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Abstract

Black holes, neutron stars and white dwarfs are fascinating objects in the universe. To
better understand these compact objects, great efforts have been made in recent decades.
But some questions are still unanswered. The Compton Polarimeter (ComPol) is a Cube-
Sat mission to study the spectrum and polarization of the black hole binary system Cygnus
X-1 over a period of at least one year in the hard X-ray region to gain new insights into its
geometry, accretion disk properties, X-ray emission mechanisms and other features. An
adapted instrument is currently being prepared for an in-orbit verification mission on an
external platform aboard the International Space Station (ComPol-IOV). The launch is
planned for the end of 2023.

The focus of this work is on the characterisation of the Silicon drift detector (SDD) module,
the prototype for the ComPol-IOV mission. The physical motivation for the characteri-
sation measurements is to reproduce the angle-dependent ©-differential cross-section for
incoherent scattering by a Compton scattering experiment. Thereby the used setup con-
sists of the SDD module, originally designed for the TRISTAN experiment, as scatter
target and a commercially available Lanthanum (I1T) Bromide detector as calorimeter. The
angular dependence of Compton scattering is experimentally achieved by changing the
angle between the beam axis of the radioactive source (**! Am) and the LaBrs calorimeter.
In addition, simulations were carried out with a simplified setup consisting of only the two
detectors.

With the Compton scattering measurements in the final setup, which avoids shielding by
the printed circuit board (PCB), the angle-dependent O-differential cross-section for inco-
herent scattering in the angular range between ~ 75° and ~ 152° could be reproduced. It
is also shown that a low energy threshold and thus a good energy resolution of the SDD,
is crucial to resolve small scattering angles in particular and likewise to obtain a high sen-
sitivity in the low energy range for the ComPol mission. The results from measurements
were confirmed by the simulations to investigate the influence of the lower energy thresh-
old in the SDD module. Furthermore, it was found through simulations that especially
at angles around 90°, a longer path length of the photon through the Silicon of the SDD
leads to self-absorption in the SDD and thus a lower number of Compton events. This
is relevant for the polarization measurements of the ComPol mission, since polarization
dependency is highest in this angular range.






Zusammenfassung

Schwarze Locher, Neutronensterne und Weifle Zwerge sind faszinierende Objekte im Uni-
versum. Um diese kompakten Objekte besser zu verstehen, wurden in den letzten Jahr-
zehnten grofle Anstrengungen unternommen. Doch einige Fragen sind noch unbeantwor-
tet. Das Compton Polarimeter (ComPol) ist eine CubeSat-Mission, die das Spektrum und
die Polarisation des Rontgendoppelstern Systems Cygnus X-1 iiber einen Zeitraum von
mindestens einem Jahr im harten Rontgenbereich untersuchen soll, um neue Erkenntnis-
se iiber seine Geometrie, die Eigenschaften der Akkretionsscheibe, die Mechanismen der
Rontgenemission und andere Merkmale zu gewinnen. Ein angepasstes Instrument wird
derzeit fiir eine IOV-Mission auf einer externen Plattform an Bord der internationalen
Raumstation (ISS) vorbereitet. Der Start ist fiir Ende 2023 geplant.

Der Schwerpunkt dieser Arbeit liegt auf der Charakterisierung des Silizium-Drift-Detektors
(SDD), des Prototypen fiir die ComPol-IOV-Mission. Die physikalische Motivation fiir
die Charakterisierungsmessungen besteht darin, den winkelabhéngigen differentiellen Wir-
kungsquerschnitt fiir inkohérente Streuung durch ein Compton-Streuexperiment zu repro-
duzieren. Der verwendete Aufbau besteht aus dem SDD-Modul, das urspriinglich fiir das
TRISTAN-Experiment entwickelt wurde, welches als Streutarget verwendet wird und ei-
nem handelsiiblichen Lanthan(IIT) Bromid-Detektor als Kalorimeter. Die Winkelabhéngig-
keit der Compton-Streuung wird experimentell durch die Anderung des Winkels zwi-
schen der Strahlachse der radioaktiven Quelle (>*' Am) und dem LaBrs-Detektor realisiert.
Dariiber hinaus wurden Simulationen mit einem vereinfachten Setup, welches nur aus den
beiden Detektoren besteht, durchgefiihrt.

Mit den Compton-Streuungsmessungen im endgiiltigen Aufbau, in dem die Abschirmung
durch die Leiterplatte vermieden wird, konnte der differentielle Wirkungsquerschnitt fiir
inkohérente Streuung im Winkelbereich zwischen ~ 75° und ~ 152° reproduziert werden.
AuBlerdem wurde gezeigt, dass eine niedrige Energieschwelle und daher eine gute Ener-
gieauflosung der SDDs entscheidend ist, um insbesondere kleine Streuwinkel aufzul6sen
und ebenso eine hohe Sensitivitdt im niedrigen Energiebereich fiir die ComPol-Mission
zu erhalten. Die Ergebnisse der Messungen wurden durch Simulationen zur Untersuchung
des Einflusses der unteren Energieschwelle im SDD-Modul bestéitigt. Dariiber hinaus wur-
de durch Simulationen festgestellt, dass insbesondere bei Winkeln um 90° eine léngere
Wegléinge des Photons durch das Silizium des SDD zur Selbstabsorption im SDD und
damit zu einer geringeren Anzahl von Compton-Ereignissen fiihrt. Dies ist relevant fiir die
Polarisationsmessungen der ComPol-Mission, da die Polarisationsabhéngigkeit in diesem
Winkelbereich am grofiten ist.
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Compton Telescopes

1.1 Introduction

Black holes, neutron stars and white dwarfs are fascinating objects in the Universe. To
understand these compact objects in more detail, great efforts have been undertaken in the
last decades [I5]. But still some questions remain. To gain more information it is neces-
sary to expand the observation methods beyond the border of classical imaging. The small
size to distance ratio makes it impossible to get knowledge about these compact objects
via optical methods. To retrieve data from them other possibilities have been developed.
The Compton Polarimeter (ComPol) is a CubeSat mission. Its goal is to investigate the
spectrum and polarization of the black hole binary system Cygnus X-1 over the duration
of at least one year in the hard X-ray range (20 keV - 2 MeV) to get new insights into its
geometry, accretion disk properties, X-ray emission mechanisms, and further characteris-
tics, [36]. The ComPol mission will focus its observation on only one astronomical source
as the detector area is very small. Therefore the amount of data which will be collected
will be low in comparison to standard X-ray satellite missions.

In section the target object Cygnus X-1 is presented briefly. The processes of interac-
tion of photons in matter are described in section with focus on Compton scattering
in subsection The working principle of a Compton telescope and polarization mea-
surements are explained in section

1.2 Cygnus X-1: Scientific Motivation

The Black Hole Binary (BHB) System Cygnus X-1 is a strong galactic X-ray source lo-
cated in in the constellation Cygnus (swan), consisting of a black hole (BH) and the blue
supergiant variable star HDE 226868 [44], see Fig: The compact object was the first
accepted black hole, it was discovered by Bolten et al. [12] in 1972.

In 2021, the mass of the black hole was revised up to 21.2 + 2.2 times the mass of the
sun after the re-determination of the distance to Cygnus X-1 to 7200 light-years by using
the Very Long Baseline Array [37]. The compact object and the blue supergiant orbit
each other during an orbital period of 5.6 days [13]. The black hole continuously accretes
matter from the companion. The X-ray spectrum of Cygnus X-1 strongly fluctuates and
several different spectral states can be identified. The states are distinguished by their
luminosity and their dominant X-ray energy range, see Fig:
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Figure 1.1 Cygnus X-1.
Left: Location of the BHB Cygnus X-1 in the constellation Cygnus (swan). Adapted from [I]
Right: Artist’s illustration of Cygnus X-1 accreting material from its companion. Taken from [2]

The Low Hard State (LHS) has an maximum emission energy about ~ 100 keV. Its
overall luminosity in the X-ray spectrum is lower than in the High Soft State.

The High Soft State (HSS) has an maximal emission energy about ~ 1 keV. Its overall
luminosity in the X-ray spectrum is higher than in the LHS. [24], [16]. The LHS and HSS
spectra are shown in Fig:
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Figure 1.2 Cygnus X-1, Spectra of the two Main States. The two main states of Cygnus X-1,
the Low Hard State (blue) and the High Soft State (red) are shown. The Low/High in the name of the
state describes the luminosity and Hard/Soft refers to the dominant X-ray energy range of the state. The
maximum emission in the LHS is at ~ 100 keV and for HSS at ~ 1 keV. Figure adapted from [43]

The BHB tends to remain in the HSS and the LHS states for several years. But also a far
more unstable and short-lived Intermediate State can be occupied in between the LHS
and the HSS. The LHS was the dominant emission state of Cygnus X-1 during the last
20 years [24], [30]. Both, the LHS and the HHS, consist of a low energy part in between
0.5 keV and 10 keV, a high energy part in between 10 keV and 400 keV and a hard tail



3 1.2 Cygnus X-1: Scientific Motivation

for energies above 400 keV. These parts are differently pronounced depending on the state
and can be produced by several physical processes. These are mainly:

Thermal emission, synchrotron radiation and inverse Compton scattering [36],[30]
The importance and the interplay of these processes are not yet completely understood. It
is therefore the aim of the ComPol mission to gain more insights into the X-ray production
mechanisms of the different states of the system [36].

The LHS

The LHS spectrum of Cygnus X-1 has two main mechanisms that could be responsible,
illustrated in Fig: :

Inverse Compton scattering of soft photons in the hot Corona

Theoretical models predict that the black hole and the inner part of the accretion disk
are surrounded by a hot corona with a thermal temperature of ~ 70 keV. The photons
undergo inverse Compton scattering on these electrons, gain energy from that process and
are shifted towards the hard range of the spectrum [16].

Synchrotron emission in the jets

The jets of a BHB consist of a small amount of matter, which does not fall into the black
hole. This matter is accelerated perpendicular to the accretion disk. Due to synchrotron
radiation in the jet formation region hard X-rays could be created.[43]

|
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Figure 1.3 Illustration of the Low Hard State, LHS.

A possible geometry and the emission mechanisms for Cygnus X-1 in the LHS are shown. The black hole
is indicated by a black circle in the center, the companion star is not shown. In the presence of a Corona,
the hard emission can be explained by inverse Compton scattering. Furthermore, hard X-rays are created
in the formation region of the jets via synchrotron radiation. Taken from [36].

The HSS

The HSS spectrum of Cygnus X-1 does not match to the presence of a hot corona and
further, no radio emission from jets has been detected. It can be concluded that no jet
formation exists in the HSS [43]. Without a corona and jets the physical models taken
into account are: (shown in Fig:

Thermal emission of soft X-rays directly from the accretion disk. The disk can
reach closer to the black hole, therefore more soft photons can be emitted directly from
the disk [36].

Inverse Compton scattering on electrons, which are free falling into the BH.
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That process could be responsible for the (weak) high energy component of the HSS [31].
Synchrotron radiation in the inner accretion disk. That could generate the faint
hard component of the HSS [36], [30].

Scattered hard

photons

Hard synchrotron
photons

Accretion
disk

Soft photons
from cold disk

Figure 1.4 Illustration of the High Soft State, HSS. A possible geometry and emission mechanisms
for Cygnus X-1 in the HSS are shown. The black hole is indicated by a black circle in the center, the
companion star is not shown. Low energetic photons are emitted by the accretion disk. Without a corona,
the hard component of the HSS is generated via synchrotron radiation in the inner parts of the accretion
disk and via inverse Compton scattering on free-falling electrons. Taken from [36].

The hard X-ray tail of both states can be explained by synchrotron radiation from jets,
due to their high degree of polarization [30].

Many further processes to determine a complete model of a BHB have to be taken into
account, e.g. geometrical effects, coronal effects, reflections and relativistic effects. Fur-
thermore the mass and the spin of the BH and also the orientation of the system play a
huge role in the overall description of such a system.

Concerning Cygnus X-1, still many questions have to be answered: It is unknown which
are the links between the effects mentioned above and the emitted radiation
spectrum. Furthermore, it is not known which mechanism curses the states
and how the transition between different states works. Polarization measurements
could help to answer some of those open questions as stated in [36]:

Polarized radiation can be produced in a BHB via synchrotron radiation and
scattering. The degree of polarization and the plane of orientation of the polarization
depends on the composition of the corona and the kinematics of the system. An other
important role in X-ray and polarization measurements is played by the orientation of the
BHB to the observer. The number of photons reaching the observer from each region of
the BHB depends on the alignment to the rotation axis and thus the accretion disc and the
jets. By measuring the radiation spectrum and also the degree and plane of polarization
in various energy ranges, conclusions can be drawn concerning several parameters of the
astrophysical object[36].

The ComPol CubeSat will observe the spectrum of Cygnus X-1 in the energy range be-
tween 20 keV and 2 MeV. Simultaneously the polarization for energies up to 300 keV will
be measured. An initial sensitivity study had been performed by Matthias Meier [36], de-
termining the minimum detectable polarization (MDP) of ComPol after one year of data
taking to 13% [36]. A further study including a conservative estimation for the cosmogenic
activation, resulted in an MDP of 17%, [22]. This is in the order of magnitude measured
for Cygnus X-1 ( P < 20%) in the energy range between 250 keV and 400 keV. [39].
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1.3 Interaction of Photons in Matter

Photons interact in matter depending on their energy and the properties of the material.
The main interaction processes are photoelectric effect, Compton scattering and
pair production. Dominant processes in the X-ray energy range are photoelectric effect
and Compton scattering.

1.3.1 Photoelectric Effect

The photoelectric absorption of a X-ray photon by an electron shell of an atom is denoted
as photoelectric effect. If the photon energy is larger than the ionization energy of the
electron, the photon is absorbed and an electron is ejected from the shell. The cross section
of the interaction process increases step wise when the photon energy exceeds the binding
energy of an electron shell. The cross-section further scales with the atomic number Z
according to Z° and the energy of the E~3, therefore this process is most prominent in
high 7 elements and at low energies.

1.3.2 Compton Scattering

Compton scattering, discovered in 1923 by Arthur H. Compton [I7], is the inelastic scat-
tering of a photon on a free or nearly free electron. A schematic sketch of a Compton
scattering process is shown in Fig: In this process the incident photon transfers some
of its initial energy to the electron, it is deflected by an angle © and its wavelength A is
shifted by A\ according to:

AN = A¢(1 — cos ©), (1.1)

with Ao = h/mec. The energy of the scattered photon E(©), depending on the scattering
angle © can be calculated as follows:

Eomec?
E©) = 1.2
(©) mec? + Eo(1 — cos©)’ (12)
and therefore the energy of the electron E.(©) is given by:
E§(1 —cos©
E.(6) = By~ B(©) = 00— =0) (13

mec? + Eo(1 — cos©)’

The energies of the scattered photon and of the scattered electron depending on the
scattering angle are shown in Fig: [L.5|for an incoming electron with an energy of 59.5 keV,
e.g. produced by an Americium (' Am) source.

The differential cross-section for Compton scattering, originally described by Klein and
Nishina [28] by using polar coordinates is given by the following equation:

a0 = 9 (6+e—2sm (©) cos (<I>)), (1.4)

with e = E(0O)/Ey, the ratio of the energies of the scattered to that of the incident photon.
The classical electron radius is denoted by rg, whereas © is the scattering angle and ®
the azimuthal scattering angle, describing the angle between the polarization vector £ of
the initial photon and the propagation direction of the scattered photon. Integrating the
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Figure 1.5 Compton Scattering Process.

Left: Schematic sketch of the scattering process. The incident photon (green) with an energy of
Ey=59.5 keV, e.g. from an Americium (Am241) source, transfers some of its initial energy to the electron
e (blue) and is deflected by the angle ©. The energy of the scattered photon (red) decreases depending on
O. Figure adapted from [36]

Right: Energies of the scattered photon E(©) and the scattered electron E.(©) depending on the scat-
tering angle ©, exemplary illustrated for an initial photon energy of 59.5 keV, e.g. from an Americium
(** Am) source.

differential cross-section over the azimuth angle ® leads to the ©-differential cross-section,
a function depending on ©, [34]:

_ _docs 5501 a2
ocs,e(Ey, ©) = Sn(©)d0 Trye (6 + € — sin (@)), (1.5)

Incoherent Scattering

Classical Compton scattering applies to free electrons only, but electrons in a material are
bound to atoms. To correctly describe scatter effects in a material, incoherent scattering
has to be considered. This is done by introducing the so called incoherent scattering
factor S to correct the differential cross-section for the case of bound electrons. The cross
section for incoherent scattering is the product of the differential cross-section for Compton
scattering and the correction factor S:

docs
aQ ’

dors

(1.6)

where the correction factor depends on the momentum transfer Ap = sin(©/2)Ey/hc
between the incident photon and the electron. The value of the correction factor S is
material dependent as it corresponds to the number of electrons of an atom that contributes
to the scattering cross-section. Based on a fit to experimental data of Hubbell et al. [27],
Maier [34] derived the correction factor for Silicon (Z=14) according to:

1+ exp(—0.18(Ey sin(9/2))°%

Si(Eo,©) = 14 -
1(Eo, ©) 1+7.19 - exp(—3.11E, sin(0/2))’

(1.7)

with the energy of the incoming photon Fy. The O-differential cross-section for incoherent
scattering can be calculated by using the result of equation [L.5
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Figure 1.6 ©-Differential Cross-sections for Incoherent Scattering (IS), in Silicon (Z=14), for
three different energies. The energies of the incident photon are 30, 59.5 and 100 keV. For comparison,
the dashed line illustrates the ©-differential cross-sections for coherent scattering (CS), exemplary for an
initial photon energy of 59.5 keV, e.g. from an Americium (**' Am) source. Figure idea taken from [34]

The difference between Compton scattering and incoherent scattering is shown in Fig:
being most pronounced at low energies and small scattering angles. Further, the influence
of the energy of the incoming photon on the ©-differential cross-sections for incoherent
scattering is depicted for three energy values. See Fig:

However, it is more common to use the term Compton scattering for both processes,
which will also be applied in this work.

1.3.3 Pair Production

The production of an electron and a positron in the vicinity of a nucleus from a high energy
photon is called pair production. The energy threshold for the occurrence is £ > 1022 keV.
The vicinity of a nucleus is needed for momentum conservation. The energy range of pair
production is out of the X-ray range and therefore irrelevant for this thesis.

1.4 Compton Telescopes

Generally Compton telescopes are gamma-ray detectors which utilize Compton scattering
to determine the polarization and the origin of the observed v-rays. They are usually
applied to detect v-rays in the energy range where Compton scattering is the dominating
interaction process. The direction of motion of the scattered photon can be determined
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by measuring the position of the initial Compton interaction and the energy deposits of
the scattered X-ray. This so called event reconstruction is described in section A
polarization analysis is then conducted on that basis (section|1.4.2). The ComPol telescope
(chapterf2)) follows the working principle of the COMPTEL type [45], the simplest type of
Compton telescope.

1.4.1 Event Reconstruction

The COMPTEL detector system consists of two energy- and position- sensitive detectors
arranged in a stacked order, see Fig:

~
-~

| EL R,y
SDD
E(0)
%)
Ez’ R2
[ x |
Calorimeter

Figure 1.7 Schematic Illustration of a COMPTEL Type Compton Telescope.

An exemplary Compton event is shown. First, a X-ray photon (green) interacts via Compton scattering
process in the upper detector. The Energy E; is deposited at the position Ri. Subsequently, the deflected
photon is fully absorbed in the lower detector at the position Ro and deposits the energy E,. The origin of
the initial photon can be confined to a cone surface (red circle) with an opening angle of 20 by detecting
the positions and energy deposits. Figure adapted from [36]

A Compton event consists of a coincident event in both detectors. In the first detector the
photon undergoes Compton scattering at position R; and transfers the energy E; to the
electron. Afterward, the photon gets completely absorbed in the second detector via photo
effect at position Ry. The energy deposits there is Eo [36] [45]. This second detector acts
as a calorimeter and consists usually of scintillating material. From the Compton formula,
equation the scattering angle © can be calculated from:

1 1
COS(@) =1- m6C2(E72 — m), (19)

where the initial photon energy is F1 + Ey = Ey and the wavelength shift AX has been
expressed in terms of the energy [36]. From the scattering angle the initial direction of
the X-ray can be confined to a cone surface with an opening angle of 20. A COMPTEL
type Compton telescope cannot resolve the direction of the recoil electron, therefore the
initial direction cannot be confined any further. For a more detailed description of the
working principle of COMPTEL telescopes, see Zoglauer [45]. To determine the position
of an X-ray source precisely, a significant number of Compton events have to be measured
and the intersection point of all resulting Compton cones has to be calculated. A so called
Compton camera can observe the entire solid angle of 47.[36]. The position reconstruction
is not needed anymore by restricting the observation to one specific direction. To achieve
this, the telescope is aligned towards one source and a collimator is added in front of
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the detector system [36], which leads to a suppression of the number of Compton events
from other directions. During a process called event selection, useful Compton events
from Cygnus X-1 are distinguished from background events, see subsection for a
description related to ComPol.

1.4.2 Polarimetry

As mentioned in section Compton telescopes can also be used to measure the degree
of polarization P and the dominant polarization plane of a X-ray source. The cross-
sections for coherent scattering and for incoherent scattering are maximal for scattering
angles of ® = 90° and & = 270°. This has been calculated using equations and
A sketch of the polarization dependence is given in Fig:[I.§ The calculation and the
figure can be interpreted as follows:

90°

E =100keV

— 0=2°

—_— e=50

— ©=15°

— ©=30°

—— @ =45°

© = 60°

1807 e =175°
— ©=90°

270°

Figure 1.8 Polar Plot of the Differential Cross-section for Incoherent Scattering in Silicon for
an Incident Photon with an Energy of 100 keV.

The calculation has been done according to equation [1.6} The colored lines show the dependence of the
cross-section on the azimuthal scattering angle ® for a specific scattering angle ©. The azimuthal angle ® is
described with respect to the initial polarization vector £&. The radial distance to the midpoint corresponds
to the amplitude in barn/atom. Taken from [36]

e The probability for the photon to be scattered in a direction which is orthogonal to
the initial polarization vector is increased.

e As sin(27m) ~ 0, the detectable polarization signature is weak for scattering angles
close to 0° and 180°.

e The higher the energies, the smaller the scattering angle on average and the weaker
the dependence on the polarization.
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The probability distribution for the azimuthal scattering angle can be calculated from
equation [1.6, The real azimuthal scattering angle ® in the reference frame of the initial
X-ray is not known, therefore an arbitrary new scattering angle ® toward a fixed reference
frame in the detector system is introduced [36]. The probability distribution for this new
scatter angle can be expressed by [41]:

Fo(®) =C-[1+a-cos(2(® — )] (1.10)

The parameter C' describes the offset of the azimuthal scattering angle distribution and
is related to the total number of events. The modulation amplitude a describes the
amplitude of the cosine curve and is calculated by the ratio of the absolute amplitude
A and the offset C. The value of a has to lie between 0 and 1. The angle ¥ denotes
the polarization angle in the reference frame of the instrument and leads to a shift along
the x-axis of the probability distribution. Using equation [1.10] it is possible to calculate
the degree of Polarization P by dividing the measured modulation amplitude a by the
modulation amplitude for 100% polarized light x to P = a/u.The modulation amplitude
for 100% polarized light p depends on the used instrument and has to be determined
experimentally via a calibration measurement.

140 . Data
l ‘{ 1}1 — Fit: a=0.7, C=72.2 Ill %]
o 1207 X i st
¢ 100{ ¥ # f H
¢ !
5 80 gl | gt
é 60 !
2 40 f»(max) * 1 c t
20 1 ' l * q
i 1 T i
0 | | fp(min) !
0 50 100 150 200 250 300 350

o (°)

Figure 1.9 Exemplary Data and Fit of the Cosine Modulation of the Azimuthal Scattering
Angle Distribution for Polarized Photons.

Illustration of the absolute amplitude A, the offset C', and the polarization angle ¥ in the reference frame
of the instrument. The amplitude A is proportional to the degree of polarization. The polarization angle
® corresponds to the plane of polarization. Taken from [22].



The ComPol Project

As stated in section ComPol, is a CubeSat mission to perform a long-term measure-
ment of the black hole binary sytem Cygnus X-1 in the medium to hard X-ray range. The
CubeSat will focus on Cygnus X-1 for up to one year. The components of the instrument
are engineered by different research groups, the Technical University Munich (TUM), the
Commissariat & I’énergie atomique (CEA) in Paris, the RadLab at the Politecnico di Mi-
lano (Polimi), and the Laboratory for Rapid Space Missions (LRSM) in Garching. The
latter is funded by the ORIGINS excellence cluster at the TUM. Currently, an adapted
instrument is in preparation for an In-Orbit-Verification (IOV) mission on an external
platform aboard the International Space Station (ISS), further denoted as ComPol-IOV.
The launch will be in the end of 2023. The main goal of the ComPol-IOV is to prove
the functionality and durability of the instrument in the space environment of a low earth
orbit (LEO). Besides that, it allows for a in-orbit background study and for developing
data acquisition routines using real data. The focus of this thesis is the characterization
of the Silicon drift detector (SDD) module, the prototype for the ComPol-IOV mission.
This Chapter provides an overview of the ComPol project. The ComPol detector system
consists of two layers. A Silicon drift detector (SDD), described in section makes up
the first layer and a CeBrs scintillator, described in section the second one. First,
an introduction on SDDs in general is given in section leading to a description of
the SDD Detector for the ComPol and the ComPol-IOV mission in subsection The
LaBrs detector substitutes the CeBrs for the characterization measurements, performed
in this thesis and described in chapter Besides the crystal material, also the readout
electronics is different for the two detectors. The CeBrs is read out by Silicon Photo
multipliers (SiPMS) and the LaBrs is read out by a classical Photo-multiplier (PMT).
The working principle of PMTs and SiPMs is described in section An introduction
to energy resolution is given in section and the data analysis chain for ComPol in
described insection 2.2.5]

2.1 Silicon Drift Detector (SDD) - in General

The ComPol detector system consists of two layers, an SDD, described in section [2.2.1]
makes up the first layer and a CeBrj scintillator, described in section [2.2.2] the second one.
In this section SDDs are described in general. The SDD is a special type of semiconductor
detector which is widely used for X-ray spectroscopy and as particle detectors or trackers.
A much higher energy resolution and lower detection threshold can be achieved than by
using e.g. scintillation detectors. SDDs have a very small readout anode relative to their
sensitive volume, leading to a reduced readout capacitance and thus a low noise level [40)],
[19]. In the following, the basics of semiconductor detectors and SDDs will be introduced,
for more profound information see e.g. [40], [29].
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Table 2.1 Properties of the Semiconductor Material Silicon.

The quantity Z denotes the atomic number, p the density at 7' = 300K and e the average energy which
is necessary to build an electron-hole pair. F; is the band gap. The values of €, Es, and the mobility are
given for the typical operating temperature of Silicon (7" = 300 K). Data taken from [29]

7 p € E;  Mobility (cm?/(V -s))
(g/em?) (eV) (eV) Electrons Holes
Silicon 14 2.33 3.62 1.106 1350 480

Semi Conductor Detectors

The energy of electrons in a solid is confined to energy bands. The highest, yet occupied
band is called valence band, the next higher-lying, non-populated band is called conduction
band. In between these bands is a gap which is referred to as band gap (F). Its size
determines whether the material is called an insulator, a semiconductor, or a conductor
[40]. The band structure corresponding to these different types is illustrated in Fig.

Conduction Conduction Conduction
band band band
>
i I S P L S
g Band
v
g Eg >5eV Eg~1leV | superposition
g
=
Valence band Valence band Valence band
Insulator Semiconductor Conductor

Figure 2.1 Band Structures of an Insulator, a Semiconductor, and a Conductor.

Insulators have a relatively large gap between the valence and the conduction band of E; > 5eV. Semi-
conductors have a smaller band gap of E; ~ 1eV. In conductors the valence and conduction bands are
superimposed. Taken from [19].

In conductors, the electrons can move easily between the valence and conduction bands via
thermal excitation. An insulator has a large band gap thus the electrons from the valence
band cannot move into the conduction band. A semiconductor has a smaller band gap. If
a valence electron gains sufficient thermal energy it can be elevated into the conduction
band. The thermal excitation creates an electron in the conduction band and an associ-
ated vacancy (hole) in the valence band, together called electron-hole pair. The current
induced by electrons which move to the conduction band increases strongly above a cer-
tain temperature. This quantity is called leakage current, which is a source of noise when
the semiconductor is used as a radiation detector. Therefore, semiconductor detectors
are often operated at low temperatures. The band gap in semiconductor materials can
be used for particle detection. If a charged particle or a gamma ray enters the material,
valence electrons are excited into the conduction band [I9]. In an external electric field,
the electrons are collected to the anode and the holes are collected to the cathode. This
enables to measure the deposited energy and to use the semiconductor as a detector. The
main properties of the semiconductor material Silicon is given in Tab.
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Impurities and Doping

Ideal crystals without any impurities do no exist. The small residual impurities affect the
band levels, the band gap and therefore the conductivity. The acceptor impurities provide
additional holes and the donor impurities provide additional electrons. If an acceptor atom
(e.g.Boron) with three valence electrons is inserted into a four-valent crystal lattice, e.g.
Silicon, an additional hole is available, called p-type crystal due to the presence of positive
acceptor impurities. If a donor atom with either one (e.g. Lithium) or five valence electrons
(e.g. Phosphorus) is inserted into a four-valent crystal lattice, one additional electron is
available, called n-type crystal due to the presence of negative donor impurities. In general
acceptor as well as donor impurities are present in the crystal lattice. The intentional
introduction of impurities into a lattice is called doping. It is used to make to create a
p-n transition [29], [40].

Diode and Depletion

A diode is the combination of a p-type and an n-type semiconductor material, see Fig.
At the junction between the materials (the p-n-junction) free electrons diffuse into the p-
type region, recombining there with holes. This leads to the so called depletion zone,
a space charge region around the junction until the electric field of the space charge
compensates the exchange of more electrons. It can be used as the active volume of a
semiconductor detector. When energy is deposited in the depletion zone, electron-hole
pairs are created. The average energy required to create an electron-hole pair is for Silicon
€si =~ 3.6beV. Due to the electric field the charge carriers are separated, they do not
recombine but drift instead to the non-depleted regions. There they can be measured as
a reverse current.

[ L ]
L. ) L4 .
e clectrons, e
¢ ,%0, o,
[ ] L] [ ]

depletion region

Figure 2.2 Combining p-Type and n-Type Semiconductor Materials to build a Diode.
A depletion zone is created at the junction between the two materials. Taken from [19].

The detector is only sensitive to charge depositions in the depletion zone. This very small
region can be extended by applying an electric voltage to the diode. The voltage is applied
in a reverse bias configuration, that means the negative terminal is applied to the p-type
side and the positive terminal is applied to the n-type side. Thereby, the electrons and
holes are attracted to the sides. The size of the depletion region increases with increasing
bias voltage and decreasing net impurity concentration. The so called depletion voltage is
the voltage, at which the detector obtains full depletion. As soon as a reverse bias voltage
is applied, a semiconductor detector behaves as a capacitor with capacitance Cp.
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PIN Diodes

PIN (positive, intrinsic, negative) diode detectors use the above mentioned method to
deplete a large silicon volume. They consist of a bulk of very pure intrinsic silicon which
usually is of n-type with a very low donator density. On the top and bottom surfaces of
the bulk, thin layers of p- and n-type silicon with a high acceptor and donator density
are added by doping. The bulk can be fully depleted by applying a reverse bias voltage,
depending on the thickness and the doping concentration. [19]

Silicon Drift Detector (SDD) [19]

The sideways depletion was introduced by E. Gatti and P. Rehak to produce semicon-
ductor detectors for ionizing particles with a low anode capacitance [11]. This detector
type is called Silicon Drift Detector. An SDD adds the principle of sideways depletion to
the PIN, an SDD is illustrated in Fig. A volume of a high-resistivity semiconduc-
tor material (n-type Silicon) is covered by rectifying p-doped junctions on the upper and
lower surface. The (negative) bias voltage is applied on the entrance window side (back
contact) of the detector. The p-junctions on the detector readout side are segmented
strip-like (drift rings). They are biased in a way that they generate an electric field with
a strong component parallel to the surface. Therefore signal electrons which are released
in the depleted volume by the absorption of ionizing radiation, drift towards the readout
contact, the collecting anode. The anode has small physical dimensions, therefore the
detector has a small capacitance, independent of the detector area. The small capacitance
allows for low electronic noise and high rate operation of the SDD. Furthermore, SDDs
have fast and efficient charge collection properties. To get the ultimate noise performance
a junction field-effect transistor (JFET) is integrated directly into the anode structure of
the chip. Therefore the readout electronics can be placed at a distance of several cm to
the detector chip and the anode capacitance is still only 180 fF, leading to an excellent
signal-to-noise ratio. An inner guard ring (IGR) shields the n-JFET from the silicon bulk.

n+ anode

integrated FET ([;S) field strips |

_________ path of
""""" o) .electrons

p+ back contact

Figure 2.3 Schematic Sketch of a Silicon Drift Detector.

An electric field guides the electrons to the collecting n+ anode in the center of the detector. The latter
is surrounded by several drift rings. The entrance window for radiation is on the opposite side (p+ back
contact). The illustrated detector has an integrated field-effect transistor (FET) close to the anode. The
FET forms the first part of the signal readout chain. In contrast, the SDDs in the ComPol project don’t
have a FET. The dashed line shows the drift path of electrons to the anode. Figure taken from [32].

The TRISTAN Detector

The so-called TRISTAN detector is a new detector system which is currently under
development.[19] Its aim is the search for sterile neutrinos on the keV mass scale with
the Karlsruhe Tritium Neutrino (KATRIN) experiment. The beta decay spectrum of tri-
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tium will be measured in total, to search for a kink-like distortion. To achieve this, an
excellent energy resolution is required. The detectors has the following advantages:

e Possibility to handle high count rates (100 kcps/pixel)
e Excellent energy resolution (300 eV FWHM at 20 keV; 140 eV FWHM at 5.9 keV)

e Availability of an integrated signal readout stage.

The SDD concept is very flexible in shape and size. The pixels are 450 pm-thick hexagonal
cells arranged in a honeycomb structure. The detector entrance window has a minimal
thickness of about 50 nm to minimize the dead area and associated energy losses. Each
detector pixel has 20 hexagonal drift rings which are biased via a voltage divider of 5 M)
total resistance.

Following the above mentioned advantages, the SDD technology is predestined for the
ComPol experiment. For an efficient background exclusion it is required to accurately
measure the energy deposition during Compton scattering.[36]. Another advantage of this
detector type is the small atomic number Z of Silicon (Z= 14). As shown in section[1.3.2]
the cross-section for Compton scattering does not depend on Z, but the cross-section for
photoelectric absorption does as it scales with Z°, see section[1.3.1] For a successful event
reconstruction it is necessary to have a Compton scattering with subsequent photoelectric
absorption of the photon. If the number of photons absorbed in the first detector layer
are reduced, the number of Compton events in the first detector layer increases.

2.2 ComPol

ComPol, as mentioned above, is the planned CubeSat mission that carries a Compton
telescope of the COMPTEL type, see chapter[l], working as a spectrometer and polarimeter
simultaneously, covering the energy range of 20 keV to 2 MeV and 20 keV to minimal
300 keV, respectively. Therefore it will be able to close the energy gap between ~ 180 and
300 keV. So far the following four key studies were performed:

e A first feasibility study (ODYSSEUS Space Inc., 2018) [35]
e A first sensitivity study (Matthias Meier, 2019) [36]
e A background, activation and shielding study (Cynthia Glas, 2022) [22]

e A mechanical design and shielding study against optical photons for the IOV mission
(Katrin Geigenberger, 2022) [21]

The ComPol CubeSat will consist of 3 CubeSat Units. The standardized size of one unit
is 10x10x11.35 cm?® and the maximum weight is 1.3 kg [9]. That would lead to a size of
10x10x34 cm?® and a weight of 3.9 kg for ComPol. Due to the strong limitation in size and
weight, most of the heavy shielding material must be omitted, making the satellite sensible
to cosmic radiation, and dust particles. They relatively quickly degrade the electronics and
shorten the lifetime of the satellite. A typical lifetime in orbit for a CubeSat is estimated to
1 year. The detector system for the ComPol consists of a Silicon Drift Detector , described
above in section where Compton scattering takes place (see subsection . After
this first detector, the scattered photons are absorbed in a CeBrs scintillator, operating as
a calorimeter. A schematic sketch of the setup with an exemplary Compton interaction is
shown in Fig. [36] The most important characteristics of the SDD and the scintillator
for the ComPol project are summarized in the following subsections.
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SiPM-Matrix — 80 mm

Figure 2.4 Detector Setup of the ComPol CubeSat.

The SDD from the TRISTAN project is illustrated in blue and the CeBrs scintillator in red. The base
of both detectors is approximately quadratic. An exemplary X-ray event (green) is shown. The incident
photon undergoes Compton scattering in the SDD (blue cross) and a subsequent photoelectric absorption
in the CeBrs scintillator (red cross). Figure adapted from [36]

2.2.1 SDD-Detector Modul for ComPol

The SDD module for the ComPol mission will be build of several hexagonal pixels. The
SDD were originally developed for the TRISTAN project of the KATRIN experiment, as
introduced in section The preliminary module design consists of 31 pixels. Each pixel
has a size of 2 mm. The overall dimensions of the module are 10x12.7 mm?, the height is
0.45 mm, illustrated in the left part of Fig. In the ComPol-IOV mission two smaller
7-pixel TRISTAN SDDs will be used, shown in the right part of Fig. For an efficient
background rejection, the energy deposition during the Compton scattering event has to
be measured as accurately as possible. The energy resolution of the SDD is determined
by the Fano noise and the noise originating from the detector electronics and the readout

chain, see section [38], [14].

2.2.2 CeBr;-Detector for ComPol

The material chosen for the calorimeter is Cerium(III)Bromide (CeBr3), which is a scintil-
lating crystal. Scintillation light is created by ionizing radiation interacting in the detector
volume. The wavelength of maximum emission thereby is at 380 nm [25]. The read out of
the scintillation light will done by a matrix of 64 Silicon Photomultipliers (SiPM), briefly
introduced in the following subsection. The measured scintillation light distribution de-
pends on the position of the interaction and the energy of an incoming photon in the
detector. The readout system to reconstruct the interaction point is based on an artificial
neural network. After training the latter with data from simulations, the interaction point
can be determined with an accuracy in the order of a few millimeter. The development
has been done at Université Paris-Saclay [23]. Furthermore, CeBrs has a good absorption
efficiency for X-rays and a position resolution of the same order of magnitude as the first
detector layer. The CeBrs module has a size of 80x80x10 mm?. The spatial resolution of
the CeBrs detector is limited to 2.5 mm parallel to the detector plane and 2.2 mm in the
vertical dimension (height of the detector). The lower energy threshold of the calorimeter
is 10 keV and the overall energy resolution can be calculated on the basis of measurements
with various radioactive sources, see[23] and subsection m
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Figure 2.5 Module Design and Prototype of the Silicon Drift Detector.

Left: The SDD module for the ComPol mission consists of 31 hexagonal pixels with a size of 2mm.
Right: The seven pixel prototype SDD (originally developed for TRISTAN). It will be used in the ComPol-
IOV mission. In the center of each pixel is an anode. It is surrounded by the drift rings. The dimensions
of the pixels are the same as in the sketch on the left. Two bonding wires are attached to each pixel,
one for the anode and one for the innermost drift ring. The outermost drift rings are connected such that
individual bonding wires for each pixel are not required [36]. Figure taken from [22]

2.2.3 Photomultipliers

A Photo-multiplier (short for Photo-multiplier tube (PMT)) is an extremely sensitive de-
tector, making it possible to detect radiation in the wavelength-range from ultraviolet
to near-infrared of the electromagnetic spectrum [I8]. Even a single photon detection is
possible. More specifically, a PMT it is a vacuum phototube, an evacuated glass housing
which contains a photocathode, several so called dynodes, and an anode. Incident pho-
tons hit the photocathode material, subsequently electrons are ejected from the surface
as a consequence of the photoelectric effect. The electrons are directed by the focusing
electrode toward the electron multiplier. The electron multiplier consists of a number of
electrodes, the dynodes. The gain factor grows exponentially with the number of dynodes.
Typical multipliers have about n = 10 dynodes. If 4 electrons are ejected from each dyn-
ode for each impinging electron, the number of electrons (i.e. the current) is increased by
a factor of 410 ~ 106.

Silicon Photomultipliers (SiPM) are photomultipliers based on semiconductor tech-
nique, being used for applications where low radiation levels must be measured and quan-
tified with high precision [§]. They are small, need only low voltages and are mechanically
robust compared to PMTs, which is important for the application in a CubeSat. Every
SiPM consists of a vast number of photo-sensitive micro-cells. Each micro-cell includes
one photo-diode operating in Geiger mode and is coupled with the others by a metal or
polysilicon quenching resistor. It is possible to generate signals with a dynamic range from
a single photon to 1000 photons for a device with an area of 1mm? only. An introduction
to SiPMs can be found in [§].

2.2.4 Detector Resolution

The energy resolution is an important property of detector systems, see e.g. [40]. It is
relevant for the ComPol mission as well as for the measurements performed during this
thesis. The energy resolution describes how precise the energy deposit of an particle inter-
action in the detector can be measured. The most important contributions to the energy
resolution are the Fano noise, the series noise and the shot noise. The effects of series
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noise and shot noise are often combined to a so called electronics noise.

The Fano noise describes the statistical fluctuation of the number of electron hole pairs
created in the detector per unit energy deposit in the volume.

The series noise describes the effect that the pre-amplifier can only measure the tiny
charge of an event with limited precision. The series noise scales with the anode capaci-
tance. It dominates the fluctuations on the waveform on short timescales.

The shot noise describes the effect that the leakage current in the detector diode adds a
random number of electrons to the charge cloud. It dominates fluctuations on the signal
waveform on large timescales.

There is an optimal timescale on which the detector pulses should be evaluated in order to
obtain the best energy resolution. The so called noise curve is illustrated in Fig: The
electronic noise can be reduced by the detector design, for example by lowering the anode
capacitance which leads to less series noise. Lowering the leakage current by cooling leads
to less shot noise. However, the Fano noise sets a fundamental limit which can be achieved
with a silicon detector. This limit can only be overcome by changing the detector mate-
rial or physical detection mechanism e.g. in microcalorimeters. For silicon semiconductor
detectors the fundamental limit lies at 120 eV FWHM for energies of 5.9 keV,[19].

measured
energy
resolution

Fano noise

Figure 2.6 Energy Resolution depending on the Shaping Time.
The Fano noise, the series noise and the shot noise contribute to the measured energy resolution. Only
the Fano noise does not depend on the shaping time. Adapted from [40].

The energy resolution of both detectors depends on the energy. That of the SDD is

dominated by the Fano noise:
OFano = VF -w- E, (2.1)

where F is the Fano factor and w is the energy necessary to create an electron hole pair in
Silicon. Both factors are temperature dependent. The relevant temperature is expected to
be between —20° and +20° [36], [33]. Therefore the Fano factor is F ~ 0.17 and the energy
to create an electron hole pair w ~ 3.64 eV, determined in [38]. The noise contributions
of the detector electronics (o ~ 60 €V) and the readout chain are small compared to the
Fano noise [14]. The total energy resolution of the SDD can be calculated to:

UE,SDD:\/F'W‘E+0317 (2.2)

The comparison between the Fano limit and the total energy resolution of the SDD is
illustrated in Fig These values, calculated by using equations and are used
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for the simulations carried out in this thesis. The values for a calorimeter consisting of
Lantanum(IIT)Bromid (LaBrs) are taken from measurements by Gostoji¢ [23]. The values
of the resolution of the calorimeters were determined by measuring Full Width at Half
Maximum (FWHM) of several X-ray and 7-ray lines for various radioactive sources, see
[23]. An interplolation of the values for LaBrjs is presented in Fig Also the energy
resolution of the CeBrs calorimeter was measured by Gostojié¢, see [23].

The energy limits, for the measurements with ComPol are E,,;, spp=2 keV for the SDD
and Epin.ceprs=10 keV, see M.Meier [36] for more information.
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Figure 2.7 Energy Resolutions of the SDD

Comparison of the total energy resolution of the SDD and the resolution from the Fano limit only, calculated
by using equations and These values are used for the simulations carried out in this thesis.
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Figure 2.8 Energy Resolutions of the LaBrs; Calorimeter.

Illustration of the energy resolution of the LaBrs calorimeter, measured for discrete energies by Gostoji¢
[23] and interpolated between the data points. These values are used for the simulations carried out in
this thesis.

2.2.5 Data Analysis for ComPol

To achieve the scientific goal, gaining more information about the degree and plane of
polarization of the X-rays from Cygnus X-1 presented in section[I.2] the rate of background
events has to be suppressed compared to the rate of signal Compton events from the
astrophysical source as efficiently as possible, see [36]. This background reduction is done
by external shielding, as described in [22] and via a selection process, implemented in
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python. Afterwards the polarization analysis is performed followed by the determination
of the sensitivity.

Event Selection

Only events which undergo Compton scattering in the SDD with subsequent complete
absorption of the scattered X-ray in the calorimeter are considered for the polarimetry
analysis. The majority of all events have to be identified as background events and rejected.
In the event selection process background events are selected in several steps. For details
see [36], [22]:

e Coincidence Cut: Only events with interactions in both detectors at the same
time will be taken into account.

e Energy Cut: Only the energy range of interest is considered. The sum of energies,
deposited in both detectors < 300 keV. The probability for Compton scattering is
the highest for energies between 20 keV and 300 keV. The low energy threshold for
acceptance is defined by the detector thresholds and set to 11 keV.

e Selection of Compton Events: For the selection two different methods of calcu-
lating the scattering angle © are used. A geometrical calculation of © is done, with
the knowledge of the interaction points, Ry, Re in the SDD and in the calorimeter
in Fig. and the geometric assembly and orientation towards the source. Ad-
ditionally, the cosine of the scattering angle can be determined using the Compton
formula, equation[I.9]and the detected energy deposit in both detectors. If the event
is a useful Compton event, both obtained scattering angles are equal.

e Selection of Events with large Scattering Angle: The modulation of the distri-
bution of the azimuthal scattering angle ® is strongest for large Compton scattering
angles © (see equation . Therefore, another cut on the scattering angle is ap-
plied, to define the lower limit of the acceptance range, depending on the geometries
of the detector system.

All events, which pass the event selection, undergo the polarization analysis afterwards.
Polarization Analysis

The cosine modulation of the azimuthal scattering angle ® is plotted and fitted with equa-
tion according to subsection (Polarimetry). The Polarization determination and
analysis is not relevant for this thesis. For further details concerning the background sim-
ulations see M.Meier[36], C.Glas[22].

Sensitivity

The sensitivity of the ComPol telescope can be estimated with the knowledge obtained
from the simulation of signal and background events and the event selection and polariza-
tion analysis afterwards [36],[22]. The estimation on the sensitivity of the instruments is
usually performed by the determination of the Signal to Noise Ratio (SNR), the ratio of
the signal rate (RS) to the background rate (RBG): SNR = Rs/Rpc

To estimate the sensitivity on the degree of polarization for the instrument, the so called
Minimum Detectable Polarization (MDP) is used, describing the polarization sensitivity
to a 99 % confidence level [42]:

MDP =

4.29 (Rs—FRB(;)l/Q’ (2.3)

w- Rg T

where T is the observation time and g is the modulation amplitude for 100 % polarized
light, introduced in section [1.4.2



Characterization of the Prototype
SDD Modul

In the previous chapters the Compton ComPol-Mission, which will investigate the spec-
trum and polarization of the black hole binary system Cygnus X-1 over the duration of at
least one year in the hard X-ray range (20 keV - 2 MeV) was introduced and theoretical and
technical foundations were laid. The latter include e.g. the working principle of Compton
telescope and polarization measurements in section the process of Compton scattering
in section a brief introduction to Silicon drift detectors in general in section [2.1 and
a description of the SDD detector for the ComPol and the ComPol-IOV mission in section
The calorimeter (CeBrs) was presented in section As stated above, the aim
of ComPol-IOV is to prove the functionality and durability of the instrument in the space
environment of a low earth orbit (LEO) and to measure in-orbit background fluxes and
develop data aquisition routines for the final CubeSat mission.

The aim of this thesis is the characterization of the seven pixel SDD modul, the prototype
for the ComPol-IOV mission. The procedure of the characterization and the results will
be described in detail in this chapter, starting with the motivation of the characterization
measurements in section After that follows a detailed description of the setup in sec-
tion The performed characterization measurements are presented in section The
simulations of the measurement setup carried out with Geant4 are described in section
Finally, the results from the measurements and from simulations are discussed in section

B.7

3.1 Scientific Motivation

The physical motivation for the characterization measurements is to reproduce the angle
dependent O-differential cross-section for incoherent scattering according to the modified
Klein-Nishina equation (see section m equation by a Compton scattering exper-
iment. Thereby the used setup consists of the SDD module, originally designed for the
TRISTAN experiment, as scatter target and a commercially available Lanthanum(III)
Bromide detector as calorimeter. The CeBrs detector will be characterized separately.

3.2 Experimental Setup

The procedure used to characterize the SDD, which will be described in detail in the fol-
lowing, can be simplified as follows:
A radioactive isotope source, in this case Americium (?*!Am), decays by emitting pho-
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tons with an initial energy of Ey=59.5 keV. The photon undergoes Compton scattering
in the SDD. Some of the initial energy of the photon is transferred to an electron in the
SDD. The energy of the electron E.(©) is measured in the SDD. The scattered photon
is deflected by an angle ©, depending on the remaining energy. Subsequently, this scat-
tered photon with the energy E(©) is completely absorbed in the calorimeter (the LaBrs
scintillator) and measured there. The proceeding described above is very similar to that
described in section [2.2] and Fig: 2.4], the difference lies only in the different calorime-
ter and in the exactly known photon energy resulting from the Americium source. For
the illustration of the Compton scattering process and the energies of participants on the
scattering process depending on the scattering angle, see section and Fig: In
addition to the energies, the timestamps (describing the begin of a signal) of the events in
both detectors are recorded. Only events which occur in a certain time-window in both
detectors are considered for the determination of the rate (coincidence cut). The rates in
dependence of the scattering angle, determined experimentally, are proportional to the in-
coherent Klein-Nishina cross-section, therefore, an appropriate fit can be performed. The
aim of the characterization is to get a good agreement between the measured rates and
the theory in a largest possible angular scattering range. The angular dependence of the
Compton scattering is experimentally performed by changing the angle between the beam
axis of the radioactive source and the calorimeter (the LaBrs Detector), which lies on a
rotatable part (U-profile) with a pivot point below the center of the SDD. Note, that the
term ’angle’ is also used for simplicity in the following, describing the angle between the
beam axis of the radioactive source and the position of the LaBrs scintillator.

In the following the experimental setup and its components are described in detail. The
setup is illustrated schematically in Fig: a photograph of the setup is shown in Fig:
The prototype SDD module used for characterization consists of seven hexagonal pix-
els, as described in section[2.2.1] A photograph is shown in in the left part of Fig: The
SDD module is mounted on a printed circuit board (PCB) and assembled in a dark-box.
The latter shields the detector from ambient light and thus reduces the leakage current
during operation.

Figure 3.1 Prototype SDD Modul and the LaBr3 Scintilator

The photographs were done by Matthias Meier.

Left: The Prototype SDD modul consists of seven hexagonal pixels. It is mounted on a printed circuit
board (PCB). The signals coming from the seven SDDs go into the cubes. They are pre-amplifiers near
the SDDs which translate the collected charge into a voltage ramp. The reset is done by a signal from the
SFERA-board when the saturation voltage is reached.

Right: The LaBrs scintillator consists of a pre-amplifier, a PMT and a LaBrs crystal with a diameter and
a thickness of one inch, covered by a thin Beryllium entrance window.
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Figure 3.2 Schematic Sketch of the Setup (Top view, not to scale).

The sketch shows the setup used for the characterization measurements, without the placement of the
radioactive source and the source itself. The connections to provide power are indicated as black lines,
that of the signal connections as grey lines. The LaBrs scintillator consists of a pre-amplifier, a PMT
and a LaBrs crystal with a diameter and a thickness of one inch, covered by a thin Beryllium entrance
window. The Prototype SDD module consists of seven hexagonal pixels, mounted on a printed circuit
board (PCB). The signals coming from the seven SDDs go into the cubes, which are pre-amplifiers near
the SDDs translating the collected charge into a voltage ramp. The reset is done by a signal from the
SFERA-board when the saturation voltage is reached. The SDDs are connected to the Bias board,
which in turn is connected to the Tesla board. The both together generate the voltages for the SDDs,
which are needed for depletion and generating the drift fields. The NIM crate handles the reset and
veto signal, the latter to avoid triggering on the reset. The AC coupling between SDDs and the CAEN
digitizer consists of capacitors transforming the step like voltage ramps to short pulses, comparable to a
differentiation. Finally, the data are digitized with the CAEN DT5730S digitizer, which is connected
to a personal computer (PC). The dark-box shields the detectors and components from ambient light.
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Figure 3.3 Photograph of the Setup.

Especially the power supply of the components are shown. Also the NIM crate, the Bias-board, the AC
coupling between SDDs and the CAEN digitizer and the CAEN DT5730S digitizer itself are presented.
For description see text and Fig
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First the power supply of the components will be described, followed by a description of
the components themselves and the signal processing and, finally the data acquisition.

Power supply of the components, connections depicted as black lines in Fig:
The SDD pixels are connected to the Bias board, which in turn is connected to the
Tesla board. The Tesla board is powered by a conventional power supply (Rhode &
Schwarz HMP4040) which provides a supply voltage of 24 V. The latter is transferred to
48 V on the Tesla board and after that to +5 V and 2 V on the Bias board which then
serve as supply voltages for the cubes. Furthermore, the Tesla-board provides the medium
(-30 V) and high (-110 V) voltages for the SDDs themselves (required for depletion and
generating the drift fields), likewise using the Bias-board, which generates the voltages
for the SDDs from the rough adjustment of the voltage in the Tesla-board. The -30 Volt
are transferred to -27.2 V, the voltage for the innermost drift-ring (R1). The -110 Volt
are transferred to -89.5 V, the voltage for the outermost drift-ring (Rx) and -82.2 V for
the back-contact (R¢). On the SDD-board in addition the voltage for the back-frame-
potential is created. Concerning the components of the LaBrs scintillator, the PMT is
powered by the FLUKE32013 415B High Voltage Power Supply and the pre-amplifier by
the conventional power supply Rhode & Schwarz HMP4040. The SFERA board is also
powered by the Rhode & Schwarz HMP4040 (6 Volt), whereas the NIM crate has its
own power supply.

Components and signal processing (grey lines) in Fig:

The LaBrs scintillator consists of a pre-amplifier, a PMT and a LaBrjs crystal with
a diameter and a thickness of one inch, covered by a thin Beryllium entrance window,
illustrated in the right part of Fig: The light signal from an event transformed into
an electric signal by the PMT (description see section is further pre-amplified in
the pre-amplifier and then goes directly into the CAEN Digitizer. The cables are visu-
alized by grey lines. The signals coming from the seven SDDs go into the cubes, which
are illustrated in the left part of Fig: They are pre-amplifiers near the SDDs which
translate the collected charge into a voltage ramp. The reset is done by a signal from the
SFERA-board when the saturation voltage is reached (see the left part of Fig: .
To avoid a triggering on the reset, the reset signal (a rectangle signal) coming from the
SFERA-board is redirected via the NIM crate and divided up into two parts, one
signal goes back into the cubes for the reset. The signal length of the second signal is
extended (extended rectangle signal), leading to a lager time window. This signal is used
as a veto for the reset in the CAEN Digitizer. An AC coupling between SDDs and the
CAEN digitizer which consists of capacitors transforming the step like voltage ramps to
short pulses, comparable to a differentiation (see the right part of Fig: . Finally, the
data is digitized with the CAEN DT5730S digitizer, a state-of-the-art data acquisition
(DAQ) system which is connected to a personal computer (PC). The DAQ is presented in
more detail in subsection [3.2.1]
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Figure 3.4 Signal Processing in the Cubes and the AC-Coupling.

Left: The signals coming from the seven SDDs go into the cubes. They are pre-amplifiers near the SDDs
which translate the collected charge into a voltage ramp. An event occuring in the detector volume is
visible as a step-like voltage increase, shown in the small window. The cubes are reset by a signal from
the SFERA-board when the saturation voltage is reached (Utnres)-

Right: The AC coupling between SDDs and the CAEN digitizer are capacitors transforming the step like
voltage ramps to short pulses, comparable to a differentiation.

3.2.1 The CAEN Digitizer and the used Firmware

In the scope of this thesis data will be acquired with a CAEN DT5730S digitizer, an
8-channel 14-bit digitizer capable of recording waveforms with a sampling frequency of
500 MS/s, illustrated in Fig: Furthermore, it features a Digital Pulse Processor
(DPP), which allows for Pulse Height Analysis (DPP-PHA) and Pulse Shape Discrimina-
tion (DPP-PSD). The CAEN Firmware used in the characterization measurements, is the
so called DPP-PSD Firmware which provides charge integration and v-N discrimination.
For a detailed description see the CoMPASS User Manual [5]. The configuration of the
field-programmable gate array (FPGA) board inside the digitizer and the acquisition can
be completely managed by the CAEN CoMPASS Software. It allows the user to set the
parameters for the acquisition, to configure the boards and to perform the data readout.
Furthermore, it allows to save and plot the energy and spectra.
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Figure 3.5 Photograph of the Data Acquisition System (DAQ).
The CAEN DT5730S, an 8-channel 14-bit digitizer with a sampling rate of 500 MS/s.

There are two different data acquisition modes, the waveform mode and the list mode
which will described in more detail in the following:

In the Waveform mode, the timestamp and full waveform of every single event is
recorded. The algorithm detects an event as soon as one of its samples exceeds a pre-
defined threshold. This acquisition mode provides the most information on the events,
but storing all waveforms requires a large amount of disk space.
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In the List mode, only the timestamp and the not yet calibrated energy of every event
is stored. Therefore it is crucial that the parameters of the energy estimation filter are set
properly in the acquisition software. The advantage of the list mode compared to a full
waveform digitization is a reduction of the required disk space. This mode is used during
the characterization measurements. The output are several root files which are evaluated
by python programs.

The output signals of the detectors are analog voltages. When a signal is read out by the
CAEN, the analog voltage is digitized by the analog to digital converter (ADC). The PSD
firmware integrates over the signal pulse, which corresponds to the charge. Thus, an ADC
bin corresponds to a certain amount of charge. The resolution of the ADC defines the
amount of bins available for the digital output values. Each bin corresponds to a certain
level and is represented as least significant bit (Isb). The conversion from the ADC values
into physical energy values in eV is done in a calibration process, using the spectrum of
a well known radioactive source (with distinct line positions). This will be described in
subsection the 24! Am sources used for the calibration during the Compton scattering
experiments are described in section
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3.2.2 Experimental Reproduction of the Scattering Angles

As stated above, the angular dependence of the Compton scattering is experimentally
performed by changing the angle between the beam axis of the radioactive source and the
LaBrs detector, which lies on a rotatable part (U-profile) with a pivot point below the
center of the SDDs. The pivot point is also shown in Fig: and further, the rotation
possibility of the LaBrs Detector is sketched. The dark-box as detail of the schematic
sketch is presented in the left part and a photograph of a look inside is presented in the
right part of Fig:[3.6] The blue arrow and the eye in the left part represents the direction
of the view for the photograph, which is presented in the right part of the figure. The
LaBrs, lying on an U-profile, which is joint to the pivot-point for rotation and further, the
SDDs on the PCB are depicted. The scattering angle of the Compton scattering process is
experimentally performed by changing the angle between the beam axis of the radioactive
source and the LaBrs detector. The scattering angles can be reproduced through screws
in the grid of the dark-box. The U-profile touches the screw on its backside in direction of
view. Each scattering angle is represented by a screw in the dark-box, shown in the lower
picture.

Pivot point scintillator

LaBr3 Scintillator

LaBr3 Scintillator: ~ |
Preamplifier 4 SDDs+
PMT Cubes

LaBr3 crystal

Experimental reproduction of the scattering angles
through screws in the grid of the dark-hox

Figure 3.6 Sketch of the Dark-box (Top view) and Photograph of the Look inside the Dark-
box.

Left: The dark-box as detail of the schematic sketch is illustrated. The blue arrow and the eye represents
the direction of the photograph.

Right: The photographs present the view into the dark-box in direction of the blue arrow, shown in the
left part of the figure. The LaBrs, lying on an U-profile, which is joint to the pivot-point for rotation and
further, the SDDs on the PCB are depicted. The scattering angle of the Compton scattering process is
experimentally performed by changing the angle between the beam axis of the radioactive source and the
LaBrs detector. The scattering angles can be reproduced through screws in the grid of the dark-box. The
U-profile touches the screw on its backside in direction of view. Each scattering angle is represented by a
screw in the dark-box, shown in the lower picture.

The value of the angles, represented by the screws in the grid were determined geomet-
rically by using the program GeoGebra, which is available for free in the web (see [7]).
GeoGebra is a dynamic geometry software (DGS). It not only provides the usual geomet-
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ric, but also an algebraic interface to the geometric objects. The latter can not only be
drawn, but also changed by specifying or modifying equations. Therefore, by changing e.g.
the position (the coordinates) of one screw, the new value of the angle is calculated and
displayed immediately. The software was originally developed by Markus Hohenwarter as
part of his diploma and doctoral thesis [26]. The geometric construction used for determi-
nation of the angles is called construction of the inner tangent to two circles. The angles
are determined with respect to a line through the center of the SDDs and perpendicular
to the surface of the SDDs. The grid in the dark-box is 2.5 cm times 2.5 cm. A plot of the
determination of the scattering angles and the values of the latter are shown in Fig:
the grid depicted in the figure does not match the grid in the dark-box.

The specified screw positions, shown in the above mentioned figure were changed in the
course of the work, the representation in the picture is to be understood as a representa-
tion of the principle. In the following only the values of the angles will be given.

Detail

Figure 3.7 Geometrical Determination of the Scattering Angles.

The angles are determined with respect to a line through the center of the SDDs and perpendicular to the
surface of the SDDs (in both plots the horizontal axis). The geometric construction is called construction
of the inner tangent to two circles. The grid in the dark-box is 2.5 cm times 2.5 cm, the depicted grid does
not match the grid in the dark-box.

Left: Determination of the scattering angles with the program GeoGebra. The colored dots (B, C, D, E,
F, M1) illustrate the screws with a diameter of 9 mm. The distance between position B and C is 2.5 cm,
between C and D and also D and E it is 5.0 cm. The LaBrs scintillator is shown as an orange rectangle.
Right: The detail around the pivot point A of the LaBrs scintillator is shown, lying directly under the
center of the SDD.

3.2.3 Including Source Positions

The Compton scattering experiments performed in the scope of thesis can be separated
in measurements in two kinds of setups depending on the position of the source.

Measurements with Two Source Positions:

First, four measurement runs were carried out with two source positions, each perpendic-
ular to the surface of the SDDs, one for angles < 90° and one position for angles > 90°,
where angle, as mentioned above, is meant as the angle between the beam axis of the
radioactive source and the position of the LaBrs scintillator. The determination of the
angle depending of the position of the screws, explained above in section [3.2.2] refers to
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angles < 90°. Angles > 90° can be calculated by: 180°-angle. The positions of the sources
in this case are shown in Fig: The values of the angles used for the measurements are
presented in the section of the individual measurement, section [3.5.2.1] [3.5.2.2] , [3.5.2.3
and 3.5.2.4

LaBr3 Scintillator LaBr3 Scintillator

Angles > 90° Angles < 90°

Figure 3.8 Positions of the Source in Measurements with Two Source Positions (not to scale):
Two source positions, each perpendicular to the surface of the SDDs are used for en individual measurement
run, one for angles < 90° (left) and one position for angles > 90° (right). Angle is meant as the angle between
the beam axis of the radioactive source and the position of the LaBrs scintillator. The determination of
the angle depending of the position of the screws, explained in section [3.2.2] refers to angles < 90°. Angles
> 90° are calculated by: 180°-angle. The values of the angles used for the measurements are presented in
the section of the individual measurement run, section m m , m' and m

Measurements with One Source Position in the rearranged Setup:

Finally, one measurement run was performed with only one source position not perpendic-
ular to the surface of the SDDs. Therefore the setup was rearranged such, that the SDD
module was placed more in the center of the dark-box to get a larger range for placing
the LaBrs. In Fig: the possible position of the LaBrs scintillator is presented as the
range between the two orange lines, restricted by the volume of the dark-box, the size
of the LaBrg detector and the collimator, with the source inside. Furthermore, different
screw positions for experimental reproduction of the scattering angles were chosen and
also the LaBrjs is touched in two manners: Above the horizontal green line the screws
touch the U-profile (with the LaBrs) on the back, whereas below the green dashed line the
screws touch the U-profile (with the LaBrs) on the front, viewed from outside. Because
of symmetry, only part of the angles have to be determined with GeoGebra. That is done
by changing the screw coordinates in the DGS as described above, which leads to angles
also wrt the axis perpendicular to the SDDs. The final angles between the beam axis of
the radioactive source and the position of the LaBrs scintillator are then calculated by
using the angle between the line of the beam axis and the line perpendicular to the SDDs
(69.3°), illustrated in Fig: by a dashed green angle. The values of the angles used for
the individual measurement run are presented in section [3.5.3
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Screws touch the U-profile:

onh the back
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In between: possible
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Figure 3.9 Position of the Source in Measurements in the rearranged Setup (not to scale):
Only one source position not perpendicular the surface of the SDDs in the rearranged setup (SDDs placed
more in the center of the dark-box) is used. The possible position of the LaBrs scintillator is presented as
the range between the two orange lines.

Right: Different screw positions for experimental reproduction of the scattering angles were chosen. The
U-profile with the LaBrs on it is touched in two manners: Above the horizontal green dashed line the
screws touch the U-profile on the back, whereas below the green dashed line the screws touch the U-profile
on the front, viewed from outside. Because of the symmetry, only part of the angles have to be determined
with GeoGebra. The outcome are angles also wrt the axis perpendicular to the SDDs.

Left: The final angles between the beam axis of the radioactive source and the position of the LaBrs
scintillator are then calculated by using the angle between the line of the beam axis (yellow) and the line
perpendicular to the SDDs (69.3°), illustrated by a dashed green angle. The values of the angles used for
the individual measurement run are presented in section@

3.3 Americium Sources

In the scope of this thesis two Americium (?*'Am) sources with different activities were
used. The sources also differ in their shape. The activities and the extents of the two
radioactive sources are:

e Source 1: Activity of 0.375 MBq, point-like shape
e Source 2: Activity of 2.170 MBq, cylindrical shape

The 59.54 keV ~-ray emission of the 2! Am source is used as a radioactive source for
the Compton scattering experiment. Moreover, a calibration of the energy spectra of the
SDDs and the LaBrs can be conducted. The radioactive isotope 24! Am decays to 23"Np
(Neptunium) via electron capture with a half-life of T}/, = 2.2 yr. The process of EC
leads to a vacancy in the L-shell which is filled by an electron from a higher-lying shell,
releasing the resulting surplus of energy in the form of Auger electrons and X-rays. The
X-ray lines with energies of £, ,=13.76 keV with an intensity of 1.07%, Er,,,=13.95 keV
with an intensity of 9.60% can be used for calibration of the SDD energy spectra. Separate
neighboring lines can not be resolved individually if the resolution of the detector is not
sufficient. Therefore, the mean value weighted by the relative intensity of the components
is considered. The 59.54 keV 7-ray emission with an intensity of 35.9% can be used for
calibration of the LaBrs spectrum. There are several further X-ray and ~-ray lines. They
are presented only if they become relevant during the measurements in the individual
section. The values can be looked up in [20] or online (NuDat 3.0), maintained and
updated by the National Nuclear Data Center (NNDC) [10].
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3.4 Analysis Chain

As described above in section data is acquired with the CAEN DT5730S digitizer,
using the so called DPP-PSD Firmware in the list mode. The output are root files sepa-
rately for each channel. Channel 0 is referred to the LaBrs scintillator and channel 1 — 7
to the seven SDDs. The energies of events (the raw data) are given in so called ADC
units, the timestamps in pico seconds. The evaluation of the data is done with python
programs in the jupyter interface, following the general analysis chain which is illustrated
schematically in Fig: and presented in the following. The process of the analysis
chain is run through for each angle during the evaluation of each measurement run. To
ensure a better understanding of the analysis chain, the steps two to five of the analysis
are illustrated by figures taken from the analysis of the final measurement run in the rear-
ranged setup with one source position and collimator (section . For simplicity only
one angle (110.66°) and only one channel (6) of the seven SDD channels are considered,
unless otherwise stated.

. . Reconstruction ..
Read in Energy Coincidence! Energy ) of scattering Determination
raw data calibration cut cuts ’ of rates

angle

Loop over all angles

Figure 3.10 Analysis Chain schematically.

The general analysis chain is illustrated schematically. The process, which is presented in more detail in
the text, is run through for each angle during the evaluation of each measurement run. In the sequence of
figures the steps from energy calibration Fig: to reconstruction of the scattering angle Fig: are
illustrated exemplary for the measurement in the rearranged at ©=110.66°. For simplicity from the SDDs
only channel 6 is considered.

The steps of the analysis chain, which are illustrated schematically in Fig:
are the following:

e Read in of the raw data: The root files are read in separately for each channel
and the raw spectra in ADC units are determined for the LaBrs detector (channel 0)
and for the seven SDDs (channel 1-7).

e Energy calibration: The energy calibrations are slightly different, depending on
the measurement run, and will be discussed below in section [3.5] individually for each
measurement. In general, calibrations are performed for each channel separately by
fitting a dominant peak (ADC units) with a Gaussian. From that, the positions
(in ADC units) of the peaks and the standard deviations (in ADC units) are given.
The spectra can be calibrated by using the dominant lines of a source, see also
section for 22! Am. The X-ray lines with energies (weighted by intensities) of
Er..,=13.76 keV and Er_,=13.95 keV are used for calibration of the SDD energy
spectra. This is done for the measurement run without any shielding between source
and SDDs, see section In all other measurement runs, the peak positions for
channel 1-7 from this calibration are used for calibration.

The 59.54 keV ~-ray emission of 24! Am is used for calibration of the LaBrs spectra in
all measurement runs without collimator. In the measurement runs with collimator,
described in section [3.5.2.4]and [3.5.3] the calibration of the LaBrs energy spectra are
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performed by using the Barium line from Lanthanum decaying to Barium (1§§Ba) via

electron capture (EC) at 37.4 keV, see [3]. Generally, linear energy calibrations were
performed. The FWHM can be calculated from the calibrated standard deviation
described above.

e Coincidence cut: Only events with interactions in both detectors at (almost) the
same time are taken into account. For the coincidence window size 300 ns and for
the window offset 60 ns were assumed, both taken from preliminary investigations
performed by Matthias Meier.

e Energy cuts: Only the energy range of interest is considered. The sum of energies,
deposited in both detectors is 59.5 keV. From the angle between the LaBrj scintillator
and the beam axis of the source (the scattering angle, shortly denoted as angle) and
the initial energy of the photon in the Compton scattering process, the energies of
the electron and the scattered photon can be calculated, see section and see
Fig: The energy cut in the LaBrj is set as range around the calculated energy
of the scattered photon at the measured angle (e.g. 110.66°) + 13 keV. The energy
cut in the SDDs is set in all measurements except the measurement without Al
shielding as fixed range between 3.5 keV and 13.5 keV. The cuts in the measurement
without Al shielding are set as a range (+2 keV) around the calculated value of the
energy of the scattered electron at the measured angle, to avoid random coincidences
from events, which are measured in the same coincidence window with an energy of
13.9 keV in the SDDs and 59.5 keV in the LaBrg scintillator and which could be
construed as Compton scattering of a photon with an initial energy of 75 keV.

¢ Reconstruction of the scattering angle: A reconstruction of the angle after
coincidence cut and energy cut can be performed by rearranging the equations in
section section and solving for ©.

e Determination of rates and uncertainty of rates: The rates are calculated
by the number of the remaining counts divided by the measurement time. The un-
certainties of rates (according to Poisson) are calculated by the square-root of the
number of the remaining counts divided by the measurement time. The rates consid-
ering random coincidences and the total rate uncertainties considering propagation
of the statistical uncertainties are determined according to Appendix

After running through the analysis chain for each angle, the rates considering random
coincidences are given as data-points depending on the scattering angle ©. The rates are
normalized by the raw rates in the SDDs after energy cut to take e.g. different distances
between the source and the SDDs into account. Finally, a fit of the data with the fit-
function according to incoherent scattering by considering the effect of detector response
is performed, to consider the opening angle of the LaBrs detector. Thereby the nor-
malization is the free variable. The O-differential cross-section for incoherent scattering,
equation is convoluted with the projection of a circle, leading to the the model which
describes the incoherent scattering considering the effect of detector response, illustrated
by the blue line in Fig: The differences between incoherent scattering with and
without considering detector response are small in the angle range relevant for this thesis
(45° - 150°).
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Sequence of Figures describing step two to five of the analysis chain exemplary:
Step two to five of the analysis chain, which are illustrated schematically in Fig: and
described above, are now presented as a sequence of figures describing the analysis for an
angle of 110.66° and SDD channel number 6 for the measurement in the rearranged setup

with collimator and 3 mm Al shielding (see section |3.5.3)).
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Figure 3.11 Energy Calibration.

The calibrated spectra are shown. In general, calibrations are performed for each channel separately by
fitting a dominant peak of the raw spectrum obtained from the read in with a Gaussian.

Left: The calibration of the LaBrs energy spectrum is performed by using the Barium line from Lanthanum
decaying to Barium (1§§Ba) via electron capture at 37.4 keV (grey), see [3]. Moreover, the calculated energy
of the scattered photon (cyan) at the measured angle (e.g. 110.66°) & 13 keV is shown.

Right: For the calibration of the spectrum of SDD channel 6, the calibration of the first measurement
without shielding is used (e.g. the peak position for channel 6), as the peak at 13.9 keV is no longer visible
because of the 3mm Al shielding in front of the collimator. The Compton edge (yellow) is shown at around
11.3 keV. Moreover, the lower threshold used in the energy cut of the SDD spectrum is shown (in red).
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Figure 3.12 Coincidence Cut.

The calibrated spectra after coincidence cut are shown.

Left:. From the coincident events in LaBrs detector with them in SDD channel 6 the energy spectrum in
the LaBrs after coincidence cut is given (violet). The cyan line is the calculated energy of a photon with
an initial energy of 59.5 keV after being scattered about ©=110.66°.

Right: The energy spectrum of the electrons channel 6 is illustrated (violet) The dark blue line indicates
the calculated energy of a scattered electron for a scattering angle of ©=110.66° of the photon.
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Figure 3.13 Energy Cuts.

The calibrated spectra after coincidence cut and energy cut are shown in one plot. Thereby, the energy cut
in the LaBrs were set as range around the calculated energy of the scattered photon at the measured angle
(e.g. 110.66°) £ 13 keV. The energy cut in the SDD were set as fixed range between 3.5 keV and 13.5 keV.
The spectrum of SDD channel 6 is illustrated in violet, that of the LaBrs scintillator in cyan. The sum
of energies, deposited in both detectors is 59.5 keV. From the angle between the LaBrs scintillator and
the beam axis of the source and the initial energy of the photon in the Compton scattering process, the
energies of the electron (8.1 keV) and the scattered photon (51.4 keV) can be calculated, see section [1.3.2]
and see Fig: m The peaks of the spectra arise at the calculated energies.
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Figure 3.14 Reconstruction of the Scattering angle.

A calculation of reconstructed scattering angles can be performed by rearranging the equations in section
and solving for ©. The input are the calibrated spectra after coincidence and energy cut from the
previous step, see Fig: B:I3] The reconstructed scattering angles are distributed around the scattering
angle experimentally performed by the position of the LaBrs detector wrt the beam axis of the?**Am
source.
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Figure 3.15 Model describing the measured Cross-section.

The ©-differential cross-section for incoherent scattering, equation[I.8] is convoluted with the projection of
a circle, leading to the the model which describes the incoherent scattering including the effect of detector
response (blue line). The cross-sections of Compton scattering (green dashed) and incoherent scattering
(green), both without the effect of the detector response are shown for comparison. The differences between
incoherent scattering with and without detector response are small in the angle range relevant for this thesis
(45° - 150°).

3.5 Measurements

As stated in section the physical motivation for the characterization measurements
carried out in the scope of this work is to reproduce the angle dependent ©-differential
cross-section for incoherent scattering according to the modified Klein-Nishina equation by
a Compton scattering experiment. Thereby the SDD module, originally designed for the
TRISTAN experiment, is used as scatter target and a Lanthanum (I1T) Bromide detector as
a calorimeter. The scattering angles are experimentally performed by changing the angle
between the beam axis of the radioactive source and the LaBrs detector. In this section
the characterization measurements carried out are presented and the results are discussed,
starting with a preliminary measurement with a 5°Fe source in subsection followed
by the Compton scattering measurements in developing setups with two source positions
in section The measurements in the rearranged setup are described and discussed
in section m Details about the Americium (4! Am) sources are given above in section

B3l

3.5.1 Measurements with a °Fe Source

A measurement with a ®>Fe source was carried out to check the performance of the SDD
module by determination of the detector resolution. It was conducted in the setup de-
scribed above but without using the LaBrs scintillator. For this purpose, a **Fe source
was placed directly in front of the SDD module. *°Fe is a radioactive isotope which decays
to ®*Mn via electron capture (EC) with a half-life of T/ = 2.74 yr. The process of EC
leads to a vacancy in the K-shell which is filled by an electron from a higher-lying shell,
releasing the resulting surplus of energy in the form of Auger electrons and X-rays. The
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X-ray lines have energies of Ek,=5.90 keV and Ex,=6.49 keV and are used for detector
calibrations and determination of the resolution. The calibrated spectra for all channels
are presented in the left part of Fig: As spectral resolution the definition FWHM
is used, determined in eV. The results, shown in the right part of Fig: [3.16] are around
250 eV, which is good, even the Si escape peak is visible in the spectra, plotted on the left
part. It arises, when an incident photon with a characteristic energy is absorbed in the
detector volume. If the energy is sufficiently high, a photo-electron from an inner shell of
the Si atom is produced. Subsequently, the excited atom can emit a fluorescence X-ray
photon, a K, photon, which is most of the times reabsorbed and therefore contributes to
the charge pulse. That photon can also escape from the crystal, carrying off the definite
energy of the Si K, energy. The charge pulse appears as a photon energy E;nitiat — Ek,,
and therefore shows up in the spectrum as separate peak [4]. The spectra of all channels
match very well, shown in the left part of Fig:

This measurement was repeated after the measurement run in the rearranged setup with
only one source position, see section [3.5.3
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Figure 3.16 Calibrated °*°Fe spectra and Resolutions for all channels.

The X-ray lines have energies of Ex_,=5.90 keV and EKB =6.49 keV and were used for detector calibration
and determination of the resolution.

Left: Calibrated 5°Fe spectra for all channels, the Ex_ peak at 5.90 keV and the Ek, peak at 6.49 keV
are shown. Even the Si escape peak is visible.

Right: The spectral resolution FWHM, determined in eV, is illustrated depending on the channel. The
mean FWHM is ~ 252 eV (black line).

3.5.2 Measurement Runs in an Evolving Setup (two Source Positions)

In the following subsections, the measurements in an evolving setup are presented. For
all measurements, the radioactive source was placed at two different positions for mea-
surements of scattering angles smaller or larger than 90°, as described in section [3.2.3
and shown in Fig: The setup changed only in that the radioactive source holder
was altered to add different shielding between source and SDD module. Since the rates
decrease with increasing distance between the source and the detector, two sources of dif-
ferent strengths were used (see section . Photographs of the evolving setup exemplary
for angles lager than 90° are shown in Fig: From the upper left to the lower right
part, the evolving setup is shown. Starting with a setup without any shielding between
source and SDD module, presented in section in the upper left, first a 3 mm Alu-
minium (Al) shielding was added between source and SDD module, see section
shown in the upper right. Two 5 mm Copper (Cu) shields were then designed which also
act as holder (section , illustrated in the lower left. Finally two collimators were



37 3.5 Measurements

constructed into which the source was inserted (section [3.5.2.4)), the one for angles larger
90° is shown in the lower right part of the figure. Moreover the change of the source is
presented. The source with higher activity was used in measurement runs with Copper
shielding and collimator as the distance between source and SDD module had increased
for angles larger 90°. All source holders for measurements at angles smaller 90° were con-
structed similarly as shown in Fig: for angles lager 90°, but due to the restricted
place between the SDD module and the Bias-board the holders and also the collimator
are smaller.

LaBr3 Scintillator

i = "’ : 7
— N f 90 source2 E y
Source 2 : E

2 Y
=

Figure 3.17 Evolving Setup for measurements at angles > 90°, exemplary.

Photographs of the evolving setup exemplary for angles lager than 90° are illustrated.

From the upper left (1.) to the lower right part (4.), the evolving setup is shown. Starting with a setup
without any shielding between source and SDD module (1.), presented in section [3.5.2.1] in the upper left,
first a 3 mm Aluminium (Al) shielding was added (2.), see section |3.5.2.2] shown in the upper right. A
5 mm Copper (Cu) shield was then added (3.) (section [3.5.2.3), illustrated in the lower left. Finally two
collimators were constructed into which the source was inserted (section , shown in the lower right
part of the figure (4.). Moreover the change of the source is presented. The photographs were made in
direction of the blue arrow, shown in the schematical drawing taken from Fig: [3.8|

The source holders (the collimator) for angles < 90° were constructed similarly.

3.5.2.1 Measurement run without Shielding

First, source 1 with the lower activity (see section was used in the setup without any
shielding between source and SDD module. The source positions are illustrated in Fig:
schematically. Photographs of the holder with the source are shown in the upper left part
of Fig: for angles > 90°. Measurements in the setup were experimentally performed
at the angles © (angle between the LaBrs detector and the beam axis of the source) given

in equation [3.1}
O € [29.2,36.0,46.5,57.3, 73.5, 87.2,106.5, 133.5, 150.9] (3.1)

The distance between the source and the SDD module was the same for both positions of
the source.
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The results of the first measurement run were used as the basis for improvements to the
setup and for evaluation in the following experiments. The analysis chain (section ,
deviates from that presented above in the sequence of figures, namely in Fig: The
spectrum in channel 6 is illustrated in Fig{3.18| for the angles © ~ 74° and © ~ 133°,
exemplary. The Energy calibration in the SDDs were done by fitting the dominant peak
using the Np line from 24 Am at 13.9 keV. The positions of that peak (in ADC units) were
used in the evaluations of all measurements conducted later for calibration. Moreover, the
energy cut in the SDDs was different from the subsequent measurements. The energies of
the scattered electrons were calculated for each angle and the range of considered events
was set to E, +2 keV, which leads to energy cuts depending on the angle ©, illustrated
in Fig: As for the spectrum itself, there are several additional lines. The Np line at
11.89 keV from 24 Am is visible.

0~74° 6133°

T
= E=4.58keV = E=9.79keV
102 Np line at 13.9 kev Np line at 11.89 keV Np line at 13.9 kev Np line at
103 11.89 keV

Counts
Counts

0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14
Energy (keV) Energy (keV)

Figure 3.18 Energy Spectra and energy cuts in SDD channel 6 for two angles, exemplary.
The Energy calibration was done by fitting the dominant peak using the Np line from ?*!Am at 13.9 keV
(grey line). Several additional lines arise. The Np line at 11.89 keV from **' Am is visible.

Left: The spectrum in channel 6 is illustrated for angle © ~ 74°. The energies of the scattered electrons
were calculated for each angle (dark violet line) and the range of considered events in energy cut was set
to Ecur= 4.58 keV + 2 keV, for an angle of ~ 74°.

Right: The spectrum in channel 6 is illustrated for the angle © ~ 133°. The energies of the scattered
electrons were calculated for each angle (dark violet line) and the range of considered events was set to
Ecut=9.79 keV + 2 keV for an angle ~ 133°. An additional line arises around ~ 8 keV which is not visible
for the angle ~ 74° It could come from the decay of the daughter **’Np at 8.22 keV or from a Copper line
at 8.04 keV.

The Compton event rates for all angles, which result from the measurements and the eval-
uation described above were fitted taking the detector response of the LaBrs detector into
account. This was achieved by convoluting the ©-differential cross-section for incoherent
scattering with the projection of a circle which has a diameter equal to the diameter of
the LaBrs detector (1 inch). The result is shown in Fig;: the deviations between the
theory (blue line) and measurement (orange dots) are huge.
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Figure 3.19 Measurement without shielding: Compton Event rates depending on the scatter-
ing angle O.

The Compton event rates (orange dots) were fitted with the incoherent scattering cross-section including
the effect of detector response (blue line), the deviations between the theory and measurement are huge.

To investigate the influence of the random coincidences, density plots were performed,
showing the counts depending on the sum of the energies in the SDDs and the LaBrs, and
the scattering angle ©. Exemplary the density plots for angles © ~ 74° and © ~ 133°
are shown in Fig: The cuts were set as a range around the calculated values of the
energies in the detectors for each scattering angle, which is illustrated as distorted red
rectangle. Events from random coincidences are clearly visible. They are measured in
the same coincidence window with an energy of 13.9 keV in the SDDs and 59.5 keV in
the LaBrs scintillator. The events inside the blue ellipse could be construed as Compton
scattering of a photon with an initial energy of 75 keV scattered by © ~ 135°. Moreover,
the population of the Compton events (inside the distorted rectangle) is shifted towards the
random coincident events (inside the ellipse) for larger angles, which lead to an overlap.
This could partly explain the huge rates for larger angles shown in Fig: On the
other hand photons with initial energies according to the other arising lines, could have
been considered. Therefore, an Aluminium shielding was implemented in the following
measurement run.
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Figure 3.20 Investigation of Random coincident Events.

The plots illustrate density plots after coincidence cut for angles ® ~ 74° and © ~ 133°. The counts
depending of the sum of the energies in the SDDs and the LaBrs and the scattering angle © are depicted.
The Energy cuts were set as a range (Ee + 2 keV) around the calculated values of the energies in the
detectors for a scattering angle, e.g. © ~ 74° and © ~ 133°, shown as distorted red rectangle. Random
coincident events are clearly visible (inside the blue ellipse). They are measured in the same coincidence
window with an energy of 13.9 keV in the SDDs and 59.5 keV in the LaBr3 scintillator. The events inside
the blue ellipse could be construed as Compton scattering of a photon with an initial energy of 75 keV
scattered by © ~ 135°.

Left: The population of the Compton events (inside the distorted rectangle) is separated from the random
coincident events for an angle of © ~ 74°.

Right: The population of the Compton events (inside the distorted rectangle) is shifted towards the
random coincident events (inside the blue ellipse) for higher angles, which lead to an overlap. This leads
to the huge rates for larger angles.

3.5.2.2 Measurement Run with 3 mm Aluminium Shielding

The setup changed in this measurement only in that an 3 mm Al shielding was added
between source and SDD module. The transmission probability through a 3 mm Al plate

is shown in Fig:

Transmission Probability
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Figure 3.21 Transmission Probability through a 3 mm Al plate.
The Transmission Probability through a 3 mm Al plate is shown, depending on the energy. Energies below
~ 15 keV are almost completely shielded but 80% of photons with an energy of 60 keV are transmitted.

The source 1 with the lower activity was used as before in the same distance to the
SDD module for all angles. The source positions are illustrated in Fig: [3.8] schematically.
Photographs of the holder with the source are shown in the upper right part of Fig: for
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angles > 90°. Measurements in the setup were experimentally performed at the scattering
angles O (angle between the LaBrs detector and the beam axis of the source) are given in

equation [3.2]
O € [46.5,51.6,57.3,63.9, 73.5,87.2,106.5, 116.1, 122.7, 133.5, 144.0, 150.9] (3.2)

Compared to the measurements without shielding, it is visible in Fig: and Fig:
exemplary for an angle ~ 133°, that both the random coincidence events with a population
around 75 keV and 135° are shielded as well as incident photons with energies lower than
15 keV coming e.g. from lines below 15 keV. Also the Np line at 13.9 keV is not visible
anymore (peak around dark violet line) in Fig: It can also be seen that the energy
cut range has changed (distorted red rectangle). The energy range of consideration is now
fixed.

For evaluating this measurement run and all measurement runs which follow, the energy
cut range has a fixed range as explained and depicted in the sequence of figures, especially
visualized in the calibrated spectrum of channel 6 in Fig: The energy range of con-
sideration is now fixed between 3.5 keV and 13.5 keV.
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Figure 3.22 Improvements through Implementing a 3 mm Al Shielding between Source and
SDDs.

A comparison of the spectra at an angle ~ 133° is shown for the measurements with and without a 3 mm
Al shielding.

Left: The spectrum of channel 6 is shown for the measurement at ~ 133° with 3 mm Al shielding. Most
of the lines below 15 keV are not visible anymore. However, the Np line at 11.89 keV is slightly visible.
The position of the Np line at 13.9 is shown by the grey line. The peak is also slightly visible.

Right: The spectrum of channel 6 for the measurement at ~ 133° without shielding is shown for compar-
ison.

In contrast to the measurement run without shielding, random coincidences, namely events
in one detector which are uncorrelated to events in the other detector, were taken into
account when determining the Compton event rates, see Appendix [A:2] The Compton
event rates in cps are shown as orange dots in Fig: Furthermore, the Compton event
rates considering random coincidences (red dots) are illustrated. The latter were fitted
with the incoherent scattering cross-section including the effect of detector response (blue
line). The deviations between the theory and measurement are still huge.
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Figure 3.23 Shielding of Random Coincident Events.

A comparison of density plots after coincidence cut for measurements with and without 3 mm Al shielding
at an angle ~ 133° is shown.

Left: It is visible that in case of the measurement with 3 mm Al shielding, the random coincidence events
with a population around 75 kev and 135° are shielded. The energy range of consideration is now fixed
between 2.0 keV and 12 keV for comparison (3.5 keV to 13.5 keV was later used), shown as the red distorted
rectangle.

Right: The density plot after coincidence cut for measurements without 3 mm Al shielding at an angle
~ 133° is shown for comparison, explanation see Fig: @
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Figure 3.24 Measurement with 3 mm Al shielding: Compton Event rates depending on the
scattering angle O.

The Compton event rates from the measurement with 3 mm Al shielding are illustrated by orange dots.
The rates corrected for random coincidences and the total rate uncertainties considering the propagation
of the statistical uncertainties are determined according to Appendix for all angles (red dots). They
were fitted with the incoherent Compton scattering cross-section considering the effect of detector response
(blue line). The deviations between the theory and measurement are still huge.

3.5.2.3 Measurement run with 3 mm Aluminium and 5 mm Copper Shielding

In this measurement run a Copper shielding was added. For this purpose, two new hold-
ers were designed for the source, which also act as shielding between the source and the
detectors. They have an L-shape with a 12 mm diameter hole behind which the ?*'Am
source is fixed. The thickness of the Cu holder is about 5 mm. Since for the measurements
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at angles larger than 90° the holder has a larger distance to the SDD module, the source
with the higher activity (source 2, see is used for all measurements. A photograph of
the Cu-holder which also acts as shielding with the source is shown in the lower left part
of Fig: for angles larger 90°. The positions of the source are presented in Fig: [3.8
schematically. In contrast to the previous measurement runs, the distance between the
source and the SDD module is no longer the same for measurements at small and large
angles. The 3 mm Al shielding was added in front of the holder as in the measurement de-
scribed in the previous section. The transmission probability through a 5 mm Cu shielding
depending on the energy is shown in Fig: All photons with energies below ~ 60 keV
are almost completely shielded.

Fig: The scattering angles between the LaBrsg detector and the beam axis exper-

Transmission Probability
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Figure 3.25 Transmission Probability through a 5 mm Cu plate.
The Transmission Probability through a 5 mm Cu plate is shown, depending on the energy. All photons
with energies below ~ 60 keV are almost completely shielded.

imentally performed during the measurement run in the setup with two source positions
and 3 mm Al and 5 mm Cu shielding are given in equation [3.3

© € [46.5,51.6,57.3,73.5,87.2,106.5,116.1,133.5, 150.9] (3.3)

The evaluation procedure was the same as that described in the previous section. The
Compton event rates corrected for random coincidences (red dots) are illustrated for all
angles in Fig: They were fitted with the incoherent Compton scattering cross-section
including the effect of detector response (blue line), the deviations between the theory and
measurement are still huge especially for large angles. However, the difference between
the rates and the rates corrected for random coincident events are smaller than in the
previous measurement run. In order to achieve further improvements and also to avoid
the line of sight effect, which leads to an increase of events from photons going directly
from the source into the LaBrs detector especially for angles lager 90°, it was decided to
construct two collimators.
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Figure 3.26 Measurements with 5 mm Cu and 3 mm Al shielding: Compton Event rates
depending on the scattering angle O.

The Compton event rates from the measurement are illustrated by orange dots. The Compton event
rates corrected for random coincidences (red dots) for all angles were fitted with the incoherent Compton
scattering cross-section including the effect of detector response (blue line), the deviations between the
theory and measurement are still huge especially for large angles.

3.5.2.4 Measurement run with Collimator and 3 mm Aluminium Shielding

In order to achieve further improvements, two collimators were constructed, one for mea-
surements at angles smaller than and one for angles larger than 90°. Both have a hole with
a diameter of 6 mm. Since for the measurements at angles larger than 90° the collimator
has a larger distance to the SDD module, the source with the higher activity (source 2, see
is used for all measurements. A photograph of the Collimator with the source inside
is shown in the lower right part of Fig: for angles larger 90°. The positions of the
source are presented in Fig: schematically. As in the previous measurement run, the
distance between the source and the SDD module is not the same for measurements at
small and large angles. Therefore, the rates must be normalised accordingly. The 3 mm
Al shielding was added in front of the collimator as in the measurement described in the
previous sections. The scattering angles between the LaBrs detector and the beam axis
experimentally performed during the measurement run in the setup with collimators and
3 mm Al shielding in front are given in equation

© € [46.5,51.6,57.3,73.5,87.2,106.5,116.1,133.5, 150.9] (3.4)

The evaluation procedure was the same as that described in the previous two sections. The
Compton event rates corrected for random coincidences (red dots) are illustrated for all
angles in Fig: They were fitted with the incoherent scattering cross-section including
the effect of detector response (blue line). The difference between the rates and the rates
corrected for random coincident events are now not visible anymore, the red dots overlap
the orange dots. However, the deviations between the theory and measurement are still
huge especially for large angles.

In the course of the development of the setup described above, some improvements could
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Figure 3.27 Measurements with Collimator and 3 mm Al Shielding: Compton Event rates
depending on the scattering angle O.

The Compton event rates corrected for random coincidences are illustrated as red dots. They were fitted
for all angles with the incoherent scattering cross-section considering the effect of detector response (blue
line). The difference between the rates and the rates corrected for random coincident events are now not
visible anymore. The deviations between the theory and measurement are still huge especially for large
angles.

be achieved, but the results still deviate strongly from those predicted of the theory. To
avoid shielding through the PCB hosting the SDD module, which could play a role, the
setup was modified. The measurements in the rearranged setup are presented in section
At the same time, simulations of a simplified setup were carried out, which are
described in section

3.5.3 Measurement Run in the Rearranged Setup

The PCB hosting the SDD module could act as shielding between the SDD module and
the LaBrs detector. An estimation of the attenuation through 1.8 mm PCB is shown in
right part of Fig:[3.28] in the left part a photography of the PCB hosting the SDD module
is presented and the attenuation through the shielding is sketched schematically. For the
calculation of the transmission probability, a continuous plate of PCB with a thickness
of 1.8 mm, made of carbon was assumed. This means that depending on the scattering
angle of the photon, the path through the PCB for angles larger than 0° is correspondingly
longer, shown schematically in the sketch.

The setup was rearranged so that, on the one hand, the collimator is permanently mounted
at only one position, hosting the source inside and, on the other hand, the LaBrs detector
can be rotated so that it is not shielded from the PCB. The rearranged setup is shown
schematically in Fig: 3.9 for determining the angles. The collimator form the previous
measurement run for angles larger than 90° was used. Since the distance between the source
and the SDD was further increased, the diameter of the collimator hole was increased to
12 mm. The Compton event rates are nevertheless very low, so that a measurement lasted
about 5 days. Therefore, the number of measurements within the run was reduced. A
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Figure 3.28 Estimation of the attenuation through 1.8 mm PCB.

The estimation of the attenuation through 1.8 mm PCB, hosting the SDD module, is illustrated.

Left: Depending on the scattering angle of the photon, the path through the PCB for angles larger than
0° is correspondingly longer. A schematic sketch is shown (not to scale)

Middle: A photography of the PCB hosting the SDD module is presented.

Right: An estimation of the attenuation through 1.8mm PCB is shown. For the calculation of the
transmission probability, a continuous plate of PCB with a thickness of 1.8mm, made of carbon was
assumed.

photograph of the rearranged setup is shown in Fig:[3.29] The range of the angles between
the LaBrs detector and the beam axis experimentally performed during the measurement
run is restricted by the size of dark-box, the size of the LaBrs detector and the position
of the collimator. It is illustrated as range between the orange lines.

LaBr3 Scintillator

positions of LaBr3

A Am241

Figure 3.29 Rearranged setup, Collimator with 3 mm Al shielding.

The collimator with 3 mm Al shielding is shown in the rearranged setup. The collimator is permanently
mounted with the source inside and the LaBrs detector can be rotated so that it is not shielded from the
PCB. The rearranged setup is shown schematically in the right part of the figure. The photograph was
taken in direction of the blue arrow. The collimator form the previous measurement run for angles larger
than 90° was used. The diameter of the collimator hole was increased to 12 mm. The range of the angles
between the LaBrs detector and the beam axis experimentally performed during the measurement run
is restricted by the size of the dark-box and the position of the collimator. This is illustrated as range
between the orange lines.
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The range of scattering angles used during the measurement run in the rearranged setup
are given in equation [3.5]

© € [68.99,74.68,89.40,110.66, 131.95, 152.40] (3.5)

The evaluation procedure was exactly the same as that described in section [3.4]in the se-
quence of figures starting with Fig: The Compton event rates corrected for random
coincidences are illustrated as red dots for all angles in Fig:[3.30] The data was fitted with
the incoherent scattering cross-section including the effect of detector response shown as
a blue line. The difference between the theory and measurement are now small, except
for angles < 90°.
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Figure 3.30 Measurements in the Rearranged Setup: Compton Event rates depending on the
scattering angle O.

The measured rates corrected for random coincidences are illustrated as red dots. They were fitted for all
angles with the incoherent scattering cross-section considering the effect of detector response (blue line).
The difference between the theory and measurement are now small, except for angles < 90°.

In order to explore the possibility of reducing the energy threshold in the SDDs, different
settings of the CAEN digitizer (see [5]) were investigated, performing measurements with
the 5°Fe source analogously to the measurement described above in section [3.5.1] The
only possibility found, was to lower the energy threshold in the digitizer from 100 lsb to
50 Isb. With this setting, the 5°Fe spectra and the resolutions FWHM in eV of the SDD
were determined first. The calibrated spectra for all channels are presented in the left part
of Fig: The spectral resolution FWHM is around 446 eV, shown in the right part of
Fig: which is worse than at the beginning of the measurements. The Si escape peak
is visible weakly. Moreover, the spectra of all channels don’t match well.
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Figure 3.31 Calibrated °°Fe spectra and Resolutions for all SDD channels.

The X-ray lines have energies of Ex_,=5.90 keV and EKﬂ =6.49 keV and were used for detector calibration
and determination of the resolution as before.

Left: Calibrated >°Fe spectra for all channels, the Ek,, peak at 5.90 keV and the Ex, peak at 6.49 keV are
shown. The Si escape peak is visible weakly. The spectra of all channels don’t match well. The separation
of the peaks is only weakly resolved.

Right: The spectral resolution FWHM, determined in eV, is illustrated depending on the channel. The
mean FWHM is ~446 eV, which is much worse than in the beginning of the measurements.

The measurements at the angles ~ 69° and ~ 75° were repeated with a reduced energy
threshold in the digitizer of 50 Isb instead of 100 Isb which leads to more noise in the
resulting spectra. By lowering the energy threshold in the digitizer, the lower limit of the
energy cut for the two measurements could be reduced from 3.5 keV to ~ 2 keV. This
allows more Compton events to be taken into account. The result is shown in Fig:
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Figure 3.32 Measurements (final) in the rearranged Setup: Compton Event rates depending
on the scattering angle O.

The Compton event rates corrected for random coincidences are illustrated as red dots, the results for the
repeated measurements with lower energy threshold in the digitizer as dark-red dots. The data points were
fitted with the incoherent scattering cross-section considering the effect of detector response (blue line).
The difference between the theory and measurement are now small, except for angle ~ 69°.
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The energy threshold which is needed to resolve a scattering angle depending on the en-
ergy can be determined by calculating the energy of the electron absorbed in the SDD for
Compton scattering, presented in section [I.3.2] The result is the dark blue line in Fig:
The 30 value can be calculated from the resolution which was given in FWHM ~ 446 eV,
by 30= 3-FWHM/2.35. The energy threshold required to resolve e.g. an angle of 70° is
~ 3.2 keV, shown in the right part of Fig: can be determined by following the violet
arrows. The blue band illustrates the calculated energy of the electron absorbed in the
SDD for Compton scattering + the 30 value of the resolution.
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Figure 3.33 Required Energy Threshold depending on the scattering angle ©.

The energy threshold which is required to resolve a scattering angle depending on the energy is shown.
Left: The energy of the electron absorbed in the SDD for Compton scattering can be calculated (see
section The result is the blue line.

Right: A detail of the left part is shown. The energy of the electron absorbed in the SDD for Compton
scattering (blue line) is illustrated for small scattering angles. The 30 value can be calculated from the
resolution. The energy threshold required to resolve e.g. an angle of 70° is ~ 3.2 keV. It can be determined
by following the violet arrows. The blue band illustrates the calculated energy of the electron absorbed in
the SDD for Compton scattering + the 3 o value of the resolution.

A good energy resolution of the SDDs, leading to a lower energy threshold, is therefore cru-
cial to resolve small scattering angles in particular. However, the angle dependent © dif-
ferential cross-section for incoherent scattering according to the modified Klein-Nishina
equation could be reproduced in the angle range between ~ 75° and ~ 152°. The results
are discussed in section [3.7]

3.6 Simulations

As mentioned above, simulations were carried out in parallel with the measurements in
the rearranged setup. They are presented in this section, after a brief introduction to
Geant4 specifically in relation to settings used during the simulations in this work. The
analysis chain is also briefly described. Then the simulations to investigate the influence
of the lower energy threshold of the SDDs are presented, followed by the simulations to
investigate the reduced number of counts in the angular range around an angle of 90°.

Simulations of detectors and their properties are common in detector physics. Geant4
(for GEometryANdTracking) is a Monte Carlo tool in a C++ framework for simulating
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the passage of particles through matter and their interactions with it [6]. It has been
developed and is maintained at CERN and is one of the most used simulation frameworks
within the field of particle physics, medical physics, astrophysics and other fields. Geant4
is often used for the development of detectors and accelerators as well as for the verifica-
tion of physical models and measurement data.

The user defines the geometry of the setup, including the design of the detector, the sur-
rounding material and the particle source. Therefore, the user constructs volumes of the
desired shape of each part of the detector and assigns a material, consisting of chemical
elements, to each volume, also compound materials can be created. A database provided
by Geant4 contains the properties of all chemical elements. The selection of particles for
the simulation is very flexible. The user can choose between all particles of the standard
model or create particle types according to his own definition. The required interaction
types for the simulation are also selected by the user. It is possible to deactivate processes
or define new ones. The implemented physics is applicable from 250 eV up to several
10'® eV. For simplification, the user can choose between main groups of physical pro-
cesses. That are e.g. particle decay processes, electromagnetic interactions, photoleptonic
interactions, hadronic interactions or solid state physics. Each initial particle and the
secondary particles produced during an event are simulated. The user defines the number
of events. An event begins with the generation of a first particle in the source and ends
with the tracking of all particles until they are absorbed or leave the region of interest.
All information about the individual interactions, including position, time, type of inter-
action, deposited energy, particle type, etc. can be stored.

In the context of this work, Geant4 is used to simulate a Compton scattering experiment
in a simplified setup, according to the characterisation measurements, as mentioned above.
The software version used for this work is Geant4 10.7.4. The settings used for the imple-
mented setup and for the simulations are described in the following.

Geometry

The simplified setup implemented for simulations contains only the LaBrs detector and the
SDD module. The distance between the detectors is set to 54 mm, according to the first
measurement without shielding. The LaBrs detector is implemented as a cylinder with a
diameter and a thickness of 1 inch (2.54 cm). The SDD module has been implemented in
two different ways. A choice can be made between a geometry consisting of seven hexagons
(combined to one detector for read out), as described in section and a cylinder with
a height of 0.45 mm, which is equal to the thickness of the SDDs. The radius can be
varied. The two geometries are illustrated in Fig:

The angle between the LaBrs detector and the beam axis can be varied by a messenger.
During the simulations, the angles were varied in a range between 0° and 180°. At an
angle of 0°, the detector is aligned perpendicular to the SDD module and is located on
the other side of the SDDs than the source. The geometry of the setup consisting of the
SDDs (seven hexagonal pixels) and the LaBrs is shown in Fig: The materials are
implemented as mentioned above.
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Figure 3.34 Geometry of the SDDs used for Simulations.

The SDD module has been implemented in two different ways.

Left: One possibility is a geometry consisting of seven hexagons, as described in section The
thickness is 0.45 mm.

Right: The second possibility is a cylinder with a height of 0.45 mm, which is equal to the thickness of
the SDDs, while the radius can be varied (not to scale).
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Figure 3.35 Setup for Simulation and source position, two angles exemplary.

The seven hexagonal SDDs are illustrated in blue. The angle (scattering angle) between the LaBrs detector
(grey), and the beam axis can be varied by a messenger. During the simulations, the angles (scattering
angles) were varied in a range between 0° and 180°.

Left: At an angle of 0°, the detector is aligned perpendicular to the SDD module and is located on the
other side of the SDDs than the source, indicated by the green star, exemplary the angle 30° is shown for
angles smaller 90°. The photon with an energy of 59.5 keV propagates in positive z-direction.

Right: At an angle of 180°, the detector is aligned perpendicular to the SDD module and is located on
the same side of the SDDs as the source, indicated by the green star, exemplary the angle 150° is shown
for angles larger 90°. The photon with an energy of 59.5 keV propagates in positive z-direction.

Physics list

In the so-called physics list, the particles are defined and also the physical processes which
are considered during the simulation. The G4EmLivermorePolarizedPhysics con-
structor, a predefined physics list for the low energy range (250 eV to 100 GeV) provided
by Geant4 is used during the simulations carried out in the scope of this work. It contains
electromagnetic interactions, including polarized gamma models.
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Particle source

One particle source emitting a perfect photon beam is used for the simulations. The pho-
ton has an initial energy of 59.5 keV for comparability with the measurements where an
241 Am source was used. The beam then consists of 7 million photons that strike the SDDs
perpendicular to the surface and in the center of the silicon detector. The position of the
incident photons is shown in Fig: Each photon of the beam starts at the position
indicated by the green star and propagates in positive z-direction.

Detector response

In order to get a more realistic description of the detector, the implementation of the
detector response is required. This can be done by Geant4 too by an external user defined
description of the detector resolution. However, in the scope of this thesis it was decided to
consider the detector response in a post process after the simulation by a python program
which also evaluates the data. The advantage is the possibility to investigate effects of the
detector resolution without having to run the simulations multiple times. The detector re-
sponse is required for both detectors, the SDDs and the LaBrs, as they both have a limited
energy and position resolution and a lower energy threshold. The detector resolution was
described in section [2.2.4L The energy dependent values were illustrated in Fig: [2.7] for
the LaBrs and in Fig: for the SDDs. The detector response i.e. the energy resolutions
of the two detectors are now implemented as Gaussian uncertainties. The width of the
Gaussian of each detector is energy dependent. According to this Gaussian distribution,
the energy deposit for each event is shifted by a random value.

The energy thresholds of the detectors are set differently to investigate the influence. If
the total energy deposit per event is lower than the energy threshold of the respective
detector, the event is not considered.

Analysis chain

The Analysis chain is similar to that described in section [3.4] with slight differences. It is
illustrated schematically in Fig: [3.36] the differences are presented in the following. The
process of the analysis chain is run through for each angle during the evaluation of each
simulation.

Read in D E Coincid Number
raw data, etector nergy othI enc of
calibrated response cuts cu counts

Loop over all angles

Figure 3.36 Analysis chain for Simulations.
The Analysis chain is similar to that described in section with slight differences. The process of the
analysis chain is run through for each angle during the evaluation of each simulation.

e Read in of the raw data.
First, the data from the simulation are read in, but a calibration is not necessary,
the energies are given in MeV. In contrast to the measurement, the spectrum in the
SDD module is given for each angle combined for all hexagons.

e Considering the detector response.
As a second step the detector response is considered as described above.
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e Coincidence cut.
The coincidence cut is performed after the energy cut. Each incident photon has its
own event number, therefore the coincidence cut can be done by searching for events
in both detectors which have the same event number.

e Number of counts.
The result of the previous steps is the number of coincident counts in the given energy
range. The lower energy range bound sets the energy threshold. The determination
of the rates is not necessary, as for each angle a beam of 7 million photons was
considered. The uncertainties of the counts (according to Poisson) are calculated by
the square-root of the number of counts.

After running through the analysis chain for each angle, the number of counts are given
as data-points depending on the scattering angle ©. Finally a fit of the data is performed
as described in section B.4]

Investigation of the lower Energy Threshold in the SDDs

To investigate the lower energy threshold in the SDDs, the setup for simulation was im-
plemented as described above, using the geometry of the seven hexagonal SDDs. In the
analysis with python, the lower energy threshold in the SDDs was set to 0 keV first, then
to 2 keV and to 3.5 keV, which was chosen analog to the settings during the measurements,
described in the previous sections. The change of the spectra in the LaBrs detector and
the SDD module during the analysis is shown and explained in Fig: and Fig:
exemplary for an angle of 110°.
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Figure 3.37 Evaluation of a LaBr; spectrum from Simulation, exemplary for ©=110°.

The change of the spectrum in the LaBrs detector during the analysis is shown exemplary for simulations
with threshold 0 keV.

Left: The spectrum in the LaBrs after read in is shown. A line at 59.5 keV is clearly visible as well as a
peak around the calculated energy of the scattered photon for an angle of ©=110°.

Middle: The spectrum in the LaBrs after considering the detector response is shown. The peak around
the calculated energy of the scattered photon for an angle of ©=110° is now broader.

Right: The spectrum in the LaBrs after considering the effect of detector response and after Energy and
coincidence cut is shown. The peak around the calculated energy of the scattered photon for an angle of
©=110° is visible.
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Figure 3.38 Evaluation of a SDD spectrum from Simulation, exemplary for ©=110°.

The change of the spectrum in the SDD module during the analysis is shown for simulations with threshold
0 keV.

Left: The spectrum in the SDD module after read in is shown, the Compton edge around 11.3 keV is
visible and also a line at 59.5 keV .

Middle: The spectrum in the SDD module after considering the effect of detector response is shown, the
Compton edge around 11.3 keV is visible and also a line at 59.5 keV.

Right: The spectrum in the SDD module after considering the detector response and after energy and
coincidence cut is shown, now only the peak around the calculated energy of the scattered electron for an
angle of ©=110° is visible.

The results of the investigation of the influence of the lower threshold in the SDD module
are shown in Fig: where the three different thresholds 0 keV (black), 2 keV (dark
green) and 3.5 keV (light green) were considered. It can be seen that even for the 0 keV
threshold, the number of Compton events from simulation does not agree well with the fit
in the range of angles ® < 20° and around 90°. In the range of angles © < 20° the number
of events is higher and around 90° lower than predicted. The difference which concerns
small angles is possibly due to a different model for the correction factor Sy (Ey, ©) for
incoherent scattering, see or the detector response is not modelled accurately enough.
Since both effects affect only very small scattering angles, this disagreement was not fur-
ther investigated.

Comparing the different thresholds, it can be seen that the possibility to resolve a certain
angle gets worse with a higher threshold, similar to the measurements performed in the re-
arranged setup. There are similarities visible between the results of the simulation and the
results of the measurements where the source was placed so that the photons hit the SDD
module perpendicularly. This meant that the photons had to travel a different distance in
the PCB material during the measurement, as illustrated in Fig: Therefore, it will
be investigated in the following whether the different length of the path of the photons
through the SDD module itself has a non-negligible influence on the number of Compton
events in the angular range around 90°.

However, the results of the investigation of the influence of the lower threshold in the
SDD module via simulation confirm the results from the measurements. The lower energy
threshold is of decisive importance for the resolution of smaller scattering angles. Since
the energy threshold is related to the resolution of the detector, a good detector resolution
is very important.
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Figure 3.39 Influence of the lower Energy Threshold in the SDD module.

The results of the investigation of the influence of the lower threshold in the SDD module are shown. Three
different thresholds 0 keV (black), 2 keV (dark green) and 3.5 keV (light green) were considered. Even for
the 0 keV threshold, the number of Compton events from simulation does not agree well with the fit (in
blue) in the range of angles © < 20° and around 90°. In the range of angles © < 20° the number of events
is higher and around 90° lower than predicted. Comparing the different thresholds, it can be seen that
the possibility to resolve a certain angle gets worse with a higher threshold, similar to the measurements
performed in the rearranged setup.

Investigation of the reduced Number of Compton Events in the angular range
around 90°

To investigate the the reduced number of Compton events in the angular range around 90°,
the setup for simulation was implemented as described above, but now using the geometry
of a cylinder with a radius equal to the thickness (0.45 mm), this makes the path in the
SDD module independent from the scattering angle. The lower energy threshold in the
SDD module was set to 0 keV. The result is shown in Fig: The number of Compton
events from simulation agree well with the fit (in blue) in the range of angles around 90°.
But in the range of small and large angles are still deviations.
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Figure 3.40 Investigation of the reduced Number of Compton Events in the angular range
around 90°

The results of the investigation of the reduced number of Compton events in the angular range around 90°
are shown. The setup for simulation was the same, but the geometry of the SDDs was implemented as a
cylinder with a radius equal to the thickness (0.45mm). The lower energy threshold in the SDD module
was set to 0 keV. The number of Compton events from simulation agree well with the fit (in blue) in the
range of angles around 90°, but not in the range of small and large angles.

It can be concluded that the length of the path of the incident photon through the silicon
of the SDD module itself is important. A longer path leads to a lower number of Compton

events. This influence is particularly noticeable at scattering angles of 90°. The results
are discussed in the following section

3.7 Summary and Discussion

The goal of this thesis is the characterization of the seven pixel SDD module, the prototype
for the ComPol-IOV mission. The procedure of the characterization and the results are
described in detail above in this chapter, starting with the motivation of the characteriza-
tion measurements in section [3.1]and a detailed description of the setup in section[3.2] The
performed characterization measurements are presented in section [3.5] and the simulations
carried out with Geant4 are described in section [3.6]

The Compton scattering experiments performed in the rearranged setup could reproduce
the angle dependent O-differential cross-section for incoherent scattering according to the
modified Klein-Nishina equation in the angle range between ~ 75° and ~ 152°. Further-
more it could be shown that a good energy resolution of the SDDs, leading to a lower
energy threshold, is crucial to resolve small scattering angles in particular. The results
of the investigation of the influence of the lower threshold in the SDD module by means
of simulation confirm these results from the measurements. Two measurements with a
55Fe source at different times, the second 8 month after the first, lead to different detector
resolutions. The detector resolution FWHM changed from ~ 252 eV to ~ 445 eV. It is
not necessarily the case that the system has deteriorated, there is probably an external
influence, as the equipment in the laboratory has been rebuilt and the setup in the dark-
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box has been changed. The position of the dark-box has also been changed.

In addition, it turned out, that the length of the path of the incident photon through any
material, e.g. the PCB or even the silicon of the SDD module itself, is important. A longer
path leads to a lower number of Compton events. The results of the measurements and
the simulations, especially concerning their impact on the ComPol mission, are discussed
in the following.

Impacts of the Results on the ComPol Mission.

The influence of the lower energy threshold in the SDDs has the strongest effect at low
energies. The lower the energy of the incident photon, the lower the energy of the Comp-
ton edge and the energy of the photons where the polarization dependency is the highest.
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Figure 3.41 Influence of the Energy Threshold on the detectable Energy Range.

The energies of the electrons absorbed in the SDD for Compton scattering are shown for small angles.
The energies of the electrons were calculated from the energies of the initial photons, see section [1.3.2
The energies of the initial photons are set to 30 keV, 59.5 keV and 100 keV. It is visible that events with
energies of 30 keV are not detectable for a lower energy threshold of 2 keV (red horizontal line). The lower
energy threshold of 1 keV (orange horizontal line) is shown also, as a threshold of 1 keV was assumed in
the sensitivity study performed by Matthias Meier.

The influence of the energy threshold on the detectable energy range is shown in Fig:|3.41
Exemplary three different energies (30 keV, 60 keV and 100 keV) are shown in Fig:
illustrating incident photons in a Compton scattering process. The energies of the electron
absorbed in the SDD for Compton scattering are presented exemplary for these three
energies of the initial photons and only for small scattering angles. The energies of the
electrons were calculated from the energies of the initial photons, see section It is
visible, that events with energies of 30 keV are not detectable for a lower energy threshold
of 2 keV (red horizontal line). The value 2 keV is chosen here because it is the current
limit with the data acquisition system that is foreseen for the SDD readout. A lower
energy threshold of 1 keV (orange horizontal line) is shown also which was assumed in the
sensitivity study performed by Matthias Meier [36].

The 30 value of resolution, which was shown in Fig: was not considered here. As-
suming a lower energy threshold of 3.5 keV, it would be even worse. Also fewer Compton
events remain for initial photons with energies higher 30 keV that can subsequently be
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Figure 3.42 Minimum Detectable Polarization, Threshold 1 keV.

The Minimum Detectable Polarization, for one year observation is plotted over the energy. (Taken from
[36]). The results are obtained by simulations (threshold 1 keV) with mono-energetic photon beams,
weighted by the spectrum of Cygnus X-1. The blue line illustrates the smallest degree of polarization that
can be measured depending on the energy. So far it was always assumed that the most sensitive range
starts at ~ 30 keV. If the threshold is higher, small energies will not be considered and the cutoff will be
shifted to the right by approximately 10-20 keV.

subjected to polarization analysis. However, the relative energy resolution gets better with
increasing energy, even though the absolute energy resolution gets worse with increasing
energy. During the measurements, the CAEN digitizer was mostly used at a setting of
100 Isb for the threshold, resulting in an energy threshold of 3.5 keV. This could be lowered
to 2 keV by setting the threshold in the digitizer to 50 Isb. However,the latest measure-
ments with the data acquisition system that will be used for the final system resulted in
a lower threshold of 2 keV, therefore the lower energy threshold in Fig: was set to 2
keV for illustration.

So far in the the sensitivity study performed by Matthias Meier [36] always a threshold of
1 keV in the SDD was assumed. From that the sensitivity results shown in Fig;: were
received. The Minimum Detectable Polarization, the 3o sensitivity, for one year observa-
tion is plotted over the energy. The photon beam in the simulation was mono-energetic
but weighted by the spectrum of Cygnus X-1. The figure is taken from [36], for details see
there. The blue line illustrates the smallest degree of polarization that can be measured
depending on the energy. The most sensitive range was so far always assumed to start at
~ 30 keV. If the threshold is higher, small energies will be not considered and the cutoff
will be shifted to the right by approximately 10-20 keV.

The ComPol mission will carry out polarization measurements. Due to geometric reasons
and the polarization dependency of Compton scattering, the best polarization is achieved
for a cut on the scattering angles © between 55° and 83° [36]. Therefore in addition the
impact of the lower energy threshold in the SDD, the shielding by the SDD itself could
be important, since the Compton events are most strongly shielded at scattering angles
where the polarisation is maximum (90°), see Fig especially at low energies. To avoid
this effect, the geometry of the setup could be redesigned. By redesigning, it might be
possible to reduce the self-absorption of the SDD and therefore gain sensitivity in the low
energy range.



Conclusion and Outlook

Black holes, neutron stars and white dwarfs are fascinating objects in the universe. To
better understand these compact objects, great efforts have been made in recent decades.
But some questions are still unanswered. The Compton Polarimeter (ComPol) is a Cube-
Sat mission. Its aim is to study the spectrum and polarization of the black hole binary
system Cygnus X-1 over a period of at least one year in the hard X-ray range to gain new
insights into its geometry, accretion disk properties, X-ray emission mechanisms and other
features. An adapted instrument is currently being prepared for an in-orbit verification
mission on an external platform aboard the International Space Station (ComPol-IOV).
The launch is planned for the end of 2023. The main objective of ComPol-IOV is to
demonstrate the functionality and durability of the instrument in the low earth orbit.
Besides that, it allows for a in-orbit background study and for developing data acquisition
routines using real data.

The focus of this thesis is the characterization of the Silicon drift detector module, the
prototype for the ComPol-IOV mission. The physical motivation for the characteriza-
tion measurements is to reproduce the angle dependent O-differential cross-section for
incoherent scattering according to the modified Klein-Nishina equation by a Compton
scattering experiment. Thereby the used setup consists of the SDD module, originally
designed for the TRISTAN experiment, as scatter target and a commercially available
Lanthanum (IIT) Bromide detector as calorimeter. The angular dependence of the Comp-
ton scattering is experimentally performed by changing the angle between the beam axis of
the radioactive source and the calorimeter (the LaBrs Detector), which lies on a rotatable
part (U-profile) with a pivot point below the center of the SDD. In addition, simulations
with Geant4 were carried out implementing a simplified setup, consisting of only the two
detectors.

Characterization measurements were performed in an evolving setup with different shield-
ings and different holders for the two 2*'Am sources with different activities that were
used. The first measurements showed that the PCB hosting the SDD module plays a
non-negligible role for measurements at larger angles. Therefore the setup was rearranged
so that, on the one hand, the collimator is permanently mounted at only one position,
hosting the source inside, and on the other hand, the LaBrs detector can be rotated so
that it is not shielded from the PCB. The Compton scattering experiments performed in
this setup could reproduce the angle dependent ©-differential cross-section for incoherent
scattering in the angle range between ~ 75° and ~ 152°. Furthermore, it could be shown
that a good energy resolution of the SDDs, leading to a lower energy threshold, is crucial
to resolve small scattering angles in particular. The results of the investigation of the
influence of the lower threshold in the SDD module by means of simulation, carried out
in parallel to the measurements in the rearranged setup confirm these results from the
measurements. In addition, it turned out as a result from the simulations, that also the
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length of the path of the photon through the Silicon of the SDD module, is of influence.
A longer path at larger scattering angles leads to a reduced number of Compton events.

The ComPol mission will carry out polarization measurements. Due to geometric reasons
and the polarization dependency of Compton scattering, the best polarization is achieved
for a cut on the scattering angles © between 55° and 83°. Therefore, the absorption of
the SDD itself is probably reducing the sensitivity. This could be important, because the
Compton events are most strongly shielded at scattering angles where the polarization
signal is strongest (at ~90°). Especially low energies are affected by this.

The influence of the lower energy threshold in the SDDs also has the strongest effect
at low energies. The lower the energy of the incident photon, the lower the energy of
the Compton edge and the energy of the photons where the polarization dependency is
highest. Therefore, fewer Compton events remain that can subsequently be subjected to
polarization analysis. During the measurements, the CAEN digitizer was mostly used at a
setting of 100 Isb for the threshold, resulting in an energy threshold of 3.5 keV. This could
be lowered to 2 keV by setting the threshold in the digitizer to 50 lsb. However, the data
acquisition system planned to be used for ComPol currently shows an energy threshold of
2 keV.

More Compton events at lower energies are expected from Cygnus X-1, so a good resolu-
tion and a low energy threshold would be important. By redesigning it might be possible
to reduce the self-absorption of the SDD and thus gain sensitivity in the low energy range.
This is not crucial for the ComPol-IOV mission. However, insights into the lower energy
threshold are expected, which can be compared with expectations from simulations and
measurements to provide indications to the final energy threshold and conclusions for
future polarization measurements, leading to improvements for the ComPol mission.
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A.1 Abbreviations and Acronyms

ADC
BGR
BH
BHB
CEA
ComPol
CS
DAQ
DGS
DPP
EC
FWHM
HSS
IGR
10V
IS

ISS
JFET
LEO
LHS
LRSM

Isb

Analog to Digital Converter
Background Rate

Black Hole

Black Hole Binary
Comumissariat a I’Energie Atomique
Compton Polarimeter

Compton Scattering

Data Acquisition System
Dynamical Geometry Software
Digital Pulse Processor
Electron Capture

Full Width at Half Maximum
High Soft State

Inner Guard Ring

In Orbit Verification

Incoherent Scattering
International Space Station
Junction Field Effect Transistor
Low Earth Orbit

Low Hard State

Laboratory for Rapid Space Mission

least significant bit
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MDP
NNDC
PC
PCB
PHA
PMT
PSD
SDD
SiPM
SNR
TUM

Minimum Detectable Polarization
National Nuclear Data Center
Personal Computer

Printed Circuit Board

Pulse Height Analysis
Photo-Multiplier Tube

Pulse Shape Discrimination
Silicon drift detector

Silicon Photo Multipliers

Signal to Noise Ration

Technical University Munich
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A.2 Random Coincidence Events and Propagation of Sta-
tistical Uncertainties

In general the major source of uncertainties in the performed measurements is given by the
statistical uncertainty on the number of counts (according to Poisson, i.e. square-root of
number of counts). Additionally uncertainties on the measured time, the scattering angle
(position of the screws in the dark-box) and the energy calibration could arise. However,
these are assumed to be small and are neglected.

The determination of event rates is done for two detectors, the LaBrs scintillator and the
SDD, for simplicity the detectors are associated with numbers in the following according to:

Detectorl: SDD, total rate R; after energy cut before coincidence cut.
Detector2: LaBrj, total rate Ry after energy cut before coincidence cut.

The Compton event rate Rog is the same in both detectors. The rates in the LaBrs
are angle dependent, the angle between the scintillator and the source varies. The rates
in the SDDs are not angle dependent, as the position of the SDD wrt the source during
a measurement run is the same. The variables and values used in the following equations
are explained below the equations.

The rates of random coincidences can be calculated as follows:
Rre =2 7Rrand,1 Rrand,2 (A1)
The final rate of all coincident events is given by:
Rfinat = Rcs + Rrc = Ros + 2 - TRyand 1 Rrand,2 (A.2)
The random rates in the two detectors are:
Ryandi = R — Rcs and Rygna2 = Ro — Res (A.3)

Inserting equations [A.3] into equation [A.2}

Ryinal = Res +2 - 7(Ry — Res)(Re — Res) (A.4)
Multiplication and rearranging leads to:
Rpinal = Ros +2-7(Ry - Ry — RosR1 — ReosRa + (Res)?) (A.5)
0= (Rcs)* + (Res)(1/27 — Ry — R1) + (R1 - R2 — Rypinar/27) (A.6)
The equation can be simplified by using the following definitions for substituting;:
a:=(1/21 — Ry — Ry) (A.7)
and
b:= (Rl - Ry — Rfinal/27_) (AS)

Solving for Rog results in the rate of Compton events considering random coinci-
dences, where a and b are defined as above derived in equations [A.7] and

f::RCS:—a/2+\/a2/4—b (AQ)
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The propagation of statistical uncertainties is defined as:

gcs = \/ O-j%inal + U%%C (AlO)

where with f := Rpc according to equation the partial derivatives have to be con-

sidered to:
_ (91 2 (0of 2 of 2
ORC = \/<6R10rand,1) + <67R20-rand,2) + (aRfinalo-fmal) (All)
The partial derivatives of the function f := Rgg derived above can be calculated by

using the cain-rule and considering the definitions of a and b (equations and [A.8)) for
simplicity.

of 1 1 sa® 712
g = 3ta (T @@ -1+0) (A.12)
a2 _
:_%+%. (Z—b) 1/2-(—1/2(a)—1) (A.13)
of 1 1 ra® -2
g =2ty (Tt - @A@ED -1+0) (A.14)
a2 _
~—5+5- (50 0 - (A15)
of 1 /a? —1/2 1
oo~ 2 (570 00y (410
a2 _
:% (% ) 1/2'17 (A.17)

The values which are inserted in the above equations are derived as follows:

e R;: raw rates in detector number i

® R,.4nqi: rate of events in detector number i that are uncorrelated to events in the
other detector

® O,and;: uncertainties on the rates R,qnd i
® Rpinq: rate of the coincident events

® Ofingit uncertainties on the rates Ryinq
e Rog: rate of Compton scattering events
e Rpg: rate of random coincident events

e 7: time window for the coincidence cut (300-1079 s)
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