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Abstract

The PANDA (antiProton ANnihilation at DArmstadt) experiment aims to investi-
gate the strong interaction using an antiproton beam and a stationary cluster jet
target, resulting in annihilation reactions. The Micro-Vertex Detector (MVD) is the
innermost detector among PANDA's sub-detectors and is positioned closest to
the interaction point. It is designed for precise vertex and tracking detection, em-
ploying double-sided silicon strip and silicon pixel detectors. In conjunction with
other sub-detector systems, PANDA is capable of particle tracking, identification,
and calorimetry. In addition to PANDA, further applications of the MVD as well
as the use of silicon strip sensors in different configurations are being discussed.

The double-sided silicon strip detectors allow high-precision spatial resolution,
but require stringent compliance with specifications. Sensor characterization and
detailed quality checks are conducted, including irradiation with protons at the
Marburg Ion Beam Therapy Center (MIT) to assess radiation damage. The signal
behavior of the sensors is investigated during the development of amplification
stages and prepared for a sub-experiment for dosimetry on a femto satellite in
Low Earth Orbit (LEO).

For the sensor readout in the MVD, an ASIC named ToASt (Torino Amplifier for
Silicon Strip Detectors) was developed at INFN Turin and was connected to the
sensors for the first time via wire bonding. The ASIC offers the advantage of
determining both the event time stamp and the energy deposited in the sensor
using the Time-over-Threshold and Time-of-Arrival methods. Combining the
ToASt-Sensor combination with the MDC (Module Data Concentrator) ASIC
developed at KIT forms the first fully functional detector module. A combination
of two of these modules was tested at the proton beam of the COSY facility in Jiilich.
Data obtained from beam tests and laboratory tests with sources are analyzed
to demonstrate the functionality of the prototype and perform characterization.
Important data have been collected to enable the development of the second
prototype and to advance the construction and functionality of the MVD.



Zusammenfassung

Das Experiment PANDA (antiProton ANnihilation at DArmstadt) zielt darauf ab,
die starke Wechselwirkung durch die Untersuchung von Annihilationsreaktionen
mittels eines Antiprotonenstrahls und eines stationdren Clusterstrahlziels zu er-
forschen. Der Mikro-Vertex-Detektor (MVD) ist der innerste Detektor im PANDA-
Detektorsystem und befindet sich am néchsten zum Wechselwirkungspunkt. Er
wurde fiir die prazise Bestimmung von Vertex- und Spurinformationen konzip-
iert und verwendet hierfiir doppelseitige Siliziumstreifen- und Siliziumpixel-
Detektoren. In Kombination mit anderen Subdetektoren ermoglicht PANDA die
Teilchenspuren zu rekonstruieren, Teilchen zu identifizieren und deren Energie zu
messen. Zusitzlich zum Einsatz im PANDA-Experiment werden weitere poten-
zielle Anwendungen des MVD sowie die Nutzung von Siliziumstreifensensoren
in verschiedenen Konfigurationen diskutiert.

Die doppelseitigen Siliziumstreifendetektoren bieten eine hohe raumliche Au-
flosung, was jedoch eine strikte Einhaltung der Spezifikationen erfordert. Die
Sensoren werden charakterisiert und einer detaillierten Qualitdtspriifung unter-
zogen, einschliefllich einer Bestrahlung mit Protonen am Marburger Ionenstrahl-
Therapiezentrum (MIT), um Strahlenschdden zu bewerten. Wahrend der Entwick-
lung von Verstarkerstufen wird das Signalverhalten der Sensoren untersucht und
fiir ein Subexperiment zur Dosimetrie an einem Femtosatelliten in niedriger Er-
dumlaufbahn (LEO) vorbereitet.

Fiir die Auslese der Sensoren im MVD wurde ein spezieller ASIC, der ToASt
(Torino Amplifier for Silicon Strip Detectors), am INFN Turin entwickelt und
erstmals mittels Drahtbonding mit den Sensoren verbunden. Der ASIC bietet den
Vorteil, sowohl den Ereigniszeitstempel als auch die im Sensor deponierte Energie
mithilfe der Time-over-Threshold- und Time-of-Arrival-Methoden zu bestimmen.
Die Kombination des ToASt-Sensors mit dem am KIT entwickelten MDC (Module
Data Concentrator)-ASIC bildet das erste vollstandig funktionstiichtige Detektor-
modul. Zwei dieser Module wurden am Protonenstrahl der COSY-Anlage in Jiilich
getestet. Die bei Strahlentests und Labortests mit Strahlungsquellen gewonnenen
Daten wurden analysiert, um die Funktionalitdt des Prototyps zu demonstrieren
und eine eingehende Charakterisierung vorzunehmen. Diese wichtigen Daten
bilden die Grundlage fiir die Entwicklung des zweiten Prototyps und den weiteren
Fortschritt beim Bau und der Optimierung der Funktionalitdt des MVD.
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Chapter 1

Introduction

The Micro-Vertex-Detector (MVD) of the PANDA experiment aims to spatially
resolve particle tracks resulting from antiproton-proton (pp) collisions, thereby
providing insights into the strong interaction within the energy range of quarks
and hadrons. Planned for the future accelerator complex Facility for Anti-proton
and Ton Research (FAIR), the PANDA detector complex will facilitate research on
pp collisions with momenta ranging from 1.5GeV/c to 15GeV /¢, at interaction
rates of up to 20 MHz.

Operating at room temperature, the MVD is an independent detector capable
of spatially identifying fast, charged particles and energetically classifying them
through a magnetic field. Its compact design and high radiation tolerance enable a
variety of applications beyond the main PANDA experiment, including beam pro-
tile analysis in medical accelerators or particle reconstructions in other accelerator
experiments.

This thesis aims to verify the sensors for integration into the MVD and to integrate
the sensors into the Slow Control system. To achieve this, the following milestones
were established.

Quality Checks Dosimetry Verification

Series sensor MVD-sensor Functionality and

characterization dosimeter for characterization
femtosatellite In-Beam and In-Lab

e

Irradiation MVD-Prototype
Examination of Integration of
the radiation sensor, ASIC
hardness and DAQ

In this work, sensor test structures as well as full-size sensors are characterized
based on their electrical properties. Measurement and fitting methods are devel-
oped to conduct series tests for verifying the sensor parameters. These quality
checks are performed for all sensors, confirming the components for integration.

7



The radiation hardness of the test structures is investigated using neutron irradia-
tion and at multiple beam times with proton beams. Additionally, the method of
annealing is applied and verified.

In a sub-experiment, the test structures are used to establish a dosimetry concept,
including understanding the signal behavior of the silicon detectors. Signals are
read out by a micro controller after the sensor signals have been processed by
amplifier stages and readout techniques. The final concept, based on a femto
satellite, aims to conduct dosimetry in space in the future.

Sensors are connected for the first time with the Torino Amplifier for Silicon Strip
Detectors (ToASt)-ASIC. Selected sensors are bonded with the ASIC developed for
the MVD using wire bonding, demonstrating functionality through irradiation
with a source.

An MVD-Prototype is developed with the Sensor-ToASt configuration and with
the MVD-DAQ. The prototype is tested for functionality during three beam times
at COSY in Jiilich and in the laboratory with various sources. The obtained data is
analyzed using various developed algorithms to characterize the prototype and
identify issues for further iterations.



Chapter 2
The PANDA Experiment

The PANDA (antiProton ANnihilation at DArmstadt) experiment is one of the
key projects of the future Facility for Antiproton and Ion Research (FAIR). The
large-scale project, currently under construction in Darmstadyt, is being built on
the premises of the GSI Helmholtz Center for Heavy Ion Research.

Figure 2.1: A schematic cross-section of the PANDA experiment with all subsystems
highlighted [1].

2.1 The PANDA Experiment at FAIR

The existing structures at GSI accelerators are being upgraded and utilized for
injection purposes. The PANDA experiment will be integrated into the High
Energy Storage Ring (HESR), allowing research on charmonium states, the estab-
lishment of gluonic excitations, the study of modifications of meson properties in
the nuclear medium, and precision gamma-ray spectroscopy of single and double
hypernuclei using proton, antiproton, and ion beams.
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2.2 Facility for Anti-Proton and Ion Research

Linear accelerator Ring accelerator Ring accelerator
UNILAC SIS18 SIS100

Production of
new atomic nuclei

Production of
antiprotons

—_—
100 metres

isting facilit
Experimental and Bl existing facility
siokagsrigs [l planned facility

[l experiments

Figure 2.2: The FAIR accelerator facility in red with the existing GSI facility in blue [2].

As illustrated in Figure the GSI facility comprises a linear accelerator and a
heavy-ion synchrotron (UNILAC and SIS18). In the future, a proton accelerator
(p-LINAC) will serve as an injector for the SIS18, which in turn injects particles
into the SIS100.

At the heart of the future FAIR facility will be the SIS100 ring accelerator, with a
circumference of 1100 meters [2]. The proton and heavy-ion synchrotron will
accelerate protons, for example, up to 29 GeV with a maximum intensity of
2.5x10% protons/cycle [3]. Antiprotons will be produced by colliding high-energy
protons with a nuclear target [4].

The Collector Ring is planned for storing the beams, reducing the momentum
spread through stochastic cooling. In addition, the High Energy Storage Ring
(HESR) enables the experiment-specific acceleration of antiprotons. These facilities
will serve the four main experiments:

— APPA: Atomic, Plasma Physics and Applications

— CBM: Compressed Baryonic Matter

— NuSTAR: Nuclear Structure, Astrophysics and Reactions
— PANDA: antiProton Annihilation at DArmstadt

The focus will now shift to the PANDA detector, which will conduct research
using antiprotons.
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221 The High Energy Storage Ring

The PANDA experiment will be located within the HESR. The HESR will provide
the experiment with a highly intense and high-quality antiproton beam with a
momentum ranging from 1.5 to 15 GeV/c. The storage ring has a circumference of
575 meters with two straight sections each of 132 meters length [5]. The PANDA
experiment is situated in the middle of one of these two straight sections, as

depicted in Figure

| — VR — - -HH i -y,

v
\‘\‘ RF stochastic cooling ./~/
@ »,
’\ barrier bucket kickers /’
N SPARC KOALA
S
.4
! [ | Dipole magnet
! B Quadrupole magnet
! (] Sextupole or steerer magnet
! [J solenoid magnet — T— T—
! [ Injection equipment 0 50m
" O rr cavity, stochastic cooling devices
“
”/ injection PANDA
§, kicker
™ magnets
"y e i H— — —H—
p,pbar,H stochastic cooling
(from CR) pickups

Figure 2.3: Schematic overview of the High Energy Storage Ring (HESR) at FAIR [6].

Opposite to the PANDA experiment lies the electron cooling facility, which can
cool the beam to a small momentum spread o3, /p below 4 - 10~ at momenta up to
8.9 GeV/c. Additionally, the beam can be further optimized through stochastic
cooling.

The HESR operates in two different modes: high resolution and high luminosity.
The high luminosity mode enables the generation of a beam with a luminosity
of 2-10%*s~lem ™2 and a resolution of approximately ¢, /p ~ 107%. In the high-
resolution mode, the beam spread is below ¢,/p < 107> with a luminosity of
2-10% s lem—2 [7].

PANDA Physics Program

The PANDA experiment will have unique opportunities during its run time due
to the availability of high-intensity, cooled antiproton beams. This enables the
investigation of questions in the field of QCD, comprehensive hadron structures,
binding mechanisms of quarks in nuclei, and exotic particles. In particular, the
realm of non-perturbative QCD can be explored, where quarks form hadrons. The
following illustration 2.4/ showcases the hadrons that can be generated through
proton-antiproton annihilation.
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Figure 2.4: Hadrons which can be produced in the PANDA experiment by proton antipro-
ton annihilation [8].

The main research objectives are listed below, to which a theoretical classification
will be provided later in Chapter

Charmonium Spectroscopy

The PANDA experiment plays a crucial role in researching the charmonium spec-
trum and surpasses all previous efforts. Charmonium, constituted by charm
quarks and anti-charm quarks, provides insights into the non-perturbative and
non-relativistic aspects of Quantum Chromodynamics (QCD). Theoretical frame-
works such as effective field theories and Lattice QCD (LQCD) have been em-
ployed to calculate the charmonium spectrum.

So far, charmonium has primarily been observed in ete™ experiments, constrained
by the limitations posed by the J’“ quantum numbers being restricted to 1~~. The
broad energy range of pp annihilation in the PANDA experiment facilitates the
direct generation of charmonium states [9].

The distinctive feature of the PANDA experiment lies in its high luminosity, en-
abling the measurement of thousands of cc states per day. This not only facilitates
the measurement of rare states but, in conjunction with improved momentum
resolution, also allows for a substantial enhancement in measurement accuracy.
Consequently, this setup not only offers a significant improvement in precision
but also opens avenues for novel insights. It enables a comprehensive examination
of charmonium states based on their quantum mechanical properties, thereby
deepening our understanding of non-perturbative QCD phenomena.
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Gluonic Exitations

Another intriguing topic opened up by PANDA is the excitation of gluons, which
is divided into two main categories. Glueballs are states composed solely of glu-
ons as valence particles to describe the quantum numbers. Hybrids, on the other
hand, consist of a quark-antiquark pair and excited gluons. These gluonic hadrons
exhibit exotic quantum numbers J¥¢, facilitating their experimental identification.

Antiproton-proton annihilations provide a favorable environment for the search
for gluonic hadrons. In this process, gluonic states can emerge through the strong
interaction of quarks and gluons, allowing insights into the structure of Quantum
Chromodynamics (QCD).

Hadrons in Nuclear Matter and Hypernuclear Physics

Another research field is hadrons in nuclear matter, as modifications of the hadrons
can be induced by the surrounding medium. These studies aim to understand
the spontaneous chiral symmetry breaking in QCD and its partial restoration in a
hadronic environment, with one effect being the change in hadron mass.

Previous experiments mainly focused on the light quark sector. With the PANDA
experiment and its high-intensity (15 GeV/c) antiproton beam, this research can be
expanded [10]. Predictions have been made for the modifications of open-charm
and charmonium states in the medium, which will be experimentally accessible at
the PANDA experiment. This will provide insights into the interactions of quarks
and gluons in the dense nuclear medium [11].

Through the antiproton beam and the efficient production of hypernucleons,
hypernuclear physics can be further researched, whereby a neutron or proton is
replaced by a hyperon. A hyperon is a specific baryon particle that, in addition
to the usual up and down quarks, contains a strange quark, distinguishing it
from other baryons. This allows gaining insights into nuclear structure and the
interaction between hyperons.

Nucleon Structure

The PANDA experiment is expected to play a crucial role in exploring nucleon
structure. Particularly, the analysis of antiproton-proton collisions offers outstand-
ing opportunities for PANDA to investigate various aspects such as structure
functions and deep inelastic scattering (DIS). Through the examination of interac-
tions and the resulting insights into the distribution of quarks and gluons within
nucleons, the PANDA experiment can explore the theoretical framework of Gen-
eralized Parton Distributions (GPDs).
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Furthermore, electromagnetic processes enable PANDA to gain insights into the
structure of nucleons. Electromagnetic form factors, especially in processes like
Deeply Virtual Compton Scattering and the antiproton-proton annihilation process
pp — eTe”, can be determined.

2.3 The PANDA Detector

The PANDA experiment serves as a versatile detector, capable of identifying a
diverse array of charged and neutral particles across nearly the entire solid angle,
employing various subsystems. Key attributes of the detector system include
high-resolution tracking and calorimetry for a variety of particles, at a broad mo-
mentum range and high average interaction rates of up to 20 MHz. In addition,
the adaptability of the detector setup is of crucial importance in order to enable a
wide range of physical experiments.

To fulfill these requirements, the experiment employs two distinctive magnetic
spectrometers: one situated in the barrel section, referred to as the target spec-
trometer, and another in the forward section named the forward spectrometer.
The target spectrometer emphasizes measurements of particles with large polar
angles and relatively small momenta, employing a solenoid magnet to surround
the interaction point.

In contrast, the forward spectrometer is tailored for measurements involving
small polar angles and large momenta. To optimize particle measurements in this
configuration, a superconducting dipole magnet is employed.

2.3.1 The Target Systems

The PANDA detector incorporates mainly two distinct target systems, tailored
to specific experimental needs. A primary focus lies on collisions between the
antiproton beam and protons. The choice of targets, and consequently the precise
interaction point, is critical for achieving high measurement accuracy. The follow-
ing briefly outlines the two systems, with a more in-depth examination available
in [12] and [13].

The Cluster Target for PANDA

The cluster-jet target is composed of a convergent-divergent Laval-type nozzle
with a micron-sized throat leading to the vacuum. In this technique, hydrogen
gas is typically directed through the nozzle, resulting in the adiabatic cooling of
the gas and the generation of a supersonic beam of clusters. The clusters form
through the condensation of nano particles, depending on the gas used. There are
extensive options for varying the cluster formation, e.g. through properties such
as pressure or gas temperature, which can be adjusted as required. Typical cluster
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sizes range from 10° to 10° atoms per cluster. This allows for achieving a target
thickness of >1 - 10! atoms/cm? in a continuous beam [13]].

QLJ
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~= 20 bar

Laval nozzle

Figure 2.5: Sketch of the cluster-jet target production[14].

Crucial for a target is to possess a homogeneous volume density distribution, a
sharp boundary, and a constant angular divergence. To achieve this, collimators
are used to focus the cluster stream to a cluster size in nm to pm range. The
main drawback of Cluster jets is their lateral spread, leading to uncertainty in
the interaction points along the beam axis. The target stream diameter in the
experiment is expected to be approximately 4 mmx12mm [12].

The Pellet Target for PANDA

The Pellet Target system consists of a nozzle that injects a stream of frozen hy-
drogen micro spheres, referred to as pellets, vertically to the accelerator beam.
Through a piezo element, the continuous stream is divided into small droplets.
The pellet size depends on the nozzle diameter and can be adjusted accordingly,
with typical sizes of 20 um and 40 um [15]]. The pellets traverse the target within
a thin tube, where the temperature of the stream further decreases until it forms
frozen pellets. The trajectory of the pellets through the target system and the MVD,
as well as the interaction point, can be observed in Figure The stream exhibits
low angular divergence, leading to a positional uncertainty at the interaction point
of approximately =1 mm [10]. The stream of pellets has a transverse size of less
than 3 mm and an average distance between pellets of about 2-20 mm.

In comparison to the Cluster-jet, the Pellet Target System can achieve higher
average areal densities of up to 5-10'° atoms/cm? [13]. Additionally, the exact
position of the pellets can be determined through optical systems, providing
additional information about the interaction point.
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2.4 Detector Systems at PANDA

2.4.1 Tracking System

The tracking system of the PANDA experiment will operate in two different
magnetic fields, which will be further explained in section To fulfill the
complete solid angle with a high resolution, four different tracking systems and a
luminosity detector are foreseen.

Micro Vertex Detector

The MVD will be the closest detector to the primary interaction vertex. Double-
sided silicon strip detectors are arranged in two layers to track charged particles.
The detector consists of a barrel section with rectangular sensors and a forward

disk section with trapezoidal sensors. The MVD is explained in detail in Chapter
4

Straw Tube Tracker (STT)

The STT consists of gas-filled cylindrical drift tubes with a length of 150 cm,
arranged around the beam axis, as shown in Figure [16]. When charged
particles pass through the detector, the gas will be ionized. Due to the high voltage
of several kV between the cathode wall and the anode wire, the free electrons
are accelerated towards the anode and can be measured. From the drift time of
the electrons, which is approximately 1000 times faster than that of the ions, the
position of the particle can be determined.

Figure 2.6: The PANDA Straw Tube Tracker is depicted on the left, with its operation
principle outlined on the right [17],[18]].

Gas Electron Multiplier Tracker (GEM)

The GEM tracker is utilized as the primary forward tracking detector and com-
prises multiple large-area planar gaseous electron multipliers. Due to the high
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number of projections per detector layer, the position of the particle track can be
determined.

Forward Tracker

Like the STT, the Forward Tracker consists of a composition of straw tubes. In
total, six layers of different sizes are planned, each positioned between other sub-
detectors. This setup enables the determination of the particle trajectory, allowing

for the measurement of the momentum of charged particles due to the magnetic
field.

Luminosity Detector

The Luminosity Detector (LMD) is located approximately 11 m behind the interac-
tion point (IP), making it the detector furthest downstream. The purpose of the
LMD is to determine the interaction rate of antiprotons by employing elastic scat-
tering of antiprotons with protons. High Voltage Monolithic Active Pixel Sensors
(HV-MAPS) are used to determine both the absolute and relative luminosity.

2.4.2 Particle Identification Detector (PID)

As the name suggests, the PID is a detector complex designed to determine the
nature of particles with high precision. This enables the experiment to distinguish
between electrons, muons, pions, kaons, protons, and other charged particles by
combining information from the detectors.

Detection of Internally Reflected Cherenkov light (DIRC)

The DIRC detector comprises a barrel section that surrounds the interaction point
and an end-cap disk positioned downstream from the interaction point along
the beam direction. A schematic illustration of these configurations is shown in
Figure This system is employed to measure light emissions generated by
charged particles moving at velocities greater than the speed of light within the
surrounding medium. The medium used consists of radiator bars or plates made
of synthetic fused silica. Utilizing the characteristic Cherenkov light pattern, an
analysis for particle identification can be conducted.
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Figure 2.7: Schematic layout of the Barrel DIRC (a) and Endcap Disc DIRC (b) .

Time of Flight Detectors

Using the Time of Flight (TOF) method, slow particles with large polar angles can
be identified. The setup relies on an arrangement of scintillators and is intended
to be positioned directly in front of the DIRC endcap.

Muon Detection System

Muon detection is achieved using Mini Drift Tubes with wire readout and orthog-
onal cathode strips. Approximately 4200 tubes are planned, surrounded by the
iron magnet yoke, to distinguish muons from pion backgrounds and to register

neutrons [20].

Ring Imaging Cherenkov Counter

The forward RICH Detector performs particle identification (PID) similar to the
DIRC detectors by utilizing the Cherenkov effect. In contrast to the DIRC, the
RICH is a component of the Forward Spectrometer.

2.4.3 Electromagnetic Calorimetry

The Electromagnetic Calorimeter (EMC) is composed of second-generation lead
tungstate (PWO II) crystals, which serve as scintillators. The arrangement enables
almost hermetic coverage down to the beam pipe. This allows for the identification
and reconstruction of multi-photon and lepton pairs. As depicted in Figure
the EMC consists of multiple subsystems, with only the Barrel EMC (blue) and the
Forward Endcap EMC (green) shown in the Figure 2.8, The EMC is situated inside
the solenoid magnet and encloses the Barrel DIRC, TOF sensors, and tracking
systems such as the MVD.
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Figure 2.8: Schematic layout of the Barrel EMC in blue and the Backward Endcap EMC in
green [21].

Barrel EMC

The Barrel EMC comprises a total of 11,360 crystals, arranged in 16 slices. All PWO
IT crystals are oriented towards the interaction point and are individually read out
by large Avalanche Photodiodes (APDs).

Forward/Backward Endcap EMC

The Forward Endcap EMC is located in front of the IP with respect to the beam
and consists of 3,856 crystals. Due to the dense arrangement of the crystals, they
are partially read out using Vacuum Phototriodes (VPTTs).

The Backward Endcap EMC is located behind the IP region and consists of
524 crystals, which, like the Barrel, are read out using APDs [20].

244 The Magnet System

The magnet system of the PANDA experiment consists of two essential compo-
nents: the solenoid magnet and the dipole magnet.

The superconducting solenoid magnet will provide a 2 T magnetic field, mainly
for the inner volume of the cylinders and therefore also for the barrel detectors,
although some shielding effects may occur. The magnet will ensure high homo-
geneity of 2 % in the beam direction.

The dipole magnet, located in front of the forward spectrometer, will exert a force
of 2 Tm on particles emerging from the barrel part at low angles. Parts of the
forward tracking detector systems will be situated within the dipole magnet.
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Chapter 3

Further Possible Uses for the MVD

The Micro-Vertex Detector for PANDA, due to its relatively small size and the
ability to operate at room temperature, is a versatile detector system. Thus, it is
possible to use the MVD tracking system or parts of the MVD not only alongside
PANDA but also exclusively at other locations outside of FAIR. Additionally,
beyond fundamental research, it can also cover other fields such as medical physics
or even practical applications in medicine. The following sections present several
highly interesting possibilities for using the MVD or its sensors outside of FAIR.

3.1 The MVD at ELSA

One potential application for the MVD is at the ELSA (Electron Stretcher Accelera-
tor) facility in Bonn. For instance, hadron physics experiments could be enhanced
by incorporating the MVD silicon setup. This would elevate new possibilities for
the detector system and take the research to a new level.

By arranging the Injector-LINAC, Booster Synchrotron, and Stretcher Ring, as
shown in Figure an electron beam with an energy of up to 3.2GeV can be
generated [22].

The accelerator system is currently serving two hadron physics experiments: the
Crystal Barrel /TAPS, and the BGO Ball, which are explained in more detail be-
low. It is important to note that both experiments lack a silicon detector tracking
system. By expanding the systems with the MVD, the experimental portfolio can
be broadened to address new research questions. Specifically, the experiments
could better reconstruct the tracks of charged particles and study a wider range of
reaction products.

The high resolution allows for more precise measurements of the paths, and thus
the energies and momenta, of charged particles, which would enhance the ac-
curacy of ELSA experiments. Adding silicon strip detectors could enable the
identification and investigation of rare events with greater precision.
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It is noteworthy that ELSA operates in a similar energy range as the Cooler
Synchrotron (COSY) in Jiilich, where the functionality of the strip detectors has
already been demonstrated [23]. Furthermore, in this work, an MVD prototype

was characterized and tested for functionality using COSY (Section[7.3).

Therefore,

it is reasonable to assume that the functionality at ELSA can be ensured.
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Figure 3.1: Schematic overview of the ELSA facility [24].

3.1.1 BGO-Ball

The BGO experiment comprises a crystal calorimeter and a forward magnetic
spectrometer. This arrangement provides the capability to detect both charged
and neutral particles. Measurements of non-strange and strange meson photo
production reactions are conducted here. To date, baryonic and mesonic states
in the strange quark sector have been investigated, with more detailed insights

available in references [25], [26], and [27].

The core of the detector system is the "BGO Rugby Ball," as shown in Figure
This system also originates from a previous setup, the GRAAL experiment at
ESREF [29]. The tracking system consists of a multi-wire proportional chamber
(MWPC) inside the BGO, between the IP and the scintillators [30]. Here, the MVD
could provide a major improvement, as the precision of the double-sided silicon
detectors is significantly higher. Moreover, the tracking precision towards the
forward spectrometer could be substantially increased by using the MVD-Strip
Disc. Combined with the existing BGO scintillators, this would enable more
accurate results, thereby elevating the research conducted with the BGO Ball to a

new level.

21



Figure 3.2: Schematic slice view of the BGO Ball Experiment .

3.1.2 Crystal Barrel and TAPS

The Crystal Barrel experiment consists of various scintillator arrangements. Sim-
ilar to the BGO Ball, tracking is performed using MWPC detectors and particle
identification through scintillator strips. The primary research areas are baryon
spectroscopy and meson photo production to investigate baryonic excitations. As
shown in Figure the Crystal Barrel has been extended with 528 TAPS BaF2
detector modules, improving the solenoid angle. Together, the calorimeters cover
almost the entire solid angle [31].

Figure 3.3: Schematic overview of the Crystal Ball/TAPS experiment .

Particle identification could be significantly improved using the MVD or MVD
sensors, not only through enhanced accuracy but also due to a reduced material
budget thanks to the thin silicon layers.

Overall, the incorporation of silicon detectors would greatly enhance the mea-
surement accuracy in the ELSA experiments and significantly lower the material
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budget. The MVD detectors would elevate the research conducted at the ELSA
accelerator to a new level, thereby facilitating access to new physical insights.

3.2 Silicon Detectors for Ion Therapy

In addition to their applications in fundamental research, silicon detectors can be
used as high-precision measuring instruments for ion therapy in medical applica-
tions. There are two possible uses. First, one or more arrays of MVD sensors can be
used to verify the position and spread of the ion beam. Secondly, an arrangement
of sensors can be used to verify the energy of the beam. Both options serve quality
analysis for medical ion therapy, significantly increasing precision, especially for
imaging.

Moreover, measurements can be conducted during the actual irradiation, allowing
for adjustments to be made if necessary. Until now, beam quality has been deter-
mined before irradiation using photographic paper and verified with scanning
procedures.

For a similar detector, Taylor, Waltham, Price, et al. [33] demonstrated the feasi-
bility of the method using a 60 MeV proton beam. Although the protons are not
minimally ionizing, the beam could be measured very precisely. In addition to
the beam profile, the exciting new imaging method known as proton computed
tomography (pCT) is also demonstrated.

An energy measurement for a 290 MeV /u 2C ion beam was conducted by Debrot,
Newall, Guatelli, et al. [34]. An array of silicon detectors allows the determination
of the beam’s energy for medical applications. By examining the deposited energy
after a certain number of sensors and hence the silicon layer thickness, the Bragg
peak and thus the initial energy can be determined.

Access to the "Marburg Ion Beam Therapy Center" and close collaboration could
advance research in these areas. The energy range of the methods used in the
aforementioned sources falls within the ranges of the MIT, with 48-221 MeV /u
for protons and 86-430 MeV /u for carbon ions, making the results comparable.
During a conducted beam time, an MVD prototype, explained in Chapter |/, was
successfully tested. However, the presentation of the results of these tests is not
intended for this work. Furthermore, the portfolio of the MIT and medical ion
therapy can be expanded, improved, and secured through the integration of detec-
tors.

For constructing such a measurement system, whether for imaging or energy
verification, MVD strip sensors could be utilized. These sensors are available as
by-products from the MVD development. For example, as shown in Chapter
the 58 remaining S2 sensors could be re-purposed for this application.
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Chapter 4

Micro Vertex Detector

The Micro Vertex Detector (MVD) is one of the key experiments for PANDA,
aimed at charged particle tracking. Being the closest detector to the interaction
point (IP), the MVD will be the primary source of 3D hit information from primary
and secondary vertices. MVDs are well-suited for precise timing measurements
and particle tracking, enabling event reconstruction. Consequently, it can provide
a time reference point for events even for the outer detectors. The sensors of the
MVD are located within the solenoid magnet, allowing inferences on particle
momentum and event topology. To meet these measurement conditions, various
requirements have been set for the MVD.

Firstly, the MVD must have an optimal detector coverage to cover the entire IP as
much as possible. This requires implementing as many detector layers per particle
track as possible.

In Figure[4.T} the original design
consisting of four barrel layers
and six forward discs is shown.
As can be seen, the layers en-
close both the antiproton-beam
and the target. Not depicted is
the Strip disc, which can be seen
in Figure It was planned
that the inner two barrel layers
and the forward discs would
be equipped with silicon hybrid

Faanx = 150 mm |

-200 0., 30 100 190
20 70 145 1 f.mm pixel sensors. However, due
to numerous difficulties, the de-
Figure 4.1: Basic layout of the MVD barrel velopment of the silicon hybrid
with the pixel and strip detector parts I]?[I pixel sensors was abandoned.

Therefore, the further description focuses on the outer two layers of the barrels,
which consist of square and rectangular double-sided silicon microstrip detectors,
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and the forward disc, which is also of the same sensor type but trapezoidal in
shape.

Secondly, the MVD must possess high spatial resolution. A precision of under
100 pm in z-direction (beam direction) and several 10 pm in the xy-plane is re-
quired. This precision can be achieved by using sensors with small pitch, which
will be discussed later.

Thirdly, the particles to be measured should traverse the MVD with minimal dis-
turbance to ensure the efficiency of the surrounding detectors is not compromised.
Therefore, the generation of photons and multiple scattering must be minimized.
The goal is to keep the total equivalent material budget of the whole MVD below
10 % of a radiation length in most regions.

Fourthly, a fast readout for high rates must be enabled. Due to the proximity to the
IP, high rates are expected, which should be covered by a self-triggered readout.
Continuous readout is expected to handle approximately 2 x 107 interactions/s,
meaning rates of several kHz per strip and thus MHz per sensor are anticipated.

Fifthly, high radiation tolerance is required to ensure the functionality of the MVD
throughout the entire lifetime of PANDA. Therefore, a maximum irradiation of
approximately 10'” neq/cm? and 100 kGy has been set as the limit for both the
sensors and the readout electronics. This would imply a run time of approximately
10 years with a duty cycle of 50 %.

4.0.1 Silicon Strip Part

The following section will provide a detailed discussion of the Silicon Strip Detec-
tor part, as previously mentioned, without further elaboration on the Pixel Sensor
part. As mentioned earlier, the MVD is divided into layers of silicon detectors,
allowing the Barrel part to detect particles with a polar angle between 35° and
approximately 140 °, depending on the azimuthal angle. The front disc can detect
particles with a minimum polar angle of about 3°. As shown in Figure the
barrel part, depicted in the left and middle sketches, consists of two layers of
double-sided silicon strip sensors spaced 25 mm apart. Similarly, the disc part,
illustrated in the right sketch, also comprises two layers.

Figure 4.2: Schematic layout of the silicon strip sensors in the barrel part of the MVD from
the side (left), from the front (middle), and the sensor arrangement of the strip disc (right)

35].
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In total, the MVD will incorporate 248 double-sided silicon detectors in the barrel
part and 48 in the disc part. These sensors will be mounted on staves made of
carbon fiber, which are equipped with a cooling pipe since the Front-End chips
will also be attached to the staves. The operating temperature has been set to room
temperature, meaning the temperature of the cooling fluid will be approximately
16 °C. Each stave carries two square and four larger rectangular sensors, all of
which are inclined at a certain angle towards the IP with their active surface. The
trapezoidal sensors are held in pairs behind each other by a support frame. As a
result, the readout chips must be attached to the frame at a 90 ° angle, which is
made possible by using flex PCBs.

The sensors are read out using custom-designed front-end chips, the Torino
Amplifier for silicon Strip detectors (ToASt) chips, which are further explained in
Chapter[7.1.1} Each of these chips allows the readout of 64 strips. As depicted in
Figure 4.3, eight ToASt chips are required for reading out both the front and back
sides of the smallest sensor with 512 x 512 strips. This is due to the fact that only
every second strip will be contacted in the final MVD, as explained in more detail
in Subsection As a result, 11 chips are needed for reading out the larger
rectangular sensor, and 12 chips are required for the trapezoidal sensor.

Barrel sensors 37 mm Disk
readout chip: 64 strips ) Sensors
EEEE EEEEERE cmpegs
i} 1 gl
B[ s512x51 E 896 x 512 e £ 5 c
] strips m strips & £ 7 = E
W i * — Stereo angle: 15°
¢ ey » ¢ o g :| Strip pitch: 45 um
Stereo angle: 90° T front * _
Strip pitch: 65 pm rear 22 mm

Figure 4.3: Schematic representation of the silicon strip sensors along with the readout
chips.

As seen in the illustration, the rectangular sensors have a pitch of 65 um with
a stereo angle of 90 °. Chapter provides a more detailed discussion of the
sensor properties, with a focus on the rectangular sensors. The trapezoidal disk
sensors feature 768 strips per side, with a stereo angle of 15° and a pitch of 45 um.
The sensors are fully depleted at approximately 100V in the unirradiated state,
with reverse bias voltage supplied to the sensors through the polysilicon resistor
technique (further details in Chapter [5.1.5).

26



Spatial Resolution

In its simplest form, a silicon strip detector produces one-dimensional spatial
information by being excited when a particle traverses a strip. The maximum
resolution achievable is directly dependent on the distance between the strips,
known as the pitch p. Assuming a uniform distribution of particles across the
strips, this results in a resolution of o = p/ V12.

An increase in resolution, however, can be achieved by distributing the charge over
multiple adjacent strips through charge sharing or an oblique angle of incidence,
allowing the calculation of the center of gravity [36]. Investigations in the work of
M. Kesselkaul [37]] have revealed that a floating strip adjacent to the active one
influences charge sharing and enhances resolution. As a result, in the MVD, only
every second strip is contacted, resulting in a pitch of 130 pm or 90 pm. This is
expected to yield a spatial resolution of a few 10 pm [38].

2D Spatial Information

For two-dimensional spatial information, two or more strips, with each providing
the x and y coordinates respectively, need to intersect. This can be achieved with
single-side readout by using two sensors placed one after the other, each with
differently oriented strips. This method is discussed and utilized, for example, in
Chapter[7.2] As depicted in Figure 4.3 the MVD sensors have strips with different
orientations on the front and back sides. Thus, a single sensor can achieve two-
dimensional resolution.

However, problems may arise at high
rates due to so-called ghost hits. If more
® o_ than one particle strikes a sensor during

a readout cycle, it becomes difficult to
directly distinguish where each particle
e " was located. Additionally, the appear-

ance of noise or, for example, scattered
light can also cause these fake hits.With
two particles there are a total of four spa-
tial pieces of information and thus four

8 Real Hit potential locations for the particles, as de-
o Ghost Hit picted in Figure As aresult, two so-
called "ghost" hits and two actual parti-

Figure 4.4: Illustration of two si- cles are registered. The actual hits can be
multaneously measured particles in filtered out, for example, through charge
red and the resulting "fake” hits in deposition, but with increasing rates, this

green. becomes increasingly challenging.
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4.1 Theoretical Overview

4.1.1 The Standard Model of Particle Physics

The Standard Model of particle physics is introduced in a shortened version below,
with a focus on topics relevant to the PANDA experiment. The model describes
fundamental particles and three of the four fundamental interactions: the Strong,
Electromagnetic, and Weak (also known as the electroweak) interactions. The
gravitational interaction is not covered. Interactions are described by gauge bosons
with a spin of one, as outlined in Table The graviton, which possesses a spin
of 2, is excluded as it relies on theoretical data, as do the gluon, Z, and W bosons,
which are also inferred through indirect observations.

Boson Mass [GeV/c?] Charge (e) Coupling Spin
gluon 0 0 strong 1
photon (7) <10~% <1073 electromagnetic 1
z 91.1876(21) 0 weak 1
W 80.377(12) +1 weak 1
H 125.25(17) 0 - 0

Table 4.1: Overview of the elementary bosons (gauge bosons and the Higgs boson) and
their properties within the standard model of particle physics [39].

4.1.2 The Strong Interaction

The strong interaction is responsible for binding quarks into hadrons, such as
baryons (which consist of three quarks) or antibaryons (which consist of three an-
tiquarks). The color charge of quarks is described by Quantum Chromodynamics
(QCD), where quarks carry one of three distinct colors: Red, Green, or Blue. Their
antimatter counterparts, antiquarks, carry the corresponding anticolors. To form a
color-neutral particle, the three colors in baryons combine to result in a "white"
or colorless state. Gluons, the mediators of the strong force, carry a combination
of one color and one anticolor, which allows them to interact with both quarks
and other gluons. This leads to eight possible gluon states with normalization

constants v/1/2 and /1/6 [40].
BR,BG,GB,GR,RG,RB,v1/2(RR — GG),v1/6(RR + GG — 2BB) 4.1)

Even though baryons are overall color-neutral, there exists a slight interaction
with a range of about 2.5 fm. Due to this strong interaction, protons and neutrons,
which have a size of about 1 fm, can be bound into nuclei [41], [42].

These strongly interacting states can decay from more strongly bound states into

less strongly bound, lighter particles, which can subsequently decay further into
even lighter particles. However, mass alone does not dictate how strongly quarks
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are bound in a hadron. The decay continues until a relatively stable particle, such
as a proton or neutron, is produced. The decay products observed in particle
physics experiments allow for the reconstruction of the original state and its
properties.

Particle | Quark content Mass [MeV/c?] Most probable decay
mt ud, dii 139.57039(18) utv/v
70 (uii-dd)/ /2 134.9768(5) 2
K* us, is 493.677(16) utv/v
KO ds 497.611(13) ntn, ntetv,
p uud 938.27208816(29) -
n udd 939.5654205(5) pe Ve
¢ sS 1019.461(16) KTK~
J/Y cc 3096.900(6) hadrons, virtual v,ggg

Table 4.2: Overview of the properties and probable decay channels of some of the best
known hadrons [39].

4.1.3 Charmonium

Charmonium is a bound system composed of a quark-antiquark pair, specifically
a charm quark bound to a charm antiquark.

The PANDA experiment is designed to investigate the properties and excited
states of charmonium. In electromagnetic interactions, a bound state can form
between an electron and a positron, an analogy to various bound quark-antiquark
states, including the J /¥ state with quantum numbers JPC€ = 17~ Studies of the
strong interaction potential are facilitated through the emission and absorption
spectra of charmonium and its excited states, denoted as ¥ and ¥". The 1 repre-
sents the ground state of charmonium, characterized by spin 0. In analogy to QED
dipole transitions, reaching the ground state requires a magnetic dipole transition.
However, unlike in QED, only specific transitions are allowed, with total angular
momentum (L) constant and spin (S) changing by 1 [43].

A characteristic feature of ] /'Y is the suppression of transitions to lower states via
electromagnetic interactions, meaning that such decays by photon emission are
highly unlikely and have not been observed. Like other quark-antiquark pairs,
the charm quark (c) and its antiquark (¢) can mutually annihilate. As illustrated
in Table the predominant decay channel proceeds via strong interactions into
gluons, although electromagnetic decays through a virtual photon can also occur.

The notably longer lifetime and narrower decay width of ]/ can be attributed
to the Okubo-Zweig-lizuka (OZI) rule, which suppresses decays where all gluon
connections in a Feynman diagram can be "cut". This suppression increases the
relative frequency of electromagnetic (EM) decays, enhancing the probability of
leptonic final states. A Feynman diagram illustrates this suppressed hadronic
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decay channel.

Most J /¥ decays occur through strong or electromagnetic interactions. Strong
interactions dominate, but electromagnetic processes contribute significantly, lead-
ing to both hadronic and leptonic final states. Due to color conservation, these
transitions are of comparable magnitudes, as parity can only be transferred by
three gluons. The probability of this process is proportional to as cubed, reflecting
the contributions of the three gluons. The coupling constant «; is relatively small
at higher energies, as discussed by [44].

The most probable J/Y decay channels involve D-meson production, such as DY
(charm and anti-down quarks) and D" (charm and anti-up quarks). Additionally,
decays can produce an 77(958)-meson with two pions, depending on the dynamics
[45]. These decay modes provide insights into the strong interaction and meson
quark structure.

Within the charmonium family, decays are also possible, for instance, x; can decay
into a J/ Y particle. This particular decay is essential for studying charmonium-
based particles in high-energy physics. As previously mentioned, electromagnetic
decays are rare but yield distinct final states. Identifying the final states 71° and 7
through photon detection helps reconstruct decays and determine quantum num-
bers. While such studies have primarily occurred in electron-positron colliders,
the planned proton-antiproton collisions in PANDA offer more diverse opportuni-
ties to measure quantum numbers and ground states, allowing comprehensive
analysis of the charmonium spectrum.

41.4 Glueballs

Glueballs are hypothetical configurations of subatomic particles consisting only of
gluons. Configurations allowed by QCD for bound states of elementary particles
responsible for the strong interaction include combinations of quarks and gluons.
One possible configuration involves gluons interacting among themselves to form
a glueball, which is a type of meson composed solely of gluons. However, like
all baryons in the Standard Model except for the proton, this configuration is not
a stable state under normal conditions due to the inherent confinement of color
charge.

In the diverse decay process of ]/, glueballs could be involved in one of the
channels, such as the decay into two gluons with color charge and a photon. The
gluons in this J /Y decay could then undergo hadronization, and properties like
mass, lifetime, etc., could be determined from the secondary particles. Addition-
ally, hybrids between quarks, antiquarks, and gluons within QCD are possible
[46]. The PANDA experiment is well-positioned to contribute to this research by
conducting measurements on charmonium and its decay products.
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4.2 Introduction to Semiconductor Physics

The following section provides essential fundamentals to understand the prop-
erties and functionality of silicon (Si) detectors. While most topics are briefly
discussed here, they can be explored in greater detail in references such as [36]
and [47].

Semiconductor detectors play a crucial role in high-energy and nuclear physics.
They are utilized for tasks such as gamma spectroscopy and as vertex detectors for
tracking particle trajectories. These self-supporting solid-state detectors exhibit
relatively high intrinsic radiation hardness. Achieving the desired signal behavior
requires a compromise between a large signal, corresponding to a small band gap,
and low noise, which demands a large band gap.

Silicon detectors are predominantly employed in MVDs and can be mass-produced
in wafers of high purity. While for example gallium arsenide prototype detectors
offer faster operation and greater radiation hardness, they are also more expensive
to manufacture. Both materials are arranged in a diamond structure and are char-
acterized by their adjustable conductivity. A suitable description of conductivity
as a function of temperature is provided by the Fermi-Dirac distribution.

T2 Tl
1 T,
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S
NG
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Figure 4.5: Fermi-Dirac distribution function for different temperatures T1>T>>T3>Tp=0K
[48].

1
f(E, T)= e(E—Ep)/kgT 1 1

(4.2)

The Fermi level Er describes the energy value at which the probability distribution
of electrons in a solid at thermal equilibrium is situated. This allows for the deter-
mination of the state of electrons within the concept of the energy band diagram.
The constant thermal excitation and recombination of electrons maintains the
semiconductor in equilibrium. Intrinsic conduction occurs when an equal number
of holes and electrons are continually formed, requiring the silicon to be pure (free
of donors or acceptors).
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Silicon, belonging to the 4th main group, exhibits typical semiconductor properties.
with completely filled energy bands below the Fermi energy at temperature zero
(T=0K). Bands above the Fermi level are entirely empty as electrons occupy energy
levels up to the Fermi level and no electrons are present in energy levels above
it. According to the band model, the last fully occupied band is referred to
as the valence band, while the conduction band is situated above it. Between
these bands lies the band gap, which possesses a defined energy for an insulator,
semiconductor, and conductor.

Energy
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Figure 4.6: Schematic representation of the band diagram for a conductor (a), a semicon-
ductor (b), and an insulator (c) .

The band gap between the valence and conduction bands for an insulator is typi-
cally large enough to prevent the promotion of electrons under normal conditions.
In contrast, a semiconductor has a smaller band gap, allowing for electron promo-
tion from the valence to the conduction band through thermal energy or external
excitation, such as photons [50]. The released electron leaves a hole in the valence
band, which then acts as a free charge carrier alongside the electron. This phe-
nomenon is referred to as an intrinsic semiconductor, where the conductivity is
highly dependent on the charge carrier density, i.e., on the temperature. Thus, the
concentration values of the charge carriers n for electrons and holes are identical,
which can be described using the Fermi function4.2| (in the case of fermions) and
the state density N(E):

n= /Ooo N(E) - f(E,T) - dE 4.3)

Using both formulas, [4.2)and 4.3} the following illustration for intrinsic semicon-
ductors can be created.
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Figure 4.7: Illustration of band, energy, occupation probability, Fermi function, and charge
carrier density of an intrinsic semiconductor

In each part of Figure 4.7, the maximum energy of the valence band Ey, the mini-
mum energy of the conduction band Ec, and the Fermi energy Er are visible. In
tigure (a), the band-gap E; between the bands and the electrons or holes can be
observed. The density of states N (E) is plotted in (b), while the Fermi energy is
shown in (c). The charge carrier densities of electrons and holes are depicted in
(d), demonstrating their equal distribution.

Additionally, semiconductors are classified into two categories, direct and indirect.
In direct semiconductors, electrons can transition directly to the conduction band
without requiring an exchange of momentum, provided their energy exceeds the
band gap. This phenomenon occurs because the maximum of the valence band in
momentum space aligns directly above the minimum of the conduction band, as
depicted in the left illustration of Figure 4.8 for indium phosphide (InP).

InP Si
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Figure 4.8: Schematic energy band diagram for a direct semiconductor with InP as an
example on the left, and for an indirect semiconductor with Si as an example on the right

52].

In indirect semiconductors, electrons need to overcome a momentum gap to tran-
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sition from the valence band to the conduction band. This can be achieved either
by acquiring sufficient energy to jump directly into the band or by interacting with
a phonon.

In the direct semiconductor case depicted on the left side of Figure it can be
observed that the conduction band’s minimum aligns directly above the valence
band’s maximum. Conversely, in the right picture illustrating an indirect semicon-
ductor, the electrons cannot directly transition to the potential minima because the
maximum and minimum are shifted relative to each other.

Silicon, for instance, is an indirect semiconductor, indicating that an electron with
a band gap energy of E¢;,=1.12 €V requires an additional phonon to overcome the
barrier [53]]. For a direct transition, a minimum energy of E=3.62 eV is necessary to
move an electron into the conduction band.

4.2.1 Doping of Silicon

However, when a semiconductor is contaminated with suitable atoms of other
elements, it is called extrinsic. This contamination, known as doping, can alter the
occupation probabilities, as illustrated in Figure

n<n;j

Figure 4.9: Illustration of band structure, energy levels, occupation probability, Fermi
function, and charge carrier density in an extrinsic semiconductor [51].

In Figure a lower Fermi energy Er compared to Figure 4.7)is observed, which
results from doping with acceptors. This type of doping with, for example, boron
or indium, introduces holes (the absence of electrons), which is consequently
referred to as p-doping. These acceptor atoms have three valence electrons and,
upon bonding with the four-valent silicon, create a deficiency of one electron,
resulting in a hole. Consequently, the occupation probability and Fermi levels are
shifted towards the valence band.

Doping using donors such as phosphorus or arsenic, which have five valence
electrons, forms covalent bonds with the four-valent silicon. This introduces extra
electrons into the silicon lattice, increasing the number of free electrons available
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for conduction, and is referred to as n-doping.

In part (d) of the figure, the higher density of holes compared to electrons is
evident. Therefore, the densities of the charge carriers are not equal, attributed to
the doping, a crucial characteristic of an extrinsic semiconductor. The donor or
acceptor levels change the Fermi level and thus the conductivity.
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Figure 4.10: Schematic diagrams illustrating n-type and p-type doping of silicon with
antimony and boron, respectively [54].

In Figure m on the left-hand side, one can see the free valence electron of the
n-type doped semiconductor. On the right side, the hole created by the acceptor
impurity is shown. The holes and free electrons affects the charge carrier density
and thus the Fermi level, as shown in Figure The behavior of the electron
concentration as a function of temperature is illustrated in Figure for doped
(extrinsic) and undoped (intrinsic) silicon.
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Figure 4.11: The electron concentration is plotted against temperature in Kelvin for doped
silicon in green and intrinsic silicon in red [55].

In Figure the electron concentration for doped silicon is depicted in green,
while undoped silicon is shown in red for various temperatures. It is evident
that throughout the entire range, the extrinsic semiconductor exhibits a higher
electron concentration in the conduction band than the intrinsic semiconductor.
As temperature increases, the concentration saturates for doped semiconductors
once all available interference points (majority carriers for electrons and minority
carriers for holes) are exhausted. With a further increase in temperature, electrons
are facilitated to transition directly from the valence band to the conduction band.
This behavior is attributed to the narrowing of the band gap due to temperature,
known as intrinsic conduction, resulting in an increase in electron concentration
for both semiconductors. In the case of doped silicon, electrons do not need to
traverse the entire band gap, instead, they are already located at the donor level,
which is closer to the conduction band. Similarly, for holes, the band gap is now
situated between the conduction and the acceptor level.

The magnitude of the band gap can lead to increased sensor sensitivity, as a smaller
band gap implies that less energy is required to move electrons from the valence
band to the conduction band. This enables the detection of lower energy levels,
enhancing sensitivity.

However, this consequently increases the noise levels. As illustrated in Figure
it can be observed that for the operational range of the MVD at approximately
290K, the sensor is situated in the extrinsic region, thereby reducing the tempera-
ture dependence of measurements.
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Typical doping concentrations for semiconductors range from

10 to 10'® atoms/cm?®. Highly doped semiconductors, denoted by p* or n™*, have
a doping concentration of approximately 10 atoms/cm?. Doping alters the elec-
trical properties of the semiconductor, which is further explained in Section [4.4.2]
Since majority charge carriers dominate, the conductivity in the extrinsic region
is determined by the doping density. As a good approximation, the following
relationship applies to the doping concentration.

1

n-type (for Np >Ny): p = e Np (4.4)
1

p-type (for Ny >Np): p = VN (4.5)
p

Np,4 represents the donor and acceptor levels, while v, , denotes the mobility of
electrons and holes, respectively. Contamination and damage from irradiation, for
instance, have the potential to alter these levels.
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Figure 4.12: Diagram showing the effects of donation on the Fermi levels in silicon within
the band model [56].

The principle of doping is depicted in Figure In the illustration, © and ©
represent the donors and acceptors, while + and — denote the space charge (holes
and electrons). It is evident that doping influences the Fermi energy. In comparison
to an intrinsic semiconductor, the Fermi level in an n-type semiconductor is higher
and closer to the conduction band. Conversely, in p-doped semiconductors, the
Fermi level is closer to the valence band. Consequently, conductivity is contingent
upon the doping level.

4.2.2 P-N Junction: Introduction and Basic Concepts

Combining extrinsic semiconductors with different doping levels results in the
formation of a p-n junction. In thermal equilibrium, it is essential for the Fermi
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levels of the adjoining regions to align. Consequently, electrons diffuse into the
p-region while holes migrate into the n-region, giving rise to electron and hole
currents, respectively.

Figure 4.13: Schematic depicting energy levels and resulting diffusion in the pn-junction

56].

The ionization of donors and acceptors, along with the resulting electric field due
to the voltage difference across the pn-junction, leads to the formation of a zone
with fewer free charge carriers at the junction. This region, known as the depletion
zone in the thermal equilibrium , is characterized by the depletion voltage Vp.
This voltage opposes the current until equilibrium is achieved. At this juncture,
the Fermi energy is equal in the p- and n-doped semiconductors. Assuming equal
carrier density within the depletion region for both semiconductors, the potential
profile can be calculated using the Poisson equation. During the process, there is
continuous recombination of the ionization products.

?V(x) _ p(x) (4.6)

ox2 €€
This gives the following equation for the dissipation voltage Uy

e
2€,€0

Ugife = (Np + Na)dnd, 4.7)
With d,, representing the thickness of the depletion region and Np or N4 denoting
the doping density (on the n-side and p-side respectively). Typical diffusion
voltages are approximately 0.5V, leading to a surplus of charge carriers in the
respective opposite regions. The resulting electric field further transports the free
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charge carriers and opposes diffusion. The extent of the depletion region in the
p-region can be described as:

2e€ 1
= ; 4.
4y \/ e NA(1+NA/ND)ud1ff (4.8)
The same applies to the n-region with:
2€€ 1
= ~ 4.9
dn \/ e ND(1+ND/NA)ud1ff *9)

The depletion region is the sensitive area for ionizing particles, thus it should be
made as large as possible in experiments. The electrical signal generated by the
produced electron-hole pairs can be measured. To enlarge this region and reduce
the probability of recombination, a voltage is applied in the reverse bias direction,
which will be discussed in more detail in the next Chapter

P-N Junction in Reverse Bias Configuration

The external voltage V applied in the reverse direction of the previously dis-
cussed pn junction is commonly referred to as reverse bias voltage. This gives the
following expression for the thickness of the depletion region:

2eeg (1 1
d= \/7 (ﬁd-i-ﬁa) (Udl'ff—V) (4.10)

When the depletion region or the space charge zone occupies the entire semicon-
ductor, the voltage is specifically termed the depletion voltage. This significant
variable can be mathematically expressed using the formulas 4.8 and It is
noteworthy that an important limitation of the depletion voltage is the detector
thickness D.

e
Ww=r""--—-+—"=
b 2660’Neff’D2
The decisive detector properties are still the doping densities, which are combined

to obtain the effective doping density N,rr=Np-N4. The effective doping density
can be measured, for instance, through the resistance p of the detector:

(4.11)

1

A more detailed description of this relationship can be found in the chapter where
a corresponding measurement was conducted

Leakage Current in P-N Junction

Another important property of silicon detectors directly related to the material is
the so-called leakage current. It arises from the thermal excitation in the crystal vol-
ume and flows through the contacts. As the recombination probability decreases
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with increasing reverse bias voltage, [jo,x reduces. Upon reaching the depletion
voltage, the leakage current remains constant and only increases again at break-
down. This leads to a phenomenon known as Zener breakdown, where electrons
are released from the covalent bonds due to the electric field, or avalanche break-
down, where there is an avalanche-like breakthrough due to the kinetic energy
of the electrons. In this process, the semiconductor can be damaged. The leakage
current, dependent on an external voltage V3 , can be described by the Shockley

equation:

I=1- [exp(%) 1 (4.13)
Iy is the reverse saturation current. In the forward direction (Vg > 0), the current
increases exponentially with the applied voltage V. Under reverse bias direction,
the exponential term can be neglected, and the current is limited by the saturation
current. This estimation is only valid outside the breakdown voltage, as it is not

taken into account.
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Figure 4.14: The I-V (current vs. voltage) characteristics of a p-n junction diode with the
operating range for a silicon detector indicated [56].

In the illustration the small saturation current in the reverse bias region for
Vg < 0 can be seen. At a certain point, the current increases dramatically due to
breakdown. In the forward bias direction, an exponential increase in current is
depicted. The lowest possible leakage current is desirable, which comprises the
crystal structure and the thermal generation from the diffusion and generation
currents. This remains constant from the depletion voltage until breakdown.

Expansion of the Depletion Region

To increase the depletion region, as previously mentioned, a reverse bias voltage
must be employed across the p-n junction. The reverse bias voltage is applied
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with the anode connected to the n-side and the cathode to the p-side.

The reverse bias voltage attracts electrons to the n-side and holes to the p-side.
As this voltage is increased, more and more free charge carriers are drawn to the
sides, leading to an expansion of the depletion region until nearly all free charge
carriers are depleted.

Upon reaching the full depletion voltage, the region has expanded across the entire
active volume of the sensor. Verification of reaching the full depletion voltage
is necessary for sensor installation and can be determined through capacitance
measurements. The diode or sensor behaves in good approximation as a plate
capacitor, as explained in sub Chapter The expansion of the depletion region
can be observed using the sketch of a silicon detector in Figure 4.15]

| Al-contact |
p+

depletion

;A |®

n+
Al-contact

Figure 4.15: Illustration of the schematic enlargement of the depletion region in a diode
while increasing the reverse bias voltage.

4.3 Interaction of Particle’s with Matter

To detect a particle in a sensor, it must interact, and this chapter explains how a
particle loses some of its kinetic energy along its track through the material by
ionizing atoms. This interaction is well-described theoretically and experimentally
by the Bethe-Bloch formula [57]. It describes statistically the loss of energy mostly
due to ionization per path length for a charged particle traversing matter.

Important parameters for the Bethe-Bloch equation include the traversed path
length of the particle through the material, x (in cm) and the constants

2
27t Nor2mec? = 0.1535 MeVc?/ g with the classical electron radius (r, = 47;1;’ 2 =

2.817 x 107°m), Nj as Avogadro’s number, and m, as the electron mass, Z, A
(atomic and mass number of the medium), p (density of the matter), the Lorentz
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1

factors B = % and v = T the charge of the particle z, and corrections for

density 6 and shell C. I is the effective ionization potential averaged over all
electrons, and Wax is the maximum energy transfer in a single collision.

) — 2B -5 — 2 (4.14)

dE z2 {li’l (zme')’zvzwmax
Z

I = 27rNorgmec2p—2 2
From Bv > 1 onwards, a relativistic increase can be observed, indicating that the
particles become relativistic. This phenomenon can be explained by transverse
tield strengthening.

The equation is valid for a range between By < 0.1 to By < 1000 [45]. Beyond a
particle energy of 10 MeV, the energy loss of electrons and positrons is dominated
by bremsstrahlung and is hence no longer accurately described by the Bethe-Bloch
formula.

In Figure a graphical representation of the Bethe-Bloch equation can be
seen. It is crucial for the generation of a signal to ionize the matter. The graph
shows a minimum, which represents the point at which a particle experiences the
least energy loss while ionizing atoms of the material, commonly referred to as a
minimum ionizing particle (MIP). Often, the Lorentz factors -y are considered,
and a particle is referred to as a MIP when By ~ 3.
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Figure 4.16: Specific energy loss rate for muons, pions and protons corresponding to
different absorber materials [45].
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In the energy range mentioned, the energy loss for particle types with the same
charge remains approximately constant. This characteristic allows for the utiliza-
tion of energy loss measurements for particle identification. Since this point is
reached at different momenta for particles of varying masses, energy loss measure-
ments offer the potential for precise particle identification.

Calculation of B+ via the particle energy:

(4.15)

4.3.1 Energy Loss in PANDA-Sensors

Using the Bethe-Bloch formula, described in Section 4.3} one can calculate the aver-
age energy loss per distance traveled by an incident electron in silicon [58],[59]. It
is assumed that the electron impacts the detector surface perpendicularly, covering
a distance of 285 pm in silicon for PANDA sensors. As our primary irradiation
involves “Sr, we will exemplify the stopping power calculation for an electron
with the average energy Eg ayg=0.3MeV from the combined spectrum of PSr and
0y
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Figure 4.17: Total stopping power for electrons in silicon [60].

To do this, the energy-specific energy loss of electrons in silicon must first be
determined, as shown in Figure 4.17| calculated to be S=1.903 %sz using the

NIST "ESTAR" program [60]. "ESTAR" calculates the stopping power S of electrons
at specific energies for various materials.
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With the density of silicon p=2.336 -5, the deposited energy of the electrons per

m3”/
distance traveled in the silicon—detecctor can be calculated:
dE
_ = _3. 4.16
=5 (@16)
2
_9E _q gpaMeVoem” 5 536 5 (4.17)
dx g cm
—4E _ 4 a5 MeV (4.18)
dx cm

To calculate the total energy that the particle has lost while traversing through the
sensor, the product of g_f( and the distance traveled must be considered. Assuming
tull depletion, the deposited energy AE can be calculated he distance of x=285 pm:

X dE
AE = ——d 4.19
o T (4.19)

dE

AE = ——- 4.20
dx * (420)
AE = 4.445MeV em ™! - 285 um (4.21)
AE = 126.694 keV (4.22)

4.3.2 Landau Distribution

For thin layers, where a limited number of collisions occur but with each deposit-
ing more energy than the ionization potential, the energy distribution becomes
asymmetric and follows a Landau distribution [61], [62]. When minimum ionizing
particles (MIPs) pass through a thin silicon layer, they continue to traverse the
material without being stopped. The deposited energy fluctuates around the most
probable value of the distribution, with a long tail allowing for occasional higher
energy deposits [63]. For thinner layers, the fluctuations in energy deposition
increase, making the distribution broader.

The asymmetry of the Landau distribution is mainly due to the so-called /-
electrons or knock-on electrons. These receive enough energy through the in-
teraction to be able to ionize further themselves. This can create charge clouds
that typically move in the perpendicular direction of the incident particle, which
can worsen the spatial resolution [64]. The Landau distribution is typical for thin
silicon detectors [65].

In a real silicon detector, such as the MVD, sensors with a thickness of about 285 pm

are used. For thicker sensors, multiple collisions occur, resulting in a broader en-
ergy deposition distribution. While the Landau distribution still describes the
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energy deposition due to ionization, additional scattering events smooth the distri-
bution, but it remains asymmetric. In practice, noise from the detector electronics,
which is often approximated by a Gaussian distribution, must also be considered.
Therefore, the energy deposition in silicon detectors is typically modeled by a con-
volution of a Landau distribution (for the energy loss) and a Gaussian distribution
(to account for electronic noise) [66].

In the following, a fitting method is used that involves a convolution of the two
functions for the energy deposit in the sensors [67]. The Landau function is based
on the estimations of [68]. The most probable value (MPV) of the function is deter-
mined through a simple Gaussian fit around the peak. This enables a more flexible
and accurate determination of the MPV. The fit is intended to demonstrate the
functionality of the sensors and identify potential differences in the distributions.

4.4 Radiation Damage

Due to the high velocity of charged particles, detectors within the particle accel-
erator are subjected to intense radiation. This exposure can lead to permanent
damage, which cannot be reversed, although certain mitigation strategies may
reduce its impact. Therefore, the sensors must have a high resistance to radiation
and exhibit predictable behavior even after radiation damage, ensuring reliable
operation over long periods of time.

Radiation effects are crucial parameters that limit the lifespan of experiments in
high-energy physics. In the following, we briefly explore radiation damage in
crystal structures; for a more in-depth understanding, refer to the work of [69].

Common radiation damages include the displacement of lattice atoms, nuclear
interactions resulting from processes like neutron capture, and secondary pro-
cesses. Initially, we will explore defects that may arise within the bulk, specifically
inside the crystal structure, resulting in alterations to both the crystal lattice and
doping. The introduction of impurities into the crystal has the potential to impact
the electrical properties of the semiconductor, a consequence typically considered
undesirable for semiconductor detectors.
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Figure 4.18: A schematic illustrates a silicon lattice after particle collisions, with atomic
displacements representing typical point defects .

However, typical point defects, as depicted in Figure [4.18} include the "vacancy" at
the bottom left, representing a missing atom in the lattice. Above, an "interstitial"
atom is shown, denoting an additional atom of the same or a foreign nature lo-
cated between regular lattice sites. Additionally, two "substitutional" atoms with
different natures are illustrated between regular lattice sites. Another noteworthy
defect is the "Frenkel defect", where interstitials appear next to vacancies, often
referred to as a "Frenkel-Pair".

The formation of these defects can be attributed to particle interaction. This
interactions occurs not only with the electron shell of the atoms, creating electron-
hole pairs but also with the nucleus and, consequently, the lattice, leading to
deformation, as illustrated in Figure If the energy from an elastic collision
exceeds the displacement energy in silicon (E; of 25eV), a lattice atom (primary
knock-on atom, PKA) may be released [71]. The PKA can create vacancies in the
lattice, while the displaced atoms may persist as interstitials.

For energies significantly surpassing E;, the recoiling silicon atom itself can cause
further damage [36]. A simulation of such a collision and its subsequent effects is
shown in Figure
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Figure 4.19: A Monte Carlo simulation was conducted to model the trajectory and defects
resulting from a silicon atom knocked out with an initial energy of 50 keV. This initial

energy is equivalent to the energy transfer of a 1 MeV neutron to the primary knock-on
atom [72].

In Figure the simulated trajectory of the PKA is depicted, showcasing the
potential damage it can cause to the lattice with sufficient energy. Point defects
may emerge along this trajectory, forming defect clusters when the energy of
secondary particles is low enough to become immobilized. As a result, clusters
tend to form at the end of the trajectories.

The distribution and clustering of defects are closely linked to the energy and type
of the colliding atom. Therefore, the subsequent section introduces the common
scaling method to facilitate the comparison of radiation damage caused by various
particle types and energies.

441 The NIEL Theorem

The Non-Ionizing Energy Loss (NIEL) theory allows the comparison of radiation
damage caused by hadrons or leptons by normalizing the damage relative to a
1-MeV neutron, as depicted in Figure [73]. The induced material change
through displacement is postulated to have a linear scaling with the transferred
energy. Consequently, the actual particle fluence ®, can be scaled by the 1-MeV
neutron equivalent fluence ®;:

Dy = iy - Dy (4.23)

Here, x, represents the hardness factor, which is dependent on the type of incident
particle and has been experimentally determined by [69].
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Figure 4.20: Displacement damage in silicon and hardness factor of different particles
normalized to 95 MeV mb [73].

4.4.2 Effects on Detector Properties

The impact of radiation damage on sensor properties is of superior importance for
this study. As the Micro-Vertex-Detector is designed to conduct research under
exposure to a neutron equivalent fluence of 10'* &, cm 2 at 1 MeV, comprehending
and verifying the alterations in its properties becomes crucial [10].

Full Depletion Voltage

An essential parameter directly affected by radiation damage is the full depletion
voltage. This voltage, responsible for creating the active volume within the sensor,
depends on the doping concentration of the silicon, specifically on the magnitude
of the effective doping density N,y

_ 4o 2
Vep = Secs |Nesr|d (4.24)
The effective doping density itself is highly influenced by the radiation, as reflected
in the following formula:

Nes(®) = Npgo-e PP — Nyge 4% + bp® — by (4.25)

The concentrations of donors (Np o) and acceptors (N4 o) before irradiation change
due to irradiation, influenced by the factors for the generation (bp and b4) and
annihilation (cp and c4) of dopants.The removal of donors and acceptors is in-
duced by the formation of defect complexes, similar to the generation caused by
the formation of defect complexes that assume positive/negative charge states in
the space charge region [36].

However, in this process, donor removal dominates, resulting in a decrease in
the full depletion voltage for an n-bulk silicon sensor at low neutron fluences
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of approximately 1012 ®,, cm 2 while Np > Ny4. Beyond this turning point, the
situation shifts, N 4 becomes the dominating factor for the effective doping density.
This behavior is referred to as type inversion, indicating a transition from n-type
to p-type bulk sensor due to radiation damage. Subsequently, with increased
irradiation levels, the full depletion voltage increases again due to its dependence
on the absolute value of the effective doping concentration. This effect is examined
and further explained in Section [74], [75].

4.4.3 Thermal Annealing

Since the described radiation damages exhibit temperature dependency, their im-
pact can be attenuated through heating. There are three observed regimes: stable
damage, beneficial annealing, and reverse annealing. The beneficial annealing
effect likely involves the creation of donors rather than the removal of acceptors.
Consequently, this can lead to a partial reduction of radiation damage in the sen-
sor, with the degradation primarily affecting donors. However, the combination
of temperature and time can also introduce defects into the crystal lattice, con-
tributing to the reverse annealing effect. If the annealing method is incorrectly
applied or unintentionally triggered by incorrect ambient temperatures, reverse
annealing can outweigh beneficial annealing, thus damaging the sensor properties.

The healing process was examined by the "Rose collaboration” [74], and it was de-
termined that the optimal conditions for thermal healing are 60 °C for 80 minutes,
as illustrated in Figure The graph displays the dependence of the effective
doping concentration on annealing time. Notably, there is a temporary reduc-
tion in concentration, which positively contributes to the recovery from radiation
damage, particularly regarding the depletion voltage.
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Figure 4.21: The change of the effective doping concentration AN,¢s over time at an
annealing temperature of 60 °C is illustrated in [74].

However, it must be noted that the annealing temperature is not precisely defined,
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as annealing can occur above and below the sweet spot. Nevertheless, an expo-
nential behavior of annealing with temperature and time is assumed [36].

Positive effects of annealing can also be observed for the leakage current. Tak-
ing beneficial annealing into account, the leakage current can be reduced, as
experimentally shown in Figure
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Figure 4.22: Change of the leakage current over time at 20 °C to investigate the annealing
effect after irradiation with 2 x 10> n/cm? (upper curve) and with (6.4 x 10! n/cm?)
(lower curve) [75].

The PANDA test structures are also annealed after irradiation using temperature,
and the effect is investigated in Section [5.5.5|

Reverse-Bias Current

The reverse-bias current, or leakage current, is also significantly influenced by
radiation damage. However, its description is relatively straightforward since the
change is solely caused by the generation of electron/hole pairs in the silicon bulk.
The alteration in leakage current is directly proportional to the volume and the
radiation exposure of the sensors and can be described by the following equation:

Al

= Py (4.26)

Where « represents the current-related damage rate. This factor does not appear to
be dependent on detector properties such as p- or n-type sensors. Additionally, it
seems to be identical for damage induced by protons, neutrons, or pions. However,
« is influenced by the annealing method, which is explained in Section Fora
standard annealing process at 60 °C for 80 minutes, the damage rate is:

ag0/60 = (3.99+0.03) - 10" Acm 1 (4.27)
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Consistent with the independence of the current-related damage rate from various
sensor properties, the change in leakage current due to radiation exposure is also
independent of these properties. This suggests that, regardless of the sensor type,
the leakage current behaves similarly under radiation exposure. The relationship
between leakage current and neutron fluence is clearly demonstrated, with each
data point representing the response of an individual sensor to neutron irradiation,
as shown in Figure[4.23]
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Figure 4.23: Dependence of the leakage current on the neutron fluence for various detector
properties after annealing for 80 minutes at 60 °C [36].

The increase in leakage current with dose is examined for PANDA test structures
in Section and compared with the predictions.

4.4.4 Strontium-90

Strontium-90 (ggSr) has a half-life of 28.8 years and undergoes beta decay [76]. In
this process, a Strontium-90 isotope transforms into Yttrium (3)Y) by emitting an
electron (87) and an antineutrino (7,), as shown in the decay series

20ST =30 Y + B + 7 (4.28)

As seen in the decay series, beta decay involves the conversion of a neutron into a
proton, emitting an electron (beta particle) and an antineutrino. The maximum
energy of the *°Sr B-particles is 545.9 keV.
Since the decay process also produces Yttrium, with its short half-life, it must be
considered in the energy spectrum. Yttrium, in turn, has a half-life of 2.6684 days
and also undergoes beta decay, transforming into Zirconium-90 (Zr-90) [76]. The
decay results in B-particles with a maximum energy of 2,279.8 keV. The reaction
equation is as follows:

WY =0 Zr + B+ 7, (4.29)
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In this process, an electron and an antineutrino are emitted once again. As the
half-life of Zirconium-90 (3)Zr) is approximately 2.6 million years, its decay can be
neglected during the irradiation with *°Sr. Hence, during irradiation with *°Sr, the
overlap of electron energies from both 90Gr and 0Y decay must be considered, as
investigated by Dixon, Rajan, Bohlemann, et al. [77] and illustrated in Figure m
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Figure 4.24: Normalized energy spectrum of B-particles emitted by the sequential decay
of 9Sr and ?°Y [77].

The figure indicates that the energy mean value of the overlay of beta decays is
expected to be 0.3 MeV, with a maximum energy of approximately 2.2 MeV.

4.5 Surface Defects

The surface defects in a semiconductor occur through the open crystal lattice that
has open bonds due to a cut or the end of the semiconductor. This effect can
be minimized by implementing guard rings (Section in the sensors. The
surface of the active area, which is not excluded by the guard rings, has often a
passivation layer applied. The insulation layer for silicon is often an oxide layer
(5i0,). This layer already has defects during manufacture, but these have no
effect on the sensors. However, the ionization process, which also takes place in
the oxide layer, is problematic. Due to the larger band gap of the insulator, the
charge cannot flow off. Because of the different mobility of electrons and holes,
positive charge carriers accumulate between the oxide layer and the silicon layer.
The resulting electric fields can influence the fields of the sensor as well as the
interstrip resistance and the interstrip capacitance.
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Chapter 5

Characterization of PANDA
Double-Sided Silicon Strip Sensors

The following section examines the properties of silicon strip sensors intended
for the Micro-Vertex-Detector (MVD) of the PANDA experiment. However, the
primary focus of this chapter is on the serial testing of the test structures, aimed at
ensuring the quality of all sensors designated for installation in the MVD experi-
ment. Additionally, irradiation tests are conducted to evaluate sensor performance
over the lifetime of PANDA. Before delving into these tests, the measurement
setups and methods are developed and discussed.

To characterize the sensors, standard methods for determining the properties
of silicon detectors are employed, with a particular focus on capacitance and
impedance measurements at various reverse bias voltages. These measurements
are conducted in the probe station at University of Giessen (JLU), which facilitates
precise contact with the sensors or diodes under controlled conditions. The specific
measurement technique depends on the parameter being measured.

To determine the full depletion voltage, breakdown voltage, or leakage current,
both the front and back sides of the diode or sensor must be contacted in order
to apply the reverse bias. Once contact is successfully established, capacitance
measurements can be used to assess the variation in capacitance as a function of
voltage, providing insights into the depletion region. Simultaneously, monitoring
the current enables the determination of leakage current and, if applicable, the
breakdown voltage.

In addition, using needle probes within the probe station allows for precise contact
with various components of the sensor, enabling the measurement of additional
parameters, such as coupling capacitance or polysilicon resistances.

These different measurement methods serve to confirm the functionality of the

sensors and determine key operational parameters. Therefore, it is essential to
conduct these measurements with the highest level of precision.
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5.1 Measurement Setup

The following sections provide a detailed overview of the methods used. This
includes the development of a measurement program to ensure consistent mea-
surement conditions, optimization of contact conditions, and data analysis using
fitting methods. First, we examine the measurement program that enables the
simultaneous variation of the voltage and the measurement of, for example, ca-
pacitance, voltage and leakage current.

The voltage is provided by a Keithley 2410 source meter with a maximum output
voltage of 1100V, while the current is measured continuously. Simultaneously, an
impedance measurement is carried out using an LCR meter (Sourcetronic ST2826).
To coordinate the two devices, a program in C++ was developed, facilitating serial
commands transmission and receipt of measured data from the devices. This
automation enables series measurements and minimizes measurement errors.

General Purpose Control - 0O X
Settings Toals
Devices Configurator
+ device |ST2826 - ® device | 2410 v ® device | not selected v ®
port | not selected - port | not selected - port | notselected M
Name AccessMode Min Max Mame AccessMode Min Max Mame AccessMode Min Max
v Cx READONLY 0 0 Vol READONLY 0 4]
v, F READWRITE 0 0 R  READONLY 0 o]
| READONLY 0 0 vl V  READWRITE 0 o]
Scan Value Selection
+ device: ® device: ® device: ®
ST2826 : not selected * | |ST2826: not selected ~ | not selected : not selected -
scan parameter: F v scan parameter: F v scan parameter: v
Fixed - ramp - fixed M
value: 1000 from: 0.0 to: 200 value: 0.0
number of steps: ~ 100 log
Name AccessMode Min Max Name | AccessMode Min Max Name AccessMode Min Max
Cx READONLY 0 0 c READONLY o o
F READWRITE o 0 :( READWRITE 0 o
I READONLY 0 o]
I READONLY 0 1}
Measurement Time Selection
delay set - measure: | 1000 > [ms] neycles: |1 || start measurement| /home/nils/testfile.txt no limit
\ 0% |

Figure 5.1: Interface of the General Purpose Device program, which is utilized for the
subsequent measurements and operates on a Raspberry Pi.
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The challenge lies in the disparate control commands and data output formats of
the devices. The program addresses this by parsing and extracting the necessary
information from each device’s data string, which can then be saved in .csv for-
mat.

With this program, parameters can be ramped or held during measurements,
and different parameters can be ramped simultaneously. An essential feature
for sensor behavior is the implementation of a delay time between value setting
and measurement, considering the pn-junction’s operation similar to a capacitor,
necessitating consideration of the charging and discharging processes.
Therefore, a customizable delay time was integrated to trigger the readout pro-
cess. Additionally, the program offers easy integration of other devices, allowing
multiple devices to be controlled simultaneously. Another notable function is the
ability to query various parameters of a device.

For example, the Sourcetronic ST2826 LCR meter can operate in capacitance mea-
surement mode, measuring capacitance Cp and quality factor D, or in resistance
mode, measuring impedance |Z| and phase angle ¢. The program runs on Linux
and Microsoft platforms and operates on a Raspberry Pi 4B 4Gb for the measure-
ments.

In Figure the graphical user interface of the program is shown, where both
device control and measurement parameters can be configured. Since its comple-
tion, the program has been utilized for various other experiments, proving to be
an extremely useful tool.

The LCR meter operates within a frequency range of 20 Hz to 5 MHz, with an
accuracy of 0.1 %. Given the need to measure small capacitances precisely, it is
vital to minimize any parasitic and stray capacitances. To achieve this, four-wire
sensing was used, which separates the current and voltage electrodes to eliminate
lead and contact resistance from the measurement. In this setup, the stimulus
is applied to the outer contacts (H1 and L1), while the inner ones (H2 and L2)
sample the voltage with high impedance at the Device Under Test (DUT). This con-
figuration ensures that when measuring sensors with the probe card mentioned
later, the measurements are highly accurate because sensing occurs precisely at
the contacted DUT, minimizing all disturbances.

However, when dealing with diodes or unbonded sensors, parasitic/stray capaci-
tance may arise due to contacting. Even in a clean room environment, there’s a
risk of dust or other disturbances between the contact and the DUT. To mitigate
errors, all measurements are conducted with the probe station of the group at JLU.
With this setup, the DUTs can be contacted with up to six needles, or the back side
can be contacted with the chuck.
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Figure 5.2: The probe station in the clean room consists of needles, the chuck positioned
at the bottom, the diode measurement setup in the middle, and the observation system
located on top.

The setup shown in Figure [5.2|is designed to ensure protection from light and
electrical shielding, essential for conducting precise measurements. Equipped
with a movable chuck, the probe station allows precise positioning of the DUT in
all directions, with movements as small as a few microns. Notably, the chuck’s
positions, particularly its height, can be stored and reproduced, facilating the
process of serial measurements. Additionally, each needle can be individually
adjusted by hand using micrometer screws. The entire measurement process can
be monitored via a camera and lens system, as well as through the previously
mentioned program.

Another challenge arises from the precise connection of diodes, primarily due
to passivated areas on the diode surface. Specialized measurement setups, as
discussed in Chapter are employed to tackle this issue. Additionally, safe-
guarding the LCR meter from the high voltages generated by the source meter
is crucial. For this purpose, a bias box is utilized, which integrates four series
capacitors (C¢), each with a capacitance of 100 nF and a rated voltage of 400 V.
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Figure 5.3: Diagram of the bias box designed to shield the measurement setup from over
voltage, utilizing four series capacitors C¢ for isolation [38].

In Figure the schematic of four-wire sensing is depicted, illustrating how the
LCR meter can measure parameters such as impedance, capacitance, or phase
angles. The bias voltage supply Vpi,s and the measurement of the leakage current
I1 cak, managed by the source meter, are also visible.

Figure 5.4: Scheme of the parallel two-port model [78].

Another important factor is the dissipation factor D or quality factor Q. Since the
description of the diodes and sensors is best portrayed with the two-port model,
where series resistance is negligible, the dissipation factor can be defined as:

1 Re 1
D=~ =tanc = — = wCRs = 5.1
Q Im " wCR, ®-1)
The quality factor Q represents the ratio of reactance to resistance at a given
frequency. A lower dissipation factor or a higher quality factor indicates that the
pn-junction behaves more similar to an ideal capacitor. This behavior is favorable

as it signifies a reduced energy loss rate and hence better accuracy. Rs denotes the
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equivalent series resistance (ESR), which reflects the losses in the capacitor. R,
stands for the shunt resistance of the capacitor C under investigation. However,
this relationship is only valid for sufficiently large values of R,. Throughout the
measurements, careful attention was paid to maintaining a small D factor, thereby
resolving issues such as contact problems during the measurements.

5.1.1 Diode Measurement Setup and Accuracy of Measurements

The objective is to measure the depletion voltage with minimal systematic er-
rors resulting from the setup. As previously mentioned, accuracy is crucial in
determining the doping density and the resulting sensor properties. Common
issues include weak electrical connections, temperature fluctuations, and physical
pressure gradients at the probe. Additionally, it is important to highlight that the
measurements are conducted in complete darkness. A typical test structure of a
detector is a diode cut from the same wafer as the sensors.

Si02 Al
H In Figure the cross-section of a diode is
i compared to a photograph of the top view of
an MVD diode. Aside from the round passi-
vation layer of SiO; in the center of the diode,
which is marked in dark, the two are nearly
identical. A passivation layer on the back
side of the diode has also been omitted in the
sketch.
It is important to note that the thickness of the
aluminum and SiO; layers may vary slightly.
This variation can significantly affect the con-
nection and, consequently, the measurement
accuracy. For precise measurements, the alu-
minized layers of both the p- and n-sides
must be contacted. The guard rings surround-
ing the active diode area are clearly visible,
providing shielding against surface defects.

Figure 5.5: The top figure shows a sketch of the diode cross-section, while the bottom
features a photograph of the top view of a PANDA MVD diode with an active area of

approximately 25 mmz.

As previously mentioned, the Sourcetronic ST2826 LCR meter and Keithley 2410
voltage source are utilized for the measurements. The low capacitance, ranging
from 10-100 pF, demand significant measuring accuracy. However, traditional
probing methods with needles have proven problematic, leading to physical stress
and varying electrical connections depending on the needle’s placement and con-
tact force.
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In particular, using the chuck as a counter electrode presents challenges. The
SiO; layer interferes with effective contacting when the diode is placed solely on
a flat surface. Moreover, conventional probing tips cannot contact the center of
the diode due to the passivation layer, increasing the resultant pressure on the
passivated outer layers.

In the following, capacitance measurements on diodes with reverse bias voltage
for different setups are exemplified. Cj, represents the capacitance of the depletion
region of the diode, which varies as the reverse bias voltage increases, ultimately
reaching full depletion. The dissipation factor D, which quantifies the energy
loss in the dielectric material, is used to assess the accuracy and reliability of the
capacitance measurement, ensuring minimal loss and high measurement quality.

1000 1000

100 : L 100

Cb (pF)
Chb (pF)

100.0kHz . 100.0kHz

0.001 ’ 0.001

0.0001 0.0001
1e-05 1e-05
1 10 100 1 10 100
Viias (V) Viias (V)

Figure 5.6: Needle-to-chuck connection measurements, with light and electric shielding
on the right-hand side and without shielding on the left.

This involves a measurement conducted without electrical and light shielding. As
expected, the left plot in Figure 5.6/ shows insufficient accuracy in the measure-
ment, resulting in a very high D-factor, and important key features such as the
depletion voltage are not recognizable.

In the right plot of the figure, shielding was ensured in the probe station, and the
measurement was conducted using a conventional probe. This time, the accuracy
is significantly improved, and the full depletion voltage is clearly observable.
However, the measurement remains too imprecise for an accurate determination.

After implementing light shielding, several connection options were tested to
improve accuracy. Promising options, such as adhesive electrodes or electrodes
with exact outer dimensions matching the diodes, showed improvement but were
ultimately unsatisfactory. Replicated measurements revealed differences of up to
20V in the depletion voltage, indicating a 20 % error.

The tests indicated that variationsin the contact force and different contact points,
which led to different forces within the diode, resulted in inconsistencies when
the measurement was repeated. It is possible that the passivated surface of the
diode is disrupting the contact, contributing to the observed challenges.
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Figure 5.7: On the left-hand side, a diode measurement is shown, in which an aluminum
block of the same size as the diode is used to make electrical contact with the entire diode
area and ensure an evenly distributed contact force by placing it directly on the diode.
On the right-hand side, the measurement was conducted using the final setup described
below.

The accuracy is significantly improved, primarily attributable to the improved con-
tacting method. In the left figure of[5.7) the depletion voltage is clearly discernible.
Additionally, the peak corresponding to the very low D value is distinctly visible
at the same position. However, a challenge with this method, as mentioned earlier,
is reproducibility. This arises from the uneven distribution of contact pressure
and the inability to entirely exclude the smallest edges of the otherwise flat elec-
trode. Consequently, there could be a connection between the electrode and the
passivated layer of the diode, leading to significant measurement errors.

Figure 5.8: In the sketch on the left, the round electrode is shown above the square diode.
The electrode consisting of a round surface similar in size to the active area of the diode.
A circular hole in the center of the electrode excludes the passivated layer in the middle of
the diode surface. This ensures both optimal electrical contact and an even distribution of
the contact force. On the right, a photo of the final setup is shown.
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The round electrode depicted in Figure 5.8|is directly connected to the bias box.
Similarly, the counter electrode is also connected in this manner. The counter
electrode is also circular, and the diodes are placed on it in such a way that no
passivated layer comes into contact with the electrode. The measurement cycle
is completed when the top electrode applies pressure to the diode (p-side). This
configuration ensures contact only with the aluminum surface and not with the
passivated parts of the diode. Special attention was paid to ensure that the contact
pressure is applied to the center of the diode. Additionally, the circular electrode

design ensures contact is made exclusively with the aluminum contact surface of
the diode.

e

~

Figure 5.9: The back side (n-side) of the diode is connected using a circular beryllium

copper electrode. Simultaneously, a circular needle exerts pressure on the front side
(p-side) of the diode.

The setup depicted in Figure [5.9/shows the final measurement setup for the sub-
sequent series measurements in Chapter At the same time, the physical
pressure of contact can be minimized with the help of the probe station and the
micrometer screws.

In Figure on the right, the results are displayed. The plateau of the depletion
voltage and the peak at the D trail are clearly visible. Moreover, the D-factor is
notably low, as discussed earlier, which is essential for precise measurements.
Lastly, the measurements exhibit high reproducibility. Ten sets of measurements
were conducted with a reverse bias voltage step size of 0.1V, using a measurement
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frequency of 100 kHz. Following each test, the same diode was disengaged from
the setup and reconnected. The results, depicted in Figure for the clipped
section of the beginning of the depletion voltage, reveal a maximum error of 0.3V
and a standard deviation of 0.108 V within the 10 measurements. The depletion
voltages are highlighted in red, with one measurement curve represented in dark
blue, and the associated error depicted in light blue.

0.01304—° = Measurement

x 10 Full depl.voltages

0.0128 1
MeanFDepV w. error 0.11 V

0.0126 1
 0.0124
S 0.0122 1
0.0120 1
0.0118 1
0.0116 1

90 100 110 120 130

Voltage [V]

Figure 5.10: Accuracy measurement with the standard deviation error of ten measurements
with the same diode. In red, the estimated depletion voltages, calculated with a fit
(description in Chapter 5.1.2) of every series.

5.1.2 Verification of Depletion Voltage

In order to determine the most important parameters such as depletion voltage
and the associated capacitance and current from the data, two fitting methods
were developed to ensure accuracy.

The first method utilizes a cutout of the measurement data. In the vicinity of the
depletion voltage, the capacitance experiences a significant drop over a few volts,
as depicted in Figure This dip is utilized to create a linear model and a step
model. These models are then combined to achieve a precise fit to determine the
onset of the depletion plateau. It is important to note that this model is applicable
only for highly accurate measurements. If the measurement accuracy exceeds
5V, the dip becomes less distinct, rendering the fit unreliable. Moreover, poor
contacting or frequency-dependent jumps in the measurement can cause the dip
to shift. Nonetheless, with precise measurement data, this method yields highly
accurate results.
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Figure 5.11: Two excerpts from two series measurements (cross) of the same diode were
applied and evaluated with a fit method (lines).

In Figure the fit of the measurement is depicted by colored lines, while the
data points are marked with crosses. The linear model was chosen due to the
linear shape of the curve after reaching the depletion voltage, as well as the linear
drop upon reaching the depletion voltage. The model is defined as follows:

flx;m,b) =mx+b (5.2)

The step model was selected due to the distinct steps observed in Figure To
fit the curve, at least two steps are required to fit the step sections using linear fits.
The first step occurs just before the "depletion dip", while the end of the dip marks
the second step. Between these steps, the linear fit is applied. Firstly, the region
before the dip, then the dip itself, and lastly, the depletion plateau. The depletion
voltage can be determined by finding the zero of the second derivative of the
combined fit function. In literature, the depletion voltage is often determined
by the intersection point of the linear fit of the "depletion dip" and the plateau,
which is equivalent to the described method. The fit functions perform well, as
evidenced visually in Figure and supported by the fit report. This method was
also utilized in Figure where the same diode was measured ten times. The
fit results indicated a mean error of 0.108 V between the measurements. Hence, it
is reasonable to assume that the fit model can accurately determine the depletion
voltage with more precise measurements.

A second fit model was employed to facilitate enhancements in the fit when
encountering jumps in the measurement or less precise measurements. These
jumps are sporadic and dependent on frequency. Thus, a fit resembling models
found in literature ([80], [81], and [82]) was utilized, which has proven to be
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effective. This method was also applied to analyze the series measurements
conducted by the company CiS GmbH in Erfurt (CiS).
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Figure 5.12: The capacitance as a function of reverse bias voltage measured for a PANDA
diode (marked as a cross). Two fitted lines are shown in color, and the dotted line in red
indicating the full depletion voltage is marked at the intersection of the lines.

In the fit example of a measured diode, the use of two fitted lines can be
observed. The turquoise line represents the extended depletion plateau obtained
by averaging all its values and determining the slope. Crossed with it is the blue
line, which depicts the extended linear curve in the double logarithmic scale. For
the fit of the blue line, the slope of the measurement data between 10V and 80V
was utilized. The crossing point of the two lines, marked in red, represents the full
depletion voltage.

It has been demonstrated that both methods work very effectively. For highly
accurate measurements, which can be ensured by bonded contacts, the first method
described is utilized. For instance, for serial tests or less precise measurements,
the second method is employed.

5.1.3 Setup of Sensor Measurements

The measurement of the Silicon Sensors is clearly more complex due to the struc-
tures on both sides. Unlike diodes, where only the capacitance and the current of
the entire DUT can be measured, sensors allow for the measurement of additional
parameters such as strip capacitance, strip leakage current, interstrip capacitance,
coupling capacitance, resistance between the strips, resistance between the strip
and the bias line, and more for both sides.

However, due to the double-sided layout, establishing a connection to the back
side is very challenging. It has been found that the only feasible option for the
probe station measurements is to connect the sensors with bonding wires. This
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ensures that each strip is connected correctly and that the entire sensor can be
measured. To facilitate this, a so-called probe card was utilized, allowing for easy
connection of every PANDA sensor to the measuring setup.
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Figure 5.13: Probe card with bonded sensor and needle setup in the probe station with
observation system on the top right. The reverse bias voltage is applied on the bottom left.

In Figure[5.13] an S1 sensor is bonded to a probe card. This image illustrates the
measurement between a needle and the probe card. It is also possible to conduct
measurements with up to 6 needles or without any needle. Most importantly, the
reverse bias voltage can be separately applied due to bonding wires connected to
the bias pads of the sensor. Not shown in the picture is the connection with the
back side, like the front side, every strip is connected to the probe card.

Using a probe card is necessary to determine the characteristics of the sensors with
our possibilities. However, it must also be mentioned that every sensor bonded
to the device can’t be used for the detector. Therefore, only some sensors are
sacrificed, representative of all sensors in the same production lot. As a result,
only exemplary measurements of the sensor properties will be shown later. The
main serial testing will be performed with the diodes, which have no tasks other
than for testing purposes.
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5.1.4 PANDA MVD Silicon Strip Sensors

In the following, the basic properties of the silicon strip component of the MVD
are discussed. The double-sided silicon strip detectors are radiation-hard sensors
with a target thickness ranging from 200 to 300 pm. The working principle will be
outlined in Section[5.1.6] These detectors are commonly used as tracking detectors
in particle physics. Due to the mesh formed by the double-sided layout with
orthogonal strips, the position of the particles can be detected with high accuracy.
The PANDA sensors are manufactured by the company CiS GmbH in Erfurt (CiS),
Germany. In Figure a 4"-inch wafer cut in (111) orientation can be seen,
which is then cut into the sensors and test structures. The properties of these
structures are listed in Table

Figure 5.14: 4"-Wafer with the PANDA sensors and test structures.

The wafer material consists of mono crystalline floating zone silicon, with the front
side strips implemented as p+ implants in an n-doped substrate. On the back side,
n+ implants form the strips embedded in an n-substrate. Eight guard rings are
incorporated to ensure a stable electric field by delimiting the active area from the
cutting edges.
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general

wafer material FZSi, 4", n/P

thickness 285 £ 10 pm

resistivity 2.3-5.0kQ)-cm

n-side isolation p-spray

guard rings 8

stereo angle 90°

passive rim 860 pm
S1

n-side strips 512

p-side strips 896

pitch 65 pm

active area 58.275x 33.315 mm?
S2

n-side strips 512

p-side strips 512

pitch 65 pm

active area 33.315x33.315 mm?
S3

n-side strips 384

p-side strips 384

pitch 50 pm

active area 19.230x19.230 mm?
S4

n-side strips 128

p-side strips 128

pitch 65 pm

active area 8.355 % 8.355 mm?

Figure 5.15: Specifications of the silicon

strip sensors [10].

Figure illustrates the cutting of
a wafer into S1, S2, S3, S4 sensors,
and test structures. The largest sen-
sors, S1 and S2, are full-size sensors,
with one of each being cut from a
wafer and which will be used for the
final MVD setup. Additionally, each
wafer yields one S3 sensor, five S4
("Baby Sensor") sensors, and fourteen
test structures, referred to as diodes
hereafter. These diodes are tested as
representatives of the sensors, as the
properties of the entire wafer should
be consistent. Consequently, destruc-
tive radiation tests can be performed
without compromising sensors. Only
sensors that meet defined limits are
used in the PANDA detector to en-
sure error-free operation.

The first limitation concerns the
global leakage current, which must
not exceed 10 pA below the break-
down voltage. Secondly, the break-
down voltage must be at least 50V
higher than the maximum antici-
pated bias voltage of 200 V. Lastly, the
capacitance of the entire sensor must
exhibit full depletion above the de-
pletion voltage.

The methods for determining the parameters of the sensors are described in
Chapter The manufacturer of the sensors also conducted measurements for
each sensor, including full depletion voltage, leakage current, and broken strips.
These results will be compared and evaluated in Chapter which serves as a
representative analysis for the sensors alongside the diodes discussed in Chapter
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5.1.5 Structure of the PANDA Strip Sensors

polysilicon Al
Al resistor (bias line)
Al (readout (probe pad) SiO9 l
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Figure 5.16: The schematic illustrates a cross-section of a Si-sensor, with the p-side at the
top and the n-side at the bottom [83].

Al

The complex sensor structure is depicted in Figure In the following, the
different features will be explained.

Guard Ring
Guard rings are positioned near the detector border to minimize leakage
currents caused by crystal defects in the cut edges. These rings serve to
protect the detector from voltage flash overs on the back side. Inside the rings,
the active area of the sensor is enclosed by at least one guard. Guard rings
are typically p+ implants at the same potential as the active p+ implants.

Bias Ring
For proper operation, the entire active surface must be biased to the reverse
potential. This is achieved through a bias ring made of aluminum, which
supplies the applied voltage to every strip via special resistors. Another
method for biasing the strips is the so-called punch-through method, which,
however, is not used for the PANDA sensors and can be referenced in the
source [83].

Polysilicon Resistors
The mentioned resistors supply the strips with the applied voltage without
disturbing signal extraction. With resistances as high as 20 M(), the resistors

68



provide sufficient isolation of the signals collected at the strips electrode
from the low impedance of the bias supply.

Silicon Readout Strips

Readout strips are highly p-doped silicon implants designed to collect the
space charge generated by events. Test measurements can be conducted
using the so-called DC or probe pad, which is an aluminum pad positioned
directly above the strip. However, due to the electrical resistance of the
implant, signal readout must be facilitated by an additional system. The
Si-Readout Strips are directly connected to the reverse bias voltage using the
polysilicon resistors.

Aluminum Readout Strips and AC Pad

Signals can be read out by the AC pad, which is a bonding pad connecting
an aluminum strip with the readout electronics. Positioned directly above
the entire readout strip, the strip picks up the signal capacitively (through
capacitive coupling capacitance). An SiO, layer separates the two strips,
allowing the sensor to be measured without interference from the measuring
instruments. With a thickness of 100-200 nm, typical capacitance range from
8-32 pF/cm. However, pinholes in the dielectric, which allow the strips to be
connected, can potentially lead to strip failure.

i

(IILLlL]

- AC pads
- DC pads
- bias ring i
- guard rings

Figure 5.17: The p- and n-side of a double-sided silicon strip detector.

The back side of the detector (n-side) is not depicted in illustration [5.16 It mirrors
the front side, with the readout strips made of n+ implants, while only the p-side
features guard rings. Figure displays a typical structure of a double-sided
silicon detector, highlighting the most important components for measurements.
The aluminum-coated pads are connected with bond wires for testing or operation.
Regardless, the voltage must be supplied by the bias ring. Hence, the bias ring is
also equipped with bonding pads on the p- and n-sides. The generation of this
signal is explained in the following Chapter
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5.1.6 Working Principle of Si-Strip-Sensors

Fast charged particles can ionize silicon atoms, generating free charge carriers in
the n-bulk-silicon. Ideally, there are no other electrons or holes in the depletion
zone of the sensor, allowing the charges to be measured at the electrodes.

‘ »
V>0

Figure 5.18: Simple schematic representation illustrating the sensor’s function, depicted
with an impinging minimal ionizing particle [83].

In Figure the drift direction of the holes and electrons generated by a particle
can be observed. The electric field causes electrons to be attracted to the n™ strip
and holes to the p™ strip (readout strips). This drift of the charge carriers leads
to charge separation, which can be measured. Although both electrons and holes
experience the same electric field, electrons move faster because they have a sig-
nificantly higher mobility in silicon, which is due to their lower effective mass in
the crystal lattice. This concept will be further explained in Chapter

The electric signal, averaging approximately 30,000 electrons, can be read out by
the strips using low-noise electronics. The small current is amplified, shaped, and
processed in ASICs (Application-Specific Integrated Circuits). In a DC-coupled
setup (connection to the DC-pad), the dark current, caused by thermally generated
electron-hole pairs, can introduce additional noise in the amplifier circuit.
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To reduce noise from dark current and other sources, the strips are electrically
decoupled from the amplifiers by a thin SiO, insulation layer, which helps to
minimize the interference of dark current, especially in the presence of reverse
bias. This process, known as AC coupling, involves connecting the AC pads to
transmit the signal without linking the amplifiers to the bias voltage. However,
the readout strips still require the necessary reverse bias voltage, which is pro-
vided through connections with the polysilicon detectors. To prevent shorting
of the strips, the voltage supply must be electrically separated, facilitated by the
polysilicon resistors and the SiO, layer. Pinholes, or shorted strips, can damage
the readout and render the strip non-functional.

Since the strips are orthogonal to each other, the signal can be assigned coordinates
in the x- and y- planes, enabling the determination of the particle’s passage location.
Complete depletion is crucial for low noise and the largest possible signal, as the
electric field will remove free charge from the active volume.

5.2 Sensor Characteristics

The following section presents examples and explanations of the crucial param-
eters for the PANDA double-sided silicon strip sensors. Conducting a series
of measurements on the sensors is impractical due to the irreversible nature of
wire-bond contacts. Contacting with needles has proven to be inaccurate and chal-
lenging due to the sensor structures. Therefore, we will employ the measurement
methods with the probe card described earlier and utilize the general-purpose
program for analysis.

5.2.1 Sensor/Diode Capacitance and Depletion Voltage

In Chapter the behavior of the pn-junction under reverse bias was explained.
The space charge zone mentioned therein is a crucial factor in determining the
sensor characteristics. Full depletion voltage can be assessed through capacitance
measurements. When depleted, the sensors or diodes behave approximately like
a plate capacitor. The depletion region reflects the distance between the plates,
which in this case are the p- and n-implants. The relationship between the increase
in charge (dQ) on both electrodes, the reduction in the size of the zone (dW), and
the change in reverse bias (dV) can be described as follows:

_dQ AW

C=av av

(5.3)

With the active sensor area A and assuming complete depletion, the capacitance
can be calculated using the sensor thickness w:

€A
w

C (5.4)
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The expansion of the depletion region leads to a larger distance between the
plates, resulting in a decrease in capacitance. This behavior can be described using

equation 5.4 as follows:
e -A2-N
C= \/ €0 ¢ off (5.5)

2[V]|

Where Np 4 has been replaced by the effective doping concentration N,ss (Nerr =
z\%j\zi% ). Typically, for a pn-detector, N4 > Np > n; (intrinsic charge carrier

concentration), which simplifies the equation to:

€9, A2
C= (5.6)
2up|V|

The depletion voltage is reached when the space charge zone occupies the entire
volume of the sensor. Until this point, the capacitance decreases as the voltage
increases. Here, p represents the bulk resistivity, and y denotes the charge carrier
mobility [56].
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Figure 5.19: Capacitance measurement of a PANDA silicon S2 sensor as a function of the
increasing reverse bias voltage.

The graph in illustrates an example of the change in capacitance as the reverse
bias voltage is varied, providing insight into the electrical properties of the sensor.
The curve depicts the typical CV behavior for a pn-junction under increasing
reverse bias voltage. The capacitance reaches its minimum, falling into the pF
range, at around 110V, indicating complete expansion of the space charge zone at
this voltage. Therefore, capacitance measurements serve as an effective method
for determining the depletion voltage.
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Type Capacitance Capacitance
calculated [pF] measured [pF]

S1 717.75 +£24.33 678.30

S2 410.33 £13.91 369.65

S3 136.71 £ 4.56 -

S4 25.81+£0.88 24.05

Diode 9.244+0.31 12.15

Table 5.1: Capacitances of the PANDA double-sided silicon strip sensors at full depletion,
calculated and measured.

The capacitances for each PANDA sensor configuration and diode in Table 5.1|are
calculated using equation[5.4/and the data provided in Table Additionally,
one sensor of each type, except the S3 sensor, was measured exemplary, and the
full depletion voltage was determined using the method described in Chapter[5.1.2]
The S3 sensor was not measured due to its different pitch, resulting in different
properties than the PANDA MVD sensors. Hence, the high effort of bonding for
this sensor was omitted.

In comparison with Table[5.T|and Figure it can be observed that the measured
and calculated values are almost identical. The slight difference may be attributed
to a systematic error resulting from calibration or the sensor connection mentioned

in Chapter

To conduct the measurements, the bias rings on both the front and back side need
to be contacted. Due to the various passivation layers, contacting with probe nee-
dles is difficult. Therefore, measurements were performed using the probe card,

as shown in Figure [5.13 This allows the measurement of the sensor capacitance
Cp—side
backplane

from Figure|5.22

Furthermore, it’s important to consider the measurement frequency as it signif-
icantly impacts the capacitances. For instance, measurements of the S1 sensor
revealed a capacitance of 678 pF at a frequency of 100 kHz and 747 pF at 1 MHz.
Hence, both the calculations and the measurements exhibit a high level of com-
parability, indicating that the measured diode and sensor possess the required
thickness.

Sensor Strip Capacitance

To determine the single strip capacitance, the measured or calculated capacitance
can simply be divided by the number of strips on the p- or n-side.

1
CStrip - N -C (5.7)

For the square-shaped sensors, this calculation remains the same for both sides
since the strips have the same dimensions. However, for the S1 sensor, there are
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differences because the longer strips on the n-side also result in a larger capaci-
tance. Thus, for an S2 sensor with the calculated values, the strip capacitance is
Cstrip=0.801£0.027 pF, while for the S1 sensor, Csy;,=1.402+0.046 pF for the n-side
and Cs;,i;=0.801+0.027 pF for the p-side.

To measure the single-strip capacitance, more effort is required. Therefore, it was
performed exemplary for a strip of the S2 sensor. For this measurement, one side
of the sensor must be fully contacted, while a strip on the other side is contacted
via the AC pad with a probing needle. However, for the reverse bias voltage, both
sides must be contacted through the bias ring.

"o, —— Fit
. ---- Full depletion voltage
o Measurements
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Figure 5.20: Single-strip capacitance measurement of a PANDA silicon S2 sensor as a
function of increasing reverse bias voltage

In Figure the point of full depletion is marked in red at 115.375V with a
capacitance of 7.614 pF. It is evident that the measurement exhibits high uncertainty,
likely due to the probe contact. The capacitance is also higher than expected but
falls within the anticipated range.

5.2.2 Leakage Current

The leakage or dark current, as mentioned earlier, results from thermally generated
electrons and holes. This current, which also contributes to noise, occurs due to
the separation of free charges by the electric field, hindering recombination and
affecting measurements. Efforts are made to minimize this current as much as
possible, for instance through the use of guard rings. Minimizing the leakage
current is critical for two main reasons:

Firstly, the power consumed by the sensor is given by P=U * I, where [ is the
leakage current and U is the applied voltage. If the leakage current becomes
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too high, the power dissipation increases, leading to excessive heating. This can
initiate a thermal runaway effect, where the increased temperature further raises
the leakage current. This effect is particularly critical in uncooled sensors, as it can
exacerbate heating and potentially damage the sensor.

Secondly, if the leakage current becomes too high, the resulting voltage drop across
the sensor can prevent it from being fully depleted. The performance of the sensor
heavily depends on the depletion zone, which defines the sensitive volume for
charge collection.

The current is particularly important because it is strongly influenced by radiation
exposure, making it a key parameter for estimating the sensor’s operational
lifetime.

The leakage current can be divided into diffusion current and generation current.
In a fully depleted sensor, the diffusion current is negligible as it is generated
at the edges of the depletion region. With little or no electric field across the
guard rings, charges can easily recombine. Of particular importance for sensors is
the generation current, which is thermally produced within the depletion region.
Therefore, the reverse saturation current in equation is highly temperature-
dependent and can be described as:

. 1 n;
]gen = EqT_OZW (5-8)
E
Ip o T2t (5.9)

A doubling of the leakage current is indicated for a positive temperature change of
AT of 7K [56]. This current can be mitigated by employing pure, defect-free materi-
als and is particularly influenced by the expansion of the depleted volume. Clearly,
lower temperatures in a controlled environment result in reduced leakage current.
For measuring the leakage current, the depletion voltage measurements can be
utilized since the general-purpose program enables simultaneous measurement.
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Figure 5.21: Current-voltage curve measured for an S2 sensor with increasing reverse bias
voltage.
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Figure illustrates a representative IV curve for a measured S2 sensor. The
curve displays a typical behavior for diodes, with current saturation observed
at full depletion around 120V, indicated by the steady current beyond this volt-
age. Beyond approximately 170V, the current sharply increases, characteristic of
breakdown.

Sensor Strip Leakage Current

The leakage current of a single strip is relevant primarily in terms of shot noise,
as only individual strips are read out in the MVD. Due to the AC coupling, the
leakage current of a strip does not flow directly into the preamplifier but still
contributes to noise. As mentioned earlier, the total current of the sensor can be
divided by the number of strips to estimate the current per strip:

1
Istrip - ﬁ “lleak (5.10)

The resulting table for the measured leakage currents at full depletion is as follows:

Type Sensor Leakage Strip Leakage
Current [pA] Current [nA]

S1 2.886 5.637(n-side),

3.221(p-side)

S2 1.546 3.019

S3 - -

S4 0.188 1.469

Diode 0.052 -

Table 5.2: Leakage currents of the PANDA sensors at complete depletion, measured for
full sensors and divided by the number of strips for strip leakage currents.

The leakage current measurements provide insights into the proper contacting of
the sensors and the occurrence of pinholes, which is important for the trouble-free
operation of the sensor.

5.3 Sensor Measurement Methods

For the functionality of the sensors, it is not only necessary to consider the general
sensor properties as previously discussed, but also the characteristics of the applied
structures. In the schematic representation in Figure of the capacitances on
a double-sided silicon strip detector, the most important capacitances due to the
structures are illustrated. Capacitance like the coupling capacitance Ceoypiing is
essential to probe the functionality of the sensors, while the interstrip capacitance
Cffftc /pc Plays a crucial role in determining signal separation and minimizing
noise, thus significantly influencing the sensor’s precision and resolution.
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Figure 5.22: Schematic capacitance of a silicon strip sensor (not to scale) [84].

An important structure, the polysilicon resistor, is not depicted in Figure
Since these parameters play a minor role in the course of the work, the exemplary
measurements for the S2 sensor can be found in the appendix B, Additionally, the
prototype of the PANDA sensors was already characterized in the work by H.-G.
Zaunick [38].

Coupling Capacitance

The SiO; layer between the AC-readout strip and the DC-readout strip is respon-
sible for the coupling capacitance Cyypling- It is very important that this layer is
not damaged, to isolate the bias voltage and the leakage current from the readout
electronics. The capacitance is frequency-dependent, therefore measurements
are carried out at depletion voltage of different frequencies. It is important to
understand the capacitance as it directly affects the readout chain and therefore
the signal-to-noise ratio.

Interstrip Capacitance

The interstrip capacitance C/¢ characterizes the coupling between adjacent metal
strips. The dominant component of the total capacitance relative to the ground
comes from this capacitance. The readout signal can be reduced by coupling with
the other strips, so the interstrip capacitance must be kept as small as possible to
minimize noise. A higher capacitance, however, can lead to increased noise due to
enhanced capacitive coupling between strips, which affects the signal quality. The
measurement of this capacitance provides insight into the balance between noise
minimization and signal preservation during charge collection processes.
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5.4 Diode Measurements

The measurement of diodes is a crucial step in testing the quality of the sensors.
Multiple sensors and diodes can be fabricated from each semiconductor wafer. It
is assumed that the diodes exhibit the same quality and properties as the sensors
since they are cut from the same wafers. This approach allows for the measurement
of important parameters without damaging the sensors. Due to the complex
structures of the sensors, measuring their properties would only be possible with
the risk of damage, or by using a probe card, which would destroy the sensor.
These parameters can be measured before, during, and after radiation exposure,
as well as before and after the thermal annealing process described in Chapter
and

While all sensors have already been measured by CiS, the CV measurements
lacked sufficient accuracy. However, CiS had the capability to inspect the sensors
for pinholes, ensuring that all associated sensors with the diodes being measured
here already comply with the rejection limits regarding pinholes.

5.4.1 Diode Series Measurements

In this section, the measurement methods outlined in Chapter and the data
processing techniques described in Chapter(5.1.2)are utilized to analyze lots 341776,
352154, 352155, 352156, 352157, 342563, 341772, 341773, 341774, 341775, 410535,
410536, 410537, 413017, 413018 and 413019 of the Panda MVD-Project. These
lots contain all the sensors required for the complete assembly of the barrel strip
part. Each lot consists of up to 25 wafers, with 14 diodes on each wafer. At least
one diode on each wafer is measured for capacitance, leakage current, and full
depletion voltage through series measurements.

The depletion voltage measurements are then compared to the data obtained by
CiS. This comparison enables the detection of any damage or errors in the produc-
tion, shipping, or storing of the diodes and, consequently, the wafers, revealing
important parameters for the smooth operation of the sensors. Moreover, the
initial parameters for the experiment are determined.

The measurements conducted at JLU have a step size of 0.5V, providing a finer
resolution for accurate estimation of the full depletion voltage when combined
with the fit method. Additionally, the diodes were tested up to a voltage of 200 V
to minimize the risk of breakdown during the experiment. In contrast, CiS used
steps of 5V, requiring three steps for measurement and resulting in a potential
error of around 15V in finding the full depletion voltage. Moreover, the wafers
were only checked up to a voltage of 150V at CiS. Below, the accuracy of the
measurements is compared using two example measurements, one from CiS and
one from the JLU, both conducted on the same wafer.

In Figure the measured data from CiS is evaluated using the fit method
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Figure 5.23: CV-measurement carried out by CiS for a diode from lot 341772 wafer 15.

described in Section The imprecise measurement obscures the transition
to the depletion plateau, making the detection of the voltage less accurate but
sufficient for estimation. CiS estimated the full depletion voltage of the sensor to
be 127.01 V. However, the fit method yielded a full depletion voltage of 105.23 V at
a capacitance of 25.52 pF, showing a significant difference from the value provided
by CiS. Furthermore, the comparison of the measured capacitance, which was more
than twice as large as calculated (see Table[5.1)), further confirms the inaccuracy
of the measurement underscores the need for precise measurements. A similar
measurement conducted for the same wafer using our method is plotted in Figure
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Figure 5.24: CV-measurement carried out at the probe station of the JLU for a diode from
lot 341772 wafer 15.

The depletion plateau is clearly visible, indicating a constant capacitance value
after reaching the full depletion voltage. Consequently, the determination of the
characteristics becomes much more precise. The full depletion voltage of the
diode was determined to be 113.74 V. The full dataset provides a leakage current
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of 3.97 - 1078 A (leakage current data is not provided by CiS). With a measured
capacitance of 12.12 pF, a comparable value was determined as calculated in Table

with 9.24 pF.

During the series of measurements, it was consistently observed that the mea-
sured capacitance values were slightly elevated compared to the calculated value,
suggesting the presence of a systematic measurement error.

To ascertain the actual accuracy, measurements were conducted on a lot of 10
wafers, each containing 3 diodes. The average capacitance for the resulting 30
diodes was found to be 11.59 pF, with a maximum deviation from the mean value
of 0.43 pE. This indicates that the actual measurement error is much smaller than
the difference between the measurement and the calculated values. Thus, the
measurements are highly suitable for monitoring the diodes and, consequently,
the wafers.

In the following section, the most relevant data from all measured lots will be
presented. Particular attention is given to anomalous diodes or wafers, which are
reassessed, if necessary, through additional measurements in Section For a
better overview, the corresponding tables detailing individual lots can be found
in the appendix |Al These tables provide the mean values for the depletion volt-
age, leakage current, and capacitance at full depletion, along with the associated
maximum deviation for each lot. Additionally, wafers exhibiting anomalies are
identified, and a comparison with the data provided by CiS is conducted.

For Lot 341776 (see Appendix[A.]), it is noteworthy that the average depletion
voltage of the measured data differs by 11V from the CiS data. This variance can
be attributed to the imprecision of the CiS data and a resulting systematic error in
the evaluation process. Upon comparison of the individual wafers, no systematic
differences in the depletion voltages are observed. This suggests that if the locally
measured data indicate a high depletion voltage, the corresponding CiS data do
not consistently reflect a high voltage as well.

Furthermore, several diodes from a single wafer were measured and compared.
This analysis revealed that diodes on the same wafer exhibit similar depletion
voltages. Although the full depletion voltages of different wafers vary by up to
18 V. Hence, it can be inferred that the measurements are consistent and reliable.
In lot 341776, issues were observed with three diodes on wafers 01, 16, and 18.
Given that the problems occurred with only one out of three diodes on each wafer,
it is reasonable to assume that the overall sensor properties remain unaffected. The
most probable cause of these abnormalities could be attributed to minor scratches
or faulty contacting of the diodes. The presence of these three damaged diodes
significantly raises the average leakage current (I;,,4?), which typically falls within
the mid 10 - 1078 A range for most other diodes. Therefore, all wafers from this lot
have passed the quality check.
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Lot 352157 (see Appendix exhibits no issues, indicating that all wafers passed
the test successfully. The lot is characterized by a low mean leakage current of
3.255:107% and a full depletion voltage of around 100 V. Additionally, the lot is
characterized by minimal variation between diodes in terms of full depletion
voltage, leakage current, and capacitance.

Wafer 20 of lot 352156 (see Appendix exhibited anomalies in the capacitance
measurement. The capacitance of the diodes and sensors, depending on the
reverse bias voltage, may exhibit shifts influenced by the sampling rate. The
frequency introduces this uncertainty, causing variations in the voltage at which
anomalies occur for a diode depending on the frequency.
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Figure 5.25: Section of the capacitance measurement of wafer 20 with the mentioned shift
at around 80V for 100 kHz.

The jump in capacitance is evident in Figure It’s crucial to recognize that this
also affects the determination of the full depletion voltage. Hence, determining
the minimum voltage for complete depletion must consider different frequencies.
At 1000 kHz, the depletion voltage shifts from 99.22'V to 112.94 V. Since the uncer-
tainty remains below the depletion voltage, the wafer can be safely operated above
a voltage of 112.94 V without encountering issues. Lot 352156 has thus passed the
quality check.

The full depletion voltage of lot number 352155 (see Appendix shows a slight
increase, with the maximum deviation from the mean also being higher. Upon
examining all measured wafers of the lot, a higher depletion voltage is noticeable
for wafers 12 and 16. Both are fully depleted above 120V, which is not problematic
but contributes to the observed deviation.

Wafer 05 exhibits a significant shift in capacitance near the depletion voltage,
which requires further investigation.
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Figure 5.26: Section of the capacitance measurement of wafer 05 showing a jump around

the depletion voltage for 100 kHz (see text).

Considering the capacitance measurement of wafer 05 in Figure and the
leakage current in Figure it can be confirmed that this is not a breakdown.
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Figure 5.27: Leakage current vs. reverse-bias voltage measurement of wafer 05 for 100 kHz.

Therefore, it is simply a jump in capacitance occurring around a voltage of ap-
proximately 100 V. However, to ensure the smooth operation of the sensor, it is
necessary to determine the extent to which this jump affects its functionality. For
this purpose, further diodes of wafer 05, as well as sensors, need to be character-
ized. Additionally, the effect of radiation on the depletion voltage needs to be
considered. Since the dark current, measured for operational purposes, shows no
abnormalities, it can be assumed that wafer 05 is operational.

Lot 352154 (see Appendix|A.4) comprised only one wafer, hence no error calcula-

tion was performed. The results of the measurement indicate that the lot meets

the expected criteria.
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The significant deviation in the full depletion voltage of lot 342563 (see Appendix
in the data from CiS can be attributed to a specific wafer, wafer 14, which
exhibited a notably low full depletion voltage of 70 V. Unfortunately, this particular
wafer was not sent to the JLU for verification, indicating that it may have been
rejected by CiS due to not meeting the required standards.

Wafer number 17 exhibited an unusual increase in capacitance at around 180 V.
Examination of the leakage current indicates that breakdown initiates around
130 V. If other diodes from wafer 17 exhibit similar characteristics, they should
be excluded from use. However, if this issue is isolated to individual diodes, it
may be attributed to factors such as transport or contamination, and the wafer can
still be considered usable. A retest of wafer 17 will be conducted in Chapter [5.4.1]
as part of additional measurements. The rest of the lot 342563 passed the quality
check.

In lot 341772 (see Appendix|A.10), wafer number 19 is under investigation. Figure
depicts a dip in the depletion plateau around 160 V, which could be critical
for the sensor’s operation.
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Figure 5.28: Section of the capacitance measurement against reverse-bias voltage of wafer
19 for 100 kHz.

By examining the dark current in Figure it’s evident that a simple jump can
be ruled out. The characteristic rise indicates that the breakdown occurs around
115V.
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Figure 5.29: Leakage current against reverse-bias voltage measurement of wafer 19 for
100 kHz.

Therefore, the other diodes of wafer 19 must be tested. As described in lot 342563,
it can then be determined whether the wafer is functional or not, as discussed in
Section All other wafers of lot 341772 meet the requirements.

Each wafer from lots 341773, 341774, and 341775 (see Appendix|A)) exhibits the
required characteristics for use in the MVD.

Overall, the measurements of the lots delivered before 2023, starting with the
lot number 3, showed an average full depletion voltage of 106.297 V, with a ca-
pacitance of 1.164 - 101! F. The average leakage current at depletion voltage is
8.123 - 1078 A. These values, along with the average maximum error of the full
depletion voltage at 8.886V, indicate that the lots were delivered in sufficient
quality. Only five wafers showed problems, which are being investigated.

Next, we will examine the lots delivered to Giessen from 2023 onwards. These lots,
starting with the lot number 4, mainly include S1 sensors, as they are needed in
higher quantities. In the series tests, none of the wafers showed any abnormalities.
This, along with the increased number of sensors delivered per lot, indicates an
improved quality in production. Overall, these lots have an average full depletion
voltage of 104.83 V. The average leakage current and capacitance of the lots at the
depletion voltage are 5.21 - 1078 A and 1.15 - 10! F, respectively. This means that
all sensors from the lots 413017, 413018, 413019, 410535, 410536, 410537 (tables of
all lots in Appendix|A) are verified for use in the MVD.

Further Investigations and Conclusion

As previously mentioned, wafers with anomalies are being re-evaluated. This
time, different diodes from the same wafer are being investigated. To avoid errors
caused by scratches from previous measurements, the diodes are being measured

84



for the first time.

The most investigated CiS-lot of the MVD project is 341776. An optical inspection
with the microscope and measurements of other diodes from the wafers have
shown that the higher leakage currents of wafers number 16 and 18 are caused by
scratches. Diodes from the same wafers showed leakage currents at around 10nA.
Wafer 03 showed a breakdown at around 190 V. However, the measurement of
two other diodes from Wafer 03 did not confirm this observation. The capacitance-
to-voltage and the leakage current-to-voltage measurement showed no issues.
Therefore, it can be assumed that the diode has been damaged, but the wafer
remains fully functional. Hence every wafer of lot 341776 is qualified for the MVD.

Wafer 20 of lot 352156 exhibits a shift at approximately 80V, as depicted in Figure
Importantly, this shift does not encroach into the depletion zone, thus en-
suring it does not alter the sensor’s functionality. Another diode from wafer 20
displayed only a minor shift, which is unlikely to impact functionality. Moreover,
even at different frequencies, there is no risk of the sensors on the wafer being
compromised. Consequently, all wafers from lot 352156 meet the qualification
criteria.

In lot 352155, an unusual jump in capacitance was observed in a specific region of
interest for wafer 05. Subsequently, two additional diodes from the same wafer
were measured. However, no jumps or abnormalities in capacitance or leakage
current were detected in these measurements. It appears that the initial observa-
tion was likely due to damage to the first diode measured, possibly caused by
a scratch or weak connection. Further measurements confirmed that lot 352155
meets all qualification criteria for installation.

Another breakdown was observed in a diode from wafer 17 of lot 342563. However,
subsequent measurements of two other diodes from the same wafer confirmed
that it remains functional. No breakdown occurred even at a voltage of 200V,
indicating that the faulty diode likely experienced a premature breakdown due to
scratches.

Similarly, in lot 341772, a shift in capacitance along with a breakdown in one diode
from wafer 19 was investigated. However, subsequent measurements of the same
wafer did not reveal any further errors.

Overall, all wafers from each lot successfully passed the secondary quality control
at JLU, following the initial assessment at CiS. This confirms that the thickness,
doping levels, and leakage current of the wafers are within the specified param-
eters. Therefore, the functionality of the sensors has been verified, even after
transport and storage.

In preparation for the university measurements, the sensors were initially char-
acterized by the manufacturer CiS These measurements primarily focused on
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Figure 5.30: Audit of all available sensors after all requirements are passed.

pinholes. Only sensors meeting the criteria of a maximum of 50 strip failures on
the p-side and 2 on the n-side were released and shipped. All sensors measured
above adhere to these requirements. This results in the compiled table, as shown
in Table[5.30] It includes all available S1 and S2 sensors located in Giessen that
passed both tests. In green, it can be observed that there are a sufficient number
of both S1 and S2 sensors for the assembly of the MVD. Additionally, almost half
of the 52 sensors remain available for alternative experiments. There are also
functional dummy sensors and approximately 16 sensors that narrowly missed
meeting the requirements.

For the deployment of the sensors in the MVD, the key properties of the lots
determined during the series measurements are summarized in Table The
voltage, leakage current, and capacitance are reported for achieving full depletion,
with the measured values averaged across the different wafers within each lot.
The deviation was determined using the sample standard deviation.

It should be noted that no diodes were delivered for lots 381921 and 381922, mean-
ing that no series measurements could be performed. Therefore, only the full
depletion voltage as measured by CiS is provided for these lots.

In Figures [5.31} [5.32} |5.33| for an overview, the voltage, leakage current, and
capacitance at full depletion from Table 5.3|are presented. It is evident that the
measured values for voltage and capacitance show only minor deviations between
the lots. However, for the leakage current at full depletion, it is noticeable that the
value for lot 341776 is nearly increased by a factor of 10. Further measurements, as
discussed in Chapter[5.4.1} confirmed that this is due to damaged diodes, while the
sensors themselves remain intact. The increased leakage current can be attributed
to scratches on the diodes of two wafers. All other diodes from these wafers
showed no irregularities, suggesting that the leakage current for the undamaged
sensors is consistent with the other lots, qualifying them for integration.

86



Lot Dep. Voltage [V] | Dep. Current [A] | Dep. Capacitance [F] | #S1 | #S2
341772 109.39 (4.09) 426(1.98)-1078 | 1.166(0.033) - 10~ 5 6
341773 102.91 (5.97) 5.84(2.35)-107% | 1.170(0.019) - 10~ 1 5 4
341774 104.97 (6.98) 5.25(2.17)-107% | 1.160(0.014) - 10~ 1 5 10
341775 112.84(3.81) 4.71(0.87)-1078 | 1.149(0.006) - 10~ 1
341776 102.82 (9.43) 4.10(13.30)-10~7 | 1.159(0.015) - 10~ 11 7
342563 105.78 (6.60) 4.11(3.21)-1078 | 1.141(0.006) - 10~ 11 8
352154 108.79 5.40-1078 1.183-10~11 1
352155 107.79 (6.91) 3.91(2.78)-107% | 1.181(0.021)-10~!1 20 | 20
352156 102.71 (3.40) 3.55(1.91)-10~% | 1.160(0.010) - 10~ 1 14 14
352157 104.97 (3.42) 3.26(1.38)-107% | 1.173(0.012) - 10~ 1 16 16
413017 110.56 (13.23) 4.97(0.69)-1078 | 1.100(0.089)-10- | 20 -
413018 106.06 (11.85) 5.06(1.20) - 1078 | 1.100(0.066) - 10~ 11 21 -
413019 103.50 (10.86) 4.12(1.10)-1078 | 1.111(0.039) - 10~ 19 -
410535 113.61 219-10°8 1.189-10 1 1 0
410536 97.61 (6.40) 7.28(2.56)-10~% | 1.210(0.038) - 10~ 10 6
410537 97.64 (2.68) 7.61(1.22) -10~% | 1.200(0.016) - 10~ 11 11 6

381921 97.5 (4.9) - - 18 | 20
381922 97.5(6.2) - - 7 5

Table 5.3: Table of lots showing the voltage, leakage current, and capacitance at full
depletion, along with the corresponding deviations, as well as the number of sensors S1

and S2.

" Lot includes only one wafer, therefore no deviation is measurable.
" No diodes were delivered from CiS; checks were performed by CiS, which did not
include measurements of Dep. Current and Dep. Capacitance.
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Figure 5.31: Overview of the averaged full depletion voltage for each measured lot.
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Figure 5.32: Overview of the averaged leakage current at full depletion for each measured
lot.
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Figure 5.33: Overview of the averaged capacitance C;, at full depletion for each measured
lot.

5.5 FEvaluation of Radiation Hardness of PANDA
Wafer Test Diodes

In this chapter, we assess the radiation hardness of the PANDA MVD test struc-
tures, which are diode-based. As discussed in Chapter 4.4, radiation hardness is a
crucial criterion for semiconductor components. The irradiation process involves
four intervals, two utilizing a neutron source and two employing the proton beam
from the Marburg Ion Beam Therapy Center (MIT). Similar to previous assess-
ments, diodes representative of the sensors undergo examination after adjusting
depletion voltage and leakage current to determine experiment-specific properties.
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5.5.1 Irradiation with Neutrons

At JLU, irradiation is conducted using an Americium-241/Beryllium (AmBe) neu-
tron source. This method offers significant advantages, as the resulting irradiation
damage can be directly compared to the predictions of the NIEL theory (see Chap-
ter for a detailed explanation) for neutron irradiation.

To initiate the assessment, it is essential to calculate the radiation dose experienced
by the diodes per unit of time from the source. Considering the distance depen-
dence and assuming a spherical distribution of radiation, the flux is determined

using the following formula:
A
Pn(d) = i (5.11)

The source possesses an initial neutron activity, A,=(1.3 & 0.26)-10” neutrons/s.
As the container housing the diodes horizontally fits at the bottom of the sample
container in the irradiation setup, the distance d from each diode to the source
remains nearly constant. The distance from the bottom of the container to the
source is d=(7 = 0.5) cm. Consequently, the diodes are subjected to a neutron flux
of:

n

7em) = (21.1 £ 7.2) - 103
¢(7cm) = ( ) 100

(5.12)

Hence, the irradiation time becomes the primary determinant of the dose. Con-
sequently, various diodes were exposed to different irradiation durations. The
chosen diodes are sourced from a single lot. Given that we measure ten time
intervals and, consequently, exposure levels, multiple wafers need to be utilized.
Specifically, three diodes were selected from each of the 10 wafers. This arrange-
ment permitted the irradiation of two diodes from each wafer, with one diode
serving as a reference for subsequent measurements.
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Lot Interval time Integrated time | Integrated
fluence

Wafer time [h] time [h] @ [10° 1]

3 1 1 0.759

7 2 3 2.279

9 3 6 4.558

14 6 12 9.115

16 24 36 27.346

17 48 84 63.806

18 99 183 139.007

19 200 383 290.927

22 400 783 594.766

23 800 1583 1202.447

Table 5.4: Radiation exposure from neutron irradiation on diodes from different wafers of
the MVD lot 352157.

The measurements have revealed no dependence of the depletion voltage on
radiation. This lack of dependence is attributed to the low exposure, where the
measurement error surpasses the observed change in value. Consequently, a new
setup is employed, as detailed in Section However, a distinct dependence
on irradiation is evident in the leakage current. Figure illustrates the plotted
fluence for both measurements and the calculated eq. neutron fluence against the
exposure time. The fluence from the measurements was determined using the
leakage current and the following formula:

b = (5.13)

aV
Al represents the difference in leakage current before and after radiation.The
volume V of the active region was calculated to be 7.125-10~2 cm3. The current
related damage rate is represented by agg/60(3.99 & 0.03) - 10~17 Acm ! [74].

In Figure measurements and a calculation of the applied neutron fluence are
presented. Reference diodes, shown in green, originate from the same wafers and
have not been exposed to radiation. Measurements were taken before and after
the irradiation period, concurrently with the irradiated diodes. The negligible
influence of ambient radiation on reference diodes is confirmed. The calculated
values closely align with zero, as anticipated. However, a noticeable deviation,
particularly at the beginning of the measurements, persists from the theoretical
value.
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Figure 5.34: The irradiation of the diodes for up to 1600 hours with neutrons is depicted
in red and orange, while the unirradiated reference diodes are shown in green. The
abbreviations "BM," "BL," and "BR" indicate the original positions of the diodes on the
wafer.

In the subsequent measurement series, the focus is on not only maximizing the
number of samples but also compiling a comprehensive data set. Consequently, a
detailed error analysis, as discussed in Section [5.5.2} will be conducted.

In blue, the linear trend of the calculated value is illustrated. The orange and
red curves represent the measured values for the irradiated diodes. Up to the
integrated time of 383 h, the values exhibit significant fluctuations. However, a
clear correlation becomes evident when comparing the measured values with the
calculated ones. While the results fall within the expected range, they are notably
influenced by measurement inaccuracies. Consequently, the measurement method
will be adjusted in the following to not only achieve more precise leakage current
measurements but also to observe any influence on the depletion voltage.

5.5.2 Irradiation Setup with Neutrons - Upgraded Configuration

Given that the leakage current of the diodes under investigation is approximately
10nA, precise measurements are essential. Chapter 5.5/deepens into the signifi-
cance of current concerning irradiation. To ensure consistent and accurate results
in each measurement, reliable electrical contact is essential. This can only be
achieved through wire-bond contacts. Consequently, the main factors influencing
leakage current are limited to temperature, light, and the radiation exposure along
with its associated physical effects. As the measurements take place in the probe
station of the climate-controlled cleanroom at the JLU, only the experienced neu-
tron fluence can impact the parameters. To address this issue, a Printed Circuit
Board (PCB) was designed to serve as a diode carrier.

91



Figure 5.35: On the left, the PCB displays pads for back side contacting and bonding wires,
while on the right, the PCB features a diode glued, bonded, and soldered with contacts.

The selected diodes are glued to the board using conductive adhesive. This is
teasible due to the metallized back side of the diode. The contact areas on the front
(p-side) are bonded with aluminum wires to a bonding pad. The PCB is connected
to the measuring instruments with plugs.

It should be noted, that wire-bonds and the PCB consumes more space, increasing
the distance between each diode during irradiation. This can potentially lead to
errors due to the radial emission of the source. Therefore, the decision was made
to irradiate only 5 diodes simultaneously, with 4 of them undergoing the same
irradiation time to estimate potential errors. Despite the improved contact and
measurement quality achieved through bonding, systematic errors, as described in
Chapter 5.4.1, may still occur. However, since our focus is primarily on observing
changes using two identical measurement methods, this error can be considered
negligible.

Irradiation Measurements with Neutrons

For the measurements using the diode carrier board as described in[5.5.2]combined
with the diodes from lot 352157, one diode from each of wafers 2, 3,4, 5, and 6
was selected. Notably, these diodes have never been utilized before, minimizing
structural damage due to scratching. However, it is essential to acknowledge that
production errors can still influence the measurements. As demonstrated in the
series tests (see Section , no abnormalities were found in this lot. After bonding,
the diodes underwent comprehensive measurements before being placed in the
irradiation chamber, following the established procedure.

As mentioned earlier, to estimate potential errors, the irradiation for four out of
the five diodes was conducted over the same duration of 3795 hours, with diode
number 5 receiving a slightly shorter irradiation time, totaling 3600 hours. The
subsequent analysis focuses on the changes in leakage current and depletion
voltage at full depletion induced by the irradiation.
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Lot 352157 Measurement 3795 h irrad.

Wafer A Vpepietion 2 [V] | ATk @[A] Exp.
fluence [#w

2 -4.277 9.962-108 3.504 - 101

3 -7.325 1.029 - 107 3.618 - 10!

4 -6.293 1.474-1077 5.186 - 101

6 -6.273 1.178-10~7 4143 -101

Table 5.5: Changes in the properties of silicon diodes after 3795 hours of neutron irradiation
with the exp. fluence calculated with the change in the leakage current.

In Table the changes in the diodes after irradiation with approximately
(2882.6824983.664)-108 neutrons/cm? are presented. The deviation originates
from the estimated error of the source, as described above, at 34 %. On average,
the depletion voltage changed by (6.042£1.765) V, considering the maximum devi-
ation from the mean, and the leakage current changed by (1.1694-0.305)-10~7 A
due to irradiation.

Using the leakage current, the neutron fluence can be calculated with the formula
in to be (4.113£1.073)-10!! neutrons/cm?. The relatively large deviation of
approximately 26 % is mainly attributed to the measurement of one of the diodes,
which exhibited an elevated leakage current, indicating a measurement-related
issue. However, as observed previously, the measured fluence is significantly
higher compared to the calculated fluence. This suggests that the distance of the
diodes to the source might be less than 7 cm. The distance is an estimate from
previous measurements.

For visualization, Figure displays the fluences measured using the leakage
current and the calculated fluences from the source data with the source devia-
tions. The plot includes the mean value of the four measured diodes and the error
derived from the deviation from the mean.
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Irradiation with neutrons on diodes
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Figure 5.36: Comparison of the measured fluences in red, derived from the change in
leakage current with irradiation and the calculated fluences in blue, from the activity of
the neutron source.

Clearly, it can be seen that the measured fluences are significantly higher than
the calculated ones. Overall, none of the four measured diodes indicate a fluence
lower than the calculated one, despite the large deviation. Most likely, the distance
between the diodes and the source is indeed less than 7 cm, which is, however,
challenging to verify. To obtain more precise results, irradiations will be conducted
at MIT, where a very accurate particle count can be applied to the diodes.

First, the diodes irradiated with neutrons will be examined in more detail. For
all diodes of this wafer, a shift in the capacitance measurement at about 50 V was
observed. This shift was taken into account when determining the values and can
be exemplary seen for diode #5 in Figure

As mentioned earlier, diode #5 was removed earlier, and therefore, it was irradi-
ated with (2734.5604-0.933)-108 ﬁ Considering the neutron fluence dependence
on the change in leakage current of equation theoretically, a total fluence
of 3088.508-10% - was applied in the first radiation session, corresponding to a
deviation of 13 % from the expected value. In Table the properties of diode #5
from lot 352157 before irradiation are exemplary presented, and in Table the

changes due to irradiation are shown.

Lot 352157 Measurement | no radiation
Wafer Vpepletion [V] | Tjear [A] CIF] time [h]
5 75.501 1.379-10~7 1.177-10~11 | 3528

Table 5.6: Bonded diode properties before exposure to the neutron source for 3600 hours.

It can be observed that the irradiation has no effect on the capacitance C, as
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expected.

Lot 352157 | Measurement | 3600 h irrad.

Wafer AV pepietion [V] | Al [Al A CI[F] Expflu| 5
5 -7.273 9.267 -10~8 5.56-10" 14 3.089 - 1011

Table 5.7: Changes in main properties of the diode #5 before and after 3600 hours of
radiation exposure.

However, the expected steady increase in current with the experienced flux was
observed. This well-known effect is attributed to semiconductor damage which
is explained in Chapter The onset of type inversion is also evident in the
depletion voltage decreasing by 7.273 V. While high-precision measurements were
mentioned earlier, for a more accurate assessment of errors and a detailed analysis
of the cause, a precise calibration of the source or an exact dosage application
is required. This will be achieved in the next chapter through irradiation with
protons.
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Figure 5.37: Capacitance-to-reverse-bias voltage curve for bonded diode number 5 before
and after irradiation.

In Figure the impact of irradiation on the depletion voltage is evident, with
an additional shift appearing around 140V, in contrast to the previously known
shift around 50 V. This second shift is likely induced by radiation, a behavior that
requires validation through ongoing measurements of other diodes.

However, no abrupt change is noticeable in the leakage current, as depicted in
Figure The diode exhibits the expected behavior with the increase in leakage
current during irradiation, consistent with the description provided by
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equation[5.13

Plotted is the leakage current as a function of the reverse bias voltage for the same
diode before irradiation in blue and after irradiation in orange.
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Figure 5.38: Leakage current of diode #5 before and after neutron radiation.

5.5.3 MIT-Irradiation

After the preliminary measurements with the source, additional irradiations were
conducted at the Ion Beam Therapy Center Marburg (MIT). The MIT is one of two
accelerator centers in Germany where medical irradiation with protons and heavy
ions, such as carbon, can be performed. The system consists of a linear accelerator
and a synchrotron.

Medical approval ensures a stable and well defined beam, allowing for the precise
determination of the particles actually impacted. The MIT can provide protons
in an energy range of 48 to 221 MeV with up to 1.9-10° particles/s. The Gaussian
beam dimensions depend on the intensity and energy [85].

Since the irradiation is performed with protons, the equivalent flux for neutrons,
®,;, must be calculated for comparison. This is necessary because the deposited
energy is not the same, as illustrated in the damage function Figure 4.20]

@eq — Kx X @x (5.].4:)

The hardness factor «, for protons is determined by the NIEL equation and is
approximately 1.907 for 50 MeV protons [86], [87]. For lower energies, this conver-
sion factor is larger for the energy deposition of protons. Therefore, the irradiation
was conducted with the minimum proton energy of 48.1 MeV. Together with the
highest intensity, the full width at half maximum (FWHM) of the beam’s intensity
distribution is 31.5 mm. The beam dimensions and the size of the active diode area,
approximately 5 mm in length, can be observed in Figure The actual radiated
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area of the square diode was calculated through integration. The beam distribution
is based on the geometry determined by MIT. A subsequent determination of the
geometry using photo films was not possible due to overexposure caused by the
high radiation intensity.
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Figure 5.39: Gaussian beam distribution of the proton beam, with the diode dimensions at
the center, similar to Beam Time I. The distribution has been calculated based on the beam
geometry previously determined by MIT.

In total, four diodes were exposed to different fluxes. These diodes were bonded
to a special PCB, as explained in Section The properties, leakage current,
voltage, and capacitance, were measured at full depletion both before and after
irradiation. It is important to note that the diodes were stored for a few days to
allow the radiation to decay before measurement, in accordance with radiation
safety protocols.

The radiation was administered in multiple sessions, which were then combined
and calculated to determine the neutron equivalent flux ®,. The flux calculation
was designed to count only the particles that actually impacted the active surface
of the diode. The results of the radiation are presented in the following Table

Wafer Neutron flux Full depletion Leakage current
voltage

Number &, [cm™?] A Vpepietion [V] A Tigar [A]

1 4.57E+09 0.49 2.31E-09

2 2.97E+10 -0.99 1.07E-08

3 6.47E+10 -0.499 1.24E-08

4 4.02E+11 -5.01 4.88E-08

Table 5.8: Changes of the PANDA diodes properties after irradiation with protons.

In Table the changes in the most critical properties of silicon detectors due to
irradiation are presented. It is essential to note that the measurement accuracy
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was 0.5 V. The changes in leakage current and full depletion voltage are observable
with the applied radiation.

The results of the irradiations at MIT are combined and discussed for both beam
times since the second beam time involves an extension of the first, with the same
diodes being further irradiated.

5.5.4 MIT-Irradiation II

In a subsequent beam time at MIT, adjustments were made to the beam diameter,
and a series of diodes were irradiated under the same irradiation conditions. The
same diodes that were irradiated in MIT Beam Time I were used to further expand
the accumulated radiation exposure.

To maintain maximum beam intensity, it was necessary to increase the energy.
Consequently, the hardness factor «,, which is approximately 0.9516 at a beam
energy of 221.07 MeV protons, also underwent changes. These changes are ex-
plained in detail in Section [86], [87]. The increased energy also resulted in
a more focused beam, with a FWHM of approximately 8.1 mm. This adjustment
meant that a greater number of the accelerated protons would impact the diode
compared to Beam Time I.
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Figure 5.40: Gaussian beam distribution of the proton beam, with the diode dimensions
at the center, similar to Beam Time II. The distribution has been calculated based on the
beam geometry previously determined by MIT.

As depicted in Figure the beam, with a full width at half maximum (FWHM)
of approximately 8.1 mm, has dimensions similar to the active area of the diodes,
measuring approximately 8 mm on each side. A total of 10'2 protons with an
energy of 221.07 MeV were applied for irradiation during MIT Beam Time II.

In Figure the alignment of the diodes in MIT is depicted using a pilot laser.
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The intersection point denotes the beam focus. The right image displays the
exposed dosimeter film after irradiation, positioned behind the first diode, as
indicated by the white area in the left image.
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Figure 5.41: Diodes on PCBs are situated in the alignment laser system at MIT, accompa-
nied by an unexposed radiographic dosimeter film on the left and an exposed radiographic
dosimeter film on the right.

In the following table, the equivalent neutron flux on the active area of the diode is
presented. Additionally, the changes in full depletion voltage and leakage current
induced by radiation are depicted. It should be noted that these measurements
were conducted prior to thermal annealing.

Wafer Neutron flux Full depletion Leakage current
voltage

Number ®, [cm—?] AVpepietion [V ] Aljoar [A]

1 7.19 - 101! -4.04 1.75-10~7

2 7.19 - 101 -5.05 192107

3 7.19 - 101 -6.00 1.90-10~7

4 7.19 - 10! -5.04 1.92-10~7

Table 5.9: Changes of the PANDA diodes properties after irradiation with protons in MIT
Beam Time II.

Diodes 1, 2, 3, and 4 are the same as those used in MIT Beam Time I, as illustrated
in Table All diodes were additionally irradiated with an equivalent neutron
flux of 7.19 - 101 N1MeVeq cm 2.

Table |5.9|indicates that the full depletion voltage has decreased by an average of
(5.03 £0.99) V, with a measurement accuracy of approximately 0.5 V. Conversely,
the leakage current at the full depletion voltage has increased by an average of
(1.87 4 0.12) - 107 A, as expected.
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Radiation and Leakage Current

As mentioned earlier, the changes in leakage current after both MIT beam times
are considered in the following. In Chapter 4.4} the dependency of leakage current
and fluence was explained by equation5.13} This behavior can be clearly seen in
Figure As expected, with a higher radiation load, the leakage current also
increases.

Diode leak. current after proton irradiation
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Figure 5.42: Leakage current for diodes after irradiation with different proton fluences at
MIT; for comparability, the equivalent neutron fluence for 1 MeV neutrons was calculated
and plotted.

In Figure all irradiated diodes from the first MIT beam time, as shown in
Table are plotted along with one diode from beam time two, as shown in
The experienced fluence was calculated considering the leakage current using
equation[5.13)and the corresponding hardness factor from equation[5.14, However,
an equivalent neutron fluence of 11.21 - 10! N1MeV,eq cm 2 was used for the irra-
diation overall, indicating that the diodes were not precisely aligned at the exact
beam center for every measurement. This alignment issue is further explored in
Figure No unirradiated reference diode is shown, as the diode with a fluence
of

4.57 - 10° 1MeV,eq cm~2 does not exhibit any measurable damage due to the low
irradiation.

The measurement in light blue represents the leakage current of the diode irradi-
ated in both beam times, experiencing the highest equivalent neutron fluence of
8.47 - 10" nypfev,eq cm 2.

Given the linearity between the experienced radiation and the change in current,
a comparison between the expected formula and the actual measurements can
be conducted. For this purpose, the expected leakage current after irradiation
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with 11.21 - 1011 N1MeVieq cm 2 was calculated using equation and the actually
measured leakage current for the different irradiation intervals was plotted.
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Figure 5.43: Measured and calculated change of the leakage current at full depletion to the
experienced equivalent neutron fluence.

The linear relationship is evident for both the calculated values in blue and the
measured values in red. However, the measurement at 4.02 - 10'! NMeV,eq cm 2
shows a shallower value than expected. As a result, the measurement between
4.02 and 0.65 - 101 N1MeVieq cm ™2 has a lower slope than anticipated. Before and
after this interval, the slope is nearly the same as the calculated curve in blue. This
suggests that during the irradiation, the diode was likely slightly off center relative
to the beam center.This interpretation is supported by the low measurement error,
which is plotted for the last measurement. In that case, four diodes were irradiated
with the same total fluence, and the deviation from the mean of the changed
leakage current after irradiation provides the error. This error is significantly
smaller than the separation between the curves. This comparison, along with the
neutron measurements in Figure indicates that the measurement method is
suitable.

The good agreement between the calculated and measured values indicates the
reliability of the applied radiation model and the properties of the test structures.

Radiation and Full Depletion Voltage

The MIT irradiation in tables [5.§] and [5.9] for MIT Beam Times I and II shows
a reduction in the full depletion voltage as the radiation increases. To assess
whether the silicon wafers possess the correct properties and radiation hardness,
the measured values will be compared with theoretical expectations.
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The reduction in voltage is expected because the irradiation changes the effective
doping concentration Ng¢, which is correlated with the depletion voltage.

e-d?
€€

Vdep = ) |Neff| (5.15)
Both the donor and acceptor concentrations are affected by radiation, primarily
through crystal defects explained in Section 4.4, However, the donor degradation
dominates, leading to a decreasing in Ng. The n-type semiconductor undergoes a
conversion to p-type when Np < N4. Due to the absolute value of N in equation
the full depletion voltage starts to rise again at this point. This phenomenon
is known as type inversion. A simplified representation of the effective doping
concentration, as proposed by R. Wunstorf [75], is employed for the calculated
depletion voltage (blue line) in Figure[5.44]

Neff(q)) = ND,O . exp(—cCI)) — NA,O — bd (5.16)

It has been found, that the initial doping concentration for the donors Np is
proportional to the donor removal, leading to the donor removal rate:

c = lZ/ND,O (5.17)

With a typical value of a=0.1, the removal rate of donors (c) can be calculated [88].
The increase in acceptors due to irradiation can be determined using the known
value of approximately b=0.024 cm~2 [89], [90].

The concentration of the donors and acceptors before the radiation is described by
Np,0 and Ny o respectively, within the given context:

N0 = Npo — Nagp (5.18)

When these values are incorporated into the equation alongside the specific proper-
ties of the sensor, the theoretical behavior of the depletion voltage can be calculated.
This calculation is depicted in Figure and is referred to as the "Theoretical
Function", represented by the blue curve.

To determine the effective donor doping density Np ¢ for an n-type bulk semicon-
ductor the following formula is used:

1

q-Hn-7
In the process, u, represents the electron mobility, which is approximately
1500 cm?/ Vs, and r denotes the specific resistivity of the sensor. The resistivity of
the sensors ranges from 2.3 to 5.0k() - cm, as indicated in Table Additionally,
a resistance of 4.304 k() - cm was measured.
This allows for the calculation of the donor doping density Np ¢ for an n-type bulk
material as follows [36]:

Npo = (5.19)

1

Npo = =9.668 10" em™3 5.20
DO = 271500 em2/ Vs - 4.304kQ) - cm om (5.20)
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The calculation of the effective donor doping density Np g involves the relative
permittivity € for silicon, which is 11.68. Using the measured full depletion voltage
Vaep=80V, N,fr o can be determined [91].

It should be noted that the effective doping density is calculated for one of the
diodes. Prior to irradiation, there were maximum differences of 5V in the full
depletion voltages among all used diodes, and this is considered in the error
analysis.

N, — Vdepl -2€€0 80V -2-11.68
IO D2 T (285um)2 e

The calculated values are substituted into equation allowing the theoretical
calculation of the behavior of the full depletion voltage in relation to the neutron
fluence ®. Additionally, the actually measured changes in the full depletion volt-
age, obtained during MIT Beam Times I and II, are plotted in red. The error of
2.64V in the measured values results from the maximum deviation occurring due
to repeated measurements.

=1.272-10%cm™3 (5.21)

For error consideration of the theoretical function in blue, the method of error
propagation was applied. As demonstrated in the serial measurements in Section
the full depletion voltage can vary significantly within a lot, with a maximum
value of 25.212 V. This variation is related to the doping density and, consequently,
directly to the resistance. To estimate the error sensibly, it was assumed that
only the parameters N4 and Np change due to irradiation. Given the substantial
discrepancy in the theoretical resistance and the associated calculation of Np o, the
error was determined by the 24 % deviation of the measured value from the mean
of the theoretical values.

For N,fro, derived from measured values, the error was calculated based on
the largest deviation from the full depletion voltage AVye,=5V among the used
diodes. This results in an error AN,fs 0= 0.079-10'2cm 3, corresponding to an
error of 6.21 %. Since, as mentioned earlier, N, g is calculated from both values,
the overall error is calculated through error propagation. This yields an error for
the theoretical function of Vyep, of 18.257 %, corresponding to a starting value of
the function of (79.927+14.592) V. This error seems reasonable considering the
observed discrepancies in the measured serial measurements from Chapter[5.4.1}
where differences of up to 25.212 V were measured within a wafer, falling within

the deviation range of the calculated values of 29.184 V.
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Figure 5.44: Comparison of the measured and calculated changes in the full depletion
voltage of silicon test structures after irradiation with protons at MIT, converted into
1MeV equivalent neutron fluence.

The comparison reveals that the measured changes align well with the calcu-
lated values. The error range of the measured values falls within the calculated
curve. By estimating the error range of the calculated curve, it can be inferred for
PANDA sensors that type inversion is highly likely to occur after an irradiation of
(1.85940.102)-10"3 N1MeV,eq cm 2. The required lifetime limit of 104 N1MeV,eq cm ™2,
which is surpassed at approximately 131.7 'V, allows the sensors to operate within
the lifetime limit below the specified 200 V depletion voltage.

The error also accounts for those diodes having a full depletion voltage lower or
higher than 80V, as explained earlier. The value falls within the range of expected
radiation damage, confirming the requirements for the sensors [10]. It should be
noted that this is an estimated lifetime, derived from both calculated and measured
values. A clear assessment would require irradiation up to 104 NMeVieq cm 2.

5.5.5 Thermal Annealing

A well-known method for healing radiation damage in silicon is thermal anneal-
ing, as explained in more detail in Chapter In this method, the irradiated
diodes or sensors are heated for precisely 80 minutes at 60 °C [74].

In Table the changes in full depletion voltage and leakage current at the full
depletion voltage are presented after irradiation and subsequent treatment with
thermal annealing. This means that the values of AVpepletion and Alannear indicate
the difference between the unirradiated diodes and the irradiated and thermally
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annealed diodes.

Additionally, the A} ¢akanneal Value represents the difference in leakage current be-
tween post-irradiation and post-thermal annealing, aiming to clarify the influence
of annealing on irradiated diodes.

Wafer Neutron Change in Change in Change in 1.

fluence f.depletion leakage current post
voltage current anneal

Number D, [Cmiz] AVDepletion [V]| Alpnnea [A] AL eakanneal [4]

1 7.19 - 101 -3.04 1.09-10~7 6.55-10%

2 7.19 - 101 -6.05 1.09-1077 8.33-10°8

3 7.19 - 10" -8.06 1.27-1077 6.33-1078

4 7.19 - 10" -4.05 1.20-10~7 7.16-10°8

Table 5.10: Changes in PANDA diode properties at full depletion after irradiation with
protons and after additional thermal annealing.

It can be observed that, on average, the change in the full depletion voltage remains
around (5.30£2.26) V after annealing. Due to the relatively large measurement
error, no significant impact of thermal annealing on the full depletion voltage
could be identified.

Meanwhile, as shown in Table a clear reduction in leakage current is evident,
especially when comparing the measurement results with Table 5.9 before thermal
annealing. The differences in the leakage current measurements are shown in
Figure where the leakage current versus voltage is plotted before and after
irradiation with 7.19 - 10! N1MeV,eq cm ™2, as well as after annealing.

Before thermal annealing, the diode’s average leakage current at full depletion
was (2.3240.22)-10~7 A, and after annealing, it decreased to (1.614-0.21)-10~7 A.
This indicates a reduction in leakage current by (0.71+0.30)-10~7 A, which can
be utilized to extend the experiment’s lifespan. The proper annealing procedure
positively influences PANDA sensors, manifesting a decrease in leakage current
by (30.60£13.93) %.
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Figure 5.45: Leakage current versus reverse bias voltage for an unirradiated silicon diode
in green, a proton-irradiated one in blue, and one irradiated and thermally annealed in
red.

Hadronic Irradition Damage Conclusion

The irradiation of the test structures of PANDA silicon sensors was examined
using a neutron source and a proton beam at MIT. For neutron irradiation, it
was observed that slightly higher radiation damage occurred than anticipated.
Particularly, the leakage current is slightly elevated compared to the irradiation
level. This is most likely attributed to a statistical error in irradiation, as the diodes
were evidently closer to the source than expected, resulting in a greater neutron
flux than anticipated.

The significant uncertainty in measurements is likely due to variations in measure-
ment timing. In some instances, months passed between measurements due to the
low activity of the source, leading to potential errors. Thermal annealing, even at
room temperature, can alter damages over time, emphasizing the crucial role of
the measurement timing.

Nevertheless, irradiation with up to 4.113 10" n - em~2 demonstrated the linear
relationship between leakage current and experienced neutron fluence, as well as
a reduction in the full depletion voltage.

Using a designed setup for more precise measurements of the test structures, two
proton beam sessions were conducted at MIT. In total, the diodes were irradiated
with up to 1.121-10'2 N1MeVieq cm 2. The linearity of the leakage current and flu-
ence was demonstrated and it was verified that the leakage current remains within
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the predictable range and is confirmed by the theory to behave as expected. The
error introduced by the measurement method and proton irradiation is signifi-
cantly reduced.

The variation in the full depletion voltage, a crucial factor for the experiment’s
lifespan, was investigated. It was found that the full depletion voltage decreases,
as expected. By comparing the measured values with theoretical considerations,
it was demonstrated that the sensors will remain operational even beyond the
specified lifetime fluence of 1014 N1MeVeq cm ™2,

Furthermore, various parameters were determined and confirmed, such as ef-
fective doping density, resistance, donor density, and acceptor density. Thermal
annealing has shown that radiation damage can be partially reversed with only
the healing of leakage current demonstrated.

The tests indicate that, concerning radiation hardness and fundamental properties,
the sensors are prepared for operation in the PANDA experiment.
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Chapter 6
Dosimetry with PANDA Diodes

In the following section, the test structures of the PANDA MVD, referred to as
diodes, are employed for a dosimetry concept.The aim of this project is to com-
prehend the signal behavior of the silicon diodes, which can be extrapolated to
the sensors of the MVD due to similar diode characteristics. This knowledge
is employed to connect the sensors with the ToASt ASIC (Section and the
MVDs DAQ for signal readout.

Furthermore, the goal is to perform dosimetry in space environment. Thus, the
entire dosimeter setup must be space-ready and compatible with the AmbaSat
company’s femto satellite (refer to Section[6.1). This satellite was chosen for its
cost-effectiveness and suitability for our application.

Since only about 30,000 electron-hole pairs are generated by a MIP in 300 pm
of silicon, signal amplification is necessary [92] . Additionally, signal readout is
intended to be conducted through a micro controller with a clock frequency of
4MHz, requiring the signal to be temporally extended. The following outlines
the construction of such a circuit in three iterations which also comply with the
regulations of the AmbaSat project and are suitable for space operations.
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6.1 Introduction and Ambasat

The AmbaSat Space Satellite kit is de-

51 QI @I QI [TI OI DU'"I @l signed for educational purposes to

', transport an individual payload on
'_E- :_ 13307/068 ﬂ e a specified satellite. The kit includes
f:'-: E“T.-“"'-! Amba a &4 Ml 2 35x35mm and 10 g femto satellite
I ‘T‘m Fioill ¢ #l controlled by an ATmega328P micro
'|= / s 2aat 2eN]é£ lzta?a B controller. A sensor board can be at-
; Jp3 ambasat.com @ tached to the main board, allowing
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experimenters to design their own
sensor configurations within spec-
ified limits. In the third iteration
(see Section [6.4), the entire AmbaSat
PCB was redesigned to integrate the
sensor unit onto the satellite’s main
board. The satellite is solar-powered
and, due to its limited surface area

and power consumption, must be de-
Figure 6.1: AmbaSat-1 femto-satellite . veloped with optimal efficiency.
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However, within the package, there is also a rocket launch that propels the femto
satellite into Low Earth Orbit (LEO), at an altitude of approximately 300-500 km
for a duration of about one month. Communication is facilitated through the LoRa
transceiver (RFM95) and the Long Range Wide Area Network (LoRaWan).

Long Range Wide Area Network

While the communication system of the satellite is briefly mentioned, it was
not the primary focus of the research, yet it remains crucial for AmbaSat. Long
Range Wide Area Network (LoRaWAN) is a low-power wireless network protocol
designed for transmitting small amounts of data over extensive distances. The
signal is relayed through a network of transmitting and receiving gates via the
Internet, enabling a range of approximately 1000 km for minimal data transfer

[94].

6.2 First Iteration

In the first iteration, a minimalist approach is chosen to demonstrate the feasibility
of such a dosimeter and to outline the basic procedure of the overall project.
For this purpose, an amplification stage based on a trans impedance amplifier
was developed to amplify the signals to a level suitable for readout. The supply
voltage, as well as the biasing of the diode, was initially achieved through external
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power sources. In this chapter, details such as the circuit diagram are only briefly
outlined, a more detailed description can be found in a project work about the
first iteration.

6.2.1 Transimpedance Amplifier

A trans impedance amplifier (TTA) is a circuit consisting of an operational amplifier
based on the standard inverting amplifier configuration. The TIA is characterized
by its ability to convert current pulses into a voltage. It amplifies the input voltage
U through a feedback resistor Rr between the output and the inverting input,
which sets the amplification factor. In an ideal operational amplifier, it is assumed
that the current pulse from the diode flows entirely into the feedback loop, where
the resistor Rr and the capacitance Cr are illustrated in Figure The output
voltage Vp,+ can be calculated using Formula :

Vour = —Ipp - R (6.1)

The capacitance Cr alters the pole frequency ¢ of the circuit by the factor T = RrCF,
which affects the amplification in the input frequency range above £ :

11
nt  2nCpRp

This creates a high-pass filter that dampens frequencies above f,. Consequently,
for very large values of CrRf, signals may be significantly dampened or even
completely filtered out. Furthermore, the capacitance stabilizes the circuit by
compensating the diode capacitance and establishing a working point for the
OpAmp [95]. With a diode capacitance of approximately 12 pF at a bias voltage
of 100V, the amplification factor is constrained by the sensitive volume, which is
approximately 285 um multiplied by the active area achieved at the specified bias
voltage. This characteristic makes PANDA-diodes highly suitable.

Rf It is important to note whether
Ub SR N — the diodes are read out on the
C cathode or anode side, as this
”f determines whether holes or
] electrons are detected, thereby
| establishing the polarity of the
= pulse. In our case, both
A(jw) ——0 cathode-side and anode-side
—0 + * U readouts were tested. However,

2 in the following, only the
_T_ cathode-side (with respect to the

- - diode) readout is considered,
Figure 6.2: Transimpedance amplifier circuit resulting in negative voltage

93] pulses.

\\

110



Operational Amplifier (OpAmp)

The characteristics of the OpAmp also determine the properties of the amplifica-
tion, hence the choice of the OpAmp and its tuning with the diode is crucial. An
important limitation in the choice of a suitable OpAmp is the bandwidth, with a
rise time of the current pulse from the diode of about 20 ns, a bandwidth of over
17.5 MHz is required [10], [96].

As very low signal amplitudes are expected, attention must be paid to the noise
behavior to maintain the signal-to-noise ratio (SNR) within an acceptable range.
Moreover, the voltage noise density should not exceed the nano-volt per square
root hertz (nV/+/Hz) range, and the current noise density should be less than
pico-amperes per square root hertz (pA/+/Hz). Another challenge is the low sig-
nal input of the diode, which is at around 150 nA for minimal ionizing particles at
a fully depleted sensor [10]. The OpAmp must be able to amplify nano-ampere In-
put Currents and therefore the input current has to be magnitudes smaller. Finally,
the OpAmp should feature a low total input capacitance (common-mode plus
differential), ideally lower than the capacitance Cr or that of the diode, to prevent
the introduction of significant parasitic capacitance without compromising the
stability of the circuit. A high slew rate is also required to ensure fast operation.
There are many potential candidates, but ultimately, we chose the OPA354 (Texas
Instruments) for its suitability with these requirements. It is important to mention
that it is operated with a supply voltage of 2.5 V or can be operated in single
supply mode, thereby setting the amplification boundaries to +Vcc [97]. The
input bias current Ipp is at a low value of (3£50) pA with a bandwidth of 100 MHz
and a slew rate of 150V /ps.

6.2.2 Setup

The PANDA-diode with an active area of around 25 mm? and 285 pm thickness
is glued with a conductive adhesive to a PCB which can be easily attached to the
circuit. Both cathode and anode readouts are possible depending on which diode
side is introduced to the OpAmp input with a capacitor ( C3 for cathode and Cy4 for
anode readout in the prototype board configuration as indicated in attachment D).
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Figure 6.3: PCB of the first iteration dosimeter without attached PANDA-diode.

In the following measurements, only the cathode side of the diode is connected,
resulting in negative pulses. However, the anode side was also tested. With
an external power supply the diode is biased to full depletion at around 72V,
which was measured previously. The OpAmp can be powered in single- or dual-
supply configurations using jumpers, but we consistently used a dual supply with
a voltage of +2.5V. V. is maintained at GND throughout the entire duration.
In this iteration, a single amplification stage is tested, and the resistances for
amplification (Rg) were varied for 1 M() and 10 M(), with a constant capacitance
Cr of 2.2 pF. Since the negative pulses go to the inverting input of the OpAmp, an
amplified positive signal is expected.

6.2.3 First Iteration Measurements

The measurements are conducted in the two described configurations under the
variation of the bias voltage to draw conclusions about the noise behavior. This
serves as preparation for the final AmbaSat design, as voltages around full deple-
tion are challenging to achieve. Both the maximum amplitude of the signals Vinax
and the root mean square of the noise Vrys, also known as the effective value of the
noise, are considered. The signals are generated by irradiation with a strontium-90
beta-emitter (description of the source in Section [4.4.4). The maximum signal Vinax
in the following tables is determined by averaging extreme values over a specific
time period. In Table only the absolute maximum measured amplitudes are
considered for bias voltages of 30 V and 100 V.
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VRBias VRMS Vmax SNR VRBias VRMS Vimax SNR
ov 2mV | 9mV | 4.50 ov 0.8mV | 9mV 11.50
5V 2mV 13mV | 6.50 5V 0.8mV | 16 mV | 20.00
10V 2mV 15mV | 7.50 10V 0.8mV | 18mV | 22.50
15V 2mV 17mV | 8.50 15V 0.8mV | 20mV | 25.00
30V 2mV | 27mV | 13.50 30V 0.8mV | 22mV | 27.50
100V | 2mV | 27mV | 13.50 100V | 0.8mV | 30mV | 37.50
Table 6.1: Rg = 1MQ) Table 6.2: Rg = 10 MQ)

In Tables|6.1jand it is evident that the noise does not change with the increase
in reverse bias voltage for both circuits. For a silicon detector, this behavior is
expected, indicating that the dominant noise factor is not the diode but is related
to the circuit layout and the noise behavior of the used components. Therefore, in
the upcoming iterations, decoupling capacitors will be employed, and the PCB
will be kept as small as possible to avoid "long" paths.

More importantly, the transfer function of the system exhibits a single-pole roll
off at a frequency f,=1/(2tRC). Therefore, employing a high Rr minimizes the
output noise, and Cr is chosen in a way that £, is kept as small as possible while
still allowing the system to respond to the desired signal frequency while the
signal amplitudes significantly increase.

This results in a higher Signal-to-Noise Ratio (SNR) and, consequently, a clearer
signal. To gain a better understanding of the signal behavior, oscillograms of both
circuits for an *°Sr- signal at a reverse bias voltage of 100V are presented in the

following Figures[6.4 and

AT=284ps

1/4T=3521KHz . « Picture
[sR== 2.76ps

Y= -20.60ns

=50.8806Hz Save =371819Hz Save

CH1= 18,6mV M 1.88ps CH1 F14.4mV CH1== 18,6mUE M 5.88ps CH1 717.6mV

M Pos:920.6ns M Pos:0.008ps

Figure 6.4: Signal for Rp=1 MQ) Figure 6.5: Signal for Rp=10 MQ)

The signals are clearly distinguishable from the noise. Furthermore, as previously
verified in the tables, it is noticeable that the signal amplitude for 10 M() is higher
than for 1MQ). It’s important to note that this is a snapshot, and during the
measurements, signal amplitudes exceeding 30 mV were measured at regular
intervals. The rise time of the peaks remains consistent for both, approximately
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200ns. However, the signal duration has doubled from approximately 2 ps to over
5us due to the larger Rp. Considering the histogram in Figure[6.6] obtained using
an ESP32 micro controller, the energy spectrum of *°Sr can be visualized.

Variation of Rf

—— 100V RBias, Rf=1MQ
0.030 —— 100V RBias, Rf=10MQ

500 1000 1500 2000 2500 3000 3500
channels

Figure 6.6: Histogrammed measurement of *Sr for Rr = 1MQ and 10 MQ.

What can be observed is characteristic of the beta emitter in a thin silicon layer,
namely, the Landau distribution or the superposition of several Landau distribu-
tions. On the x-axis, the channels are plotted, each corresponding to an ADC value
and thus reflecting the energy. In the blue plot representing the 10 M(Q) circuit,
it is evident that higher channels were recorded, indicative of a higher energy
measurement. This corresponds to the higher signals for the resistance Rp=10 M(}
in the tables[6.1land

In Figure the histogrammed measurement from Table 6.1|is visualized. The
purpose of this plot is to determine whether the reverse bias voltage needs to
reach full depletion, a challenging task for a stand alone design without laboratory
voltage supplies.
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Figure 6.7: Histogrammed measurement of *’Sr for different reverse bias voltages.

It is obvious that the variation is significant for voltages up to 15 V. In contrast, the
curves for 30 and 100 V exhibit minimal differences and are positioned, as expected,
in a higher energy range. This aligns with expectations, as the capacitance and thus
the depletion zone of the diode undergo substantial changes for lower voltages,
whereas for higher voltages, the changes are minimal. This phenomenon is clearly
illustrated in Figure Overall, it is apparent that larger voltages correspond to
higher sensitive volume thickness and so a higher energy deposit is expected.

Findings of 1. iteration

It is clearly evident that a larger Ry improves the signal behavior. Since a cut-off is
set for the high frequency of the signal spectrum, a significant portion of the signal
could be cut off for a large T=RC. To measure signals, the diode does not need to
be fully depleted. Although, a higher depletion results in stronger signals. Since
this depends on the length a particle can travel through the depleted zone and the
zone decreases exponentially with voltage, the difference is minimal for voltages
above 15 V. Therefore, the dosimeter can be operated with a reverse bias voltage
of 30 V.

6.3 Second Iteration PCB

In the second iteration, the circuit undergoes significant adjustments. Given that
the sensor will not be fully depleted and dosimetry involves considering not only
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maximum values, it is necessary to amplify the signal and extend its duration,
since a micro controller readout is targeted. In this section we will not explain the
circuit (circuit diagram in the appendix[D.2) in detail, which was done in the study
by Erik Euler.

Furthermore, several im-
provements have been
implemented to reduce
noise. For instance, the

JUSTUS.LIEBIG-

Gessen % biode-osemeter (2] () diode has been directly
’ /n/zoeg /e Bt { glued with conductive
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contact. The traces were kept
small, feedback capacitances
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contacting was enhanced.
As before, the dosimeter
can be read out in cathodes

or anodes by attaching
Figure 6.8: Image of the 2nd Iteration Dosimeter with jumpers.
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In addition, contacts have been fitted before and after each stage in order to
understand the circuit. This leads us to the two major changes. In this iteration,
three amplification stages, following the same scheme as explained in iteration
one (Section[6.2.1), have been implemented, with the corresponding PCB shown
in Figure [6.8] This results in the amplification and extension of the signal, as
shown in Table Furthermore, in this iteration, a peak detection stage has been
introduced to ensure the determination of the signal’s maximum value, which is
detailed in Section For the circuit readout, an ESP32 micro controller was used,
as in iteration one. This choice was made to test the performance of the circuit in
this iteration, and the ESP32 allows for more accurate data recording compared to
the Atmega328p.

Peak-Detect Stage

The Peak-Detect stage was inspired by the AIRDOS-project, which is based on a
comparator [98]. To ensure pulse detection, the Peak-Detect stage is designed to
maintain the pulse at its maximum for a defined time which is mainly dependent
on the ADC readout speed and the amount of samples one want to measure per
peak. In the case of very short pulses, there is a risk that the signal may already
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be flattened before the Analog-to-Digital Converter (ADC) can capture it, either
due to insufficient ADC clock frequency or capturing the signal before or after its
maximum. To prevent the same pulse from being read multiple times, the peak-
detect stage is reset after each reading operation. The highest pulse generated
between two reading cycles is held until a reset occurs. Additionally, a threshold
can be set so that pulses are only recorded if they surpass a certain amplitude,

effectively filtering out noise.

V_AMP — PEAK OUT

1 vz
4 IS 187211 Ul3
1

; — £ N
AMP_OUT —+ — COM
| GND
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I'S5A4596

GND GND

Figure 6.9: Circut of the peak-detect stage.
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At the beginning of a readout operation, all capacitors are discharged, and all
lines processing signals are grounded. When a pulse from the voltage amplifier is
introduced into the non-inverting input of Uy, its output is elevated to the supply
voltage V_AMP. Following, the analog switch Uj3 is activated, directing the in-
coming signal at the Peak-Detect stage AMP_OUT from COM to the analog switch
(U3 in Figure[6.9). At this point, capacitor Cyg is rapidly charged through resistor
Rig. The signal is then passed to the OpAmp Uj4 configured as an impedance
converter. As a result, capacitor Cj9 discharges very slowly, enhancing the Peak-
Detect stage’s resilience without a decline in voltage. The unamplified voltage
level is then transmitted to the analog-to-digital converter (ADC).
To complete the feedback loop, the outgoing signal is continuously compared
with the input signal by the comparator Uj,. If the voltage of the input signal
decreases, the output of Uj, drops to ground, consequently closing the analog
switch. Capacitor C19 maintains its voltage level and continues to transmit it to

the output

In the loaded state, if a larger signal is introduced, either due to another particle
or because the particle’s peak has not yet been reached, U;, and therefore U3 are
activated as before. This action raises the potential of capacitor Cg to the higher
signal level, which, as previously described, is then transmitted to the ADC.

When a readout cycle concludes, determined by the micro controller, the analog
switch is pulled to ground via PEAK_OUT, which is connected to a port of the
micro controller. It is crucial to ensure that this condition persists until Cyg is
completely discharged. The peak-detect stage is now reset, and all signal lines are
grounded. The micro controller can initiate the readout process again by releasing

PEAK_OUT.

The behavior is evident in the oscillogram shown in Figure It is clear that
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the output of the Peak-Detect stage in yellow holds the voltage following the
incoming signal in blue. The input signal shows slight distortion due to the use of
the measurement probe.

6.3.1 Second Iteration Measurements

As in the first iteration (see Section[6.2), the behavior of the amplification stages is
examined. Signals were probed after each of the three amplification stages using
measurement probes. To further understand the influence of the bias voltage, each
stage was tested for bias voltages of 5, 10, 20, and 90 V. Additionally, the signal
length was estimated. Similar to previous tests, the signals were generated by
irradiating the diode with *Sr.

Figure 6.10: *°Sr-signal after amplification Figure 6.11: *°Sr-signal after amplification
stage one in yellow and three in blue. stage three in blue and after peak detection
in yellow.

In Figure a measured pulse is exemplary plotted in yellow after stage one
and in blue after stage three. Considering the scale, it is evident that the signal has
almost twenty folded after the third stage compared to the first. The signal length
has increased. Additionally, a signal overshoot is observed after the third stage,
indicating a need for adjustments to coupling capacitors in the next iteration. All
results from the measurements are presented in Table
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Stage VgBias [V] | Vinax [mV] Signal Vrms [mV] SNR
length [pis]
1 5 26.4 16.8 0.6 44
10 29.6 15.4 0.6 49.3
20 30.4 14.8 0.6 50.7
90 32.8 22.8 0.6 54.7
2 5 -45.6 39.6 0.4 114
10 -64.8 404 0.4 162
20 -57.6 35.2 0.4 144
90 -88 40.8 0.4 220
3 5 312 38.4 1.6 195
10 416 36.8 1.6 260
20 384 34.8 1.6 240
90 544 37.6 1.6 340

Table 6.3: Measurements of *’Sr signals after the three amplification stages for various
reverse bias voltages.

An immediate observation in Table [6.3|is that stage two outputs negative signals.
This is expected considering the circuitry for the trans impedance amplifier (see
Section [6.2.1)), as the positive signal from stage one is amplified and inverted by
the inverting input of stage two. The same behavior occurs in stage three, with
the signal being inverted back to positive. As before, the signal amplitude is
dependent on the reverse bias voltage, but the noise is not. Consequently, the
Signal-to-Noise Ratio (SNR) is directly influenced by the depletion of the diode.
At a bias voltage of 5V, the amplitude of the signal increased by a factor of approx-
imately 11.8 between the first and third stages, and the signal length extended by
a factor of 2.3. At a bias voltage of 90V, the amplitude increased by a factor of
16.4, but the signal length only extended by about 1.7 times. The seemingly lesser
extension of the signal could be attributed to an overshoot observed in the signal
waveform, making it challenging to determine the signal length. The SNR also
improves significantly through the amplification stages, for example, increasing
from 54.7 to 340 at 90 V.

Time Resolution

As mentioned in Section in the final setup, the analog signal is read out
using an ATmega328p. Therefore, the signal properties of the sensor will be
compared to those of the ATmega, even though the measurements are carried
out with an ESP32. The micro controller’s Analog-to-Digital Converter (ADC) is
utilized for this purpose. However, with a maximum sampling rate of 15kSps
(thousand samples per second), there are significant limitations in signal length.
The minimum duration ¢y, of a readout process can be calculated as follows:
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T = % with f < 15kHz (6.3)

1
>
T2 15kHz

(6.4)

tmin > 66.7 ps (6.5)

So, the readout process takes a minimum of 66.7 us. When comparing this with
the signal lengths from Table with a maximum length of 40.8 s, it becomes
apparent that the ADC of the ATmega328p is significantly too slow. The peak-
detect stage is, therefore, essential. It determines the highest signal coming from
the amplification stages in 66.7 ps, reads it, and then resets. In this process, it may
happen that smaller signals are not captured since the peak-detect already holds a
maximum.

ADC Resolution

The Analog-to-Digital Converter (ADC) of the ATmega covers a range of 1.1V
across 10 bits [99]. This results in a resolution of:

1.1V

This resolution is sufficient to sensibly capture the signal. Considering the pure
signal height, it may be feasible to read out stages one and two as well.

6.3.2 [Energy Calibration

In the calibration process, an estimation is sought between the energy deposit in
the detector and the ADC channels. This allows the detector to provide an ap-
proximation of the deposited energy of a particle. For calibration, a Strontium-90
source was employed, the decay of the source is described in Chapter A total
of 4096 ADC channels were utilized, corresponding to the maximum capability of
the ESP32 [100].

For the calibration, three points are selected: the Most Probable Value (MPV),
corresponding to the peak of the distribution, the mean value, representing the
average, and the maximum value. The maximum value is assumed to be reached
when, with sufficient statistical data, an electron with the maximum energy of the
Yttrium decay, approximately 2.2 MeV, deposits all its kinetic energy in the sensor.

During the measurement, a plastic scintillator detector was positioned beneath the
sensor for conducting a coincidence measurement. This implies that signals are
only recorded by the dosimeter when the second detector simultaneously detects
a particle. To achieve this, the readout times of the detectors were synchronized.
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As the particle’s energy must be sufficient to generate signals in both detectors, it
can be reasonably assumed that these are minimally ionizing particles. Particles of
lower energy, such as photons, would only leave a signal in one of the two sensors.
This minimizes noise from background radiation and fulfills the requirement for
comparing the mean value and MPV value, a comparison valid only for Minimum
Ionizing Particles (MIPs).

Hence, it is assumed that Yttrium is primarily responsible for the spectrum ob-
served in Figure @ This is because the B-energy of the °Sr decay is significantly
lower than that of Y and is, therefore, largely absorbed in the first detector.
This estimation is made considering By, where a By > 3 corresponds to a min-
imum ionizing particle [45]. Using the formulas in with the rest energy of
electrons Ep=0.511MeV and the maximum kinetic energy from Yttrium decay
Evkin=2.279 MeV, By can be determined to be 5.37. For the maximum energy of
the 90Sr decay Egin=0.546 MeV, this results in only By = 1.81.

Count
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Figure 6.12: Distribution of the deposited energy in the dosimeter due to irradiation with
8.

The distribution conforms to the typical Landau distribution for the energy de-
posited by electrons in a semiconductor. To illustrate this, a Landau fit (explained
in Section in yellow has been overlaid on the data.

The Most Probable Value (MPV) for the measurement can be established at channel
249, as explained earlier, representing the most likely energy resulting from the
Yttrium decay.

For energy calibration, as detailed in Section[4.3.1} the Bethe-Bloch formula was uti-
lized to calculate the deposited energy of *Sr-radiation when traversing through
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the fully depleted sensor.

Using the stopping power formula in for the average energy of the Y,
B-particles of approximately 0.8 MeV, a deposited energy of 107.9keV can be
computed. The conversion factor for the Landau function from MPV to mean is
0.675 MeV, corresponding to channel 368 and an energy of 159.9 keV. This conver-
sion factor depends on B and the absorber thickness, as described in source [45].

For the maximum energy, as explained earlier, the maximum energy from Yttrium
decay is chosen as 2.2 MeV, and the highest measured channel at 2272 is selected.
With these three points, a linear fit can be performed for calibration, as shown in

Figure [6.13|
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Figure 6.13: In blue, the data points from the Yttrium measurement, and in orange, the
linear fit.

As evident, the points align very well with the linear fit. This is further supported
by the low error in the slope a, which simultaneously represents the sought value
for the ratio of ADC channel to deposited energy:

keV

(6.7)

Energy calibration is provisional, as it was based on the assumption of Mini-
mum Jonizing Particles (MIPs). This assumption is valid for the coincidence
measurement but may not hold for the entire spectrum of Strontium. Additionally,
choosing the highest measured value assumes that a particle of the highest energy
indeed caused a signal, depositing only minimal energy in the veto detector and
the rest in the dosimeter. Given the lack of alternative sources for calibration in
this iteration, these assumptions were necessary.
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In future iterations, it is essential to perform a precise calibration using methods
such as simulations or exact energies. Nonetheless, with a slope error of 3.72%, it
can be considered a good approximation.

Findings of the 2. Iteration

The investigations of the 2nd iteration primarily focused on making preparations
to finalize the circuit diagram for the Ambasat PCB. It became evident that the
Peak-Detect stage is necessary due to the low readout speed of the micro controller.
To address this, a Peak-Detect stage that can be controlled by the micro controller
was successfully tested. In addition, it has been determined that signals from a
non-fully depleted PANDA sensor can be meaningfully measured even with just
one or two amplifier stages.

6.4 Third Iteration all in one PCB

In the third iteration, the insights gained with the first two iterations were applied
to integrate the dosimeter circuit with the AmbaSat femto satellite. For this pur-
pose, Nico Krug and I collaboratively redesigned the AmbaSat PCB (see Figure
6.14), with significant portions of the work presented in his bachelor thesis. The
circuit diagram can be found in the appendix (D.4). Technical details will be briefly
touched upon in this chapter, while a comprehensive explanation of the circuit and
additional information on its construction can be found in the aforementioned the-
sis. Since the femto satellite operates at a voltage of 3.3V, a voltage transformation
was incorporated to generate a voltage of 35V [93]. As demonstrated in the first
iteration , it was shown that 30V is sufficient for signal readout. Nevertheless,
in this iteration, a PANDA test diode was employed, which is fully depleted at
around 50 V resulting in the same sensitive volume of 285 pm. This is expected to
result in larger pulses even at lower reverse bias voltages. The number of amplifier
stages was reduced from three to two. Additionally, initial tests for operation in
space, such as vacuum and light tightness, were conducted. The concept was also
tested with ®°Sr and at the MIT using a proton beam.
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Figure 6.14: Dosimeter integrated with the AmbaSat hardware and the PANDA diode.

The first amplification stage is implemented using the same approach discussed
in Section[6.2.1]as a current-voltage converter. The second stage is constructed as a
voltage amplifier. The distinction between the first and second stages lies in the
utilization of the non-inverting input of the OpAmp.

c12

i The stage is supposed to
I amplify the signal from
%z the first stage to approx-
— imately 1V. To achieve
VAMP this, an amplification fac-
1. tor A of around 100 is
o necessary, as explained
T by Formula [6.9)and the
X resistor Ri5 and feed-
'Ll-\ oA _ back resistor Ry;.
R S>———4———amp OUT
1
F ey e Ri
' ' A=1+-"  (68)
i J11 i 112 R15 (
100 k)
GND GND GND A=1+ (1)(1)(0 (6.9)
Figure 6.15: Third iteration voltage amplifier stage. A =101 (6.10)

In addition, Cy; is reduced to 1nF to adjust the pulse lengths to approximately
T = Rr - Cp=100ps, ensuring a stable working point for the OpAmp. The peak-
detect stage worked as expected in iteration two (Section[6.3), therefore no changes
are needed. The reference voltage (Vi.f) is set through a voltage divider to
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Viet = % + Vamp to define the working level of the OpAmp which is due to single
voltage between +VCC and GND.This allows pulses both above and below V¢
to be amplified. Due to the limited power availability on the femto satellite, which
is entirely allocated for transmitting data via LoORaWAN a transistor circuit
has been implemented. This circuit enables the complete powering on and off
of the detector. A significant challenge involves the voltage transformation for
the reverse bias voltage of the diode. This transformation was achieved using
an LT1615 DC/DC converter, which transforms the voltage from Vomp=3.3V to
approximately V},;,5=35 V. As a result, the bias voltage has been stably set to slightly
above 30V so far.

However, there is a peaking of the bias voltage by approximately 50 mV. Since this
fluctuation is directly capacitively coupled to the amplification stages, it renders
measurements impossible. This issue is more precisely described in a project work
and will be addressed in the next iteration. The rest of the circuit could be tested
using an external bias voltage of either 5 or 30 V.

PANDA-Diode with Full Depletion at 50 V

As already mentioned, an older model of the PANDA sensors is used for the
third iteration. As before, the sensors are 285 um thick and therefore have the
same capacitance, but they have a lower depletion voltage of V4e,=50 V. This has
disadvantages for extremely high radiation doses like in the PANDA experiment
with more than 10 MRad, but this is not a problem for our application, where a

dose of 2 to 10kRad at the low earh orbit for around one year is expected [10],
[101].

50V Silicon Diode

—— Operating point (35 V)
4x107H «  50VDiodeCPMeasurement
3x 1011
m
o 2x101
o
1011 1 | \
10° 101 102

Voltage [V]

Figure 6.16: The capacitance measurement against the reverse bias voltage of the 50V
PANDA diode.
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The depletion plateau is clearly visible and was measured to be 44.82V £1V
through the two linear fits. For full depletion, a capacitance of 12.0 pF was mea-
sured, and for the operating point of the diode at 35V, a capacitance of 13.43 pF
was measured. With the capacitance of the undepleted diode being 103.62 pF, it
can be inferred that the diode is 98.45 % depleted at 35 V.

This makes it clear that sufficiently high signals can be expected even at 35 V. The
precisely measured diode was attached to the PCB using conductive adhesive and
contacted with several bonding wires.

Signal Testing

The signal was tested again using a *’Sr-source and with an external power supply
for the bias voltage of 5 V. However, it was observed that even without the source,
a high number of pulses could be detected. Consequently, it is not entirely clear
whether these signals can be attributed to the source or, for example, to ambient
photons. Therefore, efforts are being made in Section to make the diode
light-tight, aiming to minimize unintended interference signals. Nonetheless, the
functionality of the dosimeter can be demonstrated.

CHl= 18Gm\) ] 2 G 5 CHlz= 166ml)

Figure 6.17: “Sr-signal after amplification Figure 6.18: °Sr-signal after Peak-Detection
stage two in yellow. stage in yellow.

The pulse after the amplification stages can be observed in Figure In compari-
son to iteration two, the undershoot has been successfully corrected. Additionally,
the Peak-Detect stage in Figure is operational, maintaining the signal at the
same level throughout the required readout time.

Vacuum and Light Tightness Tests

To prepare for deployment in low earth orbit, several properties were tested, one of
which is the light tightness of the diode. This is of fundamental importance since
photons hitting the sensor would also generate an electrical signal, potentially
overlaying measurements of cosmic radiation. For this purpose, diodes were
bonded to PCBs and tested for functionality under illumination using an LCR
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meter. The tests were conducted in the probe station in the clean room of the JLU,
which provides optimal conditions.

Figure 6.19: Bonded diodes, without glob top (left), with glob top and sputter coating
(both in the middle), and with glob top and paint coating (right).

Initially, the diodes and bonding wires were sealed with a glob top to protect the
connections. This did not affect the measured parameters of capacitance, leakage
current, and depletion voltage. To achieve light tightness for the diode, several
sputtering tests were undertaken, where a thin layer of aluminum was applied
to the glob top through various methods of plasma sputtering. However, this
rendered the diode unusable. The simplest and most light-tight method was
achieved through painting. A thin layer of black paint was applied using spray
paint, which, considering Figure prevents light from reaching the diode.
Every tested method can be seen in Figure[6.19]
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Figure 6.20: Leakage current against reverse bias voltage of a painted diode with illumina-
tion in red and without illumination in blue.

It is clearly visible that the leakage currents with and without illumination of the
diode do not differ. Additionally, the diodes were placed in a vacuum for several
weeks to simulate conditions in space and to check for issues with the glob top,
i.e. trapped air bubbles. It has been demonstrated that the properties have not
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changed. This is the desired outcome, and painted glob tops can be used for the
final dosimeter.

6.4.1 Conclusion Dosimetry with PANDA Diodes

This chapter has examined the development and performance of a novel dosimeter
concept based on PANDA diodes. The results demonstrate that these diodes can
be successfully utilized for dosimetry. Furthermore, comprehensive knowledge
about the energy deposition of fast charged particles in silicon has been acquired,
which is crucial for the precise detection and analysis of radiation doses.

The primary focus was on characterizing the signal behavior of the diodes and
their amplification, which is essential for the development of reliable dosimetry
systems. These findings are now being integrated into the ongoing development
of MVD prototypes, as described in Section 7}

For the dosimeter concept itself, only suitable voltage transformation, energy cali-
bration, and a launch date for space transport are required. For energy calibration,
beam time at the Marburg Ion Beam Therapy Center is planned, as well as a new
circuit design for voltage transformation. The signal acquisition and processing,
as successfully demonstrated in this section, will be maintained.
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Chapter 7

MVD-Protoype

7.1 Mounting PANDA Sensors to the ToASt-ASIC

One of the main task of this work is the adaption of the PANDA Sensors to the
ToASt (Torino Amplifier for silicon Strip detectors) chip. With the ToASt front-
ends the signals generated by the silicon strip detectors can be read out, digitized

and processed further.

7.1.1 Torino Amplifier for Silicon Strip Detectors

Input capacitance 2/17 pF
Max rate per strip 50kHz
Input charge range 1/40£C
Max noise 1500 e~
Peaking time 50-100ns (prog)
Channels per chip 64
Channel pitch 66 pm
Reference clock 160 MHz
Charge resolution 8 bits
Time resolution 6.25ns (pk-pk)
1.8ns rms
Output drivers 2x160MS/s
Max output rate 2x4.9Mevents/s
Max power consumption
(estimated, full TMR) 360 mW (5.6 mW /ch)
(estimated, no TMR) 257 mW (4 mW /ch)
Die size 3.24x4.41 mm?

Pads position

On two sides only

Table 7.1: Characteristics and possibilities of

the ToASt.
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The ToASt-ASIC is a 64-
channel integrated circuit
design that offers informa-
tion about the position, time,
and deposited energy of
particles passing through a
silicon strip detector.

A key feature of the ToASt
is the absence of a trigger
signal, providing great
flexibility in data selection
algorithms.  Timing and
energy information are
obtained from two time
stamps, which correspond
to the times at which the
signal crosses two prede-
fined thresholds.  These
are acquired by storing the
value of a global counter
[102].



In the following, the sides of the sensors are distinguished by their doping: the
side with n-doping is referred to as the n-side, and accordingly, the strips with
p-doping are referred to as the p-side.

The ToASt is implemented in a commercial 110 nm CMOS technology and nom-
inally operates with a 160 MHz clock. It provides two serial 160 Mb/s links to
connect the higher level data concentrator [103]. A global unit manages configura-
tion information for all regions. With standard settings, the Time-over-Threshold
gain for p-type sensors or p-side readout is 40ns/fC, and for the n-side, it is
30ns/fC. Using a test pulse, a test charge can be injected for functional tests and
a preliminary energy calibration of the chip. The thresholds and the ToT current
can be tuned at a coarse level on the chip (referred to as global) and with finer
resolution on the channel level. The global time and energy thresholds have a
tuning range of 494 mV with an LSB of 15mV. The fine tuning has a range of 84 mV
with 1.3 mV LSB.

The ToT current can be adjusted from 2.1 nA to 488 nA with an LSB resolution of
15.2nA. For the channels, the current can be set with an LSB of 28.3nA, ranging
from 27 nA to 906 nA.

In normal operation, the ToASt records both the rising and falling edges, from
which the deposited energy of a particle can be calculated using the Time-over-
Threshold method, as explained in Chapter

However, if information about energy is not needed but a high rate is desired, the
ToASt can also operate in le_only mode, where only the rising edge is recorded.
The resolution of the time information is 6.25ns with a maximum rate of 50 kHz
per strip.

The data output is organized in 32 bit words containing the region and channel
address, leading and trailing edge time stamps. Data corresponding to the same
time stamp counter cycle is encapsulated in frames, distinguished by a frame
header and a frame trailer. The frame header includes the chip address and the
frame number, whereas the frame trailer contains the count of data words. In cases
where no data is received, the ToASt sends a synchronization packet. The ToASt
can be configured by external input signals by 16 bit commands.

7.1.2 First Mounting

The initial mounting of a sensor onto a ToASt chip was accompanied by test mea-
surements to identify potential sources of errors. For testing purposes, sensors not
intended for the final PANDA detector were connected to a test board containing
a ToASt chip, as illustrated in Figure

The sensors S3 and S4 from the PANDA-Wafers are well-suited for initial tests.
The smaller sensors are easier to handle but exhibit nearly identical characteristics

to the full-size sensors (S1 and S2) since they originate from the same wafer. It is
noteworthy that the S3 sensor (see Table [5.15)) has a different pitch than the other
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sensors, a factor that has been taken care of. Prior to mounting, the properties of
the wafers from which the sensors are sourced are examined for leakage current
and full depletion voltage. This ensures the overall functionality of the sensors.
Nonetheless, it should be acknowledged that the structures on the sensors may
incur damage, which could be attributed to bonding, transportation, or production.

In the following figure, the schematic of the bonding pads for each side of the
sensor is presented. The bias pads are marked in blue, the DC test pads in yellow,
and the AC readout pads in red.

n-side p-side

o
o

o
s000000000000000

———
(53]
Bias-pad DC-test- Bias-pad DC-test-
readout

Figure 7.1: Sensor bonding pads for p- and n-side .
The following lists which sensor pads need to be connected to the ToASt test board
pads to enable functionality:
¢ n-side bias pad to HV+
e p-side bias pad to AGND
e AC pads to ToASt channels

At first a S4 "Baby Sensor" was mounted to the # 5-ToASt-Board. The sensor was
attached to the board with double-sided adhesive tape so that both sides could
be contacted by wire-bonding. The n-side was connected to the positive high
voltage and the p-side to the AGND contact of the board. Therefore the sensor is
connected to the reverse bias-voltage.
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Figure 7.2: S3 sensor connected to the reverse-bias voltage pads and the 64 readout
channels of the ToASt Testboard.

At first, the sensor underwent testing by incrementally increasing the voltage
and measuring the leakage current. In this preliminary test, the board was not
connected to the FPGA, and the supply voltage was not applied. Additionally,
the AC pads were not bonded to the readout pads of the ToASt. In these mea-
surements, values in the nano-ampere range are anticipated and measured as
illustrated in Figure 7.3 (green line, "Only Bias"). This expectation is based on
previous results in Section 5.4.T where test structures with a comparable active
area size are measured.

After the successful test, the board was also fully connected and the test was
repeated. As before, the current is in the expected range, but significantly increased
due to the connection to the board (blue line "Bias and ToASt"). In the third test,
each of the 64 channels of the ToASt is connected to a strip of the sensor by bonding
the AC pads of the sensor. In this configuration, the AC pads of the n-side of the
sensor are connected to the readout pads of the board. The test was stopped at
50V this time because the current unexpectedly increased, as illustrated in Figure
(red line, "Bias AC-Pads and ToASt"). Simultaneously, one of the ToASt-Board
channels experienced a failure. The channel failure and the rise in leakage current
suggest that one of the strips of the sensor has failed. This can occur when the
oxide layer between the aluminum strip (readout strip) and the highly doped
Si-strip is damaged, resulting in a phenomenon known as a pinhole. The pinhole
breaks the capacitance between both strips, causing direct contact of the channel
with the bias voltage and ultimately leading to channel failure. This unintentional
contact can induce currents that impact the leakage current.

As a result, it was decided to remove the bonding wire from the faulty channel
and strip. Subsequently, the same measurement was conducted, and the leakage
current behaved as expected until a voltage of 15V. At this point, the current
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abruptly spiked to an unacceptable value, similar to the previous measurement,
and another channel became compromised. Even after reducing the voltage below
15V, the current remained high. This behavior indicates that the oxide layer of a
strip was damaged, likely thinner than planned at one point due to bonding or
faulty manufacturing. This thinner layer has a lower breakdown voltage, in this
case, 15V, and is consequently completely destroyed.

55 Sensor on ToASt#5

0.30 1 —— Bias and ToASt
—a— Only Bias
0.25 1 —a— Bias AC-Pads and ToASt
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Figure 7.3: Leakage current to bias voltage for a S4 sensor bonded to a ToASt-Board in
different configurations.

To ensure that neither the ToASt nor the sensor has incurred further damage, new
components are being used. This time, the #2-ToASt-Board was mounted with
an 54 sensor. It was observed that, once again, one of the strips malfunctioned.
However, after removing one bonding wire, every test was successfully passed.
A noise measurement indicated a decrease in noise between 90 and 100V, as
expected for the n-side. The depletion region initiates at the border between the
n and p-doped silicon, located on the p-side. As the depletion region extends, it
reaches the n-side at a depletion voltage of around 100 V. Consequently, the noise
at this voltage decreases significantly since, at this point, there are hardly any free
charge carriers around the strips of the n-side responsible for the noise. The same
behavior can be observed when measuring the capacitance of the n-side.
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S2 Sensor capacitance measurement
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Figure 7.4: Capacitance measurement of a single n-side strip against the entire p-side of
an S2 sensor.

In Figure a capacitance measurement of a bonded S2 sensor is displayed. A
strip on the n-side was measured in relation to the p-side with an increasing bias
voltage. The decline in capacitance after full depletion is attributed to the absence
of charge carriers, and the entire dependency is described by the formula
After the initial successful mounting, a *°Sr beta-source was used to generate
events on the sensor. Series of measurements were conducted both with and
without the source over the same time. It was demonstrated that the number
of events with the source was significantly higher than without, aligning with
expectations. This serves as confirmation that the sensor can effectively collaborate
with the board.

Following two additional unsuccessful attempts to mount the #5-ToASt-Board
(resulting in damaged strips on the sensor and bond pads on the board), the
decision was made to connect the p-side of the sensor to the channels of the board.
On this side, the depletion and also signals can be measured without pushing
the sensor to its full depletion voltage. This behavior can be well explained by
examining the capacitance measurement in Figure
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S2 Sensor capacitance measurement
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Figure 7.5: Capacitance measurement of a single p-side strip against the entire n-side of
an S2 sensor.

As soon as a voltage in reverse bias direction is applied, the free charge carriers
become attracted by the electric field. Subsequently, a reverse bias voltage is
applied, leading to the depletion zone spreading from the p-side towards the
n-side as the voltage increases. It can be observed that the p-side (Figure
senses this change even with small voltages, whereas the n-side (Figure is still
surrounded by charge carriers until the depletion voltage is reached.

The sensor is already more than half depleted from 10V at the p-side, allowing
the measurement of events below the full depletion voltage of around 100 V. This
provides the best possible protection for the potentially damaged oxide layer
and minimizes the likelihood of strip failures. The decision was made not to set
the reverse bias voltage above 50 V at this point, striking a compromise between
depletion and protection. Another advantage of connecting the p-side, which is
grounded (AGND), is that if an oxide-layer fails, the readout components of the
ToASt-board are not connected to the HV. Consequently, the board and channels
are more protected.

In this manner, an 54 sensor was mounted to the #5-ToASt-Board. Every test,
including those with the radiation source, showed the expected results, which
confirms successful contacting. It was observed that the noise decreases even
at low voltages, as expected. Notably, the leakage current remained high with
this configuration. However, all channels worked, although it does not exclude
the possibility that a strip is broken in this case. Since the side connected to
ground is now linked to the channels, the high voltage cannot cause any damage
to the board. Therefore, events in the individual strips must be measured in an
additional test, which was not possible at that time. This would enable the removal
of damaged strips. It should also be noted that the signal is now received with
reversed polarity. The n-side of the sensors produces negative signals, conversely
the p-side produces positive signals. Similarly, an S3 sensor was mounted to a
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ToASt-Board and passed every functional test.

Signal Testing

As mentioned earlier, measurements were conducted with a S-source to confirm
functionality. In this initial series of functional tests, hits on the connected strips
and the time over threshold were measured. The subsequent measurements

showcase an 54 sensor where 64 strips are connected to the readout system of the
ToASt.
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Figure 7.6: Distribution of 9Gr-events on a double-sided PANDA S4 strip sensor, readout
from a ToASt chip, for each of the 64 channels.

Figure [7.6]illustrates the typical behavior of a connected silicon strip sensor. Each
channel of the ToASt represents one strip of the sensor and displays a compre-
hensible number of hits on the strips. The uneven distribution of events may be
attributed to the source’s location or the absence of calibration. As these tests
are solely employed to verify functionality, the measurement’s accuracy is not
considered.

The higher value of the outer channels is clearly recognizable, which can be
explained by the presence of floating strips neighboring to the connected ones.
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Figure 7.7: Photograph showing the sensor-front-end assembly with 64 wire-bonded strips
of an 54 sensor and the placement of the ToASt-FE on the PCB.

In Figure the 64 connected strips in the middle of the sensor are visible, while
every other strip of the sensor is not connected. These floating strips accumulate
the charge from the hits. This charge collected on the unconnected floating strips
overflows to the next connected strips, which are the two outer ones, thereby
generating the increased signal.

Time-over-Threshold (ToT)

Time-over-Threshold is a common method for calculating the time and energy of
a signal. Essentially, the time duration of a signal is measured above a threshold
value. Generally, only the deposited energy (dE) can be determined from the
duration of the signal, which may give some indication about the type of particle.
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Figure 7.8: Dual-threshold method employed on the ToASt Chip ||

Typically, Time-over-Threshold (ToT) consists of two time stamps, one for the
beginning and one for the end of an event. Since the ToASt utilizes the dual
threshold concept, a third time is measured. The first time is ¢;, which is when the
signal voltage exceeds the first threshold V};, 7. If the signal also breaks through
the second threshold at V};, g, the second time t, is measured.

Vin_t represents the start of the time threshold and specifies the minimum duration
that an event must last in order to be counted as an event, whereby the end of the
time threshold is reached at the point in time at which V};, r is cut for the second
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time. The second threshold V},  refers to the energy, signifying the minimum
signal height required to be considered an event.

Only if the signal surpasses both thresholds is it considered valid. This provides a
more precise time measurement and minimizes time walk effects (explained in
Section [7.2.3), which refer to the difference in time delay between large and small
signals. The last time signal ¢3 is measured when the signal drops again below the
threshold Vy, r. The difference between t; and t3 is the Time-over-Threshold.
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Figure 7.9: ToT distribution of a single sensor channel.

In Figure the Time-over-Threshold of one channel is depicted. To a good
approximation, a Landau-Gaussian convoluted distribution can be recognized,
describing the energy loss of charged particles in a thin layer of silicon. Therefore,
the Langau-like distribution in Figure 7.9 represents the energy loss of particles
in the 285 um silicon layer of the sensors, as expected and described in Section
Hence, all measurements clearly demonstrate that the ToASt chip functions
in conjunction with the sensors. The signals from the CiS sensors can be read out
for the first time.

Additionally, a preliminary calibration was performed for both detectors, which is
likely to be very inaccurate as only the built-in pulser was used, and no sources
or particle beams of exact energies were employed. Nevertheless, calibrating to
60ns/{C provides a reference for later results.
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7.2 Prototype Setup

7.2.1 Data Acquisition

The data acquisition (DAQ) of the PANDA-MVD is tested for the first time in
combination with a PANDA sensor and a ToASt-board in the beam times described
below. The requirements for the DAQ include that each sub detector can detect
hits without an external trigger, and these hits can subsequently be differentiated
into noise and actual hits by the front-end electronics. In this process, digital
transmission of hit information, along with an accurate time stamp, must occur
for up to 20 million antiproton-proton annihilation’s per second. As illustrated in
Figure sensor data undergoes processing through the ToASt front-ends (see
Section [7.1.T) and is subsequently organized and formatted by the Module Data
Concentrator (MDC) application-specific integrated circuit (ASIC).
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Figure 7.10: Data acquisition architecture of the PANDA-MVD detector ||

The MDC is designed to readout up to 12 ToASts. One additional task is to handle
the processing of commands, configurations, clock signals, and the slow control of
the system. It also serves as a digital controller for the detector module, enabling
the configuration of the ToASt front ends. Additionally, it is responsible for tem-
porally sorting the received data, as the ToASt does not align it according to event
time. One MDC for each sensor side is foreseen due to the polarity. However, in
the MVD prototype, where the sensors are read out single sided, one MDC per
sensor handles the readout. The data is then transmitted from the MDCs outside
the active measurement range through optical Low Power GigaBit Transceiver
(IpGBT) links [105]. The data is then processed on the multiplexer board (MMB)
specially designed for the MVD. For accurate temporal storage of data, an exact
time stamp is assigned to the detector data through the synchronization informa-
tion provided by the Synchronization Of Data Acquisition (SODANET) with the
MMB. The data is reduced to include only relevant physical signals and is then
transmitted at a maximum data rate of 580 Mbit/s to the burst building network,
where the data can be stored.
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7.2.2 Beam Time Setup

The entire setup was designed to be as flexible as possible. This is because the
MYVD prototype was the second user of the beam during the beam times, which
means that the proton beam could not be actively changed. In addition, some of
the primary experiments were placed in front of the MVD in terms of beam direc-
tion. Therefore, the entire structure was assembled and secured using item profiles,
attached to a three-legged stand. The adjustable tripod allowed movement of
the setup, particularly the sensors, in all spatial directions, enabling variation in
intensity by approaching the beam center.

The Sensor-ToASt combination, previously explained and utilized in Section
could be directly fastened to the item profiles. This allowed sensor alignment
without relocating the entire structure. The sensors were positioned so that the
rear sensor was placed ideally in the beam shadow of the front sensor, facilitating
coincidence measurements and extended clustering. However, with an approxi-
mate 4 cm spacing, the sensors were relatively distant in the first two beam times,

as evident in Figure

Figure 7.11: MVD prototype setup from the COSY08 beam time, mounted on top of a
tripod in COSY’s TOF Hall.

Upon closer inspection, the left image reveals the beam dump in the upper left,
corresponding to the center of the proton particle beam. The sensors were laser-
aligned accordingly, and the intensity on the sensors was regulated through the
height adjust ability of the tripod. The entire setup is situated behind several
primary experiments, indicating an extensively spread-out beam. After alignment,
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the sensors were made as light-tight as possible by covering them with several
layers of black fabric.

The prototype DAQ is built upon a HighFlex card [106], with the MDC described
in Section [7.2.1|being utilized as FPGA version. This ensures maximum flexibility
while maintaining full functionality. The entire DAQ was connected to a PC
beneath the sensors using the HighFlex cable, as depicted in the left image of
Figure

The control of the system, including the PC, was carried out from outside the
cave, allowing parameters to be adjusted during beam operation. A graphical user
interface (GUI) was developed for the control, and further details were discussed
in the conference contribution [107].

The sensors were individually powered with a voltage supply, applying the reverse
bias voltage. Leakage currents were monitored throughout the entire beam time.
The ToASts were operated with a power supply during which both ToASts were
provided with a negative voltage of -3V at 0.166 A and a positive voltage of
4.5V at 0.533 A. It is noteworthy that currents may vary when the ToASts are in
configuration mode.

In the following, the two sensor-readout combinations will be referred to as TO1
and T02. T02 is the p-side readout sensor located on ToASt # 5, while TO01 is the
n-side readout combination on the ToASt # 2 test board.

Simple Functional Tests

By conducting a simple functional test of the data readout, it can be demonstrated
that it accurately stores events with the correct timing. The leading and trailing
edges were histogrammed for this purpose. To obtain the most comprehensive
statistics, the measurement with the highest number of data points across all beam
times was used as an example. The data set is analyzed without preprocessing,
such as clustering. During the tests, both sensors were fully depleted using a
reverse bias voltage of 100V, and the ToASt sensors were calibrated with the
standard beam time calibration (ToASt1: 2023-08-11T17-37-27-p-type and ToASt2:
2023-08-11T18-01-33-n-type). As evident in the Figure the mean of both
values is approximately half of the 4096 bits, as expected for a properly functioning
readout.

The same data set was utilized to test the functionality and calibration of the
strips. It is noteworthy that in TO1, one strip malfunctioned, the strip seems to be
floating evidenced by the increased hits on the adjacent strips. This behavior can
be attributed to charge sharing (refer to Section[7.2.3), similar to what is observed
in the outermost channels.
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Figure 7.12: Leading and trailing edge times for a raw beam time data set with 6.25ns per
time step.

The adjacent strips of these channels are also not contacted, preventing the gen-
erated charge from dissipating and instead transferring it to the next contacted
channel.

The malfunctioned strip in the measurement of figure[7.13|seems to be damaged
between the aluminum-coated readout strip and the implant (coupling capacitance,
as depicted in Figure [5.22). This results in a so-called pinhole, establishing an
electrical connection from the readout strip to the bias line. A closer examination
of the schematic structure of the sensor in Figure supports this explanation.
Nevertheless, the ToASt still functions despite the bias voltage, as the pinhole
was detected before the bias voltage was applied. The malfunction was identified
through the analysis of channel leakage current and noise. To save the sensor-
readout combination, the bonding wire was removed, rendering data readout
impossible for the malfunctioned channel but protecting the ToASt. The absence
of the bonding wire prevents the charge from flowing anywhere except interfering
with the neighboring channels, as can be observed.
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Figure 7.13: Hit channels of T01/02 for a raw beam time data set.
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Overall, it can be observed that the calibration appears to have been successful,
as all channels, except those affected by the damages, are at a similar counting
level. This suggests that the thresholds have been well chosen for the individual
channels. However, it cannot be ruled out that one side of the sensors may have
experienced a higher intensity than the other. Nevertheless, it can be assumed that
due to the widely spread beam, the intensities are approximately equal.

7.2.3 Hit Clustering

A cluster event occurs when multiple strips of one or multiple sensors are hit by a
tast charged particle. The strips share the deposited energy through charge sharing,
as explained in Section To increase the cluster size and, consequently, the
resolution, sensors are typically slightly tilted by an angle 0;, as shown in Figure
This statistical tilting increases the likelihood of particles entering the sensor
at an angle, thereby exciting more strips and enlarging the cluster.

aluminum

Figure 7.14: Schematic representation of a cluster in a silicon strip sensor [108].

For the definition of a cluster, it is essential to establish a time period during which
events are read out by the ASIC. It is crucial to acknowledge that each event has
a certain duration, which can be understood as Time-over-Threshold (ToT) (see
Section . Additionally, each event takes a certain amount of time due to the
mobility of the charge carriers, which differs for electrons and holes, leading to
time walk. Moreover, at high rates, it is essential to ensure that signals from only
one particle are accurately counted as a cluster. Therefore, the readout time of
a cluster is limited upwards and downwards, as investigated in the following
Section for the MVD-prototype.

Multiplicity

The multiplicity indicates how many strips are excited by an event. This can
be observed as the cluster size in Figure Accordingly, each cluster has a
multiplicity greater than one; otherwise, it would be considered a single hit. The
multiplicity is calculated separately for each sensor, meaning that each sensor
calculates its own multiplicity independently, even in cases of synchronous events.
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However, a special case is considered in the analysis, where synchronous clusters
in both sensors are counted together, resulting in an aggregated multiplicity. For
synchronous single hits, however, the multiplicity is assigned a value of one,
rather than adding up to two, allowing these events to be analyzed separately.
This approach provides an additional perspective that becomes informative when
the sensors are no longer positioned precisely one behind the other due to a change
in the angle of incidence. In this way, discrepancies between the sensors that arise
from the particle angle of incidence can be observed.

The multiplicity can be influenced, for example, by the angle of incidence of
the charged particles or by a magnetic field. This causes the deposited energy
to be distributed across multiple strips, thereby increasing spatial resolution, as

explained in Chapter

Drift Velocity and Mobility

The drift velocity of electrons is significantly higher than that of holes due to their
lower effective mass, which results in greater mobility under the same electric
tield, despite collisions with lattice defects, as shown in Figure
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Figure 7.15: Drift velocity of electrons and holes versus electric field in Silicon [47].

To get an estimation of the electron mobility in the PANDA silicon detectors,
Formula[7.T]which is valid for small fields is taken into account [36]].

Estimating the signal length involves considering the mobility of the electrons
(1tn = 1500cm?/Vs) and holes (up = 450 cm?/Vs) [36]. By incorporating this
information along with knowledge of the full depletion voltage at around 100 V
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and sensor thickness of 285 um the drift time of holes and electrons across the
entire sensor can be calculated with the Formula to telectrons=2-708 ns and
tholes:9'025 ns.

d?
= — 7.2

Therefore, with the knowledge that a clock cycle of the ToASt (Chapter|7.1.1) takes
6.25ns, the readout time for a cluster must be at least 2 clock cycles.

Time Walk

Time Walk occurs because signals of different amplitudes require different times
to exceed a defined threshold. Stronger signals reach this threshold faster, while
weaker signals need more time to reach the same point. This leads to a temporal
distortion of the measurement, even though the events actually occurred at the
same time.

Charge Sharing

Charge sharing refers to the distribution of the signal charge from an event across
multiple sensor strips, enhancing spatial resolution by representing the event in
clusters rather than on individual strips. This effect occurs when the charge from
the event spreads naturally over an area, causing neighboring strips to detect
a portion of it. Additionally, due to capacitive coupling, charge can be shared
between adjacent strips, even if the primary charge is not directly deposited on
those strips.

The extent of charge sharing depends on factors such as whether neighboring
strips are contacted and the interstrip capacitance (see Chapter5.3). In microvertex
detectors, charge sharing can often be enhanced by rotating the sensors or applying
a magnetic field, as described in Section on cluster formation.

Cross Talk

Cross talk refers to the transfer of signals between neighboring strips, leading to
unwanted signals in the readout channels that do not originate from the primary
event. This occurs when the charge or signal on one strip induces a signal on
neighboring strips through capacitive coupling or induction. These induced
signals can distort measurements, as they do not represent actual charge events.
To minimize cross talk, the interstrip capacitance (see Section should be
optimized, for example by only contacting every other strip.
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7.2.4 Correlation of Clock Cycle Time

To identify a cluster, the distance between clock cycles of the leading edges of
events is analyzed in the following section. We examine measurement data ob-
tained from proton irradiation at the COSY accelerator in Jiilich; this chapter serves
as a preparation for accurate data collection. For this purpose, measurements
taken with the prototype discussed in Section during three separate beam
times are used. A detailed analysis of these beam times will be provided in the
following chapters, incorporating the insights gained here.

Correlation of Clock Cycle Time on Multiplicity

Specifically, at first we examine the normalized events against the multiplicity,
as explained in Section In Figure the maximum distance between
the leading edges of signals in one cluster is two clock cycles which is equal to
12.5ns. In the logarithmic representation, it is noticeable that despite the large
data set of over 2.5 million clusters, only a few events are displayed that reach
high multiplicities, exceeding 45.
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Figure 7.16: Strips per cluster multiplicity for different signal time intervals within an
event.

Given that the proton beam, being relatively broad for secondary users, surely
encountered some collision products on the sensor, we can also expect high multi-
plicities.

The impact becomes even more pronounced when considering the total number
of clusters. In comparison to a separation of 7 clock cycles, as shown in Figure
it is noticeable that over 30 % fewer clusters are identified for a 2-clock cycle
separation. This indicates that a significant portion of clusters is filtered out due to
drift time and time walk when the separation between leading edges is less than 7
clock cycles. The determination of drift time and time walk is discussed in Section
/2.3
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However, it is observed that for 7 clock cycles, there is an increase in multiplicities
of 44 and 19. This occurs only for Detector T01, and there is a noticeable reduction
in the distribution from Multiplicity 44 on wards. For T02, an expected curve is
apparent, with Multiplicity 63, where all strips are excited, being slightly increased.
This increase is explainable on the sensor side, potentially due to common noise.
Regarding the two increases for T01, these are also caused by common noise. For
T01, Strip 19 is not connected, as explained in Chapter Upon examining
the data, it is evident that for most multiplicities of 44 and 19, this channel still
generated a signal in the ToASt, but with a larger separation in clock cycles than
7. This can be attributed to cross talk in the ToASt, indicated by the significantly
lower signal height for channel 19 compared to adjacent channels. Consequently,
a cluster with Multiplicity 63 is split into two clusters with 44 and 19. This leads to
the truncation of many clusters in higher multiplicities.
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Figure 7.17: Strips per cluster multiplicity for different signal time intervals within an
event.

Examining Figure with a maximum leading edge separation of 10 clock
cycles, the observations for 7 clock cycles become even more pronounced. This
time, TO1 also penetrates more into higher multiplicity ranges. When looking at
the increases in Multiplicities 19, 44, and 63 for T01, it becomes evident that this
detector is significantly more influenced by common noise compared to T02.
When considering a separation of 100 clock cycles, as shown in Figure [7.17b] the
behavior becomes evident. T01 now exhibits a distinct peak around multiplicity
63, while for T02, only multiplicity 63 is increased, although significantly less than
for TO1.

Both detectors now show multiplicities beyond 63, which is non-physical, as it
would require a particle to excite more than all the strips. Hence, it becomes clear
that the dead time of the sensors has been exceeded, and additional events in a
cluster have been counted together. Dead time is the duration a strip needs to
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be ready again to receive a new signal after excitation. This behavior is clearly
observable for T02.

For T01, it can be seen that multiplicities between 20 and 60 contribute to the peak
around 64. Upon closer inspection of the data, it is noticeable that these clusters
are mainly filled with random hits, which can be noise or individual events. Due
to the dead time, there is an increased filling up to multiplicity 64, particularly
extending the higher multiplicities, as a coherent cluster with bordering strips
needs to be filled within the clock cycle time.

This effect is also observable for T02 but to a significantly lesser extent, attributed
to a lower intensity of approximately 12.5 %. Additionally, when examining the
data for T02, it is apparent that clusters of larger multiplicities are extended with
random events, even beyond 63. This suggests that T02 has a shorter dead time
than TO1.

As the clock cycles are increased to multiples of the dead time, the distribution
remains unchanged. One would expect the peak to disappear as more events
are added, and significantly more higher multiplicities are found. To explain this
phenomenon, distributions recorded under controlled conditions in Figures
and must be considered.

In those Figures, the peak and multiplicities beyond 63 are not present, even for
high clock cycle times. This indicates that cyclic signals were causing clusters to
be filled during the COSY beam times, possibly due to uncovered LEDs or stray
light from fluorescent lamps or COSY spill structure. Therefore, the ToASt and
the sensor are not affected by common noise, which does not consist of real signals.

This interference makes it challenging to analyze multiplicities, so a consideration
in multiplicity with clock cycles between 2 and 5 is recommended, corresponding
to 12.5ns and 31.25ns. Moreover, insights into the dead times, which depend
on the Time-over-Threshold, were obtained, with a minimum of approximately
50 cycles for T01 and 20cycles for T02, corresponding to 312.5ns and 125ns,
respectively. This corresponds to maximum rates between 3.20 MHz and 8 MHz,
i.e., 50kHz and 125kHz per strip, fulfilling the requirement of approximately
10kHz per strip [10].

Correlation of Clock Cycle Time on Synchronous Hits

The following examines the impact of the distance of the leading edge within a
cluster on the deposited energy, using measurements from the COSY-Beam Time III
(detailed evaluation of the measurements in Chapter . For this, synchronous
hits are plotted for 2 and 7 clock cycles as a function of their deposited energy
of both sensors. The x-axis represents the Time-over-Threshold of T01, while
the y-axis represents that of T02. As described in Section one clock cycle
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corresponds to 6.25ns. When observing the distributions in[7.18} it is immediately
apparent that hits near the x- and y-axes decrease significantly with the clock
cycles.

These events can have various causes. On the one hand, they can be caused by
particles that pass through one sensor with a small loss of energy (as explained in
Chapter and get stuck in the second sensor. As a result, the deposited energy
in the second sensor is significantly higher, as all the kinetic energy is absorbed by
the sensor.

On the other hand, such events can be caused by particles that cannot penetrate
the sensor, such as photons from scattered light. However, for a synchronous hit to
occur at the both sensors, an event must also be measured within the synchronicity
time window at the second sensor, which may be the case in setups lacking light
proofing.

As observed in the distributions, reducing the synchronicity time mainly filters out
distributions of these asymmetrical energy deposits, suggesting that a significant
number of photons from scattered light were measured.

However, as evident in Figure the distribution along the diagonal, likely
caused by fast charged particles, decreases. Despite this, the reduction in the
distributions along the x- and y-axes is notably greater than that of the events
along the diagonal. Therefore, by reducing the synchronization time window from
7 to 2 cycles, noise can be filtered out.
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Figure 7.18: Correlation of deposited energy with different signal time intervals within an
event of 2 clock cycles on the left and 7 on the right for the same measurement.

Examining the number of excited strips in both distributions reveals that the count
has changed significantly by adjusting the different signal time intervals within an
event from 7 to 2 clock cycles. For 2 clock cycles, 37.15 % fewer hits were recorded
on both sides. Which is roughly the same as in the multiplicity consideration. To
demonstrate that predominantly asymmetric events were filtered out, the absolute
values resulting from the subtraction of the Time-over-Threshold of T01 and T02
were calculated for each hit, described as Tp.
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Tp = | T0110¢ — T020s| (7.3)

From this, the average distance T from the diagonal can then be calculated:

n

Tp = (7.4)

n

This results in a deviation of all hits by 22.55 ToT for 7 clock cycles and by 15.11 ToT
for 2 clock cycles. Assuming only MIPs are being registered and the ToASts are
precisely calibrated, this deviation should approach zero [65]. The reduction by
32.99 % clearly indicates that the reduction in clock cycles particularly filtered out
noise hits. Thus, when considering only synchronous events, a reduction in cluster
time to 2 clock cycles, equivalent to 12.5ns, is beneficial.

Correlation on Signal Time Intervals within an Event on Channel Hits

Another consideration for verifying the cluster duration involves examining the
excited channels of all clusters. That means, in the following, the count of how
often each channel was excited during a measurement run is plotted for various
2 and 7 clock cycle distances within a cluster of the leading edge. For this, every
channel that was excited within a cluster is plotted. Initially, TO1 and TO2 for
7 clock cycles are considered.
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Figure 7.19: Hit cluster channels of T01/02 for 7 clock cycles leding edge difference.

Comparing Figure and Figure where raw data, i.e., non-clustered data,
is plotted, the first observation is a noticeable reduction in counts. More strikingly,
the two outer channels, heavily influenced by charge sharing as neighboring chan-
nels are not connected, have significantly decreased compared to the remaining
counts. This suggests that clustering has at least partially filtered out charge-
sharing signals. A slight increase is still visible for a 7 clock cycle distance.

In total, 4.72 and 5.01 million events were recorded for TO1 and T02 in the raw
data. On average, this means 78.22 and 73.67 thousand events per channel. For
the raw data, the two outer channels for T01 are increased by 124.89 % compared
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to the mean, and for T02 by 104.23 %. For the clustered channels with a 7 clock
cycle distance, the number of events is reduced to 2.12 and 2.10 million events
with a channel mean of 33.16 and 32.88 thousand events, resulting in a difference
of the outer channels to the mean of 50.08 % for T01 and 47.67 % for T02. In total,
130.56 % fewer events were recorded. It is clear that clustering can significantly
filter out charge-sharing signals. However, not only charge sharing signals but
also other noise and real events are filtered. To emphasize this, considering Figure
where noise is evidently filtered for 2 clock cycles, the same is examined for
the channel observation.

For TO01, a total of 1.65 million events were recorded for 2 clock cycles, and for T02,
1.71 million events, belonging to a cluster. This also means an average of 25.78 and
26.64 thousand events per channel.
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Figure 7.20: Hit cluster channels of T01/02 for 2 clock cycles leding edge difference.

In comparison with the raw data and the data clustered with 7 clock cycles from
Figures and there is again a reduction in total events and a decrease in
the outermost channels. In numbers, this means an increase for TO1 of 22.69 % for
the two outer channels compared to the mean and 32.48 % for T02. Compared to
the raw data, 189.58 % of the data was discarded, and compared to the 7 clock
cycles, 25.59 %. It is noticeable that the total events between clock cycle distances 2
and 7 have decreased almost equally, as have events on the outermost strips. This
is mainly explained by the reduction in charge sharing. However, it must be noted
that real events are also filtered out due to the short cluster length, as explained in
Sections and

In conclusion, it can be stated that reducing the clock cycles, which corresponds to
shortening the allowed signal time intervals within an event, effectively filters out
noise and non-cluster signals. The primary cause for the exclusion of some signals
was identified as charge sharing, which can result in signals that are not correctly
associated with a cluster. However, this reduction in time intervals may also lead
to the loss of valid events.
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Conclusion

In considering all methods for verifying the clock cycle time, two things must be
particularly noted. Firstly, the time should not exceed 7 clock cycles, corresponding
to a time of 43.75ns. Beyond this, common noise is recorded as signals by the
ToASt, and clusters are no longer properly distinguished. Secondly, at least two
2 clock cycles (e.g. 12.5ns) should be considered for verifying clusters, as below
this, real events can be sorted out due to the drift time of electrons and holes, as
shown in Section However, it has also been clearly shown that reducing
the clock cycles reduces signals not corresponding to clusters. The main cause
identified was charge sharing. It must be noted, that below 7 clock cycles, actual
events are also sorted out. Charge sharing will be reduced in the actual MVD
setup, as the plan is to contact every second strip. In the prototype, on the other
hand, every strip was contacted. Therefore, it can be assumed that in the final
setup, the minimum limit does not need to be pushed to the extreme due to noise
and charge sharing.

7.3 COSY Beam Times

A total of three beam times were conducted at the COoler SYnchrotron (COSY)
with the MVD prototype. During each beam time, the sensor configuration was
slightly modified, as explained in the respective sections. The setup consistently
served as a secondary experiment, meaning that other experiments were in the
direct beam path, and the prototype received a widely spread beam as a result
of the preceding experiments. This included not only protons but also a diverse
array of particle products.

COSY has the capability to accelerate protons with a maximum momentum of
3500 MeV /c [109]. The last of the mentioned beam times also marked the conclu-
sion of COSY’s operational period.

7.3.1 Beam Timel

In the first beam time, the setup described in Sectionwas utilized, with only
one sensor. It marked the initial combination of Sensor-ToASt and DAQ outside
the laboratory, representing the first opportunity to detect radiation. Therefore,
efforts were made to simplify the setup as much as possible. The beam time
was affected by beam failures and challenges in interpreting detector behavior.
Despite these issues, valuable information was gathered, including the correct
polarity configurations of the ToASt. The ToASt is programmed such that, in its
configuration, the p-side readout expects a negative pulse, and correspondingly,
the n-side expects a positive one. However, when considering the sensor-side
readout, connecting to the AC pads on the p-side results in positive signals being
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transmitted to the ToASt, and on the n-side, negative pulses are expected. These
insights and others allowed to observe plausible signals after the beam time.

7.3.2 Beam Time Il

In the second beam time, the setup was exactly as described in Section[7.2.2l Two
sensors with strips orthogonal to each other were positioned at a distance of
around 4 cm. Throughout the beam time, efforts were made to maintain the COSY
proton beam relatively constant at an momentum of around 2740 MeV /¢, owing
to a long-time measurement by a first user. During this period, the intensity was
adjusted by changing the tripod height. Nevertheless, the sensors were positioned
quite far away from the beam center due to concerns about radiation damage to
the PC.

In Beam Time II, general functional tests were being conducted, which included
modifying ToASt parameters and performing calibrations. Additionally, the
reverse-bias voltage was altered, with the plotted measurements reflecting only
the fully depleted sensor.

7.3.3 Measurements Beam Time II

To illustrate the functionality of the detectors firstly, the measurement from Beam
Time II with the highest statistics are examined. Figure displays the data from
TO01 on the left and T02 on the right without any processing. In this analysis, all
channels have been summed, resulting in histograms that include data from all
64 channels of the ToASts. A detailed representation of individual channels for
TO1 can be found in Appendix Figure and for T02 in Figure Notably, the
unconnected Channel 19 in T01 is once again apparent.
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Figure 7.21: Measurement with the MVD prototype using a proton beam at COSY, with
TO01 (a) and T02 (b), based on unclustered raw data.

The examination of the raw data in Figure reveals a slightly shifted Landau
distribution or a combination of Landau and Gaussian distributions, as explained
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in Chapter However, especially for T02, an additional peak is noticeable
before the main peak. To ensure that this is not caused by the summation of
different gains and thresholds of the channels, the analysis is extended to the raw
data of an individual channel.

The double-peak structure is also evident for individual channels in Figure
more pronounced for T02 than for T01, possibly due to the global threshold setting.
However, it is also noticeable that the Landau distribution has a slightly steeper
decline, indicating a less perfect calibration between the channels.

Therefore, the data set is processed, and all clusters are identified. For clustering,
the ToTs (time-over-threshold values) for an event within a defined time interval,
where each event is uniquely assigned are summed. Only excited neighboring
strips on a sensor can contribute to a cluster. However, it is also implemented
here that if a strip between two adjacent excited strips fails to show a signal, the
event is still considered a cluster. In the following, “clustered data” refers to the
combined ToT values from multiple strips within one event, which can be used to
determine the energy deposited by an event.
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Figure 7.22: MVD prototype measurements with a proton beam at COSY using T01 (a)
and TO02 (b) for a randomly chosen channel, based on unclustered raw data.

The clustering process is explained in more detail in Section It is worth noting
that the scaling has been adjusted as the peaks have significantly lost intensity.
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Figure 7.23: Summed ToT of event-associated strips, determining total ToT per event, from
COSY beam for all T02 Channels (a) and a randomly chosen T02 channel (b).

In Figure the clustered data from T02 is plotted, showing that the front peak
has completely disappeared. The overlay with the main peak has also significantly
reduced its intensity. This suggests that only individual channels are responsible
for the front peak, indicative of noise. It will be revealed that this peak is caused
by incident light on the sensor, as detailed and explained in Section[7.4|

In the examination of the individual channel, depicted in the right Figure
it can be observed that the beginning of the curve is slightly truncated, unlike
the summed channels. The threshold for this channel was, therefore, set a bit too
high. Additionally, a more pronounced decline in the curve is evident. Overall,
the curves exhibit the expected behavior of a Landau distribution, illustrating the
energy loss of fast charged particles in silicon.

Coincident Hits

Coincident hits are signals that are detected "simultaneously" (within the chosen
clock cycle duration of a cluster) on TO1 and T02. When the duration of coincident
hits is appropriately chosen, it can be assumed that the event indeed involves
minimum ionizing particles. This is because it must have had enough energy to
traverse both the first and second sensors and is highly likely not noise since noise
occurs randomly on the sensors. An explanation can be found in Section [7.2.4}
where the most probable time for expecting a "simultaneous" event is discussed.

In total, approximately 1.5 million clusters were identified (2 clock cycle leading
edge difference) out of 16.9 million total events in this measurement. Considering
the total number of coincident clustered hits, which is 53.5 thousand, it becomes
evident how dispersed the beam is and that the sensors are too far apart. Therefore,
in Section the distance will be minimized for Beam Time III.
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Figure 7.24: Deposited energy for both sensors at COSY Beam Time II for coincident
events.

In Figure the coincident clustered hits are plotted, representing all simultane-
ously fired neighboring strips of T01 and T02. Considering the differently zoomed
scale, it is evident that the distribution falls off more sharply, resembling a Landau
distribution. This indicates that in the data, that was "only" clustered, there are
still some events that cannot be attributed to MIPs. A more detailed examination
of the Landau function for coincident hits will be discussed for higher statistics in
Beam Time III in Section[7.3.5] Also, it is noticeable that this time, for both T01 and
T02, the distribution is slightly truncated at the beginning.

In Figure the correlation of deposited energy is presented for both sensor
readout pairs, TO1 and T02. The slight spreading along the x- and y- axes suggests
that some noise or not MIPs are still being recorded. However, the trace of fast
charged particles on the diagonal is more pronounced, as explained in Section
/.2.4
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Figure 7.25: Correlation of the energy deposit for both sensors at COSY II Beam Time.

Conclusion Beam Time II

During Beam Time II, the general functionality of the MVD prototype was con-
firmed. It marked the first successful recording of signals during a beam time.
Adjustments for future beam times, such as Beam Time III, were identified to
enhance measurements. Various configurations of the ToASt were tested and
analyzed, but a comprehensive discussion, along with the results from Beam Time
111, is presented in Section[7.3.8|

7.3.4 Beam Time III

In the third beam time, the setup was slightly modified by bringing the sensors
closer together, approximately 2 cm apart. This adjustment aims to increase the
probability of detecting coincident hits. Additionally, the setup was realigned
using a laser system. Two plastic scintillators were attached to both sensors, visible
in black in Figure This addition was intended for an efficiency measurement,
which, unfortunately, could not be carried out. The tripod, the setup was mounted
on, was equipped with a scale to enable the adjustment of various rotation angles
of the sensors relative to the beam line.
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Figure 7.26: Measurement setup for the third COSY beam time conducted in the TOF Hall
at FZ Jiilich.

Figure[7.26/shows the front and back view of the MVD prototype in the TOF-hall
of COSY. It is evident that the ToASt sensor boards are orthogonal to each other,
aligning with the orientation of the sensor strips. This is also illustrated in Figure
In comparison to the previous setup in Figure it’s noticeable that the
sensor boards and sensors are much closer to each other.

The objectives of the third beam time involve repeating the tests conducted in Beam
Time II, which includes the investigation of various ToASt parameters and the
collection of more statistics from these measurements. New tests include rotating
the system to gain insights into multiplicities and energy deposits, as well as
measuring coincident hits. It is worth noting that during the beam time, the COSY
beam operated very steadily at an momentum of approximately 2740 MeV /c.
In previous beam times, the beam was frequently interrupted, leading to the
termination of meaningful measurements. Therefore, in the third beam time, a
significant amount of data was primarily collected.

7.3.5 Beam Time III Measurements
Rotation of the Sensors

Firstly, we examine the change in cluster strip multiplicities, as explained in
Chapter[7.2.3] and the deposited energy when the sensors are rotated in the beam.
Here, zero degrees means that the beam impinges perpendicular to the active
surface of the sensors. At 90 degrees, the beam would be in line with the active
surface. This is illustrated in sketch
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Figure 7.27: Sketch of the sensor rotation and strip configuration to the beam direction.

For zero degrees, it is expected that the beam particles pass approximately per-
pendicular through the sensors, leaving behind the average energy loss of protons
in 285 um of silicon. With rotation, the particles no longer traverse the sensors
perpendicularly but at an angle, covering a longer distance in silicon, resulting in
a higher energy deposit.

Similarly, it is expected that the multiplicity increases for the sensor whose strips
are oriented horizontally to the axis of rotation. This is because, in this configu-
ration, the particle traverses or "touches" more strips during its passage through
the sensor. For the other sensor, whose strips are in the direction of rotation, the
multiplicity should not change [65].

Next, we examine the multiplicity for clustered data, distinguishing the clusters
for TO1 and T02 without considering coincident hits. The calculation is performed
with a 2-clock cycle leading-edge separation in the cluster due to the noise behavior,
as explained in Section [7.2.4]
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(a) Muliplicity for 0 degrees (b) Muliplicity for 60 degrees

Figure 7.28: Multiplicity with a rotation angle of the sensors relative to the proton beam
set to 0 (a) and 60 degrees (b).
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For an angle of 0 degrees, as shown in Figure the cluster multiplicities for
TO01 and TO2 are nearly identical, as expected, with mean values of 2.55 and 2.52,
respectively.

For the rotation by 60 degrees in Figure it is initially noticeable that the
number of counted clusters has reversed. In contrast to the 0-degree measurement,
T02 now has more clusters. T02 was the rear sensor, and through the rotation, it
was slightly moved closer towards the beam center, while T01 was moved outward
from the center. However, the intensity does not affect the multiplicities.

For T01, the intensity changes only minimally to 2.61, corresponding to an increase
of 2.35 %. This is expected since, as shown in the sketch in Figure the strips
rotate away from the beam direction. A proton traversing the sensor at an angle of
60 degrees "touches" the same number of strips as it does for 0 degrees. However,
statistically, it travels longer distance through the strip or strips it touches and
therefore has the chance to generate more charge.

On the other hand, T02 exhibits a different behavior. The mean cluster multiplicity
for T02 increases to 2.92, corresponding to a 15.87 % increase. This is a significant
elevation, as expected. The strips for T02 are perpendicular to the beam. Through
rotation, the proton now traverses a shorter distance within a strip, touching
multiple strips instead. The total distance covered remains the same for T01 and
T02. As a result, the cluster multiplicity increases.

The comparison with the measured and simulated results from Bianco et al. (2013)
[110], where a sensor with a comparable pitch and thickness is examined, reveals
that the average multiplicities should increase significantly more. The reason for a
lower observed increase is explained through the analysis of the deposited energy

in figures and

However, first, we consider the aggregated multiplicity taking into account coinci-
dent events.
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Figure 7.29: Aggregated multiplicity of all clusters recorded on both detectors during a
COSY measurement.

In Figure the clusters from T01 and T02 are also combined. This time, the
angle of 20 degrees is also considered. For this angle, there is no noticeable change
in multiplicity, as the proton beam, being relatively broad for secondary users, is
already sufficiently fanned out and does not hit the sensors perpendicularly. From
the distribution, it can be observed that a larger angle results in fewer coincident
hits. This is due to the distance between the sensors, and with the rotation, the
rear sensor moves out of the shadow of the front sensor. It should be noted that
hits that only stimulate one strip in both sensors are labeled with a multiplicity of
one.

To analyze the deposited energy, we examine the deposited energy in Time-over-
Threshold for the clustered data from T01 and T02 for angles 0, 20, and 60 degrees.
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Figure 7.30: Charge deposition of the COSY beam in T01 for three different angles of beam
incidence with respect to the sensor surface.

For TO01 in Figure the expected increase in deposited energy is visible due
to the longer path in silicon. It can be observed that, as for 20 degrees, the curve
shifts to the right and gains intensity for small energies compared to the 0-degree
measurement, which was not expected. The same behavior was observed when
reducing the time threshold, as explained in detail in Section As a result,
smaller energies associated with clusters are allowed. The same happens for
20 degrees, except here, the threshold is not reduced but the deposited energy in-
creases. For 60 degrees, the curve moves significantly into the higher energy range.
However, another distribution near the peaks of 0 and 20 degrees is visible. These
are likely clusters where a part of the deposited particle energy is still below the
threshold and thus truncated. This is consistent with the fact that the curve lacks
the steeper Landau descent, and the intensity of the MPV is likely significantly
reduced due to the truncated clusters.

To determine the change, the center of gravity for the peaks of the curves was
calculated and is presented in Table One clock cycle corresponds to 6.25ns,
and with the calibration of 60 ns/{C, the deposited energy can be estimated. It’s
important to note that an error analysis for this estimation is not meaningful
since the calibration is an approximation that is significantly less accurate than
determining the COGs.

Rotation[?] | ToT ToT [ns] Energy [keV] | Increase [%]
0 28.65 +0.22 179.96 +1.38 | 68.70 -

20 30.44 £ 0.18 190.25 £1.13 | 72.63 6.23 £ 0.06
60 76.50+1.80 | 478.134+11.25 | 182.55 167.02 +6.28

Table 7.2: Change in deposited energy for TO1 with the different incidence angles of the

proton beam.
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This increase is to be expected to a similar extent. In the work of S. Bianco [110],
similar enhancements were measured and simulated, with an increase propor-
tional to 1/cos(0) being identified. Additionally, the mean energy per stimulated
strip was determined to be 50.46, 64.41, and 72.54 ToT for 0, 20, and 60 degrees,
respectively. This is also expected, as more energy is deposited per strip.

When considering detector T02, a different picture emerges. In Figure it can
be observed that with an angled sensor, the MPV is shifted towards lower energy
ranges. It is noticeable that higher energies have significantly lost intensity com-
pared to 0 degrees, while lower energies near the cut-off have increased markedly.
Additionally, especially the curve for 60 degrees is noticeably truncated in the
low-energy range, which is also apparent for smaller angles.
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Figure 7.31: Energy deposit of COSY protons in T02 for three different angles of beam
incidence with respect to the sensor surface.

Similar behavior to detector T01 would be expected since the proton’s path through
the silicon is also lengthened [65]. The only difference is that the path per strip is
reduced, but more strips are excited, increasing the multiplicity. The deposited
energy should remain approximately the same as for TO1. Looking at the change
in deposited average energy per strip and event, with values of 51.65, 50.29, and
50.25ToT for 0, 20, and 60 degrees, it is noticeable that these values remain almost
constant. A reduction in energy with the angle would be expected. Apparently,
signals associated with larger entry angles were not recorded, likely due to a too
high time threshold. This explains the observed truncation. Signals with low ener-
gies, seemingly caused by a slight rotation, are no longer properly recorded. This
results in significant parts of clusters being truncated, especially for higher angles.
These low signals would add up to the expected energies through clustering. Even
for 0 degrees, parts of the curve are truncated due to the threshold, as shown in

Figure and in Chapter
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Conclusion Sensor Rotation

Both the multiplicities and the deposited energy caused by the COSY proton beam
could be tested in a comprehensible manner. However, it has been shown that the
time threshold was chosen too low. During the beam time, reducing the threshold
led to instabilities in the ToASt. These issues are now understood and will be
addressed in Version-2, as explained in Section[7.3.8|

Coincident Hits

In the analysis of coincident hits on TO1 and T02, the immediately noticeable aspect
is the higher statistics compared to Beam Time II, attributed to the smaller distance
of the sensors. However, the comparison also reveals an increase in events near the
x- and y-axes. This suggests that more particles, unable to traverse both sensors,
were detected potentially due to ambient light interference. This can be attributed
to the use of plastic scintillators, which complicated the coverage of the sensors.
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Figure 7.32: Correlation of the deposited energy in both sensors during COSY Beam Time
III, synchronized with events caused by incident protons.

The forming diagonal distribution is clearly visible, indicating that indeed, fast
charged particles could be detected with high statistics. To gain a more detailed
insight into the deposited energy in the sensors, a fit is applied to the coincident
event data in the following. This is made possible by the high statistics of Beam
Time III
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Evaluation of Data Using Langau Fit

With an increased statistical data set in Beam Time III, a fit for synchronized hits
becomes feasible for both detectors TO1 and T02. It is important to note that
clustering involves the summation of signals from multiple channels. While these
channels are calibrated, variations in gain and threshold persist, as demonstrated
in Chapter[7.3.3 The fitting approach employed utilizes a convolution of Gaussian
and Landau distributions, referred to as "Langau" in the following text, with the fit-
function provided by Si-Lab-Bonn [67], as detailed in Chapter The deposited
energy in Time-over-Threshold (ToT) values for COSY protons is plotted for both
sensors.
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Figure 7.33: Measurement and fit of the deposited energy for T01 at COSY Beam Time III
for coincident events.

In Figure the fit is presented alongside the distribution of deposited energy
in TO1. Overall, a good agreement between the fit and the plot is observed.
Particularly, the descending tail of the Landau, representing higher energies, is
well captured. The rising edge shows a slight deviation from the fit at very low
energies. Simultaneously, a minor inaccuracy is evident in the descending tail of
the function, around 30 ToT. As mentioned earlier, it is highly probable that parts
of clusters were truncated due to an elevated threshold, explaining the broader
distribution at lower energies and a lower-than-expected statistics around 30 ToT.
A more detailed investigation of this phenomenon has been undertaken in the
preceding beam time chapters.
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Figure 7.34: Measurement and fit of the deposited energy for T02 at COSY Beam Time III
for coincident events.

For detector T02, the insights are even more pronounced. Again, the distribution
closely follows the fit very accurately. However, this time, there is higher statistics
observed around 50 to 100 ToT than anticipated. This is most likely due to the lack
of statistics around the Most Probable Value (MPV) caused by truncated clusters.
Therefore the threshold for T02 is chosen to be even higher than T01, significantly
truncating signals.

In conclusion, it can be stated that the distributions closely align with the expected
convolution of a Landau-Gaussian function. Hence, it is reasonable to assume
that, during the measurement of coincident events, primarily Minimum Ionizing
Particles (MIPs) were detected.

The most probable energy deposit in 285 ym silicon for a proton beam in the range
of 3GeV/cis approximately 75 keV. With the excitation energy of silicon at about
3.67 eV per electron-hole pair, this corresponds to 24000 electrons as the most likely
charge deposit. Consequently, attributing this value to the MPV (Most Probable
Value) of the distribution provides an estimation of energy. Assuming only MIPs
were measured, this knowledge allows for assessing the calibration quality of the
ToASt boards. For T01 and T02, the MPV of the distribution was determined using
the fit, resulting in (24.53+0.01) ToT and (25.94+1.07) ToT, respectively. One ToT
corresponds to 6.25ns. With a calibration of 60ns/fC, the deposited energy for the
MPV for T01 is calculated as (58.530+0.239) keV and for T02 as (61.8954-2.553) keV,
which corresponds to 15,948.36 and 16,865.08 electrons, respectively.

This rough estimation suggests that the calibration operates within the correct
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order of magnitude, allowing for meaningful physical results with the MVD pro-
totype. For a very approximate estimation of the following results, the calibration
can be back-calculated, considering the Minimum Ionizing Particles (MIPs), result-
ing in calibration values around 39.87 and 42.16 ns/fC for T01 and T02, respectively.
However, it must be noted that the actual deposited energy could be significantly
influenced by the primary experiments, so the obtained assessment should only
be considered as a guideline. Despite the adverse conditions, an error of 33.6 %
and 29.7 % indicates that the deposited energy of the protons can be detected by
the prototype.

7.3.6 Leakage Current during Beam Time

During the measurements, it was observed that the leakage current underwent
significant changes. Initially, the current rose continuously and then fluctuated
around a certain value. Both sensors were fully depleted at 100V, and the leakage
current for the n- and p-side readouts was slightly different. As mentioned in
Chapter[7.1.2} the leakage current serves as a crucial indicator for identifying issues
with the sensors or connections from the sensors to the ToASt. We maintained a
compliance limit of 5 pA for both sensors, which proved to be effective.

The complementary behavior of the sensors in Figure from hour 120 onward
can be explained by rotating the sensors. Apparently, this rotation exposes the
p-side sensor to more scattered light, while the n-side is less burdened. Overall, the
increase in leakage current is attributed to temperature variations, as demonstrated
in Chapter and investigated further in Chapter
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Figure 7.35: The variation in leakage current for both sensors during Beam Time III.
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Temperature during Beam Time

The temperature was determined using a thermal imaging camera before the first
and after the last measurement, considering the background of increased leakage
current during the beam time. Especially, the plastic scintillators contributed
significantly to the temperature development, which was trapped in the thick
black fabrics. As a result, the temperature visibly increased by 16.5 °C. The impact
of this temperature difference will be examined in Chapter

Figure 7.36: Temperature of the COSY Beam Time III setup at the beginning of and at the
end of the beam time.

7.3.7 Comparison of Beam times

In comparing the two beam times, slight differences in the distributions become
apparent. For instance, in the correlations of deposited energies between T01 and
TO2 in Figures[7.25|and [7.32| for Beam time II and III, there are noticeably more
signals along the x- and y-axes in Beam time III. This suggests that more light
exposure and thus more noise were recorded during this beam time compared to
Beam time II. The same observation can be made in the examination of raw data,
as shown in Figure for Beam time II. For Beam time III, the noise peak is more
pronounced, attributed to the installation of four scintillators originally intended
for an efficiency measurement that unfortunately did not work. The additional
setup made covering the sensors more challenging.

However, not every deviation in the measurements is explainable only by observ-
ing the data. The following presents two measurements for energy deposition in
T01 and T02 for both beam times. The ToASt settings are identical for both mea-
surements, indicating that the changes in the recorded data indeed originate from
the measured events. It should be noted, though, that no changes are discernible
within a measurement day, while the beam was stable.

168



TO1 Clustered ToT T02 Clustered ToT

I Beamtime:923 I Beamtime:923
Beamtime:823 0.020 Beamtime:823

0.015

hit density
hit density

0.010

0.005

50 75 100 125 150 175 200 0.000 0 25 50 75 100 125 150 175 200

ToT [a.u] ToT [a.u]

(a) Clustered ToT comparison for T01 (b) Clustered ToT comparison for T02

Figure 7.37: Comparison of measurements with the same ToASt and COSY settings at
Beam time II (red) and III (blue).

The variation in the two measurements indicates that external influences have
altered the distribution. Possible contributors to these changes include altered
beam energy and intensity, light exposure, sensor temperature, or other interfer-
ing factors. Although efforts were made to keep the beam at a constant energy
and intensity at the particle accelerator, minor fluctuations in both parameters
still occurred. To determine the origins of these changes and to ensure that the
prototype produces comparable results, the prototype was tested under controlled
conditions in Chapter

Furthermore, the spatial approximation of the sensors has proven effective, and
the alignment with the laser system may have also contributed. The number of
coincident hits compared to the total hits is significantly lower in Beam time I and
II. However, the number of coincident hits has significantly improved in Beam
time III.

7.3.8 Change of ToASt Parameters

In the following section, the behavior of the detectors is tested under different
ToASt settings. This involves examining the configuration of individual channels,
the discharge current of one of the ToASts, and the global thresholds for time and
energy. Clustered data from beam times are evaluated for this purpose. It should
be noted that T02 has experienced instability problems with slight changes in the
discharge current, which is comparable to the so-called gain and leads to a reset.
This problem has also occurred for low thresholds.

The assumption is that for a larger gain the noise is so high that the ToASt is

overloaded, the behavior has been addressed for the second version of the ToASt,
which is described in the conclusion.
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Discharge Current

The discharge current is responsible for discharging the charge on the strips. A
high discharge current causes the signal to drop quickly, while a low discharge
current contributes to accuracy but makes it challenging to measure rapidly oc-
curring events. For the Time-over-Threshold (ToT) method, a higher discharge
current results in a lower ToT since the signal dissipates more rapidly. This is
sometimes referred to as gain. The settings in the ToASt have the opposite effect;
for instance, increasing the discharge current Digital-to-Analog Converter (DAC)
value (labeled as Disch_Dac_BIAS in the DAC) actually lowers the discharge
current, and the same applies to other settings. Due to the previously described
issues, the increase in the discharge current of TO1 by one Least Significant Bit
(LSB) is considered. For each configuration, two independent measurements were
conducted, both yielding the same result except for the altered ToASt.

On the left side of Figure the distribution in red represents the increased
discharge current DAC-value, resulting in a decrease in the actual discharge
current. It is evident that the distribution has shifted to the right, towards the
higher energy range.

On the right side, T02 is shown without any modification. Since the curves
are identical, it can be assumed that the beam energy and intensity were nearly
identical during both measurements. However, due to the nature of the curve,
it is noticeable that TO1 has captured significantly more clusters than T02. This
difference may arise from distinct settings in the two ToASts or from the position
of the sensors, although this does not impact the result.
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Figure 7.38: COSY proton beam with a variation of the discharge current for TO1 for the
measurement in red.

The maximum of the distribution increased by 12.2 % due to the modification, and
the curve is visibly shifted towards the higher energy range for small cluster ener-
gies up to approximately 70 ToT. Above that point, the curves are nearly identical.
As a result, the front part of the curve is no longer cut off, leading to an increase
in the peak height. It can be assumed that the reduction in the actual discharge
current allows for the capture of more signals with lower energies belonging to
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clusters in the range between 30 and 70 ToT.

For the shift of the peak towards the higher energy range, the center of gravity of
the peak was determined using a Gaussian fit. For T01, with the altered discharge
current, the ToT increased by (3.65 + 0.18) ToT, corresponding to (22.84 £+ 1.13) ns
or 11.3%. For T02, the maximum remains within the error range of the fit at
(24.34 £+ 0.14) ToT. Considering the explained energy calibration in Section
with 60ns/fC, the energy range can be estimated. This results in an increase of
the presented energy range by (0.381 £ 0.019) fC, equivalent to 8.727 keV. This
result was expected because the reduction in the actual discharge current by 1 LSB
prolongs the discharge and thus increases the ToT. For T02, the shift remains within
the error, indicating that the measurements are comparable since no parameters
were altered for T02.

Global Energy Threshold

The global energy threshold (labeled as Energy_Th_BIAS in the DAC) is the
level at which the energy level of signals is considered relevant. This allows
background noise to be disregarded before measurement, but it may also result in
the truncation of signals. Therefore, the following tests the influence of the energy
threshold when the DAC value is decreased by 2 LSB. This implies that the actual
threshold value (hereafter referred to as real threshold) is increased, and a lower
signal quantity is anticipated.
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Figure 7.39: COSY beam time measurements for two different global energy thresholds.

In Figure a COSY beam time measurement with an energy threshold DAC
value of 19 is shown in blue, and one with a threshold of 17 is shown in red. It
is immediately noticeable that for lower energies, a lower real threshold (blue
curve) allows more events in the lower energy range than the higher one. In the
density plot, it is apparent that the higher energy range is more pronounced with
the higher threshold, as expected.

Due to the reduction of the real threshold, the maximum for TO01 is increased by
14.18 %, and for T02, it is increased by 17.68 %. Considering the curves, it is likely
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that especially noise was cut off by the higher threshold, leading to this change.
However, it is also likely that some signal was cut off, especially from clusters with
an energy around the most probable value (MPV). The center of gravity (CoG)
decreases by (—2.069 + 0.221) ToT for T01 and by (—1.015 + 0.225) ToT for TO02,
which corresponds to (—12.93 £+ 1.38) ns and (—6.34 & 1.41) ns. Therefore, the ToT
value changes by 7.6 % for T01 and 4.3 % for T02 with the increase in the energy
threshold. Therefore, the higher real threshold crops the beginning of the distri-
bution, causing a higher energy range to come more into focus in the measurement.

The changes for TO1 and T02 are nearly identical, indicating that the change of
2 LSB affects both detectors almost equally and that the combination of global and
channel thresholds is suitable for both detectors. If both sensors were calibrated
completely differently, a change in the threshold would strongly alter the curve
through noise or signal cutoff.

Global Time Threshold

The global time threshold (labeled as Time_Th_Bias in the DAC) represents the
temporal threshold above which a signal is stored as an actual event. It directly
affects the Time-over-Threshold method since only signals with a minimum dura-
tion above the global time threshold are processed. Similar to the energy threshold,
this is an essential tool to suppress noise and enable the detection of signals with
varying time durations. Again, an increase in the time threshold DAC value
implies a reduction in the real threshold.
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Figure 7.40: COSY beam time measurements for two different global time thresholds.

The DAC value of the global thresholds was increased by 2 LSB, meaning that in
reality, the curve in red has a lower threshold, while the one in blue has a higher
threshold. In this case, the reduction in the threshold does not cause an increase
in noise but most likely contributes to the inclusion of signals in the low-energy
range. The curve has gained intensity noticeably for low energies, around the MPV,
while the curves remain identical for the higher energy range. Additionally, the
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start of the curve has shifted slightly into the higher energy range. The assumption
is that a too high time threshold bias removes signals belonging to clusters in
the low-energy range, causing the curve to shift to the right and the intensity to
increase for small energies. This behavior was also observed when changing the
discharge currents, making sense since the discharge current affects the duration
of a signal, and the time threshold trims this duration.

The maximum of both measurements shifts by 12.42 % for T01 and 12.16 % for T02.
The influence on the ToT, i.e., the measured energy, results in (2.593 + 0.174) ToT
for TO1 and (3.207 + 0.214) ToT for TO02, corresponding to 8.68 % and 11.88 %,
respectively. This translates to (16.21 4+ 1.09) ns for T01 and (20.04 + 1.34) ns for
T02. The adjustment of the ToASts is effective for this parameter as well. It would
be interesting for future measurements to determine the actual threshold between
noise and signal.

Channel Calibrations

Lastly, two different configurations of the ToASt channels are considered. For T01
and T02, different channel calibrations were applied for one of the two measure-
ments. This time, individual channel settings are tested rather than the global
ones.
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Figure 7.41: COSY beam time measurements for two different calibration settings for T01
and T02.

In the measurements from [7.41} it is immediately noticeable that almost nothing
has changed; the intensity has remained almost identical. However, a slight shift
on the x-axis is visible. In numbers, the maximum of TO01 shifts by 0.89 %, and
for T02, it shifts by 0.47 %. The maximum for the Time-over-Threshold shifts by
(0.689 £ 0.216) ToT, corresponding to 2.13 %, and for T02, it shifts by (—0.974 =
0.138) ToT, which is 3.85 %. After converting to the time domain, a temporal shift
of (4.31 £ 1.35) ns for T01 and (—6.09 £ 0.86) ns for T02 was measured. A slight
change makes sense, as the individual channels have been calibrated upwards and
downwards so that the individual calibrations for the entire sensor almost balance
each other out. The curve for the entire channels, therefore, changes minimally.
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However, it could be demonstrated that channel calibration was successfully
applied.

Conclusion

The changes in the ToASt parameters can be altered in a comprehensible manner.
The detector system reacts as expected, and can respond to specific scenarios by
modifying the parameters. An estimation of the energy range changes for different
parameters has been made. Additionally, improvements for the 2nd version of
ToASt have been suggested and are to be adopted. This includes addressing
the issue previously described, where the system stops working and needs to
be restarted for low thresholds, possibly caused by an extra frame sent by the
ToASt. Nevertheless, in version 2, the threshold adjustment options will be refined,
increasing from 5 to 6 bits.

7.3.9 Conclusion of Beam Time Measurements

In the beam times, a system consisting of PANDA-MVD sensors, the ToASt-ASIC,
and the MVD-DAQ was tested for the first time. The system was successfully
tested for functionality. A verification of the temporal output of the events demon-
strated flawless interaction between the sensor, ASIC, and DAQ.

Energy loss measurements in silicon detectors were carried out with the COSY
proton beam. Estimations were made regarding the dead time of the detector
strips and the duration of a cluster. The energy loss curve and cluster multiplic-
ities exhibited expected and understandable distributions. The modulation of
the distribution due to the rotation of the sensors provided coherent results for
multiplicity and energy distribution.

Various ToASt parameters were tested and evaluated to predict the percentage
change by adjusting one or more parameters. The custom-made GUI allowed
for control of the detectors during operation. It was demonstrated that energy
calibration can provide an indication of the actual deposited energy in the sensors.
However, more precise calibrations should be carried out to approximate the
settings of individual channels and to obtain the exact energy that a particle leaves
behind.

Issues were identified for thresholds set too low, leading to the ToASts entering an
unstable state. Data analysis revealed that the threshold was actually set too high.
This problem has been understood and will be addressed in the next prototype
version.

In conclusion, the highly successful beam times have demonstrated the functional-
ity of the detector system. This has led to the decision to release the system for the
next iteration.
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7.4 Prototype Testing under Controlled Conditions

During the COSY beam periods, measurements were carried out by secondary
users of the proton beam, as detailed in Chapter As a result, it was not
possible to determine with certainty which particles hit the sensors and with what
energies and intensities the sensors were hit. Efforts were made to render the
experimental setup as light-tight as possible through the use of cloths. However,
this aspect could not be conclusively validated. Notably, the prototype lacks
active cooling, in contrast to the final design of MVD. As evidenced in the results
presented in Subsection[7.3.7} it is observed that measurements conducted under
identical settings occasionally exhibit minor variations. In order to clarify the
causes of these differences and to improve the next setup to be used during a beam
time, measurements carried out under controlled conditions are described in the
following section. The focus is on the variation of temperature under conditions
of maximum light-tightness.

74.1 Measurement Setup

To conduct the measurements as controlled as possible, the same setup used at
COSY (see Section[7.2) was placed in a climatic chamber.
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Figure 7.42: Setup of the MVD-Prototype in the climate chamber with a 90Gr-Source.

The temperature was controlled by the climatic chamber, which also ensured
light-tight conditions. This was determined through the minimal sensor leakage
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current and verified by a camera. Moreover, every LED on the ToASt sensor boards
and the PC responsible for controlling the ToASt was covered with tape and the
sensors were covered with multiple layers of cloth. Additionally, thermal images
were captured before and after the measurements using an infrared camera. The
events and a constant event rate were achieved through the use of a Strontium-90
source. The source was positioned as closely and centrally as possible above one
of the sensors. The other sensor is located approximately 2 cm below, rotated by
90 degrees, so that together they span a surface. In all measurements, with the
exception of one, the *°Sr source was positioned on top of T02, making it closer to
T02 than TO1.

Both sensors are fully depleted at 100V during the measurement period. The
ToASt sensor boards operate with a supply voltage of 3 and 4.5 V. Consequently,
the hardware settings remain consistent with those employed during the beam
times. Additionally, the parameters and calibration of the ToASt boards are
configured based on the most commonly used and functional settings. Which
are the calibrations for ToASt1: 2023-08-11T17-37-27-p-type and ToASt2: 2023-08-
11T18-01-33-n-type

As in the beam times, ToASt1 reads the n-sensor side, and ToASt2 reads the p-side.
It’s important to note that in the naming conventions used for calibrations, the
n- and p-sides were interchanged. This deviation is due to considering substrate
doping rather than strip doping. Therefore, it is crucial to recognize that the
p-doped strip side should be calibrated with the n-type calibration, and conversely,
the n-doped strip side should undergo calibration with the p-type calibration.

7.4.2 Measurements

The measurements are intended to demonstrate, under constant conditions, how
the signal behavior changes with varying temperature. To achieve this, the source
is consistently positioned at the exact same location above the detectors. Light-
tightness is observed through the variation in leakage current. After setting the
temperature, data acquisition is initiated only when the climate chamber stabilizes
at the desired temperature. Leakage current is recorded and monitored throughout
the measurement. Each measurement is conducted over several hours to ensure
an adequate statistical sample in the millions. Measurements are performed for
temperatures of 5°C, 10°C, 16 °C, 20 °C, 25°C, 30 °C und 35 °C. Special attention
is given to measurements at 16 °C and 20 °C, as 16 °C reflects the anticipated oper-
ating temperature of the cooling water [10]. During the measurements, it has been
observed that the entire Printed-Circuit-Board (PCB) heats up as a result of the
detector operation, similar to the conditions during the beam times, as illustrated

in Figure [7.36
At first, the measured event rate of the sensors is examined for different tem-

peratures. The rate was determined by the measurement duration and the total
number of recorded events.
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Figure 7.43: TO1 and T02 event rate for different temperatures and positions of the *°Sr-
Source.

It is clearly evident that TO2 has a significantly higher rate than T01, as expected.
During the measurements, except for the data plotted in green and dark red,
the source was directly placed on T02, with TO1 positioned behind T02, which
corresponds to setup 1 in Figure Since Strontium-90 has a relatively broad
energy spectrum due to its composition with Yttrium-90, it can be assumed that
T02 already stops many low-energy events (explanation of the energy spectrum of
strontium in Chapter [4.4.4). This and the smaller solid angle lead to a lower rate
on TO1.

As mentioned earlier, for the green and dark red data points at 20 °C, the source
was placed closer to T01. Consequently, the event rate reverses as expected in
comparison to the other measurements.

For T01, the rate barely changes with temperature, with a slight increase at 30 °C
und 35 °C. On the other hand, T02 shows a more pronounced variation in the rate.
However, no clear temperature dependence is observed. The differences are likely
due to a slightly altered positioning of the source, affecting the actual rate reaching
the sensors.

To determine whether temperature has an impact on the signal height, the de-
posited energy of the B-particles from the *’Sr decay can be examined. First, the
clustered events for all channels will be summed up for T01 and T02.
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Figure 7.44: Clustered events for T01 with a °Sr-Source at different temperatures.

For T01, there is generally a very good agreement of the curves. Slight differences
are noticeable, especially for 20°C. The slight deviation is likely attributed to the
lower statistics of TO1. This becomes evident when examining the distributions of
T02 in Figure where significantly higher statistics were recorded. This will
be further investigated in figures and Opverall, no dependence on the
ambient temperature can be observed for TO1.

ToASt02 ClusterToT

0.0175 [ temperature: 5°C
temperature: 10 °C
0.0150 temperature: 16 °C
temperature: 20 °C
0.0125 temperature: 25 °C
- [ temperature: 30 °C
2 0.0100 1 temperature
S
< 0.0075
0.0050
0.0025
0.0000
0 25 50 75 100 125 150 175 200
ToT [a.u.]

Figure 7.45: Clustered events for T02 with a *°Sr-Source at different temperatures.
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The deposited energy distribution for T02 in Figure shows no deviation due
to temperature as well, the distributions are nearly identical, yielding the desired
result.

Since a change could be overlooked through the addition of channels, the following
plots show all energies of events from one channel that belong to a cluster. This
involves a randomly selected channel, ensuring that no channel selected is adjacent
to a non-connected channel and is subject to strong charge sharing (explained in

Chapters|/.2.3|and [7.2.2).
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Figure 7.46: Clustered events for channel 42 of T01 with a *°Sr-Source at different tempera-
tures.

As expected, the statistics for a single channel are significantly lower than for the
entire sensor. Especially for T01, due to the limited statistics, the measurement is
imprecise, but no noticeable change in the curve with temperature is observed.
The more accurate measurement of T02 clearly demonstrates that temperature
has no measurable impact on the energy deposit and signal processing in the
detectors.
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Figure 7.47: Clustered events for channel 42 of T02 with a *°Sr-Source at different tempera-
tures.

The unclustered raw data also show no dependence on temperature. Exemplary,
due to statistics, only the raw data of TO2 are shown here. The additional associated

distributions can be found in the appendix and[C.3).
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Figure 7.48: Raw events for T02 with a *°Sr-Source at different temperatures.

The distribution of raw data in Figure clearly shows that the pre-peak before
the actual Landau distribution, as seen in the COSY beam times, has completely
disappeared. This pre-peak was illustrated in Figure and described in Chap-
ter it was explained that this accumulation of signals in the low-energy range
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vanishes due to clustering. With this understanding and the knowledge that the
measurements in Figure were taken in darkness, it can be assumed that the
bump in the COSY measurements was generated due to stray light. Photons in
the visible energy spectrum do not penetrate the sensors and lose their energy in a
very limited area, from one strip. As a result, this noise is prevented by clustering
or by the absolute light-tightness.

To gain further insights into the behavior of the MVD prototype at different
temperatures, the following section investigates the mean deposited energy and
the maximum of the distributions.
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Figure 7.49: Mean deposited energy for clustered MVD-Prototype *°Sr measurements at
different temperatures.

Figure depicts the mean deposited energy as a function of temperature. Apart
from a statistical deviation from the mean of 16.7 % for TO1 and 6.9 % for T02, the
mean value remains constant for both detectors. The increased uncertainty for T01
can again be attributed to lower statistics, as it is the rear sensor in relation to the
source position.

Similarly, the consideration of the MPV, or the maximum of the distribution, shows
no dependence on temperature. For T01, the mean deviation is approximately
6.7 %, and for T02, it is 3.0 %, remaining nearly constant with changes in tempera-
ture. Thus, the change in temperature from 5 to 35 °C does not measurably alter
the deposited energy in the sensors, and the data acquisition captures the signals
without a temperature shift.
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Figure 7.50: Most probable deposited energy value for clustered MVD-Prototype *°Sr
measurements at different temperatures.

Finally, the dependence of the leakage current on temperature is examined since
an increase in current with measurement duration was observed in the beam
times, as depicted in Figure For this, the leakage current was plotted multiple
times within a temperature measurement, and the mean value was subsequently

calculated. The error bars in Figure represent the maximum deviation from
the mean.
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Figure 7.51: Leakage current during *’Sr measurements of the MVD-Prototype at different
temperatures.

The dependence of the leakage current on temperature is clearly visible. The
leakage current for T01 and T02 increases significantly with temperature, as ex-
pected, since the charged particles can more easily cross the band gap at higher
temperatures.

Overall, in comparison to the COSY beam time with a maximum leakage current
of 3.473 1A, a significantly lower leakage current is observed under controlled
conditions. This can be attributed, on the one hand, to a lower temperature and,
above all, to the influence of stray light. At the beginning of the measurement,
when the detector was still at room temperature, a current of 0.8597 pA,was
measured, which exceeds the maximum of the measurements under controlled
conditions.

An extrapolation of the leakage currents was performed using Formula|/.5{and is
shown by the solid line in Figure [111]. In this, a reference temperature T, ¢ of
20 °C was chosen, and the band gap of silicon E, . was set to 1.12eV [33].

2 Eeepr(1
I(T) = I(Tyes) - (TT ) e (T Tyef) (7.5)

For T02, the exploration corresponds very well to the values actually measured.
For TO1 at the beginning as well, but for higher temperatures there is an increasing
deviation. This is most likely due to the large measurement errors at 30 °C and
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especially at 35 °C. To investigate this in more detail, the leakage current for the
duration of the 35 °C measurement is plotted below.
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Figure 7.52: Behavior of the leakage current during the 35 °C measurement with *°Sr.

Over time, it becomes apparent that the leakage current steadily increases and,
for very long measurement duration’s, starts to possibly stabilize, especially after
10,000 s. One possible cause for this could be that the final temperature has not yet
been reached on the detector itself, especially due to shielding by the thick textiles.
The significant deviation from the mean in red is clearly visible, contributing to
the large error in Figure Nevertheless, the measurements have demonstrated
a understandable dependence of the leakage current on temperature.

Similarly, there is no change in the multiplicities, as observed in the previous
results. Therefore, their temperature dependence can be found in Appendix
Interestingly, the measurements with *°Sr in a closed environment show signifi-
cantly smaller multiplicities than the COSY beam times with proton irradiation in

Chapter
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Figure 7.53: Multiplicities for the *°Sr measurements at 16°C with different signal time
intervals within an event, given in clock cycles derived from the 6.25ns clock of the ToASt

Unlike the COSY multiplicity measurements, there is no replenishment of clusters
through random events. The multiplicity slightly increases with the cluster time
due to the summation of clusters. However, the peak at channel 63 has disap-
peared, as shown in Figure which was observed in the proton measurement.
This proves that the detector itself is not affected by common noise, but rather,
actual signals were recorded that caused the peak. A rough estimate of what led
to the peak was discussed in Chapter

7.4.3 Distribution of Strontium-90 Measurements

As a slight elevation in the higher energy range is observed in the distributions
with the 29Sr source, along with an accumulation of events on one side of the sensor,
clustered events and clustered coincident events for two different measurements
with T01 and T02 will be shown in the following.

Setup 1 3 Setup 2

Sr-90 T02 TO1  Sr-90 T01 T02

Figure 7.54: Two setups of the sync. measurements with different source positions.
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In one of the measurements, TO1 is positioned closer to the source, while in
the other, it is T02, as illustrated in Figure At first, coincident events are
considered to get some insights of the physics, happening during the irradiation
with Sr. In Figure the correlation of the deposited energy from coincident
hits on TO1 and T02 is shown. In this measurement, the *°Sr-Source was positioned
directly above the T02 sensor, with the TO1 sensor located behind it, corresponding
to the setup in Sketch
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Figure 7.55: Correlation of the deposited energy for T01 behind T02 and the *°Sr-source.

It is clearly noticeable that there is a significant accumulation of events on the
x-axis, corresponding to TO1. This is most likely due to B-particles that had just
enough energy to pass through T02 but got stuck in T01, depositing their entire
kinetic energy there. Even if the particles are not stopped but significantly slowed
down by the two layers, the ionization is increased due to the deceleration. This
localized energy deposit is known as the Bragg peak [64]. This leaves a coincidence
signal on T02 and measures a much higher energy on T01.

In Figure in comparison to the previous setup, the source is positioned on the

opposite side of the detector, directly above the sensor of T01, with T02 located
behind it as illustrated in setup of Sketch
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Figure 7.56: Correlation of the deposited energy for T02 behind T01 and the *°Sr-source.

The same behavior can be observed, namely an accumulation of events with
higher energies at the rear sensor, confirming the previous hypothesis, this time
specifically for TO2 near the y-axis.

To highlight the differences in the deposited energies, the deposited cluster ener-
gies of coincident events are plotted in Figure As anticipated, the distribution
for TO1, positioned as the rear sensor (Figure facing the source, reveals an
increased distribution in the upper energy range compared to T02, introducing a
certain distortion to the distribution. Conversely, the front sensor, T02, exhibits
heightened intensity in the lower energy spectrum. Upon reversing the source ori-
entation and placing it on the T01 sensor, the distributions are mirrored, presenting
a consistent pattern as explained earlier.
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Figure 7.57: Deposited energy for the sensors with different positions corresponding to
the “Sr-Source for coincident events.

Furthermore, the explanation for the energy shift behavior due to the trapped
particles is also influenced by the fact that the particles must pass through T02
with energy loss. The statistically slower particles then, on average, deposit more
energy in sensor TOI.

The Landau distribution, as elucidated in Chapter which mirrors the energy
loss of minimal ionizing particles in silicon, is more effectively illustrated in the
analysis of coincident hits from the front sensor. In this context, it is reasonable to
assume that only MIPs have traversed the sensor. In contrast, the rear sensor has a
distribution that includes both minimal ionizing particles and electrons, which
get stuck in the sensor and release their entire kinetic energy. The deviation in
distributions is thus explainable by the positioning of the *°Sr source and does not
have a direct correlation with the MVD prototype.

Analysis of Clustered Signals from Events

After verifying the deposited energy in coincident events, an investigation of all
measured events can be conducted. In the following figures (see Figure [7.59),
the clustered events for TO1 and T02 are plotted. T02, as before, represents the
sensor closer to the source, corresponding to setup 1 in Figure When the
positions are swapped, the distributions change accordingly, aligning with the
assumption of particles getting stuck in the sensors. Subsequently, a Landau-
Gaussian convoluted curve was fitted over the resulting distribution, as discussed
in Chapter Additionally, the fitted distribution minus the actual values
was calculated to illustrate the discrepancy. The most probable value (MPV) of
the resulting curve was determined using a Gaussian fit. The purpose of this
exercise becomes evident when considering the simulated results from Geant4, as
presented in the dissertation by K. Koop [23], where simulations were conducted
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for an identical sensor to determine which particles from the *°Sr decay passed
through the first sensor and left a signal in the second one.

MC E, Primary Particle
mcEkin
3 N Entries 3310070
= B Mean 1.028
|_|E_|25000 — RMS 0.4885
k5] C
20000
= -
= C
15000 —
10000 —
5000 —

02 04 06 038 1 12 14 16 1.8 2 2.2
Ekin[MeV]

Figure 7.58: Simulated energy spectrum of electrons from a *’Sr-source that deposit a
signal in a 300 pm silicon detector without being stopped .

In Figure it can be observed that primarily electrons from the yttrium decay
pass through the sensor. Approximately 24 % of the electrons have an energy
above 1 MeV and are therefore nearly minimally ionizing, while the remaining
76 % have too little energy. These electrons mainly originate from the low-energy
decay of strontium into yttrium. This, in turn, implies that a large portion of the
electrons were already stopped in the first sensor, resulting in the distribution
from the MIPs overlapping. However, as seen in the correlation plots and[7.56]
a significant number of electrons also get stuck in the second sensor, depositing
all their kinetic energy there. Consequently, from the two fits explained earlier,
the estimated deposited energy of the MIPs as well as the low-energy or stuck
electrons can be determined. It is also noteworthy that sources near the sensor for
both setups have recorded significantly more events, which is caused by both the
sticking of the electrons and the angular distribution, as it is an omnidirectional
source.
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Figure 7.59: ?°Sr measurement of T01 behind T02 and the source at 16°C with a Langau fit
and Gaussian fit.

Firstly, the center of gravity (COG-I) of the Langau curves is examined in red,
with values of 34.865 ToT and 30.05 ToT, corresponding to 22.668 ke and 19.537 ke,
respectively, after calibration with 60 ns/fC, in good agreement with the deposited
charge of a MIP [65]. As discussed previously in Chapter [7.3.5] the value is slightly
lower compared to the simulated target value of 24 ke [23], possibly due to a
slightly erroneous channel calibration or an overly high threshold. Nevertheless, a
deviation of 5.5 % and 18.59 % from the ideal value are very good indicators of the
data acquisition of the deposited energy. Moreover, the measurement error corre-
lates with the measurements from[7.3.5, confirming a slight downward deviation
of the calibration.

The second center of gravity (COG-II), determined by the Gaussian fit, reflects a
higher energy deposit, with values of 234.053 keV and 205.182 keV leading to 63775
and 55908 free electrons. This could possibly be an overlap of stuck particles and
the mean energy loss of electrons with enough energy to pass through the sensors.
In the work by Turkington, Gamage, and Graham , the second increase is
attributed solely to yttrium betas. The average of the yttrium spectrum of 0.8 MeV
would deposit an energy of 103.126 keV, leading to 28.65 ke, which is significantly
lower than the measured peak. Therefore, it can be ruled out that the second peak
consists solely of the deposited energy of the yttrium electrons.

The coincidence measurements depicted in Figure clearly indicate the pres-
ence of stuck particles. In the synchronicity measurements, it is evident that for
the sensor near the source, where the stuck electrons do not contribute to the
distribution due to the absence of coincidence, there is only a slightly elevated
Landau tail. Conversely, for the rear sensor, as observed in the asynchronous
measurements in Figure a distinctly slower decay is observed instead of a
pure Landau tail.
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Therefore, in addition to the distinct MIP peak, another increase in the distribution
can be observed, which can be attributed to a combination of stuck electrons from
the strontium decay and the mean deposited energy from the yttrium decay. It
was also confirmed that the energy calibration of the ToASts is slightly shifted but
still within the correct range.

Conclusion prototype under controlled conditions

The measurements of the MVD prototype under controlled conditions have shown
that temperature has no measurable influence on the signal acquisition. Therefore,
no temperature calibration is required for both intensity and energy deposition.
The leakage current changed in a comprehensible manner for the temperatures
tested. By comparing with the COSY beam times, it was demonstrated that the
light-tightness significantly reduced the leakage current and the number of single
events. Additionally, it was shown that the common noise measured during the
beam times was not caused by the sensor or the readout but accurately represented
events.

An analysis of the composite spectrum from *°Sr and *Y revealed understandable
energy depositions. Besides the MIP peak, a composite enhancement, caused by
the overlap of the Yttrium peak and stuck electrons, was observed. This confirmed
the suspicion from that the energy calibration of the ToASts deviates slightly
and is closer to 50ns/fC.
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Chapter 8

Summary

In the following sections, the contents of this work are briefly summarized based
on the milestones, with detailed descriptions provided in the respective chapters.

Sensor Serial Tests

In this work, detailed quality analyses was conducted for all double-sided silicon
strip sensors intended for integration into the MVD, as discussed in Chapter
Additionally, key sensor properties required for operation were identified. A total
of 189 S1 sensors, exceeding the required 184, and 123 S2 sensors, exceeding the
required 64, were successfully qualified for the MVD. This ensures that more
sensors are available than needed for full assembly, providing additional units
for backup and experimental use. Furthermore, several sensors, which narrowly
missed the specified criteria, are still functional with minor limitations.

In addition to the series tests, several sensors were sample-wise characterized,
with their functionality explained in detail based on their specific properties.

Radiation Hardness

In three campaigns, discussed in Chapter PANDA MVD diodes were se-
lected to represent the sensor wafers and exhibit similar properties, to investigate
radiation damage. The diodes were irradiated with neutrons from an Americium-
241/Beryllium source and with a proton beam at MIT. A total fluence of up to
1.121x 1012 NMeV,eq cm 2, was accumulated, which manifested effects on semi-
conductor structures in terms of leakage current and depletion voltage. These
radiation-induced damages were compared with theoretical predictions and found
to be within the expected range. Additionally, this allowed an estimation of
the sensor lifetime, which falls within the 104 N1MeVeq cm 2 range according to
thePANDA MVD Technical Design Report [10]. The method of thermal annealing
was applied, and its positive effects were verified.
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Dosimeter

A dosimeter concept was developed based on MVD diodes as active sensor ele-
ments. In three iterations, amplification stages as well as a peak-detect stage were
developed and tested. This allowed the detailed signal behavior of the sensors to
be obtained. Dosimetry is conducted by counting the incoming radiation particles
and their deposited energy. Finally, the dosimeter was adapted to the AmbaSat
femto satellite concept to facilitate dosimetry in Low Earth Orbit in the future.

MVD-Prototype

For the first time, sensors were connected to the ToASt-ASIC specifically developed
for the MVD. The wire bonding for contacting and fundamental functional tests
were discussed. Overall, three fully functional sensor-ASIC combinations were
implemented, with limitations imposed by the sensor board allowing only single-
sided readout. Therefore, an S4 sensor was contacted for n-side readout and
another for p-side readout to test both combinations. Additionally, an S3 sensor
was contacted for p-side readout. These modules were then connected to the Data
Acquisition System for the PANDA-MVD, resulting in the prototype.

MVD-Prototype Measurements

The system was tested during three beam times at the proton accelerator COSY
in Jiilich and in the laboratory using sources. During the beam times, the inter-
action of the components was successfully demonstrated for the first time. Basic
functionality tests confirmed the operability of the system. Moreover, important
parameters such as deposited energy, multiplicity, or event count were determined
by varying prototype parameters or beam parameters. Particular attention was
paid to coincident hits, which mimic a double-sided readout by the two single-
sided readout sensors. Calibrations were also performed and compared with the
actual deposited energy. The measurements proved to be reproducible and com-
prehensible, confirming good functionality of the prototype. Laboratory tests with
a Sr-90 source demonstrated that the measurement results are not significantly
dependent on temperature.

The insights gained will be incorporated into the second version of the ToASt-
ASIC and into the development of a new sensor board. Improvements for the
probe boards include double-sided readout of the detectors with multiple ToASts,
a larger mounting area for sensors to accommodate S1 and S2 sensors, and the
removal of LEDs for better light immunity.

For the ASIC itself, an automatic feature will be developed to handle missing or
excessive headers or trailers. Version two will have the same layout as version one.
The reference voltage will be generated via an internal band gap, which can be
disabled. The layout will be enclosed. Additionally, the channel DAC threshold
voltage resolution will be increased to 6 bits, which should allow for closer or even
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within noise measurements without overloading the ToASt. This should enable
measurements with lower thresholds to prevent signal clipping.
With this future prototype, full-size sensors will be operated in double-sided

readout mode. This will allow setups to fully track particles and determine spatial
resolution.
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Appendix A

Detailed Tables of Series
Measurements

Lot 341776 Measurements

Parameter Average Value Maximum Deviation
Vpepletion [V] 102.824 18.274
ook [A] 4.096 - 10~7 3.307-107°
Capacitance [F] 1.159 - 10~ 4313-10713
Wafer Issues
Wafer No. Problem Comment
03 Breakdown at 190 V -
16 Leak =3.716 - 107 ° A -
18 ook = 6.510-107° A Scratch
CiS Data for lot 341776
Parameter Average Value Maximum Deviation

VDepletion [V]

91.88

16.12

Table A.1: Result of series measurements for lot 341776.

Lot 352156 Measurements

Parameter Average Value Maximum Deviation
Vpeptetion [V] 102.714 7.320

Loak [A] 3.550- 108 4501-1078
Capacitance [F] 1.160 - 10~ 1 3.157-10713

Wafer Issues
Wafer No. Problem Comment
20 Shift at 80 V Under investigation
CiS Data for lot 352156
Parameter Average Value Maximum Deviation

VDepletion [VI]

102.28

21.728

Table A.2: Result of series measurements for lot 352156.
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Lot 352155 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 107.791 17.079

Lear [A] 3.910-1078 6.931-1078
Capacitance [F] 1.181-10~ 1 2.609-10"13

Wafer Issues
Wafer No. Problem Comment
05 Breakdown at 100 V Under investigation
CiS Data for lot 352155
Parameter Average Value Maximum Deviation

VDepletion [V]

98.08

21.92

Table A.3: Result of series measurements for lot 352155.

Lot 352154 Measurements

Parameter Average Value Maximum Deviation
VDepletion [V] 108.790 -

Leak [A] 5.397 - 1078 -
Capacitance [F] 1.183-10~1 -

Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 352154
Parameter Average Value Maximum Deviation

VDepletion [V]

104

Table A.4: Result of series measurements for lot 352154.

Lot 342563 Measurements

Parameter Average Value Maximum Deviation

Vpepletion [V] 105.783 6.343

ook [A] 4.110-10°8 4.415-1078

Capacitance [F] 1.141-10~H 8.040 - 10

Wafer Issues

Wafer No. Problem Comment

17 Breakdown at 180 V Under investigation
CiS Data for lot 342563

Parameter Average Value Maximum Deviation

VDepletion [V]

96.28

26.28

Table A.5: Result of serial measurements for lot 342563.
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Lot 352157 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 104.966 6.664

Lear [A] 3.255-1078 1.726 - 1078
Capacitance [F] 1.173-10~ 1 2112-10713

Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 352157
Parameter Average Value Maximum Deviation

VDepletion [V]

101.523

22.478

Table A.6: Result of series measurements for lot 352157.

Lot 341775 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 112.835 2.695
Leak [A] 47051078 6.180- 107
Capacitance [F] 1.150- 1078 4533.10"14
Wafer Issues

Wafer No. Problem Comment

CiS Data for lot 341775
Parameter Average Value Maximum Deviation

VDepletion [V]

95.08

14.08

Table A.7: Result of serial measurements for lot 341775.

Lot 341774 Measurements

Parameter Average Value Maximum Deviation
Vpepletion [V] 104.972 9.577

ook [A] 5.237-1078 3.176 - 1078
Capacitance [F] 1.160 - 10~ 1 2.882-10713

Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 341774
Parameter Average Value Maximum Deviation

VDepletion [V]

91.88

16.12

Table A.8: Result of serial measurements for lot 341774.
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Lot 341773 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 102.909 7.231

Lear [A] 5.838 - 1078 2.742 .1078
Capacitance [F] 1.170-10~ 1 3.439.10713

Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 341773
Parameter Average Value Maximum Deviation

VDepletion [V]

94.818

9.818

Table A.9: Result of serial measurements for lot 341773.

Lot 341772 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 109.386 4.794

Leak [A] 4258.10°8 3.942-.10°8
Capacitance [F] 1.166 - 10~ 1 6.262 - 10713

Wafer Issues
Wafer No. Problem Comment
19 Breakdown 170V Under investigation
CiS Data for lot 341772
Parameter Average Value Maximum Deviation

VDepletion [V]

101.927

39.083

Table A.10: Result of serial measurements for lot 341772.

Lot 413017 Measurements

Parameter Average Value Maximum Deviation
VDepletion [V] 110.559 24.019
Lok [A] 4.970-1078 1.250- 1078
Capacitance [F] 1.250-10~H 1.140 - 10712
Wafer Issues

Wafer No. Problem Comment

CiS Data for lot 413017
VDepletion [V] 101.0 9.0

Table A.11: Result of series measurements for lot 413017.
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Lot 413018 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 106.058 21.518
Tear [A] 5.060 - 108 2.280-1078
Capacitance [F] 1.100- 10~ 1 1.166 - 1012
Wafer Issues

Wafer No. Problem Comment

CiS Data for lot 413018
VDepletion [V] 98.333 21.667

Table A.12: Result of series measurements for lot 413018.

Lot 413019 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 106.891 24.894
Lear [A] 4.673-108 2.509 - 108
Capacitance [F] 1.270-10~1 3.053 - 1012
Wafer Issues

Wafer No. Problem Comment

CiS Data for lot 413019
VDepletion [V] 92.0 22.0

Table A.13: Result of series measurements for lot 413019.

Lot 410535 Measurements

Parameter Average Value Maximum Deviation
VDepletion [V] 113.613 -
Lok [A] 2.189-108 -
Capacitance [F] 1.189-10~ 1 -

Wafer Issues
Wafer No. Problem Comment

CiS Data for lot 410535

VDepletion [V]

86.0

Table A.14: Result of series measurements for lot 410535, which includes only one wafer.
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Lot 410536 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 97.608 16.108
Lear [A] 7.280-1078 2.760 - 1078
Capacitance [F] 1.210-10~ 1 1.070-10~12
Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 410536
84.0 15.0

VDepletion [V]

Table A.15: Result of series measurements for lot 410536.

Lot 410537 Measurements

Parameter Average Value Maximum Deviation
Vepietion [V] 97.639 4.133
Lear [A] 7.610-1078 1.699 - 1078
Capacitance [F] 1.200 - 10~ 1 1.145-1012
Wafer Issues
Wafer No. Problem Comment
CiS Data for lot 410537
100.14 1.14

VDepletion [V]

Table A.16: Result of series measurements for lot 410537.
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Appendix B

S2 Sensor Properties

['s2_stripres120bias']

108 4

106 4

Z [ohm]

phase angle [°]

102 103 104 10° 106
f [hz]

Figure B.1: Polysilicon resistor measurement of an S2 sensor. The impedance and the
phase angle is measured against the frequency.
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Figure B.2: Coupling capacitance for one strip of the S2 sensor in dependency of the

frequency.
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Figure B.3: S2 sensor interstrip capacitance for on strip and its four next neighbors.
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Appendix C

Additional Plots

Raw ToASt01 ToT
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Figure C.1: Raw events for TO1 with a *°Sr-Source at different temperatures.
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Raw ToASt01 ToT
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Figure C.2: Raw events for channel 42 of TO1 with a ?°Sr-Source at different temperatures.
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Figure C.3: Raw events for channel 42 of T02 with a ?°Sr-Source at different temperatures.
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Figure C.4: Multiplicity of T01/T02 with a ?°Sr-Source at different temperatures .
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Appendix D

Circuit Diagrams

31 aenees
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=

Figure D.1: Circuit diagram of the first dosimeter iteration in Chapter
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Figure D.2: Circut diagram of the second dosimeter iteration in Chapter
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Figure D.3: Circuit diagram of the Peak-Detection of iteration two and three.
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Figure D.4: Circut diagram of the third dosimeter iteration in Chapter
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Figure D.5: COSY08 ptoton-beam measurement of the MVD-prototype TO1 fiir every
channel.
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Figure D.6: COSY08 ptoton-beam measurement of the MVD-prototype T02 fiir every
channel.
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