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Abstract

This work investigates the effects of bending on CMOS MAPS prototypes, designed for
ALICE’s ITS3 upgrade. For this, small-scale prototypes — babyMOSSes — were mounted
onto FPCs, bent to different configurations, and investigated in lab scans as well as
a testbeam, where the DACs, the threshold of the analog frontend, the fake hit rate,
and the efficiency were measured. Apart from the physical setups used, the software
modifications to corryvreckan and EUDAQ2 used to analyze the gathered data will
be introduced. This work shows that the operating point of the prototypes changes
with bending in terms of the settings provided to the chip and partially recovers upon
unbending. The DACs responsible for converting these settings into physical values
change, therefore these cannot be ruled out as the reason for the change of the operating
point. Despite this, the available headroom in the chip’s configuration should allow for
the compensation of these changes.
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1 Introduction

The sections in this chapter aim to provide a general context for the conducted research
and introduce the technology investigated. The following chapters introduce the setups
and then the analysis pipelines used. Finally, the results will be presented in a structured
manner.

1.1 The Large Hadron Collider

The Large Hadron Collider (LHC), as shown in Figure 1.1, is currently the largest and
most powerful stage of the particle acceleration complex at the European Organization
for Nuclear Research (CERN). Measuring 26.7 km in circumference, it is located between
45m and 170 m below ground at Geneva lake, where it occupies the same tunnel in
which the Large Electron Positron Collider was previously located. [1, 2]

The CERN accelerator complex
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Figure 1.1: Schematic overview of the particle accelerator complex with LHC experi-
ments at CERN. Taken from [3].
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Since its first commission in 2008, it has been colliding two bunched beams of
hadronic matter — mostly protons and lead nuclei — although lighter nuclei such as
xenon, oxygen, and neon are being introduced [1, 4-6].

After production, the protons or ions start their journey in dedicated Linear Accel-
erators (LINACs): LINAC 4 and LINAC 3, respectively. The protons, which at this
stage still are negative hydrogen ions, continue into the BOOSTER, where they are
stripped of their electrons before being injected into the Proton Synchrotron (PS). The
second stage for the ions is the Low Energy Ion Ring (LEIR), whereupon they are also
transferred to the PS. After further acceleration in the Super Proton Synchrotron (SPS)
both of them end up in the LHC where their final energy is reached. [1, 3, 7]

The beams revolve in opposite directions around the LHC in two separate tubes,
being kept on track by a magnet field slightly stronger than 8 T generated by 1232 dipole
magnets. The beams cross each other at four points and collide with a center-of-mass
energy of , /5pp = 13 TeV for proton-proton and /snn = 5.36 TeV /nucleon for lead-lead.
[1, 2]

At each interaction point, one of the main experiments is located, all with different
specializations:

A Large lon Collider Experiment (ALICE) is the only dedicated ion collision exper-
iment at the LHC. It predominantly studies physics related to Quark Gluon
Plasma (QGP). [8]

A Toroidal LHC Apparatus (ATLAS) is a general-purpose detector which studies a
variety of physics, starting at the Standard Model and going beyond to dark
matter candidates or extra dimensions. [9]

Compact Muon Solenoid (CMS) has the same objectives as ATLAS - although it uses
different technical solutions, including a different magnet design. [10]

Large Hardron Collider beauty (LHCb) studies the asymmetry between matter and
antimatter through the investigation of heavy beauty quarks. Its layout differs
significantly from that of the other detectors, as it only detects forward particles,
rather than symmetrically surrounding the collision point. [11]

Since the first fundamental discovery of the Higgs Boson in 2012 by ATLAS and
CMS [12], the accelerator and its experiments have been further developed to increase
statistics and accuracy, enabling more precise measurements and paving the way for new
discoveries. The next upgrade, known as the High Luminosity Large Hadron Collider
(HL-LHC), is planned to increase the luminosity and, consequently, the collision rate by
a factor of five. This aims to increase the total integrated luminosity by a factor of ten
[13]. The upgrade will be implemented during the so-called Long Shutdown 3, which is
scheduled to last from 2026 to 2030, during which the experiments will install upgrades
[14]. This includes ALICE’s ITS3 (cf. Section 1.4), although it will not yet increase the
capabilities to accommodate the increased interaction rate.
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1.2 The ALICE Detector

Before discussing the upgrade, it is sensible to elaborate on the current version of
ALICE, as depicted in Figure 1.2. Measuring 16 - 16 - 26 m® in volume and 8000t
in weight, it surrounds the interaction point 2 of the LHC in St. Genis [15]. The
various subsystems complement each other, optimizing the detector for studying QGP
produced in heavy-ion collisions. This entails not only providing track reconstruction
in the highest multiplicity events at the LHC, but also excellent particle identification
(PID) over a wide range of transverse momenta pr. In addition, the interaction rate the
detector can handle is also optimized® [16, 17].
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Figure 1.2: Detector Systems of ALICE 2 after the upgrade in long shutdown 2 2019-
2022. Taken from [16].

Also visible in Figure 1.2 is that the experiment consists of two main parts: the central
barrel detectors and a forward acceptance muon spectrometer. The red L3 solenoid
magnet generates a homogeneous magnetic field of 0.5T encompassing the central
barrel detectors. [16, 17]

Closest to the interaction point, the second iteration of ALICE’s Inner Tracking
System (ITS2) is located. It consists of seven concentric layers of MAPS that are dis-
tributed over a 22 mm to 395 mm radial range and covers a pseudorapidity of || < 1.3
[16]. This makes the ITS2 the biggest Monolithic Active Pixel Sensor (MAPS) based
detector in use to date. Its main purpose is to provide accurate information on the pri-
mary vertex and improve the tracking of particles with low pt [18]. It will be described
in more detail in Section 1.4.

Next is the Time Projection Chamber (TPC), extending from a radius of 0.85m to 5m,
whilst spanning 5m in the beam direction [16]. Featuring a fast Gaseous Electron
Multiplier (GEM) readout, it is not only the main workhorse for ALICE’s tracking but

IThe rates ALICE operates at are actually rather low in comparison to the other experiments.
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also used for PID up to momenta in the order of 50 GeV [17].

The third detector, spanning radially from 2.8 m to 3.5m, is the Transition Radiation
Detector (TRD), which is designed for the identification of electrons above 1GeV
through their transition radiation and to provide additional space points. These can be
used to complement the tracking, provide general dE/dx measurements for PID, or as
a method to determine the size of space distortions caused by charge effects in the TPC.
[16, 17]

The next layer, located at a radius of around 4 m, is the Time of Flight (TOF) detector.
Consisting of multigap resistive plate chambers, which provide a time resolution below
100 ps, the TOF is used to identify hadrons over a large range in momenta, as well as
low-momentum electrons [16, 17].

The High Momentum Particle Identification Detector (HMPID) is a Ring Imaging
Cherenkov Detector (RICH) designed to improve the high momentum hadron identifi-
cation capabilities, having a total surface area of only 10m? [16, 17]. It is also equipped
with additional absorbers to measure light anti-nuclei [16].

The Electromagnetic Calorimeter (EMCal) and Photon Spectrometer (PHOS) are both
electromagnetic calorimeters with different goals. The former is focused on measuring
jet production rates and fragmentation functions, while the latter features higher spatial
and energy resolutions. At a radius of around 4.6 m, they finish the central barrel part
of the detector. [16, 17]

The second main component of ALICE is the muon spectrometer, which is positioned
in the forward direction, covering a pseudorapidity range of —4.0 < < —2.5. Using
a combination of high- and low-Z absorbers, hadrons are being removed, and the
background from pions and kaons is reduced. The muons are tracked by three layers.
First is a pixel silicon detector — the Muon Forward Tracker (MFT) — that employs the
same technology as ITS2 located even before the so-called muon plug. After that, the
muons pass multiwire proportional chambers, the Muon Tracking Chambers (MCH),
which are situated before, inside, and after the dedicated dipole magnet. Finally, after
passing through even more iron absorbers, resistive plate chambers, called the Muon
Identifier (MID), are positioned. [16, 17]

Additionally, there are a few more systems, such as the Fast Interaction Trigger
(FIT), which consists of multiple subdetectors, or the Zero Degree Calorimeter (ZDC),
providing additional functionality [16].

1.3 Monolithic Active Pixel Sensors

Before diving into the design versions two and three of the ITS, the underlying
Monolithic Active Pixel Sensor (MAPS) technology will be introduced in general.
It is a subcategory of semiconductor particle detectors, in which the sensors are not
only structured into individual picture elements, also known as pixels, but also contain
the readout electronics on the same chip. [20, 21]

Nevertheless, the basic working principle remains the same and is schematically de-
picted in Figure 1.3. The central element for any semiconductor-based detector is the
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Figure 1.3: Schematic cross section of a pixel in the modified-with-gap design, taken
from [19]. The basic working principle of MAPS and the application of backbias are
also indicated, following figures and descriptions from [20, 21].

p-n junction, which forms at the interface of p-doped and n-doped material.

The former is characterized by an abundance of holes (positively charged carriers
describing a lack of electrons) and is produced by implanting acceptor atoms into the
semiconductor. The situation is reversed for the latter: There is an excess of negatively
charged carriers (i.e., electrons) originating from donor atoms. Due to the non-vanishing
gradient of the charge carrier density, the electrons and holes diffuse from one side
to the other. Upon meeting in the middle, they recombine, effectively reducing the
number of free charge carriers. Since the immobile dopant ions remain, the diffusion
generates an opposing electric field, which stops further macroscopic changes in the
charge carrier densities when equilibrium is reached. This leads to a finite depletion
zone, in which there are almost no free-moving charges. [20, 21]

Now, electron-hole (e-h) pairs can be generated by relativistic charged particles or
by photons in the keV to MeV range, in both cases when they deposit energy into the
material. When using silicon as the semiconductor (as all the detectors discussed in
this work do) 3.6 eV of deposited energy generate, on average, one e-h pair. [20] In the
depletion region, the electric field separates the charge carriers, causing them to drift
toward the electrodes. This generates a current pulse that serves as the detector signal
for electronic processing. The typical drift time for crossing the depletion region in
silicon pixel detectors is around 6 ns. Therefore, the main advantages of MAPS include
not only their excellent spatial resolution, achieved through their pixel size, but also
their speed in comparison to other detector types. [21]

Furthermore, to increase the depletion zone’s volume and decrease its associated
capacitance, a so-called backbias voltage Vgg can be applied, also positively influencing
the signal-to-noise ratio. When thinking of the p-n junction as a diode, this means
operating it in the reverse bias direction, i.e., having a higher potential on the n-doped
side in comparison to the p-doped one. [20, 21] Subsequently, the differences in silicon
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detectors not only arise from the shapes of the active areas but also from the strategies
on how to amplify, shape, and read out the generated signal. For all the mentioned
aspects, different approaches are available, an overview of which can be found in [20,
21]. Here only the Complementary-Metal-Oxide Semiconductor (CMOS) based MAPS
will be introduced, as it is the only one relevant for this work.

The term monolithic in MAPS implies that the detection and readout happen on the
same chip. This includes the analog amplification and digitization stages for signal
processing, an example of which for the MOSS can be seen in Figure 1.8. Both of these
stages will be discussed in Section 1.5. Additionally, the digital circuitry related to the
readout chain of the entire pixel matrix is also located on the same substrate. [20-23]
Traditionally, the use of PMOS transistors was restricted to the outside of the pixel’s
area, limiting the capabilities of the readout schemes. Through the use of deep p-wells,
the n-wells of the PMOS transistors are shielded from the epitaxial layer, preventing
interference with the charge collection, as also depicted in Figure 1.3. This enables
their usage in the pixel matrix itself, unlocking the full potential of CMOS circuits for
more advanced readout schemes while maintaining pixel performance. [22] Apart from
the use of backbias, the layout of differently doped regions in a pixel can be used to
influence the shape of the depleted zone [23]. The layout seen in Figure 1.3 is known as
modified-with-gap, which is implemented in the babyMOSSes used in this work and
will be discussed further in Section 1.5 [19].

1.4 From ITS2 to ITS3

Now, after the relevant technology has been introduced, the ITS3 upgrade is discussed.
To understand its scope, though, it is sensible to start with a short overview of the
ITS2. Its general schematic layout of the latter can be seen in Figure 1.4a. The following
description is based on [16, 18], unless indicated otherwise.

The seven layers of the ITS2 are numbered starting from zero and are divided into
two barrels, each of which consists of two half-barrels. The Inner Barrel (IB) consists of
the innermost three layers located at an average radius of 23 mm, 31 mm, and 39 mm
from the center of the beam pipe, respectively. The middle layers (no. 3 and 4) and
outer layers (no. 5 and 6) then from the Outer Barrel (OB), ranging from a radius of
196 mm to 393 mm. Each layer is comprised of a number of staves, which constitute
the basic detector unit?. Each stave in turn is made of several components, as shown
in Figure 1.4b. The MAPS chips used in this detector — the ALICE Pixel Detectors
(ALPIDESs) — are bonded to an Flexible Printed Circuit (FPC) in addition to some passive
components, which together form the Hybrid Integrated Circuit (HIC). The FPC is
responsible for the connection of the ALPIDEs with the outside, i.e., it handles not
only the power distribution but also all I/O. The HIC is glued to the Cold Plate, a
carbon fiber sheet with high thermal conductivity, into which the cooling pipes are
also embedded. For the IB, this is integrated into the spaceframe, which provides the
necessary mechanical support and stiffness to the entire assembly. Multiple staves are

2The staves of the OB are larger than the IB staves and are comprised of more segments. As this is not
relevant here, the focus will be on the IB staves. The interested reader is referred to [16, 18]
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Figure 1.4: Schematics of the ITS2.
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Figure 1.5: Simplified ITS3 Detector layout. Taken from [19]. (a) Top 3 and bottom 3
half-layers around the beam pipe within the cylindrical support structure supported by
carbon fiber foam half-rings and longerons. (b) radial distance of beam pipe and layers
0, 1, 2. (c) magnification of supporting structures.



1 Introduction

then mounted in a cylindrical fashion, forming the layers depicted in Figure 1.4a.

An analysis of the material budget of ITS2 shows that only about 15 % is accounted for
by the 50 um thick silicon ALPIDESs. The rest results from the FPC, which is the main
contributor with about 50 % of the total, as well as the cooling and the spaceframe,
contributing about 20 % and 15 % each. Aside from high intrinsic spatial resolution
and proximity to the interaction point, a low material budget is imperative for high
parameter resolution at low momenta. Achieving the latter will not only improve upon
existing measurements but also pave the way for new ones. Since, strictly speaking, the
MAPS chips are the only components required to be in the detector’s acceptance, the
goal of the ITS3 is to get as close to this ideal case as possible [19, 24, 25].

Through a process called stitching, which will be introduced in more detail in Sec-
tion 1.5, the usual chip size limitations can be overcome, allowing for the creation of
full wafer-scale sensors that also incorporate power distribution, sensor control, and
data acquisition on-chip. After production using the selected 65nm technology on
300 mm wafers, they can be thinned, enabling them to be bent into half-cylinders. These
will form in total six so-called half-layer sensors® of three different radii replacing the
IB of ITS2. A schematic drawing including approximate dimensions can be found in
Figure 1.5. This geometry allows the sensor to retain its shape with only a minimal
amount of lightweight carbon foam support, specifically the half-rings and longerons
depicted in Figure 1.5a which also serve as heat radiators. As has also been demon-
strated through full-scale thermal prototypes, sufficient cooling can be achieved using
air only, flowing parallel to the beampipe at a speed in the order of 8ms~!. Lastly,
the whole electronic interface of the sensors is located on the short side, which further
eliminates the need for extra electronic circuitry inside the detector’s acceptance. In
total, this not only leads to a reduction of the material budget per layer from 0.36 % Xj
down to 0.07% X 4, but also enables the innermost layer to be placed closer to the
interaction point than before. As a consequence of this upgrade, simulations predict
an improvement of tracking efficiency for low pt as well as a doubling of the pointing
resolution across the board. [19, 24, 26]

1.5 The MOSS and its Baby

The Monolithic Stitched Sensor (MOSS) is the largest prototype in the Engineering Run
1 (ER1), measuring 259 mm - 14 mm in size and containing a total of 6.72 megapixels.
As the name implies, this sensor, as well as the Monolithic Stitched Sensor Timing
(MOST), which is not relevant in this work, are created by a manufacturing process
called stitching. [19]

Typically, the upper size limit of CMOS chips is determined by the dimensions of
the reticle used, as these are individually projected onto the wafer next to each other

3These will measure roughly 266 mm in length along the beam direction with different widths for each
layer: 59 mm, 78 mm and 98 mm for layer 0, 1 and 2 respectively.

4Xy is the radiation length. It is defined as the mean length an electron needs to traverse through a
material to reduce its energy to 1/e of its initial value, i.e., it lost 1 — 1/e &~ 63 %. [21]
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Figure 1.6: Concept diagram of the MOSS chip. Taken from [19]

with a small space in between [24, 27]. The reticle’s maximum size is in turn limited by
the field of view used in the photolithography steps in the production, which in this
context is about 3cm - 2 cm [24, 26, 27]. Now, if the reticles are designed accordingly,
they can be precisely aligned with a small, well-defined overlap, connecting them
together. By repeating them a number of times, they form one large functional unit [24].

Exactly this has been implemented for the
MOSS, where in total 10 of the so-called
Repeated Sensor Units (RSUs) have been
stitched together and terminated on the
short ends by the left and right endcaps,
respectively [24, 26, 27]. A conceptual draw-
ing of this can be found in Figure 1.6,
while a picture of the finished wafer is
shown in Figure 1.7. Using the pads on all
sides®, the MOSS can then be connected to a
dedicated Data Acquisition (DAQ) system
used to characterize the sensor. Due to the
chip’s size, the test system (approximately
65cm - 15 cm) is bulky and difficult to han-
dle, especially for use in testbeam telescopes.
[19, 26]

Fortunately, a smaller prototype — the
babyMOSS - is also available, which con-
sists of only one RSU with both endcaps
and is therefore virtually identical to the
MOSS [19, 26]. It is the main component of

Figure 1.7: Overview of a 300 mm
ER1 wafer, containing six MOSS and
MOST stitched sensors, a number

of babyMOSS (these three are indi-
cated), and other small prototype
chips. Taken from [19] and modified.

interest in this work. Its test system will be described in Section 2.1, while its function-
ality will be discussed in the following. Each RSU and therefore babyMOSS consists of
two Half Units (HUs): the top (TOP) and bottom (BOT). Each of these HUs features
four individual pixel matrices called regions. For the TOP HU these contain 256 - 256

5For the final sensor of the ITS3, the connections will only be made using the equivalent of the left
endcap and, if needed, the right endcap for power support [19].
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Figure 1.8: Simplified schematic of the in-pixel analog frontend. Control voltages are
applied to the gates of the corresponding transistors, while bias currents are provided
via current mirrors (indicated as transistors with a current supplied to the gate, e.g.,
MO). The orange traces illustrate the characteristic voltage signals at key nodes within
the frontend circuit. Taken from [26].

pixels, each of which measures 22.5 um - 22.5 pm, versus 18 um - 18 um sized pixels in
a 320 - 320 pixel matrix on the bottom. The layout of the active area of the pixel itself
follows the modified-with-gap design gap as depicted in Figure 1.3. This results in
all the regions being roughly identical in size. Nevertheless, these regions can and
mostly are viewed as individual sensors, especially in the analysis, as they can be
controlled virtually independently from each other. This is because there are Digital
Analog Converters (DACs) located at each region (controlling the behavior of those
pixels) that can be set individually. This includes the voltages and currents for the
analog frontend of each pixel, a simplified schematic of which is shown in Figure 1.8.
[19, 26]

A detailed description of the working principle and the development process of
the analog frontend can be found in [26] and [28]. Only the parts directly relevant to
this work will be highlighted, taken from those sources. The baseline voltage at the
amplifier’s output is controlled by Ireset together with V.. Among other things, these

10
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Region 0 Region 1 Region 2 Region 3
Standard Larger input Larger discrimi- Larger
transistor (M1) nator input common-source
transistor (M11) transistor (M2)
Standard Standard Standard Reduced parasitic
capacitance

Table 1.9: Frontend variations for the top and bottom HUs within an RSU. Taken from
[29].

effectively shift the signal in relation to the discriminator’s threshold, in turn influencing
the detection threshold, i.e., the sensitivity, of the pixel itself. For self-testing purposes,
Vpulseh can be used together with Vel to inject charges into the frontend by applying
a voltage step to the injection capacitance Ciyj. Thereby, Vjyisel corresponds to the
AVSS ground net relative to which the Vjusen-DAC generates its voltage. Additionally,
the biasing net can be used to apply a reverse bias voltage Vpsub = Vgg = —1.2V to
the collection diode. Unavoidably, this voltage is also applied to most of the NMOS
transistors of the frontend, changing its behavior. To correct for this, the standard
biasing can be adjusted to keep the chip operational.

Lastly, it is noteworthy that some of the regions of a babyMOSS have slightly modified
layouts of the analog frontend. These changes are noted down in Table 1.9 and were
implemented to investigate their effects on the chip’s performance. [26, 29]
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2 Experimental Setup and Procedure

The investigations in this work are based on two different experimental setups: a
testbeam campaign and lab scans. As the first babyMOSSes on an FPC carrier arrived
only one week before the testbeam was scheduled, the testbeam was carried out first.
Additionally, no bending of the Devices Under Test (DUTs) themselves was performed
before the testbeam; their functionality was only confirmed in the flat configuration.
This was done to ensure a true unbent baseline measurement. As the DAQ used the
same hardware, the DAQ-raiser test system will be introduced first, including the
mechanical mounting jigs used for bending. Afterwards, the integrated setups will be
explained and the timelines will be discussed, where the encountered sensor liftoff
issues and the attempted mitigations are also mentioned.

2.1 The DAQ-Raiser Test System

The DAQ-raiser test system is comprised of three main parts, the DAQ board, the
proximity board, and the babyMOSS carrier, as shown in Figure 2.1. Two functionally
identical versions exist for the latter two: the flat version (PCB), and the flexible version
(FPC).

DAQ Board Proximity Board babyMOSS Carrier

Raiser-2017
Flat Version (PCB)

I_J
Trigger Busy
/0 1/0

Extension

Flexible Version (FPC)

Figure 2.1: Overview of the components of the DAQ-raiser test system, both for the flat
and the flexible versions.

The DAQ board is the core component of the setup. It handles all operations and is

configurable to work with different DUTs. This is achieved by physically connecting
jumpers on the board and programming the Field Programmable Gate Array (FPGA)

12



2 Experimental Setup and Procedure
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Figure 2.2: Overview of the mechanical mounting jigs used to bend the DUTs to the
specified radii. The naming is also indicated.

on startup via the USB connected to a computer that is also used to execute the DAQ
itself. As also indicated in Figure 2.1, the DAQ board not only takes in power, which it
also provides to the rest of the system, but also the backbias voltage Vpsup. In Figure 2.1
a 0 Q) shunt is used to set Vi,sup = 0V, but it can be replaced by a filter board connected
to an external power supply to set Vg, = —1.2V. The trigger signal can be input into
the board and also daisy-chained to connect subsequent boards in a telescope. The same
goes for the busy signal, but here the status of the board itself is also transmitted. The
proximity board not only serves as an adapter between the data lines of the carrier’s
and DAQ board’s connectors, but also features two Low Dropout Regulators (LDOs).
Using trimming potentiometers also located on these boards, the LDOs are tuned to
provide the exact AVDD and DVDD voltages of 1.2V each, which the babyMOSS needs
to operate.

The last component is the babyMOSS carrier. As the name suggests, the babyMOSS
chip is glued and wirebonded to the PCB or FPC, where some passive components
are also located. The flat version is the one commonly used in the characterization
of the babyMOSS and its design was used as a template for the flexible version. One
advantage of the latter are the connectors. As these are commonly used in electronics,
extensions are readily available and were successfully used in different lengths to
simplify operations.

Before discussing the bending, there are a few important points to note about the
two different versions. The manufacturing process of the PCB version ensures the chip
itself has good flatness. The same standard cannot be achieved in the FPC version. As
the latter, as well as the corresponding proximity board, were custom-made to ensure
flexibility for bending, slight warping can be seen even in the flat configuration. This

13



2 Experimental Setup and Procedure

(a) babyMOSS in flat con- (b) babyMOSS bent to (c) babyMOSS bent to
figuration. Reolumns = 18 mm. Riows = 18 mm.

Figure 2.3: Three examples of babyMOSS bent to different radii through the mounting
on corresponding jigs.

is also visible in the reflections of the flat babyMOSS in the middle of Figure 2.8c.
Nevertheless, this fact will be mostly neglected in the following, as the effects were
deemed insignificant for the presented results. Unfortunately, due to an error, the values
of some current sensing resistors on the FPC are off by a factor of five. The effects of
this will be discussed in Chapter 3.

As the goal of this work was to study the effects of the bending on the babyMOSSes
performance by comparing the DUTs to themselves, their shape had to be changed. This
was done by manually bending the FPC carrier and securing it on dedicated mechanical
mounting jigs. The radii were chosen in accordance with [30] for easier comparison.
These coincide with the originally planned radii for the ITS3, as stated in [24], but not
with the current design numbers as stated in [19] and shown in Figure 1.5. Furthermore,
the bending in two directions was to be investigated, arriving at the six jigs shown
in Figure 2.2, where the nomenclature is also introduced. Figure 2.3 shows the fully
assembled jigs for the smallest radii in both directions, in addition to a babyMOSS on
its flat jig, which was omitted in Figure 2.2.

2.2 The Testbeam Telescope

The testbeam, which was used to study the efficiency for the varying setups, was
conducted at the Elektronen Stretcher Anlage (ELSA) in Bonn, which provided a
2.5GeV electron beam. As this setup was only parasitic and the main users needed
the smallest possible beam spot, some limitations for the analysis arose, which will be
discussed in Section 3.2.2.

Determining the efficiency of a detector requires tracking a large number of particles
passing through the DUT. This is achieved by placing the DUT between several reference
layers, which are used to reconstruct the particle’s paths and subsequently determine

14



2 Experimental Setup and Procedure

the expected intersections with the DUT. Comparing these to the actually registered
hits allows for the efficiency to be determined.

Together with a triggering and busy system, these then form a telescope. The one
used in this work is shown in Figure 2.5. Additionally, a schematic representation can
be found in Figure 2.4, which also features the layer’s distances used in the analysis.
Apart from the DUT on a FPC! in the middle it consists of six flat babyMOSS carriers
as reference layers, forming two reference arms up- and downstream of the DUT.
Additionally, the telescope featured two scintillators, similarly sized as the babyMOSSes
and each connected to a Photo Multiplier Tube (PMT), which were used to trigger
the telescope’s readout on coincidence?, unless any of the chips were still busy. The
aluminum cage of the DUT (visible on the right of Figure 2.5) was removable, so that
the DUT could be bent to different radii on site and placed back into the telescope
box with minimal effort. The triggering was controlled using a dedicated triggerboard,
while the DAQ itself was handled by the EUDAQ2 framework [31] controlling the DAQ
boards.

The operating voltages V4, of the reference layers were determined and set. For
each bending configuration, the following measurements were conducted in beam:

* An efficiency scan over a range of V,,q4, settings and

¢ a Time over Threshold (ToT) scan over a range of It settings, which will be
required for other works.

Additionally, the following offline scans were conducted without beam:

¢ A fake hit rate scan over a range of Vg, settings, and

¢ A threshold Scan over a range of V_,q, settings.

All of these were carried out for Vi, = 0V and for Vg, = —1.2V with an adjusted
operating point and accordingly altered V.4, range. Their functionality and consequent
analysis will be explained in Chapter 3. All regions of the chips were run in parallel
in the aforementioned tests. For bending along the columns, especially for the smaller
radius, it was noticed that the runs with high Vg, settings failed due to noise. Therefore,
the scanned ranges were adjusted for the R.ojumns = 18 mm setup. The order of the
bending configurations that were used will be explained in Section 2.4.

As previously mentioned, the beam was turned off at times, including at night. Due
to the way that ELSA operates, the nightly shutdowns included the whole accelerator
complex, making it necessary to adjust the beam spot and size each morning. This
was not only time-consuming, but also prevented exact reproducibility of the beam
conditions from one day to the next.

1Originally there were two DUTs, one of them as backup. As will be explained in Section 2.4, it
was necessary after only the first run, which is why the original DUT will be ignored in the following
discussion.

2This means that both scintillators must have registered a hit in a given timeframe of one another,
suggesting that a particle actually traversed the telescope.
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2 Experimental Setup and Procedure

Reference Arm DUT Reference Arm

Scintillator

<o Birection ~ [~ """ *—‘T T penre T e [T
y

50 mm 125 mm ! 56 mm

69 mm

Figure 2.4: Schematic representation of the telescope used in the testbeam. The beam
direction is from right to left. The distances in the z-direction have the correct relative
proportions, though the rest of the graphic does not. The z-distances are given for the
DUT in the flat configuration as well as the bent ones. The graphic follows the design

in [26].

Figure 2.5: Photographs of the telescope used in the testbeam. The beam direction is
from right to left. The telescope box is shown from the top (top-left) and from the
side (bottom-left), where the latter view includes a second DUT that replaced the first
after the Flat! measurement. On the right, a close-up of the DUT in the R;ows = 18 mm
configuration is shown mounted inside the telescope.
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2 Experimental Setup and Procedure

Figure 2.6: TTop-downview of the setup inside the box used in the lab scans.

2.3 The Lab Scans

To confirm the observations of the testbeam and to investigate their occurrence, an even
more systematic and complete lab measurement campaign was executed. A picture of
the setup, which was located in a box, can be found in Figure 2.6. Here, the following
measurements were conducted for each bending configuration:

e a DAC scan,
* a fake hit rate Scan over a range of V,q, settings, and

¢ a threshold Scan over a range of V.4, settings.

The scans for Vysy, = OV were run in parallel on both chips. The scans for
Vosub = —1.2V, however, were only on babyMOSS-4_5_W01G1, the lower one in Fig-
ure 2.6. This is due to a known short in babyMOSS-2_2_W01G1, which prevented the
usage of backbias. Again, the scans themselves will be explained in Chapter 3. To
prevent interference between regions, these scans were conducted region by region,
because, for example, if one region is too noisy, the scan would fail for all regions, even
though only one of them exhibited problematic behavior. For this, the babyMOSSes
on their jigs were placed on a heat exchanger that was connected to a chiller set to
14.0°C. The air temperature was monitored through a small thermometer at the top
left of Figure 2.6. The cables and cooling tubes were routed to the outside on the right
and bottom, respectively.
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2 Experimental Setup and Procedure
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(a) Liftoff after the (b) Liftoff after the Reojumns = () Liftoff after the Rojumns =

Riows = 18 mm run. 18 mm run. The original glue 18 mm run, at an alternate an-
spots are indicated. gle.

Figure 2.7: Liftoff at the testbeam (a) and in the labscans (b) and (c).

2.4 The Full Timeline

In this section, the sequence of the events in the lab scans as well as the testbeam will
be outlined. As the liftoff problems are closely connected to the timeline, these will
be discussed hand in hand. A schematic overview of both timelines, including the
relations of the testbeam to the lab measurement campaign, can be found in Figure 2.9,
where the numbering of the multiple flat configurations is established as well.

2.4.1 Testbeam

The testbeam started out with the baseline measurements of two babyMOSS DUTs on
FPC carriers in parallel. Since the plan was to bend only one of them, the other served
as a backup.

After completing the Flat' setup, the first DUT was successfully bent into the
Reolumns = 30 mm configuration and mounted back into its cage. During the installation
back into the box, the assembly tipped onto a PMT’s holder in such a way that a hole
was punched into the silicon sensor itself. The first DUT was rendered inoperative by
the damage and the backup was needed. This is the sensor mentioned in Figure 2.9,
which was subsequently successfully installed in the R.ojumns = 30 mm configuration.

Since the removal and re-mounting of the DUT seemed to pose significant danger to
its well-being, as the aforementioned accident showed, it was decided to instantly go to
the extreme radius, Reojumns = 18 mm, skipping the medium setting R.ojymns = 24 mm.

When opening the telescope after completing the measurements for this setup, it was
noticed that the chip had lifted off from the adhesive tape holding it in place on the
FPC. Unfortunately, there are no good pictures of this available, but it looked similar
(though not quite as extreme) as the liftoff observed in the lab scans, which can be seen
in Figures 2.7b and 2.7c. As the plan originally included a flat scan after the bending, it
was decided to return the chip back to the flat configuration. After this, the chip still
did not sit flush against the FPC as it had at the beginning. With limited resources and
a short timeframe, the chip was carefully bent in the reverse direction, relying on the
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2 Experimental Setup and Procedure

(a) Bending in the reverse (b) Tweezers  (c) Addition of non-conductive glue to the
direction to press the chip with silicon short sides to prevent further liftoff. Main
against FPC. rubber tip. part of the FPC with enlarged glue points.

Figure 2.8: Different approaches to solve the liftoff problems at separate occasions.

silicon chip’s own stiffness to push it back against the tape. This remedy is shown in
Figure 2.8a and was adequate at the time, and so the Flat>* measurement was executed.

For bending in the row direction, liftoff was still considered to be a possibility, but
the hope was that the probability of it occurring would be smaller. The reasoning was
that the chip was now bent along the shorter direction, which meant less adhesive force
would be needed to keep the chip bent. Nevertheless, the smallest radius was deemed
the most interesting setup to be executed first, because, if no liftoff occurred, the larger
radii could be measured afterwards. Following this consideration, the DUT was put
into the Ryows = 18 mm configuration.

Unfortunately, after extracting the DUT liftoff could be observed again, as depicted
in Figure 2.7a. Following the same procedure as after the earlier liftoff, the DUT was
returned to a flat configuration (Flat*), concluding the testbeam. Due to time constraints,
the offline scans were not executed on site but were instead performed using the lab
scan setup at a temperature matching that of the testbeam area after this campaign
finished.

2.4.2 Lab Scans

The general idea behind the lab scans was similar to the testbeam: bend the babyMOSSes
to different radii and record the same data for each bending configuration. In an effort to
prevent liftoff here, small glue droplets were added on the corners of the babyMOSSes to
provide additional support. These were not fully effective, as can be seen in Figure 2.7b.

As two babyMOSSes on FPC carriers were produced as DUTs, it was decided to
run them in parallel for the Vo, = 0V measurements. As explained before, the
Vpsub = —1.2V measurements were only executed for one of them — depicted in the
top row of Figure 2.9. To exclude any correlations caused by bending in one direction
prior to the other, one babyMOSS was bent first along the column direction while the
second was bent along the row direction.

Accordingly, after a baseline measurement, the DUTs were bent to a radius of 30 mm,

then 24 mm, and finally 18 mm in their respective direction. When the box was opened
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2 Experimental Setup and Procedure

for a cable change to run the Vg, = —1.2V setting, liftoff was observed again for the
babyMOSS, which had been in the Rojymns = 18 mm configuration. This setting was
therefore skipped, both chips were returned to flat, and the testplan continued with
two flat measurements: Flat? and Flat®, separated by a 24 h rest period. This was done
to determine if relaxing the chips after bending had any effect.

In the meantime, strategies to combat the liftoff were developed. Instead of relying
on bending the DUT in the reverse direction, tweezers with a small piece of silicon
rubber on the tip were successfully tested on a mechanical dummy, carefully pushing
the chip against the tape. Additionally, non-conductive silicon rubber was tested as
reinforcement of the tape on the short sides. This was feasible, as the babyMOSSes were
only bonded to the FPC on the long sides. The chips were supposed to be bent to a
radius of 30 mm, now along the other direction, shortly after the glue-testing samples
had been produced. As their glue was not cured, their feasibility could not yet be
estimated.

It was decided then to proceed without gluing, as the largest radius seemed not as
problematic after the experience gained in the testbeam. Thus, both chips were and the
measurements executed without any liftoff problems.

As these were finished, the glue-testing samples were positively evaluated and
tive glue droplets were added to each of the short sides of both DUTs, as shown in
Figure 2.8c. After one more day of curing the glue on the DUTs, the measurement
campaign was continued where it had left off. The two babyMOSSes were bent to radii
of 24 mm and 18 mm before executing three more flat measurements. Noteworthy here
is that for Flat® the Vps, = —1.2V scan was skipped as no one was available to change
cables in the lab setup. At the end, the missing R.oumns = 18 mm configuration at
Vosub = —1.2V was also done, after which the offline scans for the Flat* configuration
of the testbeam were conducted.

It is also worth noting that, apart from the accident at the testbeam, all babyMOSSes
remained fully functional after the measurements executed for this work.
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3 Analysis

In this chapter, the analysis pipelines for the different scans will be discussed, i.e., how
the data itself is obtained and how the relevant quantities are extracted. The finished
plots themselves will be introduced and subsequently discussed in Chapter 4. First, a
quick overview of the offline scans is given, after which the analysis pipeline for the
efficiency measurements from the testbeam will be explained. As the bent geometry
of the chips themselves is relevant for the data analysis in the latter case, a few
modifications to the analysis software used, namely EUDAQ?2 and the Corryvreckan
framework (corry), had to be made. Therefore, these changes, including their motivation
and challenges, are presented before the full pipeline is introduced.

3.1 Offline Scans

The offline scans are self-tests of the babyMOSS, where several of the chip’s function-
alities can be tested with only the DAQ-Raiser Test System. The software package
responsible for executing these scans, as well as their analysis, can be found at [32]. The
following descriptions are based on the code found there, as well as [26].

3.1.1 DAC Scan

A DAC scan tests the in-chip DACs responsible for providing the biasing for the analog
frontend of the pixel, cf. Section 1.5 and Figure 1.8. This is done by measuring the
current or voltage output for each of the 256 DAC settings, which are the digital input
for the DACs. As designed, this results in a linear relation, which is slightly different
for each region of the babyMOSS. Two examples of this, namely for V ,q, and Ipiss, can
be found in Figure 3.1. For the use in conversions and easier comparison between the
different bending configurations, this linear dependence can be fit according to

Output = Mquantity - Setting + fquantity, (3.1)

where quantity is one of Veasb, Veasn, Vpulseh/ Venitts Ibias, Ibiasns Idb, OF Ireset- SUbsequenﬂy/
Mquantity aNd fquantity Will be compared in Chapter 4.

3.1.2 Fake Hit Rate Scan

The fake hit rate describes the probability that a pixel will register a hit even when no
physical particle crosses it. For this, the pixel matrix (or only a predefined part of it) is
read out a certain number of times yiggers in the absence of a radiation source. Then,
the total number of registered hits Ny;s is counted. The resulting fake hit rate (fhr) is
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Figure 3.1: Exemplary raw data obtained by the DAC Scan: Output plotted against the
DAC Setting, for V., on the left and I,;,s on the right. See text for details.

then also normalized to one pixel by dividing by the total number of read out pixels

Mpixels
Nhits

Miriggers * Mpixels

fhr =

The contribution of noisy pixels to Npjs can be removed by masking them if the
probability of them firing is higher than a predefined frequency threshold.

One fake hit rate scan itself is executed for a fixed operating point. In the testbeam
and the lab scans, the scan was repeated multiple times while changing the V.4, and
Vosub in between, the results of which are shown in Chapter 4.

Due to time constraints in the testbeam, n1iggers = 100000 was chosen for the scans
conducted there. Due to the unsatisfactory statistical significance, this analysis was
only used as a consistency check. Therefore, the masking was disabled.

In the lab scans, nyiggers Was increased by a factor of 10 to 1000000 in an effort to ob-
tain higher statistical significance. After testing multiple values, a value of 0.8 trigger_1
was selected as the frequency threshold.

3.1.3 Threshold Scan

This scan is used to determine the effective discrimination threshold applied by the
entire analog frontend (as introduced in Section 1.5 and Figure 1.8) to the signal from
the collection diode. For this, the injection capacitance is utilized to inject a fixed amount
of charges determined by Ve into the frontend and observe the pixel’s response.
These injections are repeated for 25 times for each Vjyisen setting, and the number of
registered hits is counted. This results in a characteristic s-shaped curve (s-curve), as
depicted in Figure 3.2a, the shape of which follows a Gaussian error function [33]. The
mean and standard deviation of the derivative of the s-curves define the threshold
and noise of each pixel, respectively. For a given operating point, these then form a
distribution over the scanned pixels, an example for which can be seen in Figure 3.2b.
The mean value of the threshold distribution is then considered the threshold for the
whole matrix and the relevant quantity used in the following.
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Figure 3.2: Exemplary raw and processed data obtained by the threshold scan.

As for the fake hit rate scan, one threshold scan itself is executed for a fixed operating
point and was also repeated over a range of Viag, and Vpgy, values. In the testbeam
and the lab scans, the whole pixel matrices were usually scanned, except for the
Reolumns = 18 mm configuration in the testbeam. There, due to time constraints, only 1
in 10 rows were enabled, still yielding usable data.

3.2 Testbeam — Efficiency

As mentioned earlier, the determination of the efficiency of a sensor requires the
reconstruction of particles crossing the Region Of Interest (ROI) of the DUT and the
subsequent comparison to the data recorded by the DUT itself.

For this, corry [34] is typically employed, as also done in this work. The analysis
pipeline is divided into multiple steps, each with a specific task. These are just differently
configured runs of corry all following a general scheme. First, the captured data is
loaded and related to the corresponding physical setup. For this, a geometry file is
provided specifying the sensors to be loaded, including their role!, their position, and
their properties. As EUDAQ2 was used for the DAQ, the corresponding event loader
in corry was utilized. This in turn uses the StdEventConverter included in EUDAQ?2 to
transfer the hits on the relevant layers into corry. After clustering?, the hits’ positions
in 3-D space are calculated and provided to the rest of the modules used in this run.
These, in turn, handle the core computations, i.e., tracking, alignment, and analysis,
and their results are saved as output. Apart from the plots generated by the modules
used to evaluate their performance and serving as the final results, updated masks
and updated geometry files can be generated in the masking and alignment steps.

IThis is used to determine the singular reference detector used in the alignment, the DUT itself, and
more, which is not relevant in this work.

2This step combines neighboring pixels firing at the same time into one singular hit with an adjusted
position.

24



3 Analysis

These updated files are then typically passed on to the subsequent steps in the analysis
pipeline.

Before explaining the specific analysis pipeline used in this work, the adaptations
to the software to accommodate for the specific requirements will be discussed. The
resulting forks of EUDAQ2 and corry can be found at [35] and [36], respectively.

3.2.1 Software Modifications
The Compound Regions

As explained in Section 1.5, a babyMOSS consists of eight individual pixel matrices, or
regions, four of which are located on the top while the rest are located on the bottom.
From an analysis point of view, the regions only differ in pixel size and are therefore
identical in the top and bottom HUs, respectively. As can be seen in Figure 3.3, these
regions are not located next to one another but are separated by a dead area. These
dead areas are identical within one HU but differ between them. Additionally, there is
a small vertical gap between both HUs.

The original version of corry treats all these regions as individual sensors. Further-
more, there is no way to apply constraints between two sensors or to combine multiple
sensors into a superstructure. This would not only be useful for streamlining alignment,
as the entire area of the physical sensor could be utilized, but would also be helpful for
the bent geometry introduced below, as the bending is applied to the entire sensor, not
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Figure 3.3: Schematic representation of the eight individual regions of a babyMOSS
and the three compound regions as seen by corry. The physical dimensions of the chips
taken from [29] as well as the sizes of pixel matrices are indicated. Note that the pixel
size is different for the upper and lower regions, as indicated in Figure 3.4. The shaded
area and the sizes given in ppx correspond to the full_RSU
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to the regions individually.

Implementing constraints between sensors or such a superstructure would entail a
substantial change to corry’s core framework; therefore, it was decided to employ a
workaround instead. The StdEventConverter was modified to present corry with a total
of three compound sensors that represent the physical shape by artificially creating
larger sensors encompassing the individual regions. Then, the hits of the individual re-
gions will get placed at the corresponding offset positions in the larger sensor. Creating
these for both HUs was straightfor-

ward. When examining the distances T I;
between the regions, as provided in Top ?
[29], it was observed that these values g Region
were perfect multiples of their respec- g IS’(i];ealre

tive pixel pitches. Therefore, the tb_RSU
and bb_RSU are effectively just a long | ’_
version of their respective first region, 225 pm {
where the x-coordinates of the hits in

the other three regions are offset by Ezgf:;‘
the right amount to depict the physi- Square

cal shape of the chip. This can be seen Pixel

in Figure 3.3 as well.
Integrating all eight regions of both

HUs together proved to be more diffi-  Figure 3.4: Schematic representation of
Cult. The main Challenge was the differ— the Oversamphng processes used for the

ence in pixel pitch: 22.5 pm for the top  implementation of the full_RSU.
regions and 18 mm on the bottom. The

problem arising from this is that if only one of the pitches is used, the other pixel edges
cannot be mapped exactly. This would entail a change in shape and the offsetting of the
cluster positions by an amount varying pixel to pixel that is on the order of 10 pm in the
worst case. As a solution, oversampling was employed as depicted in Figure 3.4. There,
the pixel pitch of the corresponding compound sensor — the full_RSU - is reduced
to 4.5um, forming small pixels called micro pixels (ppx). This enables it to map the
edges of the original sensors one-to-one. If a hit in one of the top or bottom regions
is registered, the corresponding 5upx - 5 pupx or 4 ppx - 4upx area is activated. After
applying clustering, the correct positions are retrieved.

p———18 pm——-

pP————18 yum——H

All three compound sensors were successfully tested in corry. The individual sen-
sors can thereby be recovered by either selecting an appropriate ROI or by replacing
them with the individual sensors placed at the correct position. The full_RSU has three
main drawbacks:

Firstly, the distance between the two sensors cannot be mapped exactly; an error of
1.5 pm still remains. If the top and bottom HUs of the telescope are roughly aligned,
as they usually are, this has little to no effect. However, this can be problematic when
using mixed setups or for large vertical offsets.

Secondly, the sensor parameters cannot be varied across the entire region of the
full_RSU. For example, the pixel pitch must be set to 4.5 pm to accommodate oversam-
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pling, rather than the physical values, and the intrinsic spatial resolution of the pixel
can only be set to a single constant value. If these are not relevant for the modules used
in the analysis, for example, if the layers are only for straight-line tracking, this is not
problematic.

Lastly, the significant increase in the number of pixels can negatively impact the
computational performance. Experience with the full RSU shows, though, that a
tradeoff between this and an increase in the pipeline’s efficiency must be considered.

In total, the full_RSU must be used with caution in the analysis. Nevertheless, ex-
cellent use of it can be made in testbeam operations, e.g., to produce hitmaps (see e.g.
Figure 3.8) for the alignment of the telescope or beam, as well as quick studies of the
telescope’s performance.

Then again, the tb_RSU and bb_RSU do not suffer from these three drawbacks. Due to
this and the beam conditions, which will be explained in Section 3.2.2, the bb_RSU will
be used in the following.

Reimplementation of cartesian_bent

This modification to corry is the most directly relevant one to this work. Its purpose is
to describe the bent geometry of the DUT by the definition of a new coordinate system,
named cartesian_bent, which transforms the local (row and column) pixel positions
onto a cylinder of a given radius and direction. Fortunately, it was not necessary to
begin the work from scratch. For bent ALPIDE testbeams [30], this had already been
implemented and was available. However, this was last updated in 2022 and was unable
to work with the current version of corry due to breaking changes introduced to its
core since then.

g g
g g
5 £
N N
i
4 . Cylinder with R = 18 mm —-10 4 2 0‘ W
Cylinder with R = 18 mm -15 6 N = ®  Global cluster positions of -15 6 N »
® Global cluster positions of DUT with R = 18 mm,
DUT with R = 18 mm rotated by —18.3° around x
(a) Bending along the column direction. (b) Bending along the row direction.

Figure 3.5: Cluster positions using the cartesian_bent coordinate systems, for two
directions.
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Figure 3.6: Distribution of the y-residuals plotted against the row number.

For this work, the code was adapted and manually patched; the result of this effort
can be found at [36]. To confirm that this coordinate system works, some cluster
positions were plotted together with a cylinder of expected radius and direction, which
is depicted in Figure 3.5.

The bending along the columns, cf. Figure 3.5a, behaved as expected, having the flat
part in the middle of the sensor, which is also the center of all transformations in corry.

The bending along the rows, cf. Figure 3.5b, also worked immediately after the
implementation, but behaved slightly differently. This is due to the fact that the flat part
of the bending is at the upper edge of the bb_RSU, i.e., the side with the highest row
number®. Thus, the sensor needs to be rotated by 18.3° to correspond to the expected
physical configuration, as indicated in the legend of Figure 3.5b.

To illustrate the importance of this rotation, the alignment of the R;ow = 18 mm DUT
configuration will be discussed as a forward reference. In general, one needs to provide
an initial guess for the alignment algorithm, which then optimizes the distribution of
the track residuals to obtain an accurate position and rotation. The algorithm used for
this task is described in [34] as fairly robust against initial misalignment. When not
correcting for the 18.3° rotation, the algorithm converged, although it only reached a
local minimum, i.e., the alighment was not successful. This can be seen in Figure 3.6a,
where the y-residuals show a clear correlation to the rows. When using the adjusted
initial guess with the 18.3° rotation, the alignment succeeded without problems, as seen
in Figure 3.6b.

Residual versus Angle Correlations

The last modification is technically the simplest, although it was key in making the
analysis possible. After the alignment of the reference layers, the first DUT was to
be aligned. However, its alignment could not reach the desired and expected level.

3The rows increase with y, which is why the chip’s upper edge referenced in the text is the lower one
in Figure 3.5a.
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Figure 3.7: Residuals in y plotted against the track angle in two cases.

To investigate this, new plots were introduced, correlating the residuals to the track
angle, i.e., the angle of the track to the normal of the sensor’s surface. These showed a
correlation as depicted in Figure 3.7a. This not only confirmed that the z-coordinate
provided in the geometry, which cannot be automatically aligned, was slightly off,
but also offered a way to estimate the error. From a simple geometric argument, an
additional offset of 1.66 mm could be inferred to the initial z-position, the result of
which can be seen in Figure 3.7b. This finally yielded an alignment that was deemed
acceptable, as discussed in Section 4.4, and the analysis could be continued.

It is also noteworthy that the distances given in Figure 2.4 are the corrected ones. The
reason for this offset was determined to be that the schematics of the assembly used to
hold the DUT were not fully accurate®.

3.2.2 The Full Pipeline

Before discussing the used corry pipeline in more detail, it is sensible to consider the
limitations caused by the beam conditions. There are two main factors contributing to
this, which have already been mentioned in Chapter 2, but will be repeated here.

Firstly, the beam spot was fairly small at the main users’ request, as can also be seen
in Figure 3.8. Additionally, the beam itself had to be realigned daily. This meant that,
in total, only two regions received sufficient statistics for an efficiency analysis across
all setups, namely regions 1 and 2 of the BOT HU. In Figure 3.8 the ROIs used for
the analysis are shown as examples. The size and position of these were similar in
the other setups and were substantially influenced by small shifts in the mounting of
the reference layers in relation to one another. The reason for this is that the tracking
requires hits on all reference layers, effectively requiring all active areas to be aligned
to form tracks.

“These could not be measured as the telescope box had to remain at the testbeam site due to radiation
safety, and was therefore not accessible.
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Figure 3.8: Hitmap of the DUT in the Flat? configuration, where also the ROIs used in
the analysis are indicated. The hitmap was generated using the full_RSU.

The general idea of the pipeline was to perform the masking and alignment of the
telescope for one intermediate V. setting with Vg, = 0V. The masks and alignment
were then applied to all the Vg, and Vipgyp = OV settings to perform the analysis.
An overview of the ten total steps of the analysis pipeline is provided in Figure 3.9,
which also outlines the essential module parameters. In the following, only the most
important points will be mentioned.

The analysis pipeline starts with standard masking and prealignment steps. Then, a
total of five steps is dedicated to aligning the reference layers only. For each of these,
tracking is performed and given to the AlignmentMillipede module, which iteratively
optimizes the layer’s positions and rotations utilizing the residual distributions. From
one step to the next, the accuracy requirements are increased, ultimately delivering
optimal alignment after the fifth. After this, only two iterations of the DUT alignment
are performed. These are enough, as only one DUT itself is aligned, leaving the refer-
ences unchanged, and the algorithm converges after only one iteration. The alignment
obtained from these steps is then used for the analysis step. Using a radius of 50 pm
to associate the hits on the DUT to an intersecting track and requiring a maximum
X2 /#ndof = 3, the efficiency is obtained for each ROL. This last analysis step is then
repeated for all other Vi,sp and Vpsyp values.

The alignment and efficiency results will be discussed in Chapter 4, although no
statement about the spatial resolution will be made.
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Figure 3.9: Overview of the ten steps of the analysis pipeline, including the important parameters.
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4 Results and Discussion

The results obtained in this work will be presented and discussed in the following
sections.

It shall be noted here that the order is switched in regard to the execution, i.e., the
offline scans will be discussed first. After this, the quality of the alignment is assessed
before finally presenting the effects on the efficiency.

Generally, for the offline scans, the main points will be introduced for only one region
or HU as an example. All the plots can be found in Appendices A and B, where they
are ordered by their chip ID, and a list of the figures is given at the beginning of each
chapter.

4.1 DAC Scans

Plotting the deviations of the slope (1) and the offset (t) to the ones of the Flat? config-
uration!, for all bending configurations results in figures such as 4.1. As explained in
Section 3.1.1, these are the relevant quantities extracted from the DAC scan. The plots
are produced for each HU and Vg, setting individually, but the behavior of all four
regions is depicted. The absolute values used for the normalization are also indicated.

Systematic deviations are visible in the slope. All the different flat configurations
lie together in a small spread around zero, whereas a definite decrease can be seen for
the Reolumns = 30 mm configuration, which increases for subsequent radii, i.e., tighter
bending. A similar hierarchy can be observed for the bending configurations along
the rows, although the initial value for Rows = 30 mm lies above the spread of the flat
configurations. As the magnitude of this deviation is smaller than the one seen for the
column radii, the other configurations cross the spread of the flat configurations for
decreasing radii, such that the value for Rows = 18 mm lies below zero.

The general shape is also applicable to all other DACs and setups, albeit with two ma-
jor limitations. Firstly, the spread of the configurations in comparison to the systematic
deviations is sometimes observed to be less consistent, such as in Figure A.2.1. Secondly,
it is also observed that for the current DACs, the hierarchy in the row configurations
is reversed, although the magnitude of the changes is even smaller. Nevertheless, the
shape is fairly consistent between the same DAC type, i.e., currents or voltages, in the
same chip and setting.

The last observation also holds for the offset. However, the shape of the curves in
the plot differs substantially between the different chips, backbias settings, and DAC

This was chosen instead of Flat!, as its DAC scan failed for babyMOSS-4_5 W01G1 with Vpsub =0V
and to ensure good comparability to the other setups.
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Figure 4.1: Changes of slope and offset for the V4,-DAC plotted for the different
bending configurations, babyMOSS-4_5_ W01G1 with Vs = 0V.

types. Therefore, no general statement can be made in this regard. Lastly, the operating
point of the babyMOSSes was kept constant only in terms of the DAC settings. This
means that the physical values of the frontend’s biasing end were subject to change as
the properties of the DACs shift, as presented here. The attempted partial corrections
for this will also be discussed in the following two sections. Nevertheless, only the
immediately involved DACs can be corrected, i.e., Veasp and — if applicable — Vi yiseh-
The influence of the shift in the other DACs cannot be compensated for in the analysis.

4.2 Threshold

Plotting the (mean) threshold against the applied V.., values for each configuration
yields many curves exhibiting the expected general trend, only slightly shifted relative
to one another, cf., for example, Figure A.2.17. As these differences are relevant for this
work, the absolute deviation of the threshold from that of the Flat! for each V., is
considered, as depicted in Figure 4.2.
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Figure 4.2: Deviation of threshold from Flat! plotted against V., both given in DAC
units, for region 2 of the BOT HU of babyMOSS-2_2 W01G1 with Vg, = 0V.
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Apart from some noisy outliers for the highest V.4, values, a clear trend is evident.
The flat configurations form a relatively wide spread, for all of which the measured
threshold is higher than the baseline measurement. Relative to this, bending along the
column direction seems to decrease the threshold, although this effect diminishes and
even slightly reverses for small V,q, values. If the DUT is bent along the rows, on the
other hand, the threshold appears to increase slightly, yet there the Flat® configuration
still lies higher. These statements are true for the general bending direction, but the
hierarchy between the radii is not present, i.e., the middle radius is lower than the other
two.

To illustrate this point further, a representative V,,q, value can be selected, for which
the deviation can be plotted against the configurations for all four regions of a HU at
once, in this case resulting in Figure 4.3. Not only are the observations previously stated
visible, but they also match those for the other regions in the same HU. Furthermore,
these observations hold true for the threshold scans of all three babyMOSSes with
Vosub = 0V.

With a backbias of Vs, = —1.2V applied, the behavior of the scanned Ve, range
is stabilized, cf. Figure A.2.29. The direction of the deviations is similar to that for the
higher Vg, values with Vg, = —1.2V discussed above. Their magnitude, however, is
noticeably reduced.
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Figure 4.5: Fake hit rate relative to Flat' plotted against V,,q, given in DAC units, for
region 2 of the BOT HU of babyMOSS-2_2 W01G1 with Vg, = 0V.

Now, the threshold and V., values can each be converted into mV using the con-
versions obtained by the DAC scans®. It is essential to note that this conversion is
performed directly for each bending configuration, using the values obtained from
the scan, as shown, for example, in Figure A.2.20. This increases the separation of the
different bending directions from the spread of the flat configurations across the board,
with the effect being far more prominent at Vg, = —1.2V. To visualize this better, a
plot of the deviations can be produced again, similar to Figure 4.2. This time, though, a
linear interpolation of the measurements for the Flat! configuration is required, as the
Veasb Values now differ from one another, resulting in plots such as Figure 4.4. Com-
paring this plot to its counterpart with V5, = 0V, the increased separation between
bent and flat configurations with the application of backbias becomes obvious. This
increase is partially expected with respect to the observations in Section 4.1. This is the
case because the scanned Ve, range for Vpgy, = —1.2V is higher than for Vg, =0V
and thus the changes in the slope have a larger effect in the former case.

4.3 Fake Hit Rate

The plots for the fake hit rate follow the same paradigm as the ones in the previous
section. Again, the raw plots show the expected general trend, but the variations are
of interest. Due to the nature of the fake hit rate, the raw plots are semi-logarithmic,
which is the reason why the relative deviations from Flat!, not the absolute ones, are
considered, as in Figure 4.5.

2For the conversion of the threshold values, the Vpulseh DAC is used, which is explained in Section 3.1.3
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Figure 4.7: Fake hit rate plotted against the threshold in DAC, for region 2 of the BOT
HU of babyMOS5-4_5_ W01G1 with Vg, = —1.2V.
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The systematic trends observed here generally go in the other direction, i.e., the
fake hit rate increases for bending along the columns and decreases for bending along
the rows. Nevertheless, the V,q, dependence remains similar, showing a decrease in
the deviations for lower values. From Figure 4.6, which has been created in a similar
manner to Figure 4.3, it can be seen that here the expected hierarchy for bending along
the columns is observed, that is, a steady increase with a decrease in radius. For the
other direction, no significant hierarchy can be observed, especially when comparing
with the other setups, although the general shape remains consistent.

The effects of applying backbias, which include slight stabilization and reduction of
deviations, are less pronounced in this case. One example of this is the comparison of
Figure A.2.39 to Figure A.2.40, where for the fake hit rate, systematic deviations are
still visible that cannot be seen for the threshold.

As the measurement of the fake hit rate is independent of any DAC, only the V_,q,
values can be converted into mV. Once more, the effect of this conversion is significantly
smaller than for the threshold measurements; almost none can be discerned in the
corresponding plots. An exception to this are the plots for a few regions that can be seen,
for example, when comparing Figure A.1.17 to Figure A.1.18. There, the configurations
that are bent along the columns move closer to the spread of the flat configurations for
region 0 of the TOP HU and region 3 of the BOT HU.

Lastly, the fake hit rate can be plotted against the threshold obtained for each Vi ,g,
value. This delivers plots such as Figure 4.7. Generally, the separation of the data
corresponding to different bending directions is not as prominent as in the other plots.
In some cases, such as depicted in Figure 4.7, all configurations together form a spread,
with the hierarchy being almost neutralized. As can be seen in Appendix A, other
cases exist where the separation of bending along the column direction from all the
others remains prominent. Although the cancellation seems to perform better with the
application of backbias, no systematic correlations can be discerned.

4.4 Alignment

Before discussing the efficiency results, the quality of the alignment is to be assessed
using the residual distributions of selected setups. A quick theoretical calculation gives
a reference for comparison apart from the simulations introduced below. For this, a
perfect binary pixel detector with pitch p being hit by a uniform particle beam is
considered. This results in a constant hit position probability

]Ppixel(xreal hit) = E

4

1 1; for |xreal hit| < p/z
0, else

where X,eq1 hit is the position of the hit relative to the pixel’s center. The tracking of
the particle’s paths also underlies statistical processes, namely, multiple scattering.
The resulting distribution of the differences between the reconstructed and actual
hit positions 6 = Xyack — Xreal hit i modeled by a Gaussian centered around zero,
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Figure 4.8: Residual distributions in x and y for Flat? at V ,q, = 15 DAC plotted with
the expected and fitted distributions.
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Figure 4.9: Residual distributions in x and y for a simulation of the telescope with a
flat DUT, using [37], plotted with the expected and fitted distributions.

characterized by its standard deviation i,k

- exp 2 [20, 21]
\% 271 - Ttrack 2(7"[21-;1c1< '

Convoluting both of them results in a theoretical residual distribution of

p/2—A
) t+erf| —=— ],
\/E * Otrack \ﬁ * Otrack

where erf is the gaussian error function and A the x or y residual. Using 0irack = Oexp =
4.07 pm obtained from [38], this distribution is shown together with the measured
residuals in Figures 4.8 to 4.11. Additionally, this distribution was fitted to the data
with oy, and an offset xg or yp as the free parameters. In both of these cases, the
normalization was adjusted to correspond to the total number of entries as well as the
binning of the histogram.

Firstly, a flat setup, specifically Flat?, is considered in Figure 4.8. The distributions in
x and y are very similar, being centered around zero and their RMS being within 20 nm
of each other. Nevertheless, the expected distribution is narrower than the experimental
data. This is especially obvious when comparing the fitted value of ook = 0t =~ 5.4 um
to the expected value, where a difference of around 1.4 pm can be observed.

IPrack ((5 ) =

]Pres(A) = zlp erf p/z 4
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Figure 4.10: Residual distributions in x and y for Reojymns = 18 mm at Vg5 = 10 DAC
plotted with the expected and fitted distributions.
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Figure 4.11: Residual distributions in x and y for Ryows = 18 mm at V., = 16 DAC
plotted with the expected and fitted distributions.

As even multiple attempts failed to improve the analysis chain further, this discrep-
ancy was investigated using a simulation of the telescope. This was executed using [37]
with the appropriate geometry. The resulting distributions depicted in Figure 4.9 turned
out to be even wider than the previously shown ones. This fact alone is not unexpected,
as charge sharing and an in-pixel efficiency elevated near the center should improve the
spatial resolution of the real experimental compared to a perfect binary pixel detector,
as simulated [20, 21]. However, it shows that some other statistical process has likely
been omitted in the previous theoretical consideration.

The distributions for both smallest radii are shown in Figures 4.10 and 4.11. The
distributions not in the bending directions look fairly similar to the ones observed in
Figure 4.8, albeit with a slightly higher width. Conversely, in the bending directions,
the width increases further, but a significant offset of slightly over 1 pm can also be
observed. Interestingly, these offsets are also in opposite directions. To illustrate this
point further, the residual profiles of the aforementioned bending configurations can be
plotted together. The relevant ones correlating the x-residuals with the columns and
the y-residuals with the rows are depicted in Figures 4.13 and 4.14. Apart from the
shift also observed in the residual distributions, a correlation of the residuals with the
position both in the bending direction can be observed. Although the trend goes in the
same direction in both cases, the height in the plot is substantially different. The latter
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R R R Sim.
FI 1 columns columns Fl 2 TOWS F1 4
at =30mm = 18mm at = 18 mm at Flat
Reg. # 2 2 1 2 2 2 -

RMS, 8.02pm 8.02pym 821lpym 7.87pm 846pm 7.97um 8.86 um
RMS, 797pm 8.02pm  7.99pm 789pm 856pum 7.83pum 8.85um
Ospatial, x ~ 6.91pm  6.91 pm 713pym  6.73pm  741lpm  6.86pum 7.87 pum
Ospatial, y  0:86pm  6.91pm  6.88pum  6.75pm  7.53pum  6.69um  7.86 nm

Table 4.12: RMSs of the residual distributions and the resulting approximate spatial
resolutions in x and y for each setup, as well as a simulation of the telescope with
flat DUT. The region that was used in the DUT alignment and analyzed here is also
indicated. The approximate spatial resolution was calculated according to ospatiar =

V/RMS? — 02, with Oygaex = 4.07 pm [38].

observation corresponds to the different offset of the residual distributions. The other
two setups, i.e., the one bent along the other direction and the flat reference, are mostly
flat and centered around zero.

The reason for this seems to lie in a difference between the physical shape of the
DUT and the one it is assumed to be in the coordinate transformations. The shape of
the correlations suggests a simple deviation in the radius. However, this could not yet
be confirmed through adjustments of the radius before running the alignment of the
DUT, nor estimated from the presented plots.

Comparing the RMSs of the residual distributions of all the setups, as shown in
Table 4.12, shows that the rest of the setups lie between what has been shown above.
Since this work is not concerned with deriving the detector’s spatial resolution from
these distributions, the alignment obtained here was deemed adequate for the efficiency
analysis.
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Figure 4.13: Residual profiles in x plotted against the column number for three different
bending configurations. The analyzed region and the used V¢, value are also indicated
for each.
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4.5 Efficiency

Finally, after the alignment has been validated, the efficiency results can be discussed.
Plotting the measured efficiency against the V,,g, value for which it was obtained yields
plots such as Figure 4.15. As an example, region 1 of the BOT HU with V5, =0V is
shown; the results from other measurements can be found in Appendix B. Especially
in the plot shown here, the same hierarchy as discussed in the previous chapter
can be observed. All the flat configurations lie close together, forming a band, the
spread of which is considered the systematic uncertainty from the repeatability of
the measurement. The efficiency increases with bending in the column direction,
whereas it decreases with bending in the row direction. The same general trend is
also seen for region 2 of the BOT HU, cf. Figure B.0.3. However, there is no significant
distinction between R ojymns = 30 mm and R ojymns = 18 mm. Also, the separation of
Rrows = 18 mm from the spread of the flat configurations is reduced.

With the application of backbias, the deviations get smaller, even diminishing for
the highest V¢, values scanned. As depicted in Figure B.0.4, for region 2 of the BOT
HU, the Riows = 18 mm configuration even partially lies within the spread of the flat
configurations.

Using a smooth interpolation of the threshold scans executed during the testbeam,
the efficiency can be plotted against the corresponding threshold value. As can be
seen from Figure 4.16, this reduces the deviations for the different setups, in this case,
even significantly. For the other chips and backbias settings, this reduction is not as
pronounced, although it is still clearly visible.
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% s A /i/’i | Split 1
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Figure 4.15: Efficiency plotted against V,s, in DAC, for region 1 of the BOT HU of
babyMOS5-4_3_WO01G1 with Vg, = 0V.
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Figure 4.16: Efficiency plotted against threshold in DAC units, for region 1 of the BOT
HU of babyMOSS-4_3_W01G1 with Vg, = —1.2V.

As explained before, no complete set of DAC scans is available, which is the reason
why the V4, values cannot be converted into mV.

The profiles of the efficiency against the rows and columns are ultimately considered.
These were investigated as a previous testbeam showed an increase in the efficiency
with shallower incidence angles. Of specific interest are only the profiles for the smallest
bent radii in the directions of bending. These are depicted for a representative Vg
value in Figures 4.17 and 4.18. The other axis, as well as the same plots for the Flat?
configuration, can also be found in Appendix B. In all of these, no correlations between
the efficiency and row or column numbers can be observed. On the one hand, this
was expected. Both analyzed regions are located in the middle. In addition, the ROIs
additionally limit the distance from the middle. This means that the incoming particles
hit the sensors at nearly vertical incidence angle over the whole ROI Subsequently, no
geometric effects from bending on the efficiency are expected. On the other hand, this
indicates that no other position-dependent effects on the efficiency are present —- at
least for the bottom regions 1 and 2.
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Figure 4.17: Efficiency of the column plotted against the corresponding column num-
ber for Replumns = 18 mm, Vg = 10DAC, region 1 of the BOT HU of babyMOSS-
4 3_WO01G1 with Vpgu, = 0V. The efficiency distribution and the mean of the whole
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Figure 4.18: Efficiency of the row plotted against the corresponding row number for
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This work established the concept of testing the influence of bending on the perfor-
mance of MAPS. Small-scale prototypes — the babyMOSSes — were mounted onto FPCs.
These then could be bent into different radii and directions by mounting them on
suitable jigs, without causing permanent functional damage to the chips themselves.
At the same time, the available software was modified to accommodate the bent DUT
for the testbeam. This yielded sufficiently good alignment to carry out an efficiency
analysis. Nevertheless, more fundamental changes to the coordinate transformation
and alignment algorithm are necessary to eliminate the remaining misalignment caused
by deviations in the chip’s shape from a perfect cylinder with the expected radius.

Changes in the chips’ performance were observed in every investigated metric with
bending. The effects were more prominent for bending along the columns than for
bending along the rows. While their exact magnitude depended on the applied backbias
and - if applicable — V.4 values, these changes partially recovered when unbending
the chip but did not consistently reach their initial baseline values.

Firstly, all the DACs used for biasing the analog frontend exhibited changes in
their behavior. This was systematically observed in the slope of the calibration curves,
whereas the behavior of the offset was not consistent.

Secondly, the threshold, fake hit rate, and efficiency measurements were also subject
to change under bending. The threshold decreased for bending along the columns, and
increased for bending along the rows. These deviations occur in opposite directions
for both the fake hit rate and efficiency measurements. However, when plotting both
against the corresponding threshold values, the deviances did not cancel out.

Additionally, the effects of the changes in the performance of the DACs were at-
tempted to be compensated. For this the immediately involves voltages, V .o and
Vpuisen for the threshold scans, were converted into mV. This actually increased the
separation between the different bending directions. Nevertheless, this does not rule
out the influence of all the other biases of the frontend; therefore, these results need to
be viewed with critical judgment.

Lastly, unbending the chips seems to restore the original operating point almost
completely. This suggests that the observed effects are reversible, and no permanent
damage from bending is expected.

Altogether, it is shown that the operating point shifts in terms of the DAC units. Still,
there seems to be ample headroom to compensate for this in operation.

Despite that, it would be of interest to eliminate the influence of changes in the

performance of the DACs and investigate whether the same effects on the threshold,
fake hit rate, and efficiency could be observed. For this, a new measurement campaign
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5 Conclusion and Outlook

should be conducted, where the operating point should be held constant in terms of
the physical quantities, rather than the DAC units as done in this work.

Furthermore, it is suspected that the changes observed also depend on the orientation
of the physical layout of the analog frontend, as supported by [30]. Therefore, the tests
presented here and those suggested above should be repeated for the next generation
of prototypes, as their layout will be closer to that of chips, which will be installed in
ITS3.
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offset for the Iieset-DAC vs. configura-
tion, for babyMOSS-2_2_W01G1 with

Vosub = OV.
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Figure A.1.5: Changes of slope and
offset for the V,4p-DAC vs. configura-
tion, for babyMOSS-2_2_W01G1 with
Vosub = 0V.
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Figure A.1.6: Changes of slope and
offset for the Viasn-DAC vs. configura-
tion, for babyMOSS-2_2_W01G1 with
Vosub = 0V.
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Figure A.1.7: Changes of slope and off-
set for the Vpyisen-DAC vs. configura-
tion, for babyMOSS-2_2_W01G1 with

Vosub = OV.
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Figure A.1.8: Changes of slope and
offset for the Vg;s-DAC vs. configura-
tion, for babyMOSS-2_2_W01G1 with

Vosub = OV.
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Figure A.2.2: Changes of slope and
offset for the I,;,sn-DAC vs. configura-
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Vosub = 0V.
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Figure A.2.5: Changes of slope and
offset for the V,4p-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with
Vosub = 0V.
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Figure A.2.6: Changes of slope and
offset for the Viasn-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vpsub = OV.
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Figure A.2.7: Changes of slope and off-
set for the Vpyisen-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vosub = OV.
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Figure A.2.8: Changes of slope and
offset for the Vg;s-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vosub = OV.
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Figure A.2.9: Changes of slope and
offset for the Ii,s-DAC vs. configura-

tion, for babyMOSS-4_5_W01G1 with

Vpsub = —1.2V.
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Figure A.2.10: Changes of slope and
offset for the I,;,sn-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vpsub = —1.2V.
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Figure A.2.11: Changes of slope and
offset for the I3,-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vosub = —1.2V.
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Figure A.2.12: Changes of slope and
offset for the Iieset-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vosub = —1.2V.
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Figure A.2.13: Changes of slope and
offset for the V,4,-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with
Vosub = —1.2V.
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Figure A.2.14: Changes of slope and
offset for the Viasn-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vpub = —1.2V.
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Figure A.2.15: Changes of slope and
offset for the Vjysen-DAC vs. config
uration, for babyMOSS-4_5_W01G1
with Vpgu = —1.2V.
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Figure A.2.16: Changes of slope and
offset for the Vg;s-DAC vs. configura-
tion, for babyMOSS-4_5_W01G1 with

Vosub = —1.2V.
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Figure A.2.17: Threshold in DAC vs. Vg, in DAC, for babyMOSS-4_5_ W01G1 with Vi, = 0V.
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Figure A.2.18: Threshold in mV vs. Vg, in DAC, for babyMOSS-4 5 W01G1 with Vg, = 0V.
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Figure A.2.19: Deviation of Threshold from Flat® in DAC vs. Vi, in DAC, for babyMOSS-4_5_W01G1 with Vg, =0V.
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Figure A.2.20: Deviation of Threshold from Flat' in mV vs. V., in mV, for babyMOS5-4_5_W01G1 with Vg, = 0V.
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Figure A.2.21: Fake hit rate in trigger‘1 pixel_1 vS. Veash in DAC, for babyMOSS-4_5_ W01G1 with Vg, = 0V.
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Figure A.2.22: Fake hit rate in trigger‘1 pixelf1 vS. Veagh in mV, for babyMOSS-4_5_WO01G1 with Vg, = 0V.
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Figure A.2.23: Fake hit rate relative to Flat! vs. Vg in DAC, for babyMOSS-4_5_WO01G1 with Vg, = 0V.
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Figure A.2.24:

Fake hit rate relative to Flat! vs. V g, in mV, for babyMOSS-4_5 W01G1 with Vosub = 0V.
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Figure A.2.25: Fake hit rate in trigger™ " pixel ~ vs. Thresho
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Figure A.2.26: Fake hit rate in trigger ™! pixel ! vs. Threshold in mV, for babyMOSS-4 5 W01G1 with Vpsub = 0V.
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Figure A.2.27: Threshold in DAC vs. Vi, in DAC, for babyMOSS-4_5 W01G1 with Vg, = —1.2V.
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Figure A.2.28: Threshold in mV vs. Vi, in DAC, for babyMOSS-4_5_ W01G1 with Vg, = —1.2V.
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Figure A.2.29: Deviation of Threshold from Flat" in DAC vs. V¢4, in DAC, for babyMOSS-4_5 WO01G1 with Vg, = —1.2V
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Figure A.2.34: Fake hit rate relative to Flat! vs. V,q, in mV, for babyMOSS-4_5_W01G1 with Vosub = —1.2V.
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Figure A.3.2: Threshold in DAC vs. V.4
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Figure B.0.1: Efficiency vs. V4 (top) Figure B.0.2: Efficiency vs. V.4, (top) Figure B.0.3: Efficiency vs. V,q, (top) Figure B.0.4: Efficiency vs. Vg (top)
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whole region are also indicated.

96 1

©
=

Efficiency in %
S

90

88|

96 1

941

o
S

Efficiency in %

90 -

88

-
1=}
3

9r
.
: ~ ®bo ‘ LI i
. I B il [ b z e I
) . >~ 97k ! ] - 5 7 .
= " . .
LI . hl (Bl o = . . .
| .
: 8 96f t
. . 2] e
b £
. [ i = 1 o
b it l 951 I
.
1 94
—— Total Efficiency —— Total Efficiency
Uncertainty of Total Efficiency | 9Br Uncertainty of Total Efficiency 7]
Efficiency for each Column Efficiency for each Column
. . I . . . » . . . . . .
50 100 150 200 250 0 20 50 100 150 200 250 0 50
Column Number Entries per 0.4 % bin Column Number Entries per 0.4 % bin
9 1
. |
98 1 ! . q
.
I . It | K |
.
W = 97k ]
! = .
i Z
.
. & 961 1 1
&
It o
951 1
—— Total Efficiency 941 —— Total Efficiency 4
Uncertainty of Total Efficiency 4 Uncertainty of Total Efficiency
Efficiency for each Row Efficiency for each Row
. . . . . . . 93 . . . . . . .
120 140 160 180 200 220 0 10 120 140 160 180 200 220 0 20

Row Number

Entries per 0.4% bin

Figure B.0.6: Efficiency vs. columns (top) and rows
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with Vpsup = 0V. The efficiency distribution and
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Figure B.0.7: Efficiency vs. columns (top) and rows
(bottom), for Ryows = 18 mm, Vg, = 16 DAC, re-
gion 2 of the BOT HU of babyMOSS-4_3_W01G1
with Vs = 0V. The efficiency distribution and
the mean of the whole region are also indicated.
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