DEGREE PROJECT IN ENGINEERING PHYSICS,

@EE‘; SECOND CYCLE, 30 CREDITS
oS =

FKTHS

STOCKHOLM, SWEDEN 2018

VETENSKAP
28 OCH KONST 2%

s

Performance studies of Low-Gain
Avalanche Diodes for the ATLAS
High-Granularity Timing Detector

ANTEK SZADAJ

CERN-THESIS-2018-282

v) 11/12/2018

&)

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF ENGINEERING SCIENCES







by

Ly,
EFKTH®

VETENSKAP
28 OCH KONST 2%

s

Master Thesis in Physics

Performance studies of Low-Gain Avalanche Diodes
for the ATLAS High-Granularity Timing Detector

Author:

Antek Szadaj
antek@kth.se

Department of Physics
KTH Royal Institute of Technology

Supervisor:
Christian Ohm

December 4, 2018

TRITA-SCI-GRU 2018:413
© Antek Szadaj 2018



Abstract

The aim of particle physics to describe the fundamental particles and their interactions.
The Standard Model which describes and predicts processes from particle collisions with
a high precision, is one of the most successful theories in science. Despite its success,
it has several shortcomings and to study those further and look for solutions to them,
particle collisions are made in the Large Hadron Collider (LHC) at CERN. ATLAS is one
of the experiments that study the collisions at the LHC. To improve the sensitivity for
measuring rare processes and finding physics beyond the Standard Model, an upgrade of
the LHC is underway. The High-Luminosity LHC (HL-LHC) will dramatically increase
the collision rate and the ATLAS detector needs to be upgraded in order to cope with
the higher rate. A part of the upgrade of the ATLAS experiment is the High-Granularity
Timing Detector (HGTD) which helps to associate produced particles with the correct
interactions. To do so, the HGTD uses sensors with high timing precision called Low-
Gain Avalanche Diodes (LGADs) which are suited to the high-radiation environment at
the HL-LHC.

With the higher expected proton-proton collision rate at the HL-LHC, more tracks will
mistakenly be associated with the wrong collision. What HGTD does to correctly assign
these tracks to the correct collisions, is to apply a separation in time of arrival with a
timing resolution of 30 ps per track. If a charged particle hits two or three sensors, this
requirement translates to 42 or 52 ps per hit in the sensors. This thesis investigates both
the timing resolution and the detector response as a function of position on the surface
of the sensors. It can be shown that most of the prototype sensors fulfill the requirement
of having less than 42 ps per hit with a uniform response over the surface.



Sammanfattning

Malet med partikelfysik ar att forklara de fundamentala partiklarna och dess interak-
tioner. Standardmodellen som beskriver och forutspar processer fran partikelkollisioner
med en hoég noggrannhet, ar en av de mest framgangsrika teorierna inom naturveten-
skapen. Trots dess framgang har den flera brister och for att studera dem vidare och
soka deras 16sningar, genomfors partikelkollisioner i Large Hadron Collider (LHC) vid
CERN. ATLAS éar ett av experimenten som studerar dessa kollisioner i LHC. For att
oka kéansligheten for méatningar av sillsynta processer och soka efter fysik bortom Stan-
dardmodellen &r en uppgradering av LHC planerad. High-Luminosity LHC (HL-LHC)
kommer att dramatiskt oka kollisionsfrekvensen och i samband med det kommer AT-
LAS detektorn att behovas uppgraderas for att klara av att méta kollisionerna. High-
Granularity Timing Detector (HGTD) &r en del av uppgraderingen av ATLAS-detektorn
och kommer att hjalpa till att associera producerade partiklar med ratt kollisioner. For
att uppna det anvinder HGTD sensorer av typen Low-Gain Avalanche Diodes (LGADs)
som &ar anpassade for stralningsmiljon vid HL-LHC.

Den forvantade hogre frekvensen av proton-proton-kollisioner i HL-LHC kommer att
leda till att fler spar blir felaktigt associerade till de individuella kollisionerna. Det som
HGTD gor for att korrekt associera dessa spar med rétt kollisioner ar att tillampa en
separation i ankomsttid med en tidsupplosning pa 30 ps. Om sparet passerar tva eller tre
sensorer oversitts detta krav till 42 eller 52 ps per traff. Denna uppsats undersoker bade
tidsupplosningen och responsen Gver ytan pa sensorerna. Studien visar att flertalet av de
prototypsensorer som har testats uppfyller kravet pa att ha en tidsupplosning mindre &n
42 ps per traff med en uniform signalrespons 6ver ytan.
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Chapter 1

Introduction

Particle physics aims to explain the fundamental particles in nature and their interactions.
As the understanding of particle physics has progressed, with the latest discovery of the
Higgs boson in 2012, there are still unanswered questions. The Standard Model (SM)
is one of the most successful theories in science and explains the behavior of the known
fundamental particles. The SM has several shortcomings, for example it does not describe
gravity or the masses of the neutrinos. Another problem of the SM is that it accounts
for only about 15% of the matter in the universe where the rest consists of dark matter.
Furthermore, looking into the energy content of the universe, the SM explains roughly
4% with the rest being dark matter (24%) and dark energy (72%) [1]. To test the SM
further and look for solutions to its flaws, the ATLAS experiment [2] at CERN, the
European Organization for Nuclear Research, looks for new physics. In order to make the
experiments more sensitive, upgrades are made. The High Granularity Timing Detector
(HGTD) [B] is a proposed sub-detector system planned to be installed inside ATLAS
before the start of the High Luminosity LHC (HL-LHC) [4] in 2026, which will increase
the number of proton-proton collisions per time unit by a factor of 5 — 7. As part of the
preparations of its design, an analysis of proposed sensors for the HGTD is made.

1.1 Aim of the thesis

In order to build the HGTD, careful selection and characterization of its sensors are
needed. To do so, test beam measurements are performed, where different sensors are
tested in an environment which is similar to where particles collide in the ATLAS de-
tector. By alternating conditions for the sensors under test, one can deduce the different
behaviors and choose the most suitable one to be installed in the HGTD. This thesis
analyzes various sensors measured in September 2017 with the main focus on the timing
resolution and the spatial efficiency of these sensors.



1.2 Outline

In Chapter E the CERN accelerator complex together with the ATLAS experiment is
introduced and explained with the overall design of the High-Granularity Timing Detec-
tor. In Chapter E, the experimental setup of the test beam is described, together with
a summary of how the data were collected. In Chapter @ the methods of extracting the
sensor properties is described with the results of these in Chapter B A discussion of the
achieved results and conclusions are mentioned in Chapter i before a concluding outlook
in Chapter B

1.3 Author’s contribution

The author has been collaborating with the members of the HGTD Test Beam group and
analyzed data collected in the measurement. A software package has been created by the
author to analyze the collected data with the analysis and results discussed together with
the HGTD Test Beam group. The author has been giving presentations at CERN for the
same group discussing the timing resolution results as well the methods used. Additionally
the author have been taking shifts during a test beam measurement. Results presented
in this thesis are produced from the software which the author is solely responsible for.



Chapter 2

Background

2.1 Brief overview of particle physics

The Standard Model (SM) describes the smallest fundamental particles which are known
and the interactions between them. The SM contains particles grouped into fermions
those associated with matter and bosons which are the quanta of the fields mediating
the interactions between particles. Fermions have half-integer spin and are subdivided
into quarks and leptons, where the quarks are the up, down, charm, strange, top and
bottom and the leptons are the electron, muon, tau and three corresponding neutrinos.
Bosons have integer spin and are the photon, gluon, W-boson, Z-boson and the Higgs
boson. All fermions and the W-boson have their antiparticle which have opposite-sign
charge. In Figure a table of the SM particles is shown. A hadron contains two or
three quarks. The quarks are denoted with ¢ and the antiquarks with . Baryons are
ones which have three quarks, ggq and mesons have a quark and an antiquark, ¢g. A
common baryon is the proton with the quark content uud. The pion is a meson with
possible quark combinations i, dd, ud or da.

Despite the success of the SM, such as the discovery of the Higgs boson in 2012, there
are phenomena which cannot be fully explained by the SM. For example the masses of the
neutrinos and the existence of dark matter and dark energy. There are theories proposing
an explanation of the dark matter, for example Supersymmetry (SUSY) which proposes
a supersymmetric companion particle for each of the particles in the SM. Therefore,
the aim is to understand the missing pieces in particle physics by searching for rare
processes by colliding particles with high energy. Trying to answer the open questions
within particle physics, the CERN organization searches for the answers using the Large
Hadron Collider (LHC) [5].

2.2 The Large Hadron Collider

The flagship of the CERN accelerator complex is the Large Hadron Collider (LHC) which
is a 27 km long circular accelerator, placed 100 m below the French-Swiss border outside
Geneva, Switzerland. The LHC accelerates protons or either heavy ions which are then
collided inside the four detectors, namely ALICE (A Large Ion Collider Experiment) [6],
ATLAS (A Toroidal LHC Apparatus) [2], CMS (Compact Muon Solenoid) [7] and LHCb
(LHC-beauty) [8].
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Figure 2.1: Particles of the Standard Model. Image credit: Wikipedia user MissMJ, distributed
under a CC-BY 3.0 license.

Before the particles are injected in the LHC, they undergo a sequence of staged
accelerations in the Linear Accelerator (Linac2), the Proton Synchrotron Booster (PSB),
the Proton Synchrotron (PS) and the Super Proton Synchrotron (SPS). The protons
originate from hydrogen gas which first passes through a source which heats the gas up
creating a plasma. Under an applied electrical field, the electrons are stripped off from
the plasma which leaves only the protons to continue within the pipe. Subsequently, these
protons enters a chain of conductors which are charged positively or negatively along the
pipe, causing them to accelerate by pushing them with an electric field. The chambers
which cause protons to accelerate are the radiofrequency cavities. This makes the protons
leave the Linac2 with an energy of 50 MeV which enters the next circular accelerator, the
PSB. Inside it there are four superimposed synchrotron rings which causes the particles to
gain a new energy of 1.4 GeV. These protons enter the PS, with a circumference of 628 m,
where the electrical field accelerate them, and magnets keep the protons in orbit leading
to an increased energy of 25 GeV. When the protons reach that energy, they continue to
another larger accelerator, the SPS, with a circumference of 7km. Inside the SPS, the
protons accelerate until they have an energy of 450 GeV. Finally, when the protons reach
this energy, they enter the LHC where they are injected into two pipes forming beams
with opposite directions. Inside the LHC there are four crossing points, where each of the
major detector systems are located. When they enter the LHC, the protons are grouped
into bunches with 1.1 x 10! protons, with a time separation of 25ns and after ramﬂping
up the energy they reach 6.5 TeV. This leads to a collision energy of /s = 13 TeV¥ [5].

IThe s denotes the Mandelstam variable, which is the square of the sum of four-momenta for incoming
; N ) _
particles, s = \/pi + p3, where p = (E/c, p).
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Figure 2.2: CERN’s accelerator complex. Courtesy of CERN.

During the first period of data taking in 2010 — 2013 named Run 1, the collision energy
was /s = 7TeV in 2011 and /s = 8TeV in 2012 for proton-proton collisions. The
total integrated luminosity recorded by ATLAS was [ Ldt = 5.08 b~ B for 2011 and
[ L£dt =21.3fb~" in 2012 [9], where L is the instantaneous luminosity. The current Run
2, operating from 2015 with the center-of-mass collision energy of /s = 13 TeV, has
recorded up until November 2018 [ Ldt = 149fb~* [@] The total integrated luminosity
recorded by ATLAS is closely the same recorded by CMS [lﬂ] A schematic view of the
CERN accelerator complex is shown in Figure P.2. The collision of protons causes creation
of new particles which are registered by large complex detectors, for example the ATLAS
detector.

2.3 The ATLAS detector

A brief description of the ATLAS detector is presented here, for a more complete de-
scription see for example [E] The detector measures 25m in height, 44 m in length and
weighs around 7000 tonnes. It has a cylindrical shape around the collision point, and

21barn = 1b = 1072 m?, which is a unit for cross section, that is the probability for processes to
happen.
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Figure 2.3: The ATLAS detector [E]

different layers of sensors are installed to identify and measure the produced particles.
These so-called sub-detector systems can be grouped into three main parts: the inner
detector, the calorimeters and the muon spectrometer. A view of the detector can be
seen in Figure . In ATLAS a right-handed coordinate system is used with origin at
the collision point. The x-axis points towards the center of the LHC ring and the y-axis
points upward with the z-axis along the beam line. Using the polar angle 6, which is
defined as the angle from the positive z-axis, the pseudorapidity is defined as

Y o

The ATLAS detector can be subdivided into two main geometric regions, the barrel
at |n| < 1.5, and the end-caps at |n| 2 1.5. The barrel is primarily made of cylindrical
volumes covering the central part around the collision point, where the end-caps are disk-
shaped layers positioned perpendicular to the beam line, further away from the interaction
point. A cross sectional view of the ATLAS detector in the plane perpendicular to the
beam line, together with illustrations of how particles produced in the collisions interact
in the detector, is shown in Figure P.4.

2.3.1 Inner detector

The Inner Detector (ID) is situated closest to the collision point with the main objective
to observe tracks of charged particles and measure their momenta. It consists of three
sub-detector systems, namely the Pixel detector, the Semiconductor Tracker (SCT) and
the Transition Radiation Tracker (TRT). The ID measures 6.2m in length and 2.1m
in diameter and covers the area of || < 2.5. The ID is surrounded by a solenoid mag-

8
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Figure 2.4: ATLAS sub-detectors and visualizations of detector signatures of commonly pro-
duced particles [12].

net which generates a field of 2T causing charged particles to bend their trajectory. A
schematic overview can be seen in Figureg@.

Pixel detector

Closest to the collision point, the flux of newly created particles is highest. To ensure
that tracks of these particles are registered, a highly granular pixel system is installed. It
consists of four cylindrical pixel layers where the innermost one was installed for Run 2 of
the LHC, namely the Insertable B-layer (IBL) [13]. The layers are installed at innermost
radius of R = 35mm and the outermost at R = 122mm. The technology is based on
n-type silicon sensors, where the passing particles produce electron-hole pairs creating a
current. In total there are 2024 silicon pixel modules, where in the IBL the pixel size is
50 um x 250 pm while the other three layers have a pixel size of 50 pm x 400 pm giving a
total of 92 million readout channels.

Semiconductor Tracker

Moving radially away from the collision point one finds the SCT, which can be seen
in Figure R.5. The single-sided sensors measure 640 mm x 636 mm with a strip pitch of
80 pum. There are four double layers surrounding the pixel detector in the barrel region
placed parallel to the beam and nine disks in each end-cap region where the sensors are
placed perpendicular to the beam line.
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Figure 2.5: Cross-sectional view of the Inner Detector []

Transition Radiation Tracker

The outermost detector subsystem of the ID is the TRT. It has a trapezoidal structure
where each segment consists of multiple gas-filled tubes at 554mm < R < 1082mm. In
total there are 351 000 straws filled with xenon gas and a gold wire in the center. When
a charged particle traverses the straw tube, the gas inside gets ionized which leads to
free electrons. These freed electrons are subjected to a voltage in the straw tube, causing
them to accelerate which causes additional ionization. They lead to the wire at the
center of the straw, creating an electronic readout from the straws. The straw tubes have
a layer of plastic to create transition radiation which originates from a traversing particle.
This transition radiation comes from the different dielectric constants between the gas
and the plastic with a certain probability to emit radiation. The amount of radiation is
proportional to the Lorentz boost factor (y = E/mc?) and helps to distinguish between
electrons and hadrons, which are a lot more massive.

2.3.2 Calorimeters

The calorimeters are responsible for measuring the energy of particles. The two main
parts are the electromagnetic calorimeter and the hadronic one. The calorimeters cause a
particle shower from the incoming high-energy particle, which stops when the threshold
energy of creating new subsequent showers is reached. Electromagnetic particles (elec-
trons, positrons and photons) are absorbed in the EM calorimeter whereas the hadrons
(for example protons) continue to the hadronic calorimeter where they leave most of their
energy. The placement of the calorimeters inside ATLAS is shown in Figure R.6.

10
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Figure 2.6: View of the calorimeters [E]

Electromagnetic calorimeter

The active material in the EM calorimeter is liquid argon (LAr) and the absorption mate-
rial is lead. The barrel part is placed at |n| < 1.475 and the end-caps at 1.375 < |n| < 3.2.
The end-caps have two co-axial wheels and at 2.5 < |n| < 3.2 a higher granularity. The
shower inside the calorimeter is created by an ionization of the liquid from an incoming
photon or an electron, which creates electron-positron pairs that also react with the ab-
sorber material. The freed electrons will drift towards an anode under an applied electric
field creating an amplified signal.

Hadronic calorimeter

Outside the EM calorimeters one finds the hadronic calorimeter, the Tile barrel at
In| < 1.7, and end-caps at 1.5 < |n| < 3.2. The Tile calorimeter uses plastic scintilla-
tors as active material with iron as absorption material. The energy is read out from
light emitted from the scintillators. The hadronic calorimeter in the end-caps uses LAr
as active material with copper as absorber material. This calorimeter works in a similar
manner as the EM one, causing a shower of hadrons. The hadronic showers have a dif-
ferent development from the EM ones, where several processes contribute to production
of new hadrons inside the calorimeter.

Forward calorimeter

The Forward Calorimeter (FCAL) extends the EM and the hadronic calorimeter to
3.2 < |n| < 4.9. The EM calorimeter which is closer to the beam line has copper as the
absorber material and LAr as active material. Further away is the hadronic calorimeter
with LAr as the active material and tungsten as the absorber material. It is constructed
to be sufficiently dense to absorb the high flux of incoming particles.

11
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2.3.3 Muon spectrometer

The outermost main part of the ATLAS detector is the muon system. Its main purpose is
to detect muons which are rarely stopped by the calorimeters. The spectrometer contains
three so-called stations which each can reconstruct track segments from a passing particle.
Both in the barrel and end-cap parts, there is a toroidal magnet system, with eight coils in
the barrel and eight in each end-cap. These enable a momentum measurement by bending
the trajectory of a traversing muon. For |n| < 2.0, Monitored Drift Tubes (MDT) are
used. They consist of an Ar-based gas, which gets ionized when the muon traverses it.
Under an applied electrical field, electrons get freed and accelerates to the center of the
tube towards a thin anode wire which generates a signal. For 2.0 < |n| < 2.7, Cathode
Strip Chambers (CSC) are installed instead of MDTs, due to the larger particle flux.
These are based on the same gas with a multi-wire configuration.

Furthermore, detectors used to trigger the recording of data are installed. In the
barrel region, the Resistive-Plate Chambers (RPCs) are located at || < 1.05, and in
end-caps at 1.05 < |n| < 2.4 the Thin Gap Chambers (TGCs). The RPCs use a gaseous
system which gets ionized by the traversing muon, whereas the TGCs use a multi-wire
technology which is adapted for the high flux for the high n—range.

2.4 High-Luminosity LHC

To improve the sensitivity of searches for physics beyond the SM and higher-precision
measurements of for example the Higgs boson, an upgrade program of High-Luminosity
LHC is introduced (HL-LHC) [@] The current highest levels of instantaneous luminosity
is £ =2-10 cm2s7! with a total recorded integrated luminosity by ATLAS for Run 1
and Run 2 of [ Ldt = 175.4fb~! [Q,] With the upgrade the instantaneous luminosity
will reach up to £ = 7.5-10** cm=2s7! and a total recorded integrated luminosity of
[ Ldt = 3000fb~" during a time period of over a decade [B] A road-map of the HL-LHC

12



program can be seen in Appendix @ where the start is scheduled to be in 2026.

The protons in the LHC come in bunches of approximately 10'! protons, and they
collide with each other with a number of proton-proton collisions p. For multiple bunch
crossings, an averaged value of the number of collisions (i) is commonly used. Under
typical Run 2 conditions the value is (1) = 30 while at the HL-LHC this number is
increased up to (u) = 200. Typically one collision is of interest, where the others are
referred as pileup. The increase of (i), is one of the challenges for detectors to cope with.
At that increased collision rate it becomes challenging to separate the many close-by
interactions and correctly associate the tracks to the right vertices.

2.5 High-Granularity Timing Detector

In each bunch crossing, the collisions occur at slightly different times with an expected
spread of 175ps [3]. The majority of the particle flux from the collisions are directed
in the forward region. With the expected rate at the HL-LHC, it becomes increasingly
difficult to associate tracks to the right vertices even if the spatial resolution is high.
With collisions being close to each other, the tracks which are close to the beam line
could mistakenly be recognized from the same vertex, causing a detection of multiple
different collisions. A proposed solution to distinguish those tracks is by a good time
resolution which separates those tracks and vertices in time. A part of the upgrade of
ATLAS detector proposed to do exactly this is the High-Granularity Timing Detector
(HGTD) [3].

The HGTD consists of two circular disks placed in between the ID and the end-
cap of the calorimeter at z = +3.5m with an active area at 120mm < R < 640 mm,
corresponding to 2.4 < |n| < 4.0. It has a thickness of 75 mm and Figure @ shows the
view of the HGTD with the active area. Inside the main vessel of each end-cap there
are two cooling disks. On each side of the cooling disks, narrow rectangular staves are
placed with sensor modules. The disks with the staves are structured along R to measure
traversing particles with on average three hits at R < 320 mm and two at R > 320 mm.
This is achieved by placing the modules with overlap between the front and the back
of each cooling disk. Figure shows the cooling disks with the rectangular staves and
their relative orientation, and Figure R.1( shows the module placement and overlaps near
R = 320 mm.

The HGTD is designed to measure tracks from minimum-ionizing particles (MIPs)
with a timing resolution of 30 ps, which helps to reduce the effects from pileup with a
factor of 175/30 ~ 6. For a track hitting two or three sensors, this corresponds to a
timing resolution for a sensor of 42 or 52 ps per hit, respectively. The choice of sensor
technology which fulfills the timing resolution and spatial requirements in the HGTD
are the Low-Gain Avalanche Diodes. These have been developed by, among others, the
RD50 collaboration [14] together with industrial partners. A technical proposal [3] for
the HGTD has been accepted by the LHCC (LHC Experiments Committee) as a part of
the Phase-2 upgrade of the ATLAS experiment.

13
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2.5.1 Low-Gain Avalanche Diodes

Low-Gain Avalanche Diode (LGAD) [,] is a n-on-p type silicon detector adapted for

igh-energy physics applications. A schematic figure of a LGAD can be seen in Figure
2.11. It is an avalanche-diode detector where a high applied electrical field causes a
multiplication of the created electron/hole pairs, in this sense creating an avalanche.
This enables a fast readout of the signals, which is one of the purposes of using this
type of sensors. They are designed to be resilient to the high radiation doses expected
at the HL-LHC [] The structure of it has a n-p-type doping with an additional highly
doped thin p-layer which is the gain layer. This extra layer causes a multiplication of the
charge collection, namely the gain. Typically in standard n-on-p-type sensors, the gain
can reach up to approximately 1000. This has a disadvantage causing the noise to be
increased which affects the signal [] Therefore a lower gain and a good signal-to-noise
ratio is preferable for noise-sensitive applications. The LGAD is designed to have a gain
of around 20.

N* cathode

5mm

P-type multiplication layer

P-type (z)substrate

N

P* anode

Figure 2.11: Cross-sectional view of a LGAD. The extra p-type layer is the gain layer aimed
to increase the readout signal [@]
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Chapter 3

Test beam measurement

This section describes the setup used to measure sensors which have been chosen as
candidates for the HGTD. Along with the experimental setup, the section mentions the
sensors used for the September 2017 test beam measurement, and a description of how
the data was collected.

3.1 Experimental setup

The setup for analyzing the sensors can be divided into two parts, one in which the
sensors_are located, and a beam telescope which is in front of and behind the sensors.
Figure El] shows the setup of the test beam measurement. Through the setup a beam of
pions with an energy of 120 GeV traverses, which originates from the SPS at CERN. In
the middle part of the setup, there are up to eight different sensors installed, each with
a readout board through which the bias voltage U, over the sensor can be altered, and
the signals read out with an oscilloscope. Among these sensors there are two types, one
which is used for timing reference measurements, the Silicon Photo Multiplier (SiPM),
and several Devices Under Test (DUT) which are of interest to measure, in this context
the LGAD sensors. The sensor platform, where the DUTs are located, is inside a cooling
box for which the temperature can be changed during the measurement. The second part
of the setup, the telescope, consists of six plates of silicon pixel sensors which are called
MIMOSAs, a FE-I4 unit, which is a fast readout pixel sensor, and a scintillator. The
MIMOSA planes’ purpose is to reconstruct a track from the pion by combining hits in
all of the planes. The FE-I4 sensor is together with the scintillator responsible for the
trigger to record data. The FE-I4 with a pixel size of 50 pm x 250 pm have a so-called
masking area, which is selected to match the size of the DUTs and the SiPM to trigger
for tracks passing the area. The data from the MIMOSAs are recorded to a National
Instrument (NI) crate. Additionally there is a Trigger Logic Unit (TLU) which gives the
signal for when to record the data for the oscilloscopes and the NI crate. The telescope
used for this test beam setup is an EUDET-type beam telescope where a setup called
AIDA is used [18§].
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Figure 3.1: The test beam setup. In the middle of the setup are the DUTs which are of interest.
The figure also show the signals used to trigger readout of the data []

3.2 Tested sensors

Among the DUTs there are three different types of sensors, those with a circular pad, a
single square pad, and an array of square pads, used for the September 2017 test beam
measurement. For the array-pad sensors, each pad is connected to either the same or
different oscilloscopes, since an array sensor has up to four channels. The sensors have an
effective readout area of 1 mm? with the exception of the circular one which has 0.8 mm?.
They have a thickness of 50 pm for the active layer and a resistance of 4.7k() in the
transimpedance amplifier for the readout board. The sensors are listed in Table with
type of sensor, bias voltage used, and the type of doping on the additional gain layer. The
W4-RDO01 sensor does not have the information about the resistance, which is assumed
to be the same as for_the other sensors. Additionally each sensor’s gain-layer doping
dose is given in Table B.1|. The W4-5204 is a neutron-irradiated array-pad sensor with a
fluence of 6 x 10" n,,/cm?. The reference sensor SiPM, has a rectangular area of 9 mm?
and overlaps with the DUTs along the beam line.
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T =22°C T =-30°C T =-40°C Gain doping layer

Sensor Pad Type Range of U, [V] | Range of Uy, [V] | Range of U, [V] | dose [atoms/cm?]
50D-GBGR2 Clircular 220 — 320 — — D (Boron) [20}
W4-LG12 Single 80 — 125 - - 2 x 10'3 (Boron) [21]
W4-RDO01 Array 80 — 120 40 — 60 — 2 x 10" (Boron) [21]
2 channels
W4-S1022 Single 80 — 110 40 — 90 30 —90 2 x 10'3 (Boron) [21]
W4-S1061 Single 80 — 150 40 — 90 30 — 80 2 x 10% (Boron) [21]
W4-5203 Array 80 — 120 45 — 70 20 — 60 2 x 10" (Boron) [21]
1 channel
W4-S204 Array - 200 — 300 200 — 270 2 x 103 (Boron) [21]
3 channels
W4-5215 Array 80 — 125 35 — 80 40 — 65 2 x 10" (Boron) [21]
4 channels
W9-LGA35 Single 180 — 250 — 1 x 10¥ (Gallium) [22]

Table 3.1: List of tested sensors during the September 2017 test beam measurement. For
array-pad sensors, the number of connected channels are listed. Missing information means
that the sensor has not been tested for given temperatures. The gain-layer doping dose for
50D-GRGR2 is missing with reference ”"D” which is highest one compared to other ones from
the same producer.

3.3 Data taking

When a pion traverses the test beam setup as shown in Figure El], a coincidence between
signals in the FE-I4 and the scintillator triggers readout. This enables to record the data
in an event, which is a time window for triggered readout data. The oscilloscope records
the data from all connected LGADs and the SiPM, and the telescope saves the location
of the hits on the MIMOSASs event-wise. During the test beam measurement a set of runs
have been taken, which each comprise approximately 200 000 events. Typically each run
is part of a batch which characterizes a consistent setup in terms of bias voltage of the
sensors and the temperature of the cooling box where the LGADs are contained. A batch
typically contains multiple runs. The complete list of runs, batches, bias voltages of the

sensors_connected to the oscilloscopes, and temperatures, are listed in Appendix B in
Tables El! and @
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3.4 Sensor data

The oscilloscopes used in the test beam measurement are two Agilent Infiniium
DS09254A with a sampling rate of 10 GSamples/s per channel [19]. The data from
sensors are read out with the oscilloscopes, and each event contains 1002 samples. The
signal is the voltage with negative values which has been inverted to positive values.
The time distance between points corresponds to 0.1 ns which gives a readout window of
100.1ns. An example readout waveform from a LGAD is shown in Figure B.2.
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Figure 3.2: Example of a waveform for the array-pad sensor W4-5215. The figure represents
a typical event, which has a time span of 100.1 ns with 1002 samples.

3.5 Telescope data

The TLU also triggers the NI crate to collect data which records the hits in the MIMOSA
sensors. For each event, data are saved describing the location on the MIMOSAs where
the particles from the beam has hit. The MIMOSA sensors have a pixel size of 18.4 pm X
18.4um with a total size of 10.6 mm x 21.1 mm [18]. The data from the MIMOSAs are
used to reconstruct tracks which can be used to extract the location where the particle
passed through on the DUTs themselves. For this thesis, the data analyzed was recorded
before the author has started working on the project, and tracking and sensor alignment
had been performed. More information on how this is done can be found in [23]. The
tracking data is used to analyze the points of passage on the DUTs.
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Chapter 4

Analysis methods

In this chapter methods for extracting signal characteristics from the LGADs are pre-
sented together with methods for combining track-based information from the MIMOSAs
with the signals from the LGADs. Section @ explains how sensor data are treated, start-
ing with the determination of noise and pedestal. It also presents methods to extract
characteristics of a signal from a passing particle, that is pulse amplitude, rise time, gain,
and time location of a signal. Additionally, the way of calculating the timing resolution of
the sensor is explained. Section describes how the track-based data is used to examine
spatially dependent signal properties. Also, the efficiency for each pixel of the sensor to
measure a passing particle is explained.

4.1 LGAD signal analysis

This section explains the reconstruction of the data from the sensors. Here, the methods
are applied to each signal from an event.

4.1.1 Noise characteristics

To understand the noise characteristics, one studies how the sensor behaves without a sig-
nal. To do this, a threshold of 20 mV is used, which tells us that the data point exceeding
it is considered as a signal. The chosen value of 20mV is based on multiple events from
all of the sensors. The sample for calculating noise characteristics is chosen to be a range
from the beginning of the waveform, up until the data sample exceeding the threshold,
with an additional subtraction of three data samples to avoid signal contamination. All
data samples are selected if the threshold is not exceeded. Based on the selected range,
the average value and the standard deviation of the selection is calculated, which here
are referred to as pedestal Up, and noise o0 The pedestal is a value which needs to be
subtracted from the read out values, to maintain the correct value of the pulse amplitude.
The noise on the other hand is the fluctuations in the absence of signal. These two values
are therefore needed to understand how the signal is observed.
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Figure 4.1: This plot shows the waveform of a signal with the fits to find the pulse amplitude
and rise time, lines marking the time locations at peak of the pulse and 50% of the rising edge
and the area for the collected charge.

4.1.2 Signal characteristics

This section presents the methods for finding a signal, determining the pulse amplitude,
rise time, time locations and how the gain is calculated. The different characteristics can
be seen in Figure @

Defining criteria for a signal

When the noise levels have been determined, one can begin selecting the signal. To do
so, a new threshold (different from the one mentioned in Section {.1.1)) Uy is introduced
based on noise and pedestal,

Us =N - opoise + Up (41)

where N is a constant exceeding the noise. The choice of N is based on the assumption
that the noise follows a normal distribution, so-called Gaussian noise. N is chosen to
not exceed a true pulse and not to select noise, assuming the data sample follows a
normal distribution. Taking an example of a 3o level, the probability of one data sample
exceeding that level is P, = P(z > 3) = 0.135%, where z is the variable of the cumulative
probability distribution function of a standard normal distribution. The probability for
1 in 1000 data samples exceeding the same level is Pypgo3, = 1 — (1 — P)1%%0 =1 —
Pl velow = 72.77%. The condition set is to require that this probability < 1%, which
leads to N = 4.27.

An additional constraint on the number of samples above the threshold, Ngamples
is used. This helps to remove pulses which passes the threshold but do not have the
duration expected for a signal. The selection is based on a two-dimensional distribution
of the number of samples, and one of the maximum sample value above threshold Usg.
By studying the two quantities for each event, one can see which Ngymples can be chosen
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to reject pulses which are noise. This is done for lowest bias voltage to get the smallest
distance between the area with majority of events and origin in Figure . The sensor
W4-5203 is used as an example here at U, = 80V and averaged noise value of 2.4mV.
The number of samples above the threshold Ug is shown in Figure and maximum
sample value above Ug in Figure with the plot showing the correlation between
both quantities in Figure §.2d. From the last plot, Ngumpies > 14 gives signals from pions,
while for Ngamples < 5 is noise. To avoid these signals, a number of Ngmpies = 8 is set in
between the majority of signals and signals which are treated as noise for W4-S203. The
same type of argument is used for the other sensors which are shown in Appendix ((J. The
choices of Ngamples for each sensor are shown in Table 1.1 W4-RDO01 has higher Ngumpies
than for other DUTS, since the sensor has slower signals with larger pulse amplitudes.

Sensor Naamples
50D-GBGR2 5
SiPM 36
W4-LG12 8
W4-RD01 32
W4-51022 7
W4-S1061 8
W4-S203 8
W4-S5204 3
W4-S215 8
W9-LGA35 5

Table 4.1: Limit of number of samples above Ug for each sensor. Signals which have number
of samples fewer than Ngmples are rejected.

Pulse amplitude and time location at maximum value

When a pulse has been found, the pulse amplitude and the time location of the pulse can
be determined. Using a second degree fit on five samples centered around the peak, one
can extract the maximum value and the time location of it. The obtained pulse amplitude
is then pedestal-corrected.

Rise time and time location at 50% of the crossing edge

The rise time is a measure of the steepness of the signal. It is calculated by selecting
samples between 10% and 90% of the maximum sample value of the rising edge. A linear
fit is made for which the rise time is calculated with respect to the pedestal corrected
maximum sample value. An alternative time location at the rising edge with respect to
the pedestal corrected maximum sample value, also called the Constant Fraction Dis-
criminator (CFD), is determined. The CFD method is used to evaluate the time location
at 50% of the maximum sample value.

Gain

Lastly, measuring the amplification factor of the deposited charge from the additional
gain layer is of interest. To calculate the factor, the deposited charge within a sensor is
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Samples above the threshold - W4-S203, T = 22 °C, U = 80.0 V Maximum sample value above the threshold - W4-S203, T = 22 °C, U = 80.0 V

" _ point_count_301_chanl ” max_sample_301_chan1
2 r Entries 29577 2 3500— Entries 29577
£ 7000 g £
i) = i} rC
E 3000
6000[— E
C 2500/
5000— 500:
4000 20004
3000— 1500
20001 1000
10005 500
ob A, [ I I P m P B B | FIP IO | R
(] 5 10 15 20 25 30 35 40 45 50 0 50 100 150 200 250 300 350 400
Number of samples [N] Maximum sample value [mV]
(a) Number of samples above Ug. (b) Maximum sample value above Usg.

Maximum sample value vs number of samples above the threshold - W4-S203, T = 22 °C, U = 80.0 V

’; 4007 max_sample_vs_point_count_301_chanl 500 %
E C Entries 29577 ~‘. £
2 3s0[— - ==a 450 w
= =
g o
o o —400
Q -
2 300
3 - —350
E 250 -
£ C
3 C
= 200 -

150 . —200

100— --

I Ly SR
sof- = -
- b
P S e U IR PP I NPT NIV PR PO
0 10 15 20 25 30 35 40 45 50

Number of samples [N]
(c¢) Maximum sample value versus number of samples above Ug.

Figure 4.2: Distributions of the number of samples and maximum sample value above Ug with
a plot showing the correlation between both quantities. Here the choice of Ngamples = 8 is set
for W4-S203 which is in between the area of the majority of the signals and noise. The averaged
noise value at U, = 80V for W4-S203 is 2.4 mV.
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needed. The total charge is obtained by calculating the integral of the pulse above the
pedestal, divided by the resistance from the transimpedance amplifier. The gain is then
obtained by dividing with the deposited charge within a sensor with same thickness for
a minimum ionizing particle, which is Qnp = 0.46 fC [19].

4.1.3 Timing resolution

With the time location of the pulses, the timing resolution for a sensor can be calculated.
This is done by taking the time difference for a signal from a LGAD and the SiPM within
the same event. Collecting the time differences, a distribution is formed where the width
is calculated. A cross-check method is used to calculate the timing resolution using a
system of equations. Both methods are evaluated using the time location at the peak of
the pulse, and with the CFD method.

Time difference between DUT and SiPM

The main method used to calculate the timing resolution is to take the time difference
between a DUT and the SiPM, which is the reference sensor. From it, the total width
OTotal 18 Obtained where the timing resolution of the DUT is expressed as

_ 2 2
ODUT = \/ 9Total — 9SiPM - (4.2)

The value of ogipy is taken from reference [24], where ogipy =~ 18.4ps for T' > 0°C
and osipy &~ 9.6 ps for T' < 0°C at U, = 29V. During the test beam measurement in
September 2017, the SiPM operates at U, = 26.5V, and it is assumed that this slight
change in U, does not significantly affect ogipy. The timing resolution of the SiPM is
much better than that of the DUTs, so a small change in og;py; does not primarily affect
the extracted value for opyr.

System of equations

A cross-check to calculate the timing resolution by solving a system of equations is used.
This is done by forming a time difference for the same event, between a combination of
four connected sensors within the same oscilloscope. This gives six time differences, with
six calculated widths, related to timing resolutions of LGADs i and j as o}, = 07 + 7.
A possible way to solve for o; and o}, is to introduce a system of equations by using one
of 12 invertible matrices A;;,

O'?J- = Az’j : 0'2, (43)

where a?j is a four-dimensional vector with squared widths between sensor 7 and j, and
o? is a vector with squared timing resolutions for the four sensors. Among the 12 matrices
A;; which solve (), the one which give the solution with the largest sum of the timing
resolutions is selected. The second oscilloscope is connected to array-pad sensors, where
< 1% of all events have more than one signal from each pad. Because of this, the method
is used only for the first oscilloscope, which have sufficient events with signals from all

connected sensors.
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4.2 Track-based analysis

Combining the sensor and tracking data, one can study the spatial dependence of mea-
sured signals in the DUTs. The tracking data for each sensor give relative position on
the MIMOSA plane, which is centered to be at origin for each sensor. Additionally, the
sensors are rotationally aligned around the beam line with a precision of £0.1°. The bin
size is set to be the same as for the MIMOSA pixel size, that is 18.4pum x 18.4pm. To
extract a result from a bin, at least five entries are required. Bins showing the highest
(red) or lowest (purple) value, means that the extracted bin value is higher or lower than
given value on the color axis. An example of a 2D plot showing the sensor signal efficiency
is presented in Figure {.34.

4.2.1 Uniformity over sensor area

For each type of the LGAD signal characteristics, a uniformity plot over the sensor area
is made. For pulse amplitude, rise time and gain, each bin is filled and averaged. To show
the timing resolution, each bin is filled with a time difference between the DUT and the
SiPM with a bin size twice the MIMOSA pixel size. To extract a timing resolution value
from a bin, at least 50 entries are required. The timing resolution is then calculated with
(@) This is done using both the time location at the peak and with the CFD method.

4.2.2 Sensor efficiency

Using the information about a track from the MIMOSAs and a hit or no hit from the
DUTs, the spatial efficiency of the sensor can be determined. Within each bin, the effi-

ciency is defined as the ratio of the number of registered signals from the DUT Npyr to
the number of hits from the MIMOSA Nymviosa,

chﬁcioncy = ]V]Vﬂ (44)
MIMOSA
The Npyr depends on a determined track from the MIMOSA. With the filled bins, an
averaged value of the efficiency for a bulk area is determined with the standard deviation
as the error. A bulk area is defined with ranges of 350 pm in = and y with respect to
the center of the sensor.

Projection on x- and y-axis

Using the 2D efficiency plots, projections on the z and y axes are made to find the
efficiency steepness at the edges of the DUTs. The selection is |y, z| < 350pum for the
projection along the x and y axes, respectively. The selection areas can be seen in Fig-
ure @34 and Figure §.3h. The projection along each axis is averaged over each dimension
and a 1D histogram is formed. With this, two sigmoid-functions are fitted along the left
and right edges,

1 1

S(u eft — ) S(u ri =
( )1 ’ 1 + €xp (uleft - u)/aleft ( ) ght 1 + exp (u - uright)/aright
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Figure 4.3: Selection lines and fit functions for projections on x and y axes. From this oief, rignt
and oop, hottom are obtained for each side from the fit functions, corresponding to the steepness.

where v is the distance from the center of the sensor, w.g and wuygne are the positions of
the edges and Oeft, right and Top, bottom, TEPresent the steepnesses of the edges, measured in
units of pm. This method of obtaining the steepness applies to sensors with square shape.

Examples of histo
be seen in Figures

and

1.3d and [t.3d.
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Chapter 5

Results

In this chapter the results extracted using the methods described in Chapter @ are pre-
sented. First an overview of the results are shown and the selection is explained. In the
sections after the methods of obtaining and choosing data are explained in more detail.

5.1 Overview of the results

Table El] shows the timing resolution, the rise time, signal-to-noise (S/N) ratio and
gain. The S/N ratio is defined as the pulse amplitude divided by the noise. For the
array-pad sensors the pads selected for W4-RD01 and W4-S204 reflects the best achieved
timing resolution and the selected pad for W4-5215 is the one which is measured for all
temperatures. The selected pads are shown in Figures , IDMI and D.ld, respectively.
The missing results for the timing resolution from the system of equations is because the
pad was connected to the second oscilloscope. The bias voltage selected is maximum for
each sensor and temperature to reflect the results which have the lowest timing resolution
values. For the gain the lowest voltage is selected to show the lowest gain values, for which
data were possible to obtain. In Table @ the efficiency for the bulk area together with
the steepness of the edges for both x- and y-projections is shown. The missing results
for the steepness of the edges for the sensor 50D-GBGR2 is because the method applies
only to square sensors. The batches of runs which have most data are chosen.

5.2 LGAD signal results

The noise and pedestal together with pulse characteristics are all collected into a his-
togram for each batch of runs. The data are fitted with a chosen function mentioned in
the sections below, and the resulting parameters are listed with associated errors which
are based on x? method. When several batches exists with the same applied voltage and
temperature, the one with the smallest error is chosen.

5.2.1 Noise and pulse characteristics

The noise values are fitted with a Gaussian function to obtain the mean value param-
eter. The error is < 0.01mV for all values. The results depending on bias voltage and
temperature are shown in Figure ‘.
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Sensor T[°C] | Uy [V] | ocrp, sipm [PS] | Opeak, sipm [PS] | 0D, sys [PS] | Opeak, sys [PS] | teise [PS] | S/N | Uy [V] Gain

50D-GBGR2 22 320 28.8+0.3 35.8+0.3 33.50£0.6 37.3+£0.8 427+ 0.3 47 220 14 £ 0.002
W4-LG12 22 125 24.9+0.2 379+04 31.7+ 0.6 414+£0.8 543+ 0.3 52 80 25+ 0.04
W4-RD01 22 120 31.4+0.1 68.7+0.2 — — 843 £0.1 71 80 204 £0.4
—-30 75 46.5 4+ 0.3 1271+1.1 — — 1088 £0.3 | 83 40 243+ 04

W4-51022 22 110 40.5£0.9 51.5+1.0 — — 551 £ 0.6 20 80 18 £0.04
-30 90 29.7+£0.3 39.2+£0.5 30.8£04 41.5 4+ 0.6 522 £0.2 50 50 25 £ 0.04

—40 80 32.0+0.2 43.0£0.4 32.6 £0.6 43.3£0.6 543 £0.1 48 50 29 +0.07

W4-S1061 22 150 24.0£0.3 322+05 — - 494 £ 0.3 57 80 19 +0.04
—30 90 32.0+0.1 39.6 +£0.2 32.1+£0.3 40.8£0.8 534 £0.1 52 50 26 +0.04

—40 80 33.7+£0.3 43.84+0.4 33.4+£05 42.3 4+ 0.6 553 £0.2 49 50 31£0.07

W4-5203 22 120 272+0.1 35.8+0.5 - - 525+ 0.1 45 80 24 +0.04
—30 70 39.0+£0.2 51.56+0.3 41.4+£0.5 53.8+ 0.5 623 £0.2 39 45 37 £0.04

—40 60 46.0 £ 0.6 75.0 £ 0.6 48.2+ 0.5 75.7+ 0.6 696 + 0.5 34 50 45+ 0.07

W4-5204 —30 300 40.0£0.3 50.0+ 0.4 — - 343 £1.5 1OE 200 11+£0.02
—40 270 39.1£0.2 48.8 +£0.3 — - 338 £0.7 10 200 11 4+0.03

W4-S215 22 125 31.5+04 37.6 £0.5 — — 505 £ 0.4 48 80 53+0.1

-30 80 35.5£0.1 47.54+0.3 35.5£0.2 46.7+ 0.4 546 £ 0.2 28 50 91 £0.2

—40 65 47.7£0.6 69.2+0.5 48.0 £ 0.5 70.7+1.1 657 £ 0.7 57 45 103 £0.2

W9-LGA35 22 250 24.3+£0.2 31.3+£0.3 32.2+0.6 36.8£0.8 417+0.2 48 180 16 +0.03

Table 5.1: Results for timing resolution, rise time, S/N ratio and gain. The highest bias voltage
Uy is selected for all results, except the last two columns, that is for gain where the lowest Uy
is used for which data were possible to obtain. The relative error on all S/N values is less than
1%. The missing results showing the timing resolution using the system of equations is when

the sensor is connected to a different oscilloscope than the SiPM.

?Pulse amplitude value is approximated where the fit on the histogram fails.
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(a) Pulse amplitude distribution. (b) Waveform with signal limit.

Figure 5.1: Pulse amplitude distribution for W4-S1061 at T' = —30°C and U, = 90 V. The
distribution shows a peak for saturated signals and a waveform exhibiting this behavior.

The pulse amplitude and gain histograms are fitted with a convoluted Landau and
Gauss function. This is because the deposited charge follows a Landau distribution and
the noise a Gaussian one. From the fitted function, the most probable value is extracted.
It was observed that for some sensors a fraction of the signals were saturated, since the
oscilloscope had an upper voltage limit of recording signals. Figure shows a pulse
amplitude distribution with a fraction of events with saturated signals and a waveform
exhibiting this behavior. The pulse amplitude values have an error which is < 0.1mV.
Using the noise results, the S/N ratio is obtained and shown in Table p.1. Results which
depend on other bias voltages and temperatures for pulse amplitude and gain values are
in Figures |5.3b and p.4a|.

Rise time values are fitted with a Gaussian function, where the mean value parameter
is extracted. The values with errors are shown in Table p.1. The rise time results which
depend on bias voltage and temperature are shown in Figure p.4h.

5.2.2 Timing resolution

The results showing the timing resolution are presented in Table @ Events with satu-
rated signals are omitted when filling the histogram. For the time difference between the
DUT and the SiPM placed in different oscilloscopes, the histogram changes as a second
peak appear. An example of this can be seen in Figure p.2. When the SiPM is in a dif-
ferent oscilloscope than the DUT, the fit function is modified with an added Gaussian
term with mean value p — p + 100 ps using the same width parameter for both Gaus-
sians. The reason for adding 100 ps is discussed in Section (.2. The ranges for the fit on
the histogram is set to be for the bins with number of entries greater than 20% of the
maximum number of entries.

Figure shows results for timing resolution as a function of gain for values o <
100 ps and with gain < 100. The aim with the plot is to see which sensor for a given
temperature gives the lowest timing resolution and gain values.
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Figure 5.2: Time difference distributions for W9-LGA35 sensor with 22°C and U, = 220V
when the DUT and the SiPM is in the same and different oscilloscopes. The correction has been
made to include a second Gaussian with the mean value parameter increased with 100 ps.

5.3 Track-based results

The results showing efficiency of the bulk area with steepnesses of the edges of are pre-
sented in Table p.2. The track-based plots showing the timing resolution are not shown for
some sensors. The reason for this is because of a missing implementation in the software
which fits the time difference distribution with a double-peak in each bin. This applies
to sensors and pads being in a different oscilloscope than the SiPM. The sensors which
have missing plots showing the timing resolution are W4-51022, W4-S1061, W4-S203
and lower left pad for W4-S215. Plots with temperatures at 7' = —40°C have bin size
increased with 50% due to less available tracking data. Sensors with track-based plots
showing the pulse amplitude, gain, rise time and timing resolution for different temper-
atures, are shown in Appendix [D and the track-based plots for W9-LGA35 measured at
T = 22°C and U, = 230V are shown in Figure p.7.
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Sensor T[°C] | Uy [V] | Efficiency [%)] | 0u, tere [M0] | Ou, vight [HM] | Oy, bottom [P | Oy, top [HI0]
50D-GBGR2 22 310 99.7+£0.8 — — — —

W4-LG12 22 125 99.7+£0.8 11.9+0.2 11.7+0.2 10.8 £0.2 11.6 £0.2

W4-RD01 22 120 99.7 £ 0.8 10.7£0.2 10.8 £0.2 10.3£0.2 10.5+£0.2

—30 60 99.1+0.9 13.0£0.2 13.5+0.2 13.1£0.2 124£0.2

W4-51022 22 90 995+ 1.5 12.04+0.3 124+0.3 11.4+0.3 12.04+0.2

—30 90 99.8+ 1.1 119+04 127£04 10.3+04 123+£04

—40 80 99.8£0.9 11.8+0.6 13.0 £ 0.7 1214+ 0.6 123+04

W4-51061 22 140 99.8+£0.8 13.2£0.3 11.9£0.2 11.4£0.2 134£0.3

-30 85 99.8+0.9 122+£04 13.3£04 11.0£0.5 129+04

—40 80 99.8 +£0.8 11.6 £0.5 125+£0.5 12.7+0.7 13.8+0.6

W4-5203 22 120 99.7 £ 0.7 16.7£0.3 16.4£0.2 13.8£0.2 15.5£0.3

—30 60 99.6 £ 1.4 16.0£0.5 148+04 12.84+0.4 15.54+0.5

—40 95 99.4+1.5 15.3£0.7 16.7£0.7 15.0£0.6 15.1£0.5

W4-5204 —30 250 99.1+1.8 127+ 04 14.4+£0.5 9.8+£04 14.7+04

—40 250 99.5+1.3 144 £0.7 13.8 £0.7 15.7£0.5 14.7£0.5

W4-5215 22 120 99.7+£0.8 12.7+0.2 13.4+£0.2 11.8+0.2 124£0.3

—-30 80 99.8+1.1 1424+0.3 143+£04 125+£04 13.8+04

—40 60 99.7+1.0 149+0.5 14.2£0.6 13.7+£0.6 15.8£0.6

WO9-LGA35 22 230 99.7 £ 0.7 16.4£0.3 16.5+0.3 14.3+0.2 14.4+0.2

Table 5.2: Results for efficiency studies. The batch which has the most data is chosen when
there are several available. The efficiency is quoted for the bulk area, along with steepness
Tleft, right @A Ohottom, top- For the array-pad sensors the pads selected for W4-RDO01 and W4-
S204 reflects the lowest timing resolution and the selected pad for W4-S215 is the one which
is measured for all temperatures. The missing results showing the efficiency steepness over the
edges is because of the circular shape of the sensor, for which the method does not apply.
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Noise as a function of bias voltage
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Figure 5.3: Results for noise and pulse amplitude as a function of bias voltage.
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Figure 5.4: Results for rise time and gain/charge as a function of bias voltage.
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Timing resolution as a function of bias voltage (CFD)
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Figure 5.5: Results for timing resolution as a function of bias voltage and temperature using
CFD method and location at peak of the pulse.
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Timing resolution as a function of gain (CFD)
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Figure 5.6: Results for timing resolution as a function of gain using CFD method and location
at the peak of the pulse.
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Figure 5.7: Track-based plots for W9-LGA35 at T' = 22°C.

36



Chapter 6

Discussion and conclusions

6.1 Signal characteristics

The noise tends to be independent of bias voltage and temperature with the exception of
Wi4-51061 and W4-S204. An increase of 0.5mV for W4-S1061 and 0.1 mV for W4-5204
with increasing bias voltage is noticed in Figure . This increase is small and does not
affect the measurement of other signal characteristics. The noise of other sensors tends
not to vary with bias voltage and is around 2mV for the single-pad sensors and 5mV for
the array-pad ones, independent of temperature.

For all sensors a higher bias voltage leads to a larger pulse amplitude, which can
be seen in Figure p.3h. It can be seen that the increase is smaller for the irradiated
sensor W4-5204. There are two missing pulse amplitude values for the irradiated sensor
at —30°C with U, = 290V and U, = 300V for which the fit to the histogram fails. For
these measurements, there are more events which are noise than true signals, which is
related to the choice of Ngampies Which is lower than for other sensors. The same sensor
has S/N = 10, where the others have ratio of 30 — 80 with the highest for W4-RDOL1.
The lower S/N ratio for W4-S204 is one reason where selection of a true signal is more
difficult than for other sensors. The temperature dependence can be noticed, for W4-5215
at T'= —30°C and T' = —40°C for same bias voltages. One can notice an increase of
20% for the pulse amplitude compared to the lower temperature for W4-S215.

The gain results depending on bias voltage and temperature can be seen in Figure
. From it, one can observe the gain values for the W4-RDO01 reach 500 with the small-
est ones around 200. A possible reason could be that the resistance of the transimpedance
amplifier in the readout board used is assumed to be the same as for other sensors, which
may be incorrect. The gain values for other sensors are around 12 — 100, seen in Table

. The temperature dependence can be noticed for the sensor W4-S215 measured at
T = —-30°C and T' = —40°C, which follows approximately a 25% increase.

It can be seen from Figure p.4H that the rise time decreases with bias voltage having
lowest results around 500 ps except for the sensor W4-S204 which gives close to 350 ps.
The same sensor gives a slight increase of rise time with increasing bias voltage. A possi-
ble cause for this, is the fewer number of samples for a signal compared to other sensors.
Regarding temperature dependence, the rise time values for W4-RDO01 tend to be in-
dependent of temperature. The curves for 7' = —40°C and T' = —30°C seem to be
connected and if the applied bias voltage would be the same, the curve could follow the
same behavior. This can also be seen for sensors with 7' = 22°C for 80V < U, < 120V
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where the values lies within the same region. On the other hand, the rise time results for
W4-S215 at U, = 80V decreases for T' < 0°C.

6.2 Timing resolution

The timing resolution results in Table EI show that the CFD method provides lower
values which can also be noted by comparing Figures and . A cause of this is
due to a typical pulse shape of a signal where the position of the rising edge is more
stable than the of the peak of the pulse. Looking at multiple waveforms with the pulses
super-positioned, the position of the rising edge is more stable when compared to the
position at the peak of the pulse. An example showing different pulse shapes can be
seen in Figure p.1. The time location will deviate more when locating the peak of the
pulse, leading to higher time difference values. For example, the sensor W4-RDO01 for
T = —30°C with U, = 60V give a timing resolution value of about 130 ps using location
at the peak of the pulse, compared to around 47 ps using the CFD method. This is a
consequence of the pulse shape deviating significantly. With this, the CFD method is
more suitable to calculate the timing resolution compared to the location at the peak of
the pulse. In this study, the CFD method uses a fraction of 0.5 of the pulse amplitude,
where other fractions could be used. Based on Figure choosing a fraction 0.2 could
also be of interest to determine the timing resolution, with the location being more stable

for 0.5.
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Figure 6.1: Pulse shape examples. Super-positioned pulse shapes for three sensors from the
test beam measurement done in October/November 2016 [19].

In Figure @ another behavior was noted where the time difference distribution has
a double-peak structure. It can be seen that the time difference between those have a
separation of 100 ps which can be observed clearly for some batches. For other batches
the second peak is significantly smaller but still notable. This behavior is caused by shift
with one data sample from one of the oscilloscopes. When these record samples from a
triggered event, one of the oscilloscopes delays with one data sample compared to the
other one. When comparing the same event from two different oscilloscopes, the time
difference is shifted with 0.1 ns = 100 ps causing a second peak in the distribution.

38



The aim of using the system of equations method is to have a cross-check values
to determine the credibility using the main method of calculating the timing resolution.
Comparing the results using the CFD method, it can be seen that the values are generally
larger. The largest difference seen is for W9-LGA35 with 7.9 ps.

To see which sensors have both low gain and good enough timing resolution, Figure

is shown. Comparing the two methods used to obtain the timing resolution, that
is the CFD method and the location at the peak, it can be seen here as well that the
values are lower using the CFD method. Additionally, one can be observe that the sensors
W9-LGA35 and 50D-GBGR2 measured at T' = 22°C have the lowest gain and timing
resolution values. The temperature dependence can be noted, as the ones with lower
temperatures give worse timing resolution and higher gain values, with the exception of
the irradiated sensor W4-5204.

6.3 Track-based results

The track-based results show how the signal characteristics vary over the surface of the
sensor. One of the aspects is the efficiency of the sensor, and from Table it can be
seen that it reaches > 99% in the bulk, independent of temperature, which can be seen
in Figure p.7a. The efficiency steepness of the edges shown in Table p.2, show that the
values are in the range 9 — 17 pm with the exception of 50D-GBGR2 which is round and
cannot be compared to other sensors with square shape. For W4-S203 one can observe
a small area with lower efficiency, for example in Figure . A possible explanation
for it could be a faulty area on the sensor giving an overall lower efficiency. For some of
the sensors there is an observed line with unfilled bins, seen in Figure 6.2h. The reason
for this that one of the MIMOSA planes were broken, which caused a distinct line with
missing data from the telescope.

The track-based plots showing the gain and pulse amplitude in Figures and
tend to be uniform for all sensors, with the exception at the edges. It can be seen for
some sensors, that plots showing the rise time are not uniform. Most of the sensors look
like the one for W9-LGA35, shown in Figure p.7d. Sensors W4-1.G12 and W4-RD01 show
deviating features which can be seen in Figures @ and p.2d. It can be noted that an
area has lower rise time values compared to the rest of the sensor. The area is significantly
larger for the upper pad of W4-RD01 compared to W4-LG12. The track-based timing
resolution plots show that the values are fairly uniform. The view for other sensors looks
like the one for W9-LGA35, shown in Figures @ and .
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Efficiency - W4-S1022, T=22°C,U=90.0V Pulse amplitude mean value - W4-S204_6e14, T =-30 ° C, U = 250.0 V
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(c) Non-uniform rise time view - W4-LG12. (d) Non-uniform rise time view - W4-RD01.

Figure 6.2: Track-based plots with interesting features. The first plot has a dot with lower
efficiency for W4-51022, the second one shows a line with missing data for W4-5204, and the
last two show non-uniform behavior of the rise time values for W4-LG12 and W4-RDO1.

6.4 Conclusions

The sensors which fulfill the requirements with a timing resolution of < 42ps/hit and
gain < 30 with a square structure are: W4-LG12, W4-51022, W4-S1061 and W9-
LGA35. The circular pad sensor 50D-GBGR2 also fulfills the requirements. The W4-
RDO1 sensor is the slowest one with rise times reaching > 800 ps with rise time values hav-
ing a non-uniform view over the sensor. W4-5203 fulfill the requirements for 7" > —40°C.
The irradiated sensor W4-S204 has the lowest S/N ratio with lower rise time than other
sensors due to fewer data samples over the threshold Ug. The array-pad sensor W4-S215
have a higher gain and higher noise, compared to single-pad sensors. The temperature
dependence is seen giving better timing resolution and gain values for 7" > 0°C. The
efficiency in the bulk and the efficiency steepness are temperature independent. The pre-
ferred method of obtaining the location of the pulse is the CFD method. Calculating the
timing resolution with the SiPM connected to a different oscilloscope gives similar results
to the ones within the same one. A suggestion is to use one SiPM in each oscilloscope to
avoid the problem of desynchronized readout. All pads have an efficiency of > 99% and
all square pad sensors have an edge steepness < 17 pm.
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Chapter 7
Outlook

This test beam measurement together with others done in April, June, September and
October in 2018 allow more sensors to be evaluated. The test beam measurement done
in September 2017 had only one irradiated sensor which is fewer than at previous mea-
surement campaigns. Test beam campaigns already conducted included more irradiated
sensors to understand how those perform in the HGTD after years of operation. Therefore
a broader comparison of irradiated with non-irradiated sensors is underway.

Different sensor types are considered to be measured. Proposed ones with a thickness
of 35 nm have been shown to give a better timing resolution and less radiation damage.
Additionally, different gain doping dose layers are considered to optimize the gain value.

Since the timing resolution of the sensors is of primary interest, an aim is to have
a comparison of different methods to obtain a value with low uncertainty. One should
evaluate alternative ways to obtain the time location. In this study, the CFD fraction
0.5 has been used only, but this should be optimized. There are other options, such as
the zero-crossing discriminator, which is the location when the waveform passes a set
threshold.

The R&D of prototype sensors for the HGTD is planned to continue until the end of
2020 with production during 2022-2023. Furthermore the electronics in the HGTD which
connects the sensors, need to be designed in such way to maintain the timing resolution
requirements of a measured track. The plan is to produce the electronics during 2023,
install the HGTD along with auxiliary systems of the detector in ATLAS during 2025-
2026. With the HGTD together with the other sub-detector systems in ATLAS there will
be a better foundation to search for rare processes and make better use of the proton-
proton data. This helps to increase the precision measurements of the SM and improve
the sensitivity of searches for physics beyond the SM.
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Appendix A
Road-map of the HL-LHC

The schedule of the HL-LHC is shown in Figure [A:l! One can see the time line of Run
1-5 with the collision energy and the total recorded integrated luminosity. The figure also
shows when the HL-LHC is scheduled to operate, that is after Long Shutdown 3 (LS3)
which is planned to be during 2024-2026.
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Appendix B

Run log

The run log, shown in Tables El] and @, lists information for tested sensors during the
measurement in September 2017 in the North Area at CERN. Each row shows information
about the run which is part of a batch with events recorded, averaged rate of recording
the data, temperature, DUT position (useful for array-pad sensors), applied bias voltages
and measured currents. Columns in red and blue represent two different oscilloscopes,
each with four channels connected to sensors. Each run has an oscilloscope file with
voltage information, and a corresponding tracking file with positions of tracks on the
Sensor.

Yellow marked runs show a warning with the run, with a common reason being that
some events are desynchronized between the oscilloscope and the telescope. Red marked
runs mean that the files have been deleted due to problems with the measurement.

Batches 801-804 and 901-903 are omitted from the analysis in this thesis. Batches 801-
804 contain low data statistics for the sensors W9-LGA44 and W4-S1030, and batches
901-903 is for a measurement of three SiPMs from another manufacturer than the one
used for this thesis.

48



2000 S5

vz

5128

2000 S5

Sod1na | VAlT Al
£z

S12S-HM

*,0G-TOT SOyojeq I0j UOryeuLIOjul uny :1°¢q 9InSiq

ddV-WdIS  ddV-WdIS [8621'0 0L Z201S-vM X 190LS-bM 2000 SS  SLZShM #1000 G9 3 067 £0166L 20y  €2L600SOSL  08E

Pl 06 2Z0LSYM 9 [8v000 OvL  L90LSTM S [9000 o0zk  eozSbM z SE00'0 022  SEVOTEM 3

pI'L 08 2Z0LSPM 9 [sz00'0 08 190LSbM S [ro0'0 08  eo0zSbM z S600'0 022 SEVOTEM L

0zk SIESHM X 2LOTEM X 0.521E 9528684051
0Zk  SIZStM X 219TIM X S5921E £16168V05L

00k SIESTM 2IOTIM
0L SiZSTM X 219Tm
00k SIZSTM X 219TIM
06 SIZSHM X o1
08 SIZSHM 219TM

JosUes 04 INa E JoSUes 50 ING S0aIna | [oIL | [ZHI oy UnISWL] Pied | OWeSoWi | JoqunNuny
1z L £ zh [ wsL| AV | sweA3g adoog|  owvan3

49



150 02

vl [AA
vz

Y139 Y0ZSYM

Josuss.

€L 150 02

'sod 1Na | vl IAA
£z

9159 $0ZSHM

Josusg.

"pasn j0u aIe ¢06-T06 PUC FOR-TOR 2IOUM ‘€06-T09 SOYDYeq IO UOIYRWLIOJUT UNY :g ¢ 9INSI

PIVOTEM

L 250 P19 POZSTM 0 L i ddV-WdIS  ddV-WdIS 910 08 Z20ISTM

S€S S92 dAVWdS ¥ L0Q¥-bM L0Q¥-PM

Josuss. 'sod 1Na 'sod1na [IvAll AIA 's0d 1na | vrll1 IAIA Josusg. 's0d1na | vl [AIA Josuss.
zz 1z v £ (4 b

[zH o1y uni siuL.

ws 1

7

swenag

adoos

50



Appendix C

Choice of number of samples

This section presents plots for the dependence of number of events with maximum sample
value and number of samples above the threshold Ug discussed in Section 4.1.2. All sensors
are shown, except for W4-5203 which is in Figure @ From these plots, the Ngamples is
chosen which is listed in Table {.1I.

Maximum sample value vs number of samples above the threshold - 50D-GBGR2, T =22 °C, U = 220.0 V Maximum sample value vs number of samples above the threshold - SIPM-AFP, T =22 °C, U =265V,
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Figure C.1: Maximum sample value versus number of samples above Ug for 50D-GBGR2,
SiPM, W4-LG12 and W4-RDO01 with selected Ngamples-
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Maximum sample value vs number of samples above the threshold - W4-$1022, T = 22 *C, U = 80.0 V. Maximum sample value vs number of samples above the threshold - W4-S1061, T = 22 °C, U = 80.0 V
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Figure C.2: Maximum sample value versus number of samples above Ug for W4-S1022, W4-
51061, W4-5215, and W9-LGA35 with selected Ngamples-
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Maximum sample value vs number of samples above the threshold - W4-S204_6e14, T =-30 °C, U = 200.0 V
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Figure C.3: Maximum sample value versus number of samples above Ug for W4-5204 with
selected Ngamples = 3.
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Appendix D

Additional track-based results

This section presents the track-based plots for all sensors. The different characteristics
shown are efficiency, gain, pulse amplitude, rise time and timing resolution with CFD
method and using the location at the peak of the pulse. Some track-based plots show-
ing the timing resolution are missing because the sensor was connected to a different
oscilloscope than the SiPM.
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D.1 50D-GBGR2
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Figure D.1: Track-based plots for 50D-GBGR2 at T' = 22 °C.
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D.2 W4-LG12
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Figure D.2: Track-based plots for W4-LG12 at T' = 22°C.
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D.3 W4-RDO01

Efficiency - W4-RD01, T=22°C, U =120.0V Gain mean value - W4-RDO1, T=22 °C, U=120.0V
= Entries 258187 100e = Entries 217307 500 ¢
2 1000 9% o = 1000 ©
> C LEE T Ty 2 > F 480
L o £ L
L £ L
L u F 460
500(— 94 500(—
F 92 r 440
o 90 o 420
- 88 C 400

-500{— 86 -500{—

F H 380
L 84 L
H + 360
-1000— S 82 -1000—
I U U R RO R | 80 CLov v b b v v Lo Ly 340
-1500  -1000  -500 0 500 1000 1500 -1500  -1000  -500 0 500 1000
X [um]
(a) Efficiency. (b) Gain.
Pulse amplitude mean value - W4-RD01, T=22 °C, U =120.0 V Rise time mean value - W4-RD01, T=22 ° C, U =120.0 V
'E Entries 217180 'E Entries 206483 870 E
= 1000 30 < 2 1000 -
> C - r 865
L 280 L 860
500— 500— 855
F 260 H
L L 850
r 240 r
o or— 845
r 220 r 840
500/ 835
200 soor
r 830
L 180 -

-1000— -1000— 825
I | (- 160 I I 820
-1500  -1000  -500 0 500 1000 -1500 1000

(c) Pulse amplitude. (d) Rise time.
Timing resolution (CFD) - W4-RDO01, T=22°C, U=120.0V Timing resolution (peak) - W4-RDO01, T =22 °C, U =120.0 V
= Entries 193864 40 g T Entries 187475 80 7
=9 — = =
= 1 "~ = 1 >~
S 1000 38 © < 1000 =
r 36 F 75
500(— 34 500(—
L 32 L
F - 70
o 30 o
L 28 L
-500{— 26 -500{— &
L 24 L

-1000(— 22 -1000(— n 60
I U RS RO R | 20 I O U U R R |
-1500  -1000  -500 0 500 1000 1500 -1500  -1000 500 0 500 1000 1500

X [um] X [um]
(e) Timing resolution - CFD method. (f) Timing resolution - peak location method.

Figure D.3: Track-based plots for W4-RDO01 at T' = 22 °C. The upper pad is selected to show
the results.
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Figure D.4: Track-based plots for W4-RD01 at T'= —30°C.
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D.4 W4-S1022
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Figure D.5: Track-based plots for W4-S1022 at T' = 22 °C.
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Figure D.6: Track-based plots for W4-51022 at T'= —30°C.
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Figure D.7: Track-based plots for W4-S1022 at T' = —40°C. The bin size is increased with
50% due to lower data statistics.
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D.5 W4-5S1061
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Figure D.8: Track-based plots for W4-S1061 at 7' = 22 °C.
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Figure D.9: Track-based plots for W4-5S1061 at T'= —30°C.
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Figure D.10: Track-based plots for W4-S1061 at 7" = —40°C. The bin size is increased with
50% due to lower data statistics.
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D.6 W4-5203
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Figure D.11: Track-based plots for W4-S203 at T' = 22°C.
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Figure D.12: Track-based plots for W4-S203 at T' = —30 °C.
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Figure D.13: Track-based plots for W4-S203 at T" = —40°C. The bin size is increased with
50% due to lower data statistics.
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D.7 W4-S204
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Figure D.14: Track-based plots for W4-S204 at T = —30°C. The upper-left pad is selected
to show the results. The line with missing information is because of a broken MIMOSA plane,
leading to missing data
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Figure D.15: Track-based plots for W4-S204 at T" = —40°C. The bin size is increased with
50% due to lower data statistics. The line with missing information is because of a broken

MIMOSA plane, leading to missing data.
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D.8 W4-S215
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Figure D.16: Track-based plots for W4-5215 at T' = 22 °C. The upper-right pad is selected to
show the results. The lower-left pad is connected to a different oscilloscope than the SiPM.
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Efficiency - W4-S215, T=-30°C,U=80.0V
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Figure D.17: Track-based plots for W4-S215 at T' = —30 °C. This figure shows the upper-right

'~
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Figure D.18: Track-based plots for W4-S215 at T' = —40 °C. This figure shows the upper-right
pad in Figure . The bin size is increased with 50% due to lower data statistics.
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D.9 W9-LGA35
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Figure D.19: Track-based plots for W9-LGA35 at T = 22°C.
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