal block located at the detector

backside, where the heat is exchanged (NASA/ |2018)).
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The second possibility is the on-orbit calibration mode, during which an Fe-55 radioac-
tive source is moved in front of the detector to calibrate the instrument. The third
mode is the optical blocking, which not only can block out visible and UV light with
a 400 nm polyimide and 200 nm aluminum film, but also can prevent detector contam-
ination. The last possibility is the closed filter mode, during which a metal sheet can
be rotated in front of the detector in order to measure the internal background and
to prevent any damage that can occur during launch or particle damages during solar

events, such as solar flares.

The Polarimetry Focusing Array

The PFA uses four Wolter I telescopes to conduct spatial, energy and time resolved
X-ray imaging polarimetry in the energy range of 2 — 8keV with a high sensitivity.
By being the only instrument onboard the eXTP mission with an imaging capability
better than 1arcmin, the PFA can help to distinguish between different sources and
therefore reduce source confusion. The required angular resolution is <30 arcsec and
the optics are similar to the one of the SFA. However, instead of using SDDs, the PFA

uses a Gas Pixel Detector (GPD) as a focal plane polarimeter.

The GPD that has an energy resolution of 15—20 % at 6 keV consists of a gas chamber
filled with dimethylether and is sealed with a 50 pm thick beryllium entrance window.
A schematic of the GPD is shown in Figure 2.17] Dimethylether is chosen because, as
it is typical in gases with a low proton number (low Z gas), it has a high stopping-
power /scattering ratio and produces longer electron tracks than high Z gases. After
absorbing the incident X-rays, the gas emits photoelectrons, whose emission angle is a
key parameter to be measured since it entails information about the polarization of the
incident X-rays. The emission angle can be found by reconstructing the 2D ionization
track of the photoelectron within the chamber. Examples of electron tracks are shown
in Figure [2.18 The end of the track is distinguishable by a larger release of charge. The
direction of the photoelectron emission is found by looking for the principal axes of
the charge distribution measured on the pixels. The two orthogonal directions give the
maximal and minimal second momentum of the charge distribution, while the major

principal axis is the photoemission direction (Bellazzini et al., [2003).

Secondary electrons that were ionized by the initial photoelectron are moved towards
the anodes by the drift field, which has a strength of ~2 i%’l By multiplying the number
of electrons by a gain factor of a few hundreds, the Gas Electron Multiplier (GEM)

that is attached above the anodes makes measurements with a sufficient signal-to-noise
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<— Titanium frame

<— Beryllium window

<— Ceramic spacer

<—— GEM foil
GEM support

<— Readout board

Figure 2.17: Exploded view of the Gas Pixel Detector used in the PFA. Underneath
a Beryllium window and a ceramic spacer, the Gas Electron Multiplier is
located. It enhances the electron signal to produce a sufficient signal-to-
noise ratio. The readout is performed by an ASIC at the bottom of the
detector. Source: Zhang et al.| (2018).

ratio possible. The gain factor is adjustable by changing the high voltage across the
top and bottom layer of this multiplier. The detector readout is performed by an ASIC
chip that has the size of the sensitive detector area (1.5 cm? x 1.5 cm?), is pixelated to

have a pitch of 50 pm and collects as well as measures the multiplied charges.

The sensitivity of the polarimeter is the minimum detectable polarization (MDP)
described by (Muleri et al., 2008]):

429 [e-F+B
MDP = N 2.3
pe F\ St (2:3)

which for a case where the background is of no importance?? becomes

MDP — 2% (2.4)

V'S -t-e- F

22Pacciani et al| (2003) states that the X-ray diffuse background on one steradian at 1keV is about
the same level of the Crab Nebula. Because of this, focal plane polarimeters are source dominated
down to very small fluxes and the background can be neglected.
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Figure 2.18: Example electron tracks measured for incident X-ray photons with differ-
ent energies. The end of the tracks is distinguishable by a larger release of
charge. Source: |Li et al.| (2015).

In Equations and , F is the source and B is the background flux in a selected
energy range, € is the detector efficiency, S is the collecting area, t is the exposure
time, 4.29 is the 99 % confidence level, and p is the modulation factor. The modulation
factor can be found by looking at the angular distribution of a source. As
states, for unpolarized sources, this distribution is flat. For polarized
sources however, the angular distribution peaks around the polarization angle and is
modulated by

C(¢) =D+ E - cos*(¢ — ¢g) . (2.5)

Here, C'(¢) is the modulation, D is a constant term originating from the randomization
that is induced by Coloumb scattering, E is a constant, the cos? term stems from the
cross-section of the photoelectric effect, ¢ is the photoelectron emission angle, and
¢o is the position angle of polarization. Since the operating principle of the GPD is
based on the photoelectric absorption of gas and the photoelectrons are mainly emitted
along the absorbed photons’ electric field, which is also the direction of polarization,

the emission of photoelectrons produced by linearly polarized radiation is modulated
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with an amplitude proportional to the degree of polarization (Muleri et al., 2008]). For
100 % polarized photons, the amplitude of the modulation described in Equation ({2.5))
is called the modulation factor p, which, according to (Bellazzini et al., 2003)), can be

calculated with:
Cmaa: - Cmm o E

o= Cmax"_cmin _2D+E

The modulation factor represents the response of an instrument to a fully polarized

(2.6)

photon beam, meaning that a higher modulation factor corresponds to the capability
to detect weaker polarized signals (Bellazzini et al., 2013). As described by [Muleri et al.
(2008), the modulation factor increases when the resolution and reconstruction of the
photoelectrons’ emission direction improve. For high energy photons, the photoelectron
tracks get longer, therefore increasing the modulation factor. Next to the modulation
factor, the efficiency ¢ is a primary parameter for the polarimeter’s sensitivity. Because
the GPD will be located at the focus of the X-ray optics, Equation is used to
calculate the minimum detectable polarization, which is inversely proportional to the
quality factor QF = p+/e (Muleri et al., [2010). According to Pacciani et al. (2003), the
quality factor is used to compare different polarimeter configurations and, as Muleri
et al. (2008) states, should be selected such that it is maximized within a selected
energy range. To improve the modulation factor of a polarimeter, the nuclear scattering
should be reduced by using a low Z gas. However, to improve the polarimeter efficiency,
the atomic number should be increased, leading to the usage of a high 7Z gas. The
maximization of the quality factor is therefore a trade-off between the modulation
factor and the efficiency. An example for the interdependence of efficiency, modulation

factor and the quality factor can be seen in Figure [2.19]

Looking at the quality curve and the total effective area for the four PFA telescopes
in Figure [2.20] it can be seen that the latter peaks at 2keV, while the quality curve
peaks at 3keV because of the relationships between modulation factor, energy and

detector efficiency discussed above.

23Monte Carlo experiments are algorithms that use random samples to obtain results.
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Figure 2.19: Efficiency, modulation factor and quality factor for a Gas Pixel Detector.

The solid line in represents the efficiency of a Gas Pixel Detector
filled with 20 % Helium and 80 % dimethylether. The dotted line in
shows the modulation factor for the same detector and was determined
with a Monte Carlo code?. depicts the quality factor for the same
detector as in The peak of the sensitivity is reached at approxi-
mately 3keV. Source: Muleri et al.| (2008).
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Figure 2.20: The quality curve (2.20al) and total effective area in combination with the

detector for the four PFA telescopes. The quality curve peaks at
approximately 3keV due to the relationship between modulation factor,
energy and detector efficiency. The total effective area of the telescopes
peaks at 2keV. Source: Zhang et al. (2018).
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While the PFA uses a Gas Pixel Detector as a focal plane detector, the SFA, the LAD
and the WFM make use of a different detection technique: Silicon Drift Detectors.
These detectors are frequently used in astrophysics because of their X-ray imaging
and spectroscopic characteristics as well as their large area in combination with a very
good energy resolution. Other benefits for their astrophysical use are their low weight
(~1 %), volume, power and cost (Campana et al., 2011). In this chapter, the general
SDD working principle will be explained (Section and the configurations employed
in the SFA, LAD and WFM will be described (Section [3.2)).

3.1 Working Principle

In 1983, Emilio Gatti and Pavel Rehak proposed a new kind of detector, the Silicon
Drift Chamber (Gatti and Rehak) [1984). This chamber was a variation of the gas-
proportional counter used for position sensing. According to |Strider et al.| (1998)), the
working principle of an SDD is based on sideward depletion, in which a large semi-
conductor wafer, for example silicon, is fully depleted by a small anode. The working
principle of both a round and a rectangular SDD is shown in Figure 3.1} In the fol-
lowing, the working principle for a SDD will be explained according to [PNDetector
(2013). For a round SDD, a rectangular SDD, or SDDs of other forms, the shape of the
field strips and therefore of the drift potential is different, however, the overall working

principle is the same for all kinds of SDDs.

On the side where radiation enters the n-type silicon bulk, the back side, a homo-
geneous pT — n junction is located, while the opposite side has a structure of p™ field
strips adjusted to the form of the SDD. A negative voltage is applied to the backside,
while the field strips have an increasingly negative voltage, leading to a potential field
distribution inside the detector such that the readout anode is located at the point
of minimum potential energy for electrons. These electrons, forming a photoelectron

cloud, are created due to ionization loss when a photon interacts with the detector.

45
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The electron cloud drifts towards the anode due to the potential field distribution.

In some cases, the spectroscopic performance of an SDD is improved by integrating
the first amplification step directly onto the sensor, for example with a JFET transis-
tor! as shown in Figure In order to achieve the signal amplification, the anode is

connected to the transistor gate by a small metal strip to reduce unwanted noise.

(a) Round Silicon Drift Detector.

incident photon
voltage divider

metalization

anodes

oxyde
(b) Rectangular Silicon Drift Detector.

Figure 3.1: The working principle of a round and a rectangular SDD. The round SDD
shown in is covered by circular p* drift rings on the one and a homoge-
neous pt — n junction on the other, the photon entrance, side. By applying
the appropriate voltages, a drift field is created, due to which the electron
cloud moves to the anode. shows the absorption of a photon in the
silicon bulk of a rectangular SDD. Photons that hit the detector produce an
electron cloud that moves towards the anodes due to the drift field. Source:
PNDetector (2013) and Brandt et al.| (2014), respectively.

! Junction Gate Field-Effect transistor, see IGrundmannl (]2016]) for details.
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3.2 The eXTP Silicon Drift Detectors

As can be seen in Figure the detectors of the SFA have a hexagonal shape with
a side length of 3.2mm and a thickness of 0.45 mm. Each detector has an active area

of 26.6 mm?. Having 19 SDDs as focal plane detector, each of the nine SFA telescopes

has an active detection area of 505.4mm? (Zhang et al., 2018). Each detector has one
anode located at the center of the tile and a drift field that is created such that it

surrounds the anode in a hexagonal shape.

The SDDs employed for the LAD and the WEM in the eXTP mission were originally
developed for ALICE (A Large Ion Collider Experiment, [The ALICE Collaboration|
(2008)), an experiment located at the Large Hadron Collider at CERN. The
ALICE-D4 SDD (Figure , which is used in the Inner Tracking System, has a size

of 7.53cm x 8.76 cm and is able to find the impact coordinates of the ionizing par-

ticles with a spatial resolution better than 30 pm in one dimension. Each ALICE-D4
SDD has a sensitive area of 75.7mm x 70.0 mm = 53 cm? and is electrically separated
into two halves, each housing 256 anodes with a pitch of 294 ym. Due to this sepa-
ration, the maximum drift length is 35 mm. By setting the maximum drift voltage to
Vaire = —1300V, the drift field across the depleted zone becomes 360 %
2011)). A comparison of the ALICE-D4 SDD and the SDDs employed in the
eXTP mission can be found in Table .11

Since the detector is electrically divided into two halves, the maximum drift distance
for the electron cloud is half the detector width. In the following part, the focus will

be on only one of the halves. All formulas can be applied to the other half as well.

Figure 3.2: The ALCE-D4 Silicon Drift Detector. Source: |Campana et al.l q2011[).
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Table 3.1: Comparison of the ALICE-D4 SDD and the SDDs employed in the eXTP
mission. Since the SFA SDDs have a hexagonal shape with only one anode
in the middle, the respective information was adjusted.

Parameter ALICE SFA LAD WEFM
Si thickness 300 pm 450 pm 450 pm 450 pm
Si tile geometric size 7.53cm x 8.76 cm | side length: 3.2mm | 12.0cm x 7.2cm | 77.4mm X 72.5 mm
Si tile active area 53 cm? 26.6 mm? 76 cm? 45.57 cm?
Anode pitch 294 pm N/A 970 pm 145 pm
Number of anodes per half | 256 anodes 1 anode per detector | 112 anodes 448 anodes
Maximum drift length 35mm 3.2mm 35mm 35 mm

Due to diffusion, the electron cloud drifting towards the anodes increases in size.

According to (Campana et al.| (2011)), the shape of the cloud can be described by a

p(rt) ! -eXp<W> : (3.1)

~ 27m02(t) 202(t)

Gaussian shape:

where p is the charge density, 7(¢) is the cluster centroid, ¢ is the elementary charge

and o(t) is the charge cloud size. Using the diffusion coefficient

kT kgT -
D:L.Me:BiUD , (32)
q qk
in combination with the drift time
Tp
t=— 3.3
= 33)

the cloud size upon reaching the anodes can be calculated:

kT -
a@zﬁlm+ﬁ:¢225m+ﬁ. (3.4)

In equations (3.2)), (3.3) and (3.4)), e = “& describes the electron mobility with the
drift velocity vp and drift field F, kg is the Boltzmann constant, 7" is the temperature,

q is the elementary charge, xp is drift distance, and oy is the initial cloud size. Assuming
a temperature of ' = 300K and a drift field of £ = 360 Clm, Equation (3.4) becomes

o(t)=1/1.39-zp+073 (3.5)

with zp and 02 being in pm. In silicon, 62 corresponds to the range of a 50 keV electron
within the material, which is ~20 pm. Comparing the initial cloud size of ~20 pm with
the cloud size upon reaching the anodes of multiple hundred pm (see Figure , the
initial cloud size becomes insignificant. For this reason, o2 can be ignored from now

on.
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As described in (Campana et al. (2011), the reconstruction of the initial photon
position in anode direction 39 and in drift direction xy is done by fitting the collected
charge at the anodes. Since the coordinate system is chosen in a way such that the
anodes are located at the zero coordinate, the drift distance zp is equal to xy. The
cloud reaching the anodes has a Gaussian shape according to Equation (3.1]), with an

area equal to the total charge and a mean value u = yy. Each anode collects a charge
described by

Qo i — Yo +p/2 i — Y —p/2
Q=i Gt Jart (MWD (U p] g

where K is the baseline level due to common-mode noise? which changes from event to
event, Qy is the total cloud charge, y; is the center position of the i'" anode relative to
Yo, p is the anode pitch and erf is the error function. By fitting Equation simulta-
neously over all anodes, 1y, and the charge cloud size can be found. The initial photon
position in drift direction zy cannot be determined directly because no information
about the time of photon absorption is available, meaning that the drift time cannot
be calculated. However, by fitting Equation to the measured charge distribution
on the anodes and finding the charge cloud size, the drift distance xp, and therefore

the initial photon position in drift direction x, can be found by solving Equation ((3.5]).

Campana et al.| (2011) tested this method for the ALICE-D4 SDD and compared
it with simulations, in which a Monte Carlo code was employed to create a photon
at a previously set or random position (xg,y), from which an electron cloud with a
Gaussian shape p = yo and size o calculated from zy was constructed. The results of
this test are shown in Figure [3.3] It can be seen that the reconstruction from both real
data and the simulations are in agreement with each other. Therefore, the method is

suitable to reconstruct the initial photon interaction position.

The LAD and WFM SDDs are optimized ALICE-D4 detectors, originally for the

use onboard the LOFT mission. They have a large photon collecting area, which is

read out by a set of low-capacitance anodes. When the XTP and LOFT missions® were

2Common-mode noise at the anode level is created by a voltage step on the grid that surrounds the
anodes. A voltage step of 0.65 mV creates a charge on each anode that is equivalent to that created
by a 1keV photon and is equal for every anode. At the ASIC level, common-mode noise is created
by fluctuations on the power supply that enter the chips in multiple points, but also originates
from bias voltages and currents derived from the power supply line. By calculating an subtracting
the median signal of all the channels in one ASIC, the common-mode noise can be removed from
the anode signals in the BEE.

3See Chapter
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Figure 3.3: Results of the photon reconstructions based on fitting Equation si-
multaneously for all anodes. The left column shows the reconstruction from
real data (a 30 minute integration with a 4.5keV monochromatic beam of
~ 100 pm FWHM), the right column depicts the reconstruction from sim-
ulations of a Gaussian beam with ~ 100 pm FWHM. From top to bottom,
the beams are centered at ryp = 10mm and yg = Omm, xo = 10mm and

Yo = - 75um, 9 = 18 mm and yy = 10 um, respectively. Source:

et @011,

merged to become eXTP, the LOFT SDD design was adopted. Both the LAD and WFM

detectors are of rectangular shape with sizes of 12.0 cm x 7.2 ¢cm and 77.4 mm x 72.5 mm,
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respectively. Both detectors have a thickness of 0.45 mm. The LAD SDD has an active
detector area of 10.85cm x 7.0cm = 76 cm?, resulting in a maximum drift length of
35mm. The two halves of the detector each house 122 anodes with a pitch of 970 pm
(Zhang et al., [2018). According to |Feroci et al| (2018]), this pitch was chosen to reduce
the power consumption in comparison to the ALICE-D4 detector. The WFM detector
has an active area of 65.1 mm x 70.0mm = 45.57 cm? and, just as the ALICE-D4 and
the LAD SDDs, a maximum drift length of 35 mm. Each of the detector halves has 448
anodes that are separated by 145 pm (Brandt et al| |2014). As for the ALICE-D4 SDD,
the maximum voltage for both the LAD and WFM SDDs is set to Vg = —1300V,
resulting in a drift field of 360 % The drift velocity of ~ 5 S leads to a maximum drift
time of ~ 7ps. Due to this drift time, the photon arrival time can only be determined
with a precision of 7 ps (Zhang et al.| 2018)). Unlike for the WFM, where source positions
are crucial and therefore the initial photon position needs to be reconstructed, the LAD
is used for spectral timing studies and a position reconstruction is not necessary. The
reconstruction resolution for the WFM SDD in both positions and the energy is shown
in Figure |3.4] For energies at 6keV, the energy resolution is better than 300 eV, while
the position resolution in drift direction is better than 8 mm and in anodic direction
better than 60 pm (Hernanz et all [2018)). For the LAD, the spectral resolution at 6 keV
is up to 200eV FWHM (Feroci et al., [2018)).
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Figure 3.4: Energy resolution and reconstruction resolution in drift and anodic
direction for the WFM SDD as functions of the photon energy. For
the shaded area shows the range of energy resolution for each photon
energy, whereas the shaded area in [3.4b] is the range of spatial resolution
inside the detector channel. For both [3.4a] and [3.4D] the filled circles show
the averaged values on the whole SDD channel. Source: Campana et al.
(2011)).




4 The Detector Simulator

In this Master’s thesis a detector simulator for the WFM SDD, consisting of both a
software part running on a PC, and a hardware device, was created. In order to simu-
late the WFM SDD, data are generated on the PC and then transmitted to an FPGA,
on which the data can then be stored. The purpose is to turn on the programmed
FPGA, load the generated data onto it and finally release photon interaction event
data in random time intervals. The recipient of the data is a read-out electronics, cur-
rently developed at the Institute for Astronomy and Astrophysics Tubingen (IAAT),
that can be tested that way. The overall data flow is shown in Figure [4.1]

Software Hardware
component on PC component

» Simulate photons with
different energies in
different locationson | |

detector. | Save received data in RAM
S i and transmit separately for |
+ | Calculate electron 5 | each photon when “send |
distribution on the anodes | |==—p-| | data” command is received.i — Read of't
| for each photon. g electronics

+ Reconstruct initial
interaction position and
photon energy.

+ Visualize the interaction
positions on the detector.
=] Send “send data” command; >
| in random time intervals to |
i hardware component.

Figure 4.1: Data flow of the detector simulator. The software component is responsible
for simulating photons with different energies in different locations on the
detector and for calculating the electron distribution on the anodes for each
photon. This data are not only sent to the hardware component, but also
used to again reconstruct the initial interaction position and photon inter-
action. From this reconstruction, the interaction positions on the detector
are visualized. On the hardware component, the data is saved in a Random
Access Memory (RAM) and transmitted to the read-out electronics once
the "send data' command from the software component is received.

23
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The data that are generated on the PC consist of the anode positions and the re-

spective number of electrons reaching them according to Equation (3.6). Therefore, the

requirements for the software part of the simulator are the following:

1.

2.

Simulate photon interactions in different locations on the detector.

The energy of the photons is chosen according to the Crab Nebula spectrum, a
known standard candle in the X-rays and therefore representative of a typical

photon energy distribution for an X-ray source.

For each photon, the electron distribution on the anodes has to be calculated
according to Equation (3.6)), since this is the only information that the simulator

will deliver to the read-out electronics.

The anode positions and electron distribution have to be translated to the binary

system in order to have the correct data format.
Transmit the binary data to the FPGA.

In software, reconstruct the initial interaction position and photon energy from
the anode positions and respective electron numbers in order to check the correct

functioning of the tested read-out electronics.

Visualize the interaction positions on the detector based on the reconstructed
data.

Save all results in files.

Send a "send data' command to the FPGA in random time intervals once the
data is stored on the FPGA.

The hardware, which is the recipient of the data created in the software part of the

simulator, consists of an FPGA that is programmed and encased in an aluminum box

such that it is ready for use once the power switch on the box is turned on. In order

to achieve this, the FPGA is programmed as follows:

1.

The binary data sent from the software part of the simulator are saved in an
onboard memory. The sending and saving of the binary data has to be the first

step once the FPGA is turned on because the onboard memory is wiped once the
FPGA is powered off.

The saved data are transmitted to the connected electronics once the "send data'
command is received. It is important that each time only the data for one photon

are sent to the electronics in order to simulate single photon events.
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In the following, the software and hardware components of the detector simulator

will be described in more detail.

4.1 The Software Component of the Simulator

The software component of the simulator was written in Python 3.6' on a Windows7
machine. The codes written in the scope of this thesis were executed using Jupyter
Notebooks?. An exception was the sending of data to the FPGA, which was executed
using the Windows Command Prompt. The software component of the simulator has
three main tasks. The first one is to simulate the interaction of photons with the
detector, the second one is to use this data to reconstruct the initial interaction position
and photon energy as well as to visualize the locations of the photon interactions on
the detector, and the third is to send the data and a "send data' command to the
hardware component. As mentioned in Section [3.2] the SDD is electrically divided into
two halves. As both halves are identical in their behavior, only one detector half will

be simulated.

4.1.1 Interaction of Photons with the Detector

The aim of the first software module is to simulate the interaction of a number of pho-
tons with the WEM SDD (Figure . An object oriented programming approach was
chosen for this module, creating the classes Photon and Detector, which are instanti-
ated during the simulation. The Photon class calculates the number of electrons that
the incoming photon produces within the silicon bulk. Since the creation of charges
in the detector is a statistical process, the actual number of electrons is simulated by

using a Gaussian distribution with a mean p = Ne- cppected and a standard deviation
0 = \/Ne— capectea- The expected number of electrons N.- cypeceq is calculated by

Ephot (keV)

Ne— expected — T /1~ ) 4.1
cxpected Eaverage (kev) ( )

where Egperqge 15 the average energy needed to create an electron-hole-pair, which for
silicon is set to 3.6eV in the simulation. For each photon, an individual detector is

created using the Detector class. In this class, the number of electrons at the i*" anode

!Python can be installed from www.python.org. The description of available modules, including the
ones used in this thesis, can be found at www.docs.python.prg/3/py-modindex.html|

2Jupyter Notebook is an open source web application that supports interactive data science and
scientific computing in all programming languages. Information about the download, installation
and the documentation for Jupyter Notebooks can be found at www. jupyter.org,


www.python.org
www.docs.python.prg/3/py-modindex.html
www.jupyter.org
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Figure 4.2: Illustration of the top view of the WFM SDD with the anodes at the top
and the bottom. As described in Section 3.1} the SDD is electrically divided,
which is implied by the horizontal line in the middle of the detector. Photons
that hit the detector produce an electron cloud that moves towards the

anodes, either the ones at the top or the ones at the bottom, due to the
drift field. Source: Brandt et al.| (2014)

is calculated according to Equation (3.6) with the addition of a Gaussian noise distri-
bution with mean p = 0 and a standard deviation o = 3. The reason for this addition
is to include the variation of offsets and dark currents in the simulation. The charge
cloud size needed for this calculation is also found within the Detector class. For this,
Equation is used. However, the result obtained with Equation only describes
the size of the charge cloud within the 68 % confidence level and therefore does not
entail the whole charge cloud. Because a realistic charge cloud size is needed to obtain

the correct number of electrons at the i*® anode, the result of Equation (3.4)) is multi-
plied by six.

Depending on the scenario that should be simulated, the initial interaction positions

and photon energies can be set in two ways:

1. All photons have the same initial interaction positions and photon energies.

2. All photons have different initial interaction positions and photon energies.

Since only half the detector is simulated, the incident position in drift direction ranges
from 0-35,000 pm and the one in anode direction ranges from 0-65,100 pm, depending on
the maximum drift length and the active detector size of the WFM SDD as mentioned

in Table[3.1] The energy of the incoming photons is randomly chosen from a distribution
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following the Crab Nebula’s spectrum. According to Kellogg (1971), the spectrum above
1keV can be fitted with a power law of the form

dN 1
R £ ) 4.2
dF em? - s - keV (42)
As Kellogg) (1971) states, for energies below 22keV this fit becomes
dN 1
- =5.F7! - 4.3
dE cm? - s - keV ’ (4.3)
while Manchanda et al.| (1982)) says that for energies above 22keV,
dN 1
— =166-F*——— 4.4
dF cem? - s - keV (44)

is a suitable fit. Using these results, the spectrum as shown in Figure 4.3 can be ob-
tained. Equations and are integrated between their respective boundaries
(2keV and 22keV for Equation ; 22keV and 50keV for Equation (4.3)) and nor-
malized between the minimum and maximum energies to find the probability density
function of the spectrum, according to which the inital photon energy is randomly cho-
sen. The energy distribution of 100,000 photons based on the spectrum’s probability
density function is also shown in Figure 4.3

,_.
o
|

log(dN/dE (cm-2 sec-1 keV-1))
log(Number of photons)

H
=Y
|

10! 10!
log(E (keV)) log(E (keV))

(a) The Crab Nebula spectrum in the energy (b) The energy distribution of 100000 photons
range 2-50keV on a logarithmic scale. in the energy range 2-50 keV.

Figure 4.3: The Crab Nebula spectrum (4.3a)) and the energy distribution of 100,000
photons based on the spectrum’s probability density function (4.3b)) in the
energy range 2-50keV.

In order to use the Photon and Detector classes for multiple photons at a time, two
functions were utilized. The first function, simulation_charge_cloud_ size, creates a

file that contains the photons’ incident interaction position as well as the initial energy
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and the resulting charge cloud sizes at the anodes for each photon. This file is created
as a comparison to the values that will be reconstructed in the reconstruction module
of the software component and has no other use. An example of this file for five pho-
tons with different energies and initial interaction positions is shown in Figure [4.4] The
second function, simulation_charges at anodes creates two files, which can be seen
in Figure [£.5] The first file contains the anode positions within the detector and the
respective number of electrons on the anodes, which is the only information that the
simulated detector FEE sends to the read-out electronics and that will later be used to
reconstruct the initial interaction positions and photon energies. Since, as mentioned
above, the number of electrons at an anode is calculated according to Equation (3.6))
with the addition of a Gaussian distribution with mean p = 0, the resulting number
of electrons can be negative. In a future version of the simulator, this could be opti-
mized by using a Rice distribution (Rice, 1945). The second file that is created by this
function contains the same information as the first file, however in binary format. In
order to obtain this format, the anode positions and respective number of electrons
are converted into 16 bit and 32 bit strings, respectively, using the IEEE-7543 conver-
sion. These two strings are then merged into one string with a length of 48 bits and
saved as such. This second file is the input for the FPGA. In future versions of the
simulator it should be considered that the front end electronics include an ADC that
records the number of electrons at the anodes by measuring the voltage signal at each

anode and represents this number with an integer between 0 and 4095 in binary format.

Charge Cloud Size(um), 6 sigma Energy (keV) % _incidence (um) ¥ incidence (um)
880.0667480746773 3.6135938809459079 14952.555452317817 63561.737964510285
847.0254127910646 5.983016847732349 13887.96070293986 TE8E1.547423526643
T17.6045625227941 5.854039109045494 9968.1825035939812 42313.39462255057
578.6407819999056 6.025635738104532 6481.323162862219 58596.98875012124
115.28238845189807 3.89204464176229323 257.2595642116593 9628.847986848303

Figure 4.4: The file containing charge cloud size for five photons with differ-
ent energies and initial interaction positions, created by the simula-
tion__charge__cloud__size function.

All files can be created such that either each photon gets its own file or all informa-
tion for all photons is saved in three files (the first containing the incident positions,
energies and charge cloud sizes, the second containing the anode positions and the
number of electrons at the respective anodes, and the third containing the information
of the second file in binary format). The first method might be used when a small num-

ber of photons interacts with the detector and single photons will be analyzed. The

3IEEE 754 is the standard for floating-point arithmetic in computer systems and was developed by
the Institute of Electrical and Electronics Engineers (IEEE) (IEEE, 2008).
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second method is useful when large numbers of photons are supposed to interact with
the detector since only three and not three times the number of interacting photon files
will be created. In the following description of the other modules, it is assumed that

the information is saved with the second method.

Anode position (um), Electron=s at anode
145, -4.288937380245173
290, _5.390725940004063 000000001001000111000000100010010011131011111010
rsiesmassasss | SoCCEIOEnct oottt oot oo
8 -1.38 27 72
f,g' i §322§::1i324;§§? 000000100100010010111111101100001010111100011111
fee " ! = = 00000010110101010011111311110001000000110010011011
(a) Anode positions and respective electron (b) Binary format of anode positions and re-
number for five anodes. spective electron number for five anodes.

Figure 4.5: Anode positions and respective electron number in normal and binary
format. Shown are the first five anodes and respective charges of the
first photon in Figure [£.4] Negative values in the electron number result
from the Gaussian distribution that was added when calculating the charges
at the anodes. The binary results are obtained by converting the results
from via the IEEE-754 standard.

4.1.2 Reconstruction of the Initial Interaction Position and Photon

Energy, Visualization of the Photon Interactions

In order to analyze the data that will be sent from the FPGA to the read-out electronics,
which is representative of the data that the detector FEE will send to the read-out
electronics once the mission is in orbit, a module to reconstruct the initial interaction
position and photon energy that are entailed in the data was developed in Python 3.6.
The reconstructed positions are then used to visualize the interactions of the photons
with the detector in order to test the electronics that, once the mission is in orbit, will

reconstruct the initial interaction position and photon energy.

Reconstruction of the Initial Interaction Position and Photon Energy

After reading in the files created in the previous module, the data are separated into

lists such that each list contains the information for one photon*. That way, each photon

4For the binary files, the 48 bit strings are separated into 16 bit (anode positions) and 32 bit (number
of electrons at anodes) strings and then converted to floating numbers using the IEE-754 standard
mentioned above.
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can be analyzed separately® by performing a fit for Equation (3.6))° in order to find the
total number of electrons N, ;, the initial y-position y, and the charge cloud size o.

The photon energy is calculated by

Ephot - Ne*,tot : Eaverage ’ (45)

where Fgyerage = 3.6€V is the average energy needed to create an electron-hole-pair
in silicon. Since the initial y-position is directly found with the curve fit, the only pa-
rameter missing is the initial x-position xy. As mentioned in Chapter [3| the coordinate
system is chosen in a way such that the anodes are located at the zero coordinate,
meaning that the drift distance xp is equal to xy. Therefore, solving Equation for
the drift distance and substituting xq for xp yields

o2 9 E

0= -0 g

(4.6)

with the drift field E, the Boltzmann constant kg, the temperature 7', the elementary
charge ¢, and the initial cloud size og. Since the charge cloud size was multiplied by six
in order to get the full cloud width in the previous module, it has to be divided by six
now to calculate the correct initial x-position. The results for the photon energy and

initial interaction positions are then saved in a new file.

Visualization of the Photon Interactions with the Detector

The visualization of the initial photon interactions with the detector is made possible
by a module that uses the reconstructed interaction positions to create a color map
of the detector. The more a pixel of the detector interacts with photons, the redder
it becomes on the color map. This can be seen in Figure [4.6] where the reconstructed
interaction of a photon beam with the detector is visualized. This beam, which had a
width of 100 pm, was centered at an initial interaction position of xq = 10,000 pm and
Yo = 32,550 pm, and consisted of 50,000 photons with an energy of 4.5keV.

4.1.3 Testing the Software Component

To test how well the initial interaction position and photon energy are reconstructed,
two sets of data were produced. Since the data sent from the FEE of the FPGA to

5In case separate files for each photon were produced in the previously described module, an option
is available to analyze these files or even only one of the files. This option works the same way as
the option described here.

6For this fit, the baseline level due to common-mode noise K is set equal to 0 because there is no
common-mode noise in the simulation.
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Figure 4.6: The results of visualizing the photon beam interaction with the detector.
The photon beam, which had a width of 100 pm, was centered at an initial
interaction position of o = 10,000 pm and y = 32,550 pm, and consisted
of 50,000 photons with an energy of 4.5 keV. These initial values were recon-
structed with the method explained in Section[4.1.2] The colorbar shows the
pixel color and the respective number of reconstructed photon interactions.

the read-out electronics are in binary format, the reconstruction and analysis was done

using the binary files created in the previous module.

The first dataset was used to test the reconstruction of the photon energy, and 100
photons per energy (2, 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 keV) interacted with the

detector in 100 randomly selected positions as shown in Figure 4.7]

The results for the reconstructed energies are shown in Table[d. 1] The average recon-
structed energies across the detector were found and the standard deviation for each

energy was calculated with

N (B —E 2
std__dev = \/2120( ZN mean) , (4.7)

where N = 10,000 is the number of photon interactions for each energy, FE; are the
reconstructed energies for the single photon events and E,,.., is the average recon-
structed energy. It can be seen that the standard deviation ranges from 0.11-2.26 keV.

This span is due to the fitting process, where, in some cases, one of the two initial
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interaction positions is not reconstructed properly neither due to a domination by the

value chosen for the noise simulation, in this case 0 = 3 electrons. Since the standard
deviation for the energies is less than 1keV (except for 35keV and 50 keV, where the

standard deviations are 1.21keV and 2.26 keV, respectively, due to the reasons dis-

cussed above), it can be said that the energy reconstruction from the binary data is

very accurate.

30000 +

Anode direction{um)

Figure 4.7:

Drift distance (mm)

50

Photon energy (keV)

The photon interactions used for the energy reconstruction. The different

colors represent the different photon energies in keV.

Table 4.1: The results of the energy reconstruction across the detector. Shown are
the theoretical energy, the average reconstructed energies and the standard

deviation.
Theoretical Energy (keV) Average reconstructed energy (keV) Standard Deviation (keV)
2 2.00 0.11
5 5.00 0.17
10 9.99 0.20
15 15.00 0.24
20 20.00 0.36
25 24.97 0.68
30 29.97 0.99
35 34.96 1.21
40 39.97 0.75
45 44.99 0.70
50 49.87 2.26
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To test how well the initial interaction positions are reconstructed, a second dataset
was created. In this data set, 100 positions were chosen, at which 100 photons of each
energy (2, 10, 20, 30, 40 and 50keV) interacted with the detector as shown in Figure
[4.8 In addition to the interaction positions, Figure[4.§ shows the standard deviation for
each position found across all energies. The standard deviations in anode direction are
so small that they cannot be seen. The standard deviations in drift direction however
vary, being larger for longer drift distances. A possible explanation is that for bigger
initial positions in drift direction, the charge cloud upon reaching the anodes is bigger,
meaning that more anodes register a smaller charge above the noise level. Since more
anodes need to be fitted with Equation , the resulting variation in charge cloud
sizes and therefore drift distances due to the fitting process is bigger than for smaller
incident positions in drift direction. Overall, the standard deviation in drift direction
varies from 0.0015-2.048 mm, while the one in anode direction is in the range of 0.537-
69.717 pm. Therefore, as mentioned in Section [3.2] the reconstruction in anode direction

is much more accurate than in drift direction due to the fitting process explained in

Chapter [3|
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Figure 4.8: Results of the incident interaction position reconstruction. Shown are the
initial interaction positions and their respective standard deviations. The
standard deviation in drift direction varies from 0.0015-2.048 mm, while the
one in anode direction is in the range of 0.537-69.717 pm and can therefore
not be seen.
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4.1.4 Communication with the FPGA

In order to properly simulate the detector and its FEE, the binary data file that was
created in the software component of the detector simulator has to be sent to the
hardware component, consisting of an FPGA. From here, the data will be sent out as
described in Section £.2.3l The data are sent to the FPGA bit-wise via a USB cable

by executing the respective Python script in the command prompt.

Once all data are stored on the FPGA, a second script that will send a "send data'
command to the FPGA can be executed. These "send data' commands are generated
and sent in random intervals to provide a realistic simulation of the detector, which
does not interact with photons in regular intervals. Depending on the amount of photon
interactions stored on the FPGA, the maximum number of "send data" commands that
should reach the FPGA can be set.

4.2 The Hardware Component of the Simulator

The hardware component of the simulator was programmed in VHDL? and then config-
ured into an FPGA, which is described in Section [£.2.1] It has two tasks. The first one
is to store the anode position and the number of electrons at each anode for multiple
photons in a RAM. The second task is to send the data to the connected electronics,
for example read-out electronics or an oscilloscope, when the "send data" command is
received. Corresponding to the data that was produced in the software component of
the simulator and is now stored in the FPGA, only one half of the electrically divided

detector is simulated.

4.2.1 The FPGA

The FPGA used in the detector simulator is an IGLOO2 FPGA from Microsemi located
on the IGLOO2 evaluation kit (Figure [4.9). Just like other FPGAs, it is a kind of
ASIC?® that can be programmed by the user after its production. The memory of
the IGLOO2 can be wiped and reprogrammed electronically”?. Although they cannot
reach the functionality of dedicated ASICS, FPGAs are very suitable for hardware

"Very High Speed Integrated Circuit Hardware Description Language. Information about the lan-
guage can for example be found in [Reichhardt and Schwarz| (2009)).

8 ASICs are integrated circuits that are designed for a specific purpose. More information on ASICs
can be found in [Smith| (1997).

90ther kinds of FPGAs can only be programmed once or parts can be wiped by UV-light and be
reprogrammed, giving the user the chance to program the FPGA in a range of one to thousands
of times.
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development and tests due to their cheaper production cost, shorter development times
and the complex structures that can be configured into them. Another advantage of
FPGAs is that the program can be changed during its usage in order to optimize it for

the current task, enabling an optimal performance.

On/Off
Switch GF’IOI Header

12 V Power
Supply Input

USB-UART
Terminal

Push button
IGLOO2 FPGA as reset

Figure 4.9: The IGLOO2 evaluation kit from Microsemi. The FPGA can be seen in the
middle of the board. In addition to the FPGA, important features of the
evaluation kit that will be used for the detector simulator are: the On/Off
switch, the 12’V Power Supply Input, the USB-UART Terminal, the GPIO
Header, and one button as reset switch. Source: Microsemi (2018).

After the IGLOOZ2 is programmed and it is ensured that everything works properly,
the IGLOO2 evaluation kit is encased in an aluminum box as shown in Figure 4.10]
In order to use the detector simulator, the user will have to connect the electronics
to the appropriate outlets and turn on the FPGA with the "On/Off" switch located
outside the box. The data are loaded from the PC onto the RAM via the USB-UART
Terminal, and sent to the connected electronics via the DB-9 outlet, which is connected
to the GPIO!Y Header via cables. To wipe the RAM, the reset button, connected to

one of the buttons on the board, can be pushed. The connections inside the box can

be seen in Figure

4.2.2 Storing Data in the RAM

To give a realistic representation of the photon interactions with the detector, the data

created in the software component of the detector simulator is stored in a RAM on the

0General Purpose Input/Output
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USB-UART
Terminal

Power supply

On/Off switch

Figure 4.10: The aluminum box the IGLOO2 evaluation kit is encased in.

On/Off switch GPIO header — DB-9 Reset button
connection connection connection

Figure 4.11: Inside view of the aluminum box the IGLOOZ2 evaluation kit is encased
in. In order to store and retrieve the data as well as to wipe the RAM,
the appropriate evaluation kit features and their counterparts outside the
box are connected.
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FPGA. To enable the transmission of the data to the RAM, a Universal Asynchronous

Receiver and Transmitter (UART) core was implemented.

In general, the UART core sends parallel data through a serial line as shown in
Figure [4.12] Tt is implemented because the data from the PC arrives at a different rate
than the one the RAM can save the information at. The rate at which the incoming
data is sampled and shifted to the respective registers is generated by the baud rate
generator. One of the shift registers is the receiver, which shifts in the data sent from
the PC bit-by-bit and then reassembles it. The receiver provides a mechanism to signal
the availability of a new word!'! and prevents that an already received word is retrieved
multiple times. As a buffer space between the receiver and the application, a receiver
FiFo!? is added. When a word is received and reassembled by the receiver, it is written
to the receiver FiFo, from where the application obtains the data via the FiFo’s read
port at its own pace. Data that are sent from the application is stored in a transmitter
FiFo. From here, the second register that is driven by the baud rate generator, the
transmitter, obtains the data and loads it in parallel. These data are then shifted out

and transmitted to the PC bit-by-bit at the baud rate generator’s rate.

FiFo

Receiver

Baud rate o
" generator Application

Transmitter

FiFo [«—/—

Figure 4.12: The Universal Asynchronous Receiver and Transmitter. The receiver and
transmitter are driven by the baud rate generator. Once a word is received
by the receiver, it is written to the FiFo (First in, First out) buffer, from
where the application obtains the data. The transmitter reads the FiFo
buffer which entails data from the application, and shifts the data out
bit-by-bit.

1Tn this context, a word describes a data byte consisting of eight bits.

12 Pirst in, First out buffer. It is a storage between two sub-systems and is controlled by write and
read operators. In the write operation, the input is written to the buffer. In the read operation,
the first item in the FiFo is removed and the next item becomes available. The first item that is
written to the FiFo is the one that is read out first.
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In this project, the application is the RAM. A graphic representation of the RAM
used in this thesis is shown in Figure [L.13] The width of the RAM is 48 bits, which is
the length of each binary string containing the anode position and number of electrons
at that anode. The depth of the RAM, which is represented by addresses, depends on
the number of individual photon interactions N;,teractions that should be simulated and

can be calculated with

depthRAM = Ninteractions . Nanodes . (48)

Since the depth of the RAM for an Igloo2 FPGA is limited to 4096 addresses, the
eXTP WFM has 448 anodes, and the number of photon interactions has to be an
integer, a maximum number of nine individual photon interactions can be simulated
without having to reload the RAM, leading to 4032 addresses as depth of the RAM.
Each incoming data string is assigned its address and then saved in the respective slot
within the RAM.

0|1|0|1|{0j0f0|0|1|1 0[{1/0(0[1|1(0|0|0|1| address=0
address =1

4032

address =7

width = 48

depth

address = 4024

address = 4030

address = 4031

Figure 4.13: The Random Access Memory used in this thesis. The width of the RAM
is 48 bits as this is the length of the binary strings received from the
software component of the simulator. Since a maximum number of nine
individual photon interactions can be simulated by the simulator and each
interaction needs 448 addresses to store the data, the depth of the RAM
is 4032 addresses.
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4.2.3 Sending the Data to the Connected Electronics

Once the eXTP mission is in orbit and a photon has interacted with the detector, its
FEE sends out a trigger signal to the read-out electronics. The read-out electronics
answers this trigger signal with a command to send the respective data. In order to
simulate this behaviour, a Serial Peripheral Interface (SPI), consisting of a master (the
read-out electronics) and a slave (the FEE), was implemented to retrieve the data from
the RAM.

As mentioned in Section [4.1.4] a "send data" signal is sent to the SPI master in the
FPGA in order to simulate the trigger signal sent when a photon interaction took place.
Once this signal is received, the master sends a trigger signal to the slave, which reads
the first 448 addresses of the RAM and transmits them to the master, from where the
data can be read out. By only allowing the slave to read 448 addresses at a time, single

photon event simulations are enabled. Images depicting this process can be found in

Section [4.2.4]

Once another "send data' signal is received by the master, meaning that a second
photon interacted with the detector, and the trigger signal is sent to the slave, the
next 448 addresses will be read and passed on. This can be repeated until the desired
interaction number is reached. If all interactions stored on the RAM were transmitted
and another "send data" signal is received by the master, the read-out process will
continue with the first 448 addresses.

In future stages of this project, the master will not be programmed onto the FPGA
that simulates the detector FEE, but rather be implemented in the read-out electronics
that will be tested. A schematic of the final data flow achieved in this thesis is depicted

in Figure [4.14]

4.2.4 Testing the Hardware Component

To test the functionality of the hardware component, mock data as shown in Figure
was sent to the RAM. The data contained 4032 lines of data, representing the an-
odes and the respective number of electrons for nine individual photon interactions. To
check that the RAM received and stored the data correctly, the RAM addresses before

and after the data was sent were compared. This comparison is depicted in Figure [4.16]
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Figure 4.14: The final data flow of the detector simulator. The three components are
the PC, the FPGA and the electronics that are connected to the FPGA
via the DB-9 connector. The PC sends the data that was produced in the
software component of the detector to the UART core, which sends it on
to the RAM for storage. When the PC sends the "send data" command to
the SPI master, a trigger is sent to the SPI slave to initiate reading from
the RAM. The slave sends an address request consisting of 448 addresses
to the UART core, which reads the data stored at the respective addresses
from the RAM and sends it to the slave, from where the data flows through
the master to the connected electronics.

After the data were sucessfully saved to the RAM, the FPGA was connected to an
oscilloscope to check whether the data are reproduced in the correct order. The read-
out process for one photon is depicted in Figure .17} To start the process, the "send
data' command in the form of an "s" (73 in hexadecimal ASCII code) was sent to the
FPGA. This notifies the SPI master to lower the "chip select" (CS) signal, which is the
trigger for the SPI slave. While the master sends only zeros (MOSI, master out slave in)
to the slave, the slave sends the data stored in the RAM to the master (MISO, master
in slave out)'®. Once the master received the data of one photon (448 lines), it raises

nn

the "chip select" signal and waits until another "s" is received to start the process for

13Both the master and the slave are shift registers, meaning that when they receive one bit, they send
one bit. Because the slave does not need to store any information, the master sends only zeros in
order to obtain the valuable information stored in the RAM from the slave.
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the next photon. Each bit is read out with the falling edge of the clock signal (CLK).
Comparing the bytes in Figure to the ones in Figure it can be seen that

the data is read out correctly. Therefore, it can be said that the hardware component

of the detector simulator is working correctly.

0 7
[p00011110000111100001111/000011110000111100001111
111000011110o00111100001111000011110000
%000011116000111100001111000011110000111100001111
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000011110000111100001111000011110000111100001111
111100001111000011110000111100001111000011110000
000011110000111100001111000011110000111100001111
111100001111000011110000111100001111000011110000
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Figure 4.15: The first twelve lines of mock data sent to the FPGA’s RAM. In order
to see whether everything works correctly, the data were chosen to be
alternating between four zeros and four ones. The colored boxes show the
bytes that are pictured in while the numbers show the respective

bit numbers of the bytes.
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(a) The RAM before sending the data.
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(b) The RAM after sending the data.

Figure 4.16: Comparison of the first 80 RAM addresses before and after the data was
sent. The RAM values are depicted in the hexadecimal system. As can
be seen in [1.16a], the RAM is filled with random numbers before the data
are received. Once the data are sent, they are correctly saved in the RAM
(4.16Db)), which can be seen by the zero (standing for "0000") and F (stand-

ing for "1111") values.
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(a) The process of reading out the data for one photon.
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(b) Zoomed in view of the beginning of the read-out process.
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(¢c) Zoomed in view of the end of the read-out process.

Figure 4.17: The FPGA RAM read-out process. The process starts once the "send

data" command in form of an "s" (73 in hexadecimal system) is received
(R_DATA). gives an overview over the whole process, showing that
data is only received by the master (MISO, master in slave out) while the
"chip select" (CS) signal is lowered, which happens once the "s" is received.
shows a zoomed in view of the beginning of the process. Each bit is
read out with the falling edge of the clock signal (CLK). The colored boxes
and numbers show the bytes labelled in Figure By comparing these
boxes it can be seen that the RAM is read out correctly. As shows,
the data transfer is stopped once the chip select is raised. This happens
after 448 addresses are read.
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In the development stages of space missions it is important to simulate and test their
components for their performance and functionality. In order to test the read-out elec-
tronics of the WFM on-board the eXTP mission, a detector simulator was developed.
This simulator mimics the behaviour of the WFM’s SDD and sends the respective in-
formation containing the anode position and the number of electrons at the anodes to

the connected electronics.

The final version of the detector simulator is shown in Figure The FPGA in the
box communicates with the PC via the USB port, and sends the data to the oscilloscope
via the DB-9 connector. With this setup, the functionality of the detector simulator
can be tested. Data are sent to the FPGA via the USB cable, and once the "send data"
signal is received, the data are sent to the oscilloscope to check whether they are sent

in the correct order and with the correct values.

In addition to the simulator, a Python script that calculates the initial interaction
position and initial photon energy from the data sent by the simulator was written.
This script can be used in order to check the correct functioning of the tested read-out
electronics. As shown in Section [4.1.2] the energy is reconstructed with a standard de-
viation of 0.1060-2.2564 keV, while the initial position is reconstructed with a standard
deviation in the range of 0.0015-2.048 mm in drift direction and 0.537-69.717 pm in

anode direction, respectively.

The detector simulator designed in this thesis can simulate nine individual photon
interactions without having to be reloaded, and can send the information to an os-
cilloscope. The number of individual photon interactions that can be stored depends
on the depth of the RAM, which for the Igloo2 FPGA is limited to 4096 addresses.
By sending the appropriate number of "send data' commands, any amount of photon
interactions can be simulated. If more than nine "send data" commands are sent before
the RAM is reloaded with new data, the already stored photon information will be

sent again. By reloading the RAM after the ninth photon information was sent, new

73
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PC

Oscilloscope

Detector Simulator

Connection to electronics Connection to power source Connection to PC

Figure 5.1: The final version of the detector simulator. The software component creat-
ing the data that is stored on the FPGA is found on the computer. Com-
munication between the FPGA and the PC is done via the USB port, while
the communication with the connected electronics is enabled by the DB-9
connection. In this setup, the connected electronics is an oscilloscope to
check whether the data is sent in the correct order with the correct values.

photon information can be forwarded. However, if more than nine individual photon
interactions should be simulated without having to reload data to the RAM, a different
FPGA (or board) needs to be used.

Once the read-out electronics for the eXTP WFM is designed and ready to be tested,
it will replace the oscilloscope that was used as the connected electronics in this thesis.
For this testing, the SPI master, which currently is part of the FPGA (see Figure,
will be part of the read-out electronics. With that setup, the FPGA will have to send
a trigger signal to the read-out electronics to indicate a photon interaction, while the
read-out electronics will be responsible to request the photon data from the simulator.
future improvements of the current detector simulator should include the usage of a Rice
distribution when calculating the anode noise, and the integration of a more realistic
analog-to-digital conversion when converting the electron number at the anodes into

binary format. Another improvement that can be made is to include the time of the
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photon event in the data that are transmitted to the connected electronics. Since the
WFM and LAD SDD only differ in terms of anode number and anode pitch, the detector
simulator is suitable to mimic the behaviour of the LAD’s SDDs by adjusting these
settings. Future versions of the detector simulator can include a configurability which
will allow the switch between LAD and WFM detector without any adjustments. The
software component of the simulator could also be adapted such that it will be able
to simulate different types of detectors used in other experiments in order to test the
functionality and performance of their read-out electronics. Another change that can
be made to the software component is the transfer of the creation of photon interaction
data to the hardware component. With this transfer, the software component would

then be used solely for configuration and reconstruction purposes.
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