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Introduction

Then a man named Tycho Brahe evolved a way of answering the
question. He thought that it might perhaps be a good idea to look very
carefully and to record exactly...and then the alternative theories might
be distinguished from one another. This is the key of modern science

and it was the beginning of the true understanding of Nature...

(Richard Feynman)

Central to the entire discipline of Physics is the concept of the experimental verification. It has
been considered throughout the past four centuries and in the meanwhile has led to fascinating
discoveries. First, and in direct relation to the Feynman citation, a model of gravitation was de-
veloped based on data that was taken from the observation of the position of the planets. In order
to discover the nucleus inside the atom the same idea, to look very carefully and to disentangle the
possible theories based on the data, was used by Rutherford. This concept has not changed in
the past centuries, just our tools to do the observation evolved rather rapidly. In the following, the
ATLAS' experiment, one of the most advanced observation tools in modern high energy physics
(HEP), will be used to explain the needs of a versatile test beam telescope, whose development is
the scope of this thesis.

The ATLAS experiment [1] is one of two general purpose detectors at the Large Hadron Collider
(LHC) [2] at CERN? [3] at the French-Swiss border, near Geneva, which is a machine that brings
protons to head-on collisions at very high energies. Currently collision energies upto a /s = 8TeV
are reached (/s = 14TeV are to be expected). After the particle acceleration, the next step in

a HEP experiment is the collision of the accelerated particles. The most interesting interactions

A Toroidal LHC ApparatuS.
2Conseil Européen pour la Recherche Nucléaire.



Chapter 0 Introduction

involve short-lived particles that can not be observed directly with the detector as they decay before
reaching it. However, the properties of the decay particles, that pass through the detector, can
be measured. These particles constitute the final state of the interaction and a complete dataset
containing information about the particles is called an event. In figure 0.1 these three steps of a
HEP experiment are sketched.

The main purpose of the ATLAS detector is to reconstruct the event consisting of particles resulting
from the collisions and ultimately to test the Standard Model (SM), which is - though incomplete -
the most precisely tested theory of elementary particles. By doing so, one would be able to decide
if the SM best describes the data or a new model is needed. Nevertheless, as mentioned, the SM
is not yet complete. The Higgs-boson, the particle responsible for the generation of the mass of
the exchange particles of the weak interaction, is one part of the SM which still lacks experimental
proof. Its discovery would therefore strengthen this model, although it would not answer some of
the most fundamental and still unresolved questions in particle physics today, as for example the
matter-antimatter asymmetry, the abundance of dark matter and the unknown neutrino mass hier-
archy. Recently, a new particle at the expected mass of the SM Higgs-boson has been discovered

by both the ATLAS and the CMS® experiments [4, 5].

CATLAS

1 EXPERIMENT

(a) input: accelerate and collide the (b) interaction: many different theor- (c) output: event display representing
protons head-on. ies try to model the way the particles the particles resulting from the inter-
interact. action.

Figure 0.1: As a first step in a high energy physics experiment particles collide after having been accelerated.
Then an interaction between the colliding particles takes place. The particles that emerge from this interac-
tion are recorded with the detector and can be graphically represented through the shown eventdisplay (here
one from ATLAS is shown).

For the particle detection and event reconstruction in ATLAS one needs to combine a variety of

3Compact Muon Solenoid.



sub-detectors in an onion-like arrangement around the interaction point. The whole detector needs
to be able to completely measure the final state of a collision, that means to identify all the particles
that come from the interaction point and measure their properties such as energy and momentum.
Especially for neutrinos, particles that can only be identified through the concept of missing energy,
an almost hermetic detector is needed such that most of the solid angle around the interaction point
is covered.

In order to build, maintain and upgrade a huge detector like ATLAS a lot of research on detectors
has to be done. Analysing new materials in order to test and compare their properties, which are
significant for the application, is a common method. For example, diamond is a material recently
in use in HEP, that is a strong candidate to be used for trackers in future experiments in the field.
Before using a new technology, its properties have to be confronted against the technologies well
established. Therefore, for a complete understanding of the new material properties, extensive test-
ing has to be done. Parts of this testing can be accomplished with a beam telescope.

To perform specific detector tests, a beam telescope, placed in a particle beam and making use
of common detectors whose properties are well understood, can be used. Consequently, a beam
telescope is a useful tool for testing certain properties of new detector types. With it, properties like
the efficiency, the spatial resolution or the charge collection uniformity of an unknown detector can
be measured. The development of such a beam telescope, based on the integrated circuit FE-14
[6] designed for the innermost layer of the ATLAS pixel detector currently being built, is the scope of
this thesis.

Extensive use will be made of the infrastructure developed within the EUDET* project [7], a EU-
project, which started in 2006 and ended in 2010. Its focus was detector research and development
towards the International Linear Collider. The software packages for data acquisition (DAQ) - EUDAQ
[8] - and for data analysis - EUTelescope [9] - will be used for the FE-14 beam telescope developed
in this work. For the detector specific DAQ of the FE-14 readout chip the USBpix-system, developed
in Bonn, will be used [10, 11]. Particle beams from ELSA5, the accelerator complex in Bonn, DESY®,

a research facility in Hamburg, and CERN will be employed to study the FE-I4 telescope. Therefore

“4Detector R&D towards the International Linear Collider.
5Electron stretcher ring - 'Elektronen Stretcher Anlage’.
8'Deutsches Elektronen Synchrotron’.



Chapter 0 Introduction

different setups with different beam energies will be presented in this thesis.
Chapter 1 will give an overview of the basic ideas of particle detection. Chapter 2 presents the
materials and methods used in the measurements described in Chapter 3 and 4. The analysis of

test beam data will be presented in Chapter 5 and a conclusion ends this work in Chapter 6.



Chapter 1

Basics of particle detection using

semiconductor detectors

1.1 Principles of particle detection

The basic principle of the detection of any kind of particle is through its interactions with matter.
Charged particles, like electrons or protons, interact electromagnetically with all particles that carry
charge. Neutral particles like neutrons or neutral pions only interact with matter through the strong
or weak force which differ in many orders of magnitude in strength and range compared to the
electromagnetic interaction. In the following the interactions of charged particles with matter and
the corresponding energy loss will be outlined. Neutral particles of any kind are not of interest for

this thesis and are thus omitted here.

1.1.1 Energy loss of charged particles in matter

Charged particles passing through matter loose energy mainly through collisions with the electrons
of the atoms that form the matter. The two most important ways of interacting are ionization and
excitation. Bethe and Bloch calculated the energy loss of charged particles through ionization and

excitation in 1932.
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Bethe-Bloch-Formula

The energy loss of charged particles in matter can be described qualitatively by

1dE Z 221 5.2 2 5 0
%" 'Z'E[E'”(zmec By Tmax /1) — B -3 (1.1)
where all particle and material properties are described in table 1.1 [12].

type quantity  physical meaning

dE/dx  energy loss per unit length

z charge in units of elementary charge e
particle properties 3 velocity in units of speed of light ¢

0% Lorentz-factor v = /1/(1 — 32)

Tmax maximum possible energy transfer in one collision

Zand A proton number and nucleon number

-

mean excitation energy

material properties

P density
constants K K=0.3071 MeVgicm2
d density effect parameter

Table 1.1: Parameters of the Bethe-Bloch-formula, which describes the energy loss of charged particles in
the range 0.05 < v < 500.

Some characteristics of the Bethe-Bloch-formula, valid in the medium energy region of 0.05 <

B~ < 500, see figure 1.1, are:

e 1/32-decrease in the interval 0.05 < 3y < 1: charged particles loose more energy the slower
they are, until they reach the Bragg-peak, where the highest energy deposition is reached.
This peak develops where the particles are stopped. The particle current is constant over the

whole length and drops to zero where the particles have come to a stop.

e In S-increase in the interval 2 < B~y < 500: charged particles loose more energy at higher
energies. Because of relativistic effects the transverse reach of the particles’ electric field in-
creases and therefore interactions at longer distances become possible. This effect increases

the energy loss by 10 % with respect to the minimum energy loss.
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e at By = 3 the curve has a minimum. The corresponding energy loss is given by (dE/dX),, =

Stopping power [MeV cm 2/g]

1.5MeV cm? /g where mip stands for mimimum ionizing particle.

[
i 77N\ u*on Cu i
100 |~ = ﬂ =
F A\ Bethe Radiative :
B /" Anderson- g ]
i —g = Ziegler :
S 2
10 F— Radiative Radiative =
E Minimum effects / losses E
Nuclear ionization  reach 1% S S
| losses ,:"-'*"”T"'ﬂggi
¢ Without &
1 | | | |
0.001 0.01 0.1 1 10 100 1000 104 105 106
By
[ | | | | | | | | J
0.1 1 10 100 | I 10 100 | (I 10 100 |
[MeV/c] [GeV/c] [TeV/c]

Muon momentum

Figure 1.1: Energy loss of muons in copper. The Bethe-Bloch-region is between 2 < Sy < 500 [12]. At
higher energies radiative losses become important. The point where losses due to radiation equal those due
to ionization and excitation is called critical energy and is shown in the figure as well.

In addition to ionization and excitation, also transition radiation and Cherenkov-radiation are incor-

porated in the Bethe-Bloch-calculation. Outside of the Bethe-Bloch-region the energy loss is no

longer well described by the Bethe-Bloch-formula and other theories are needed for the low and

high energy regions.

Bremsstrahlung anyhow is not included in the Bethe-Bloch-calculation and plays an important role

for light particles at high energies (fig. 1.1), like e~. They fall into the category of radiative losses

since in the process of bremsstrahlung an electron emits a photon in the field of a nucleus when it

is bend.



Chapter 1 Basics of particle detection using semiconductor detectors

Landau-distribution

It is empirically shown that by measuring the same energy loss of a charged particle with a thin de-
tector - thickness O(10—300 um) - many times, the energy deposition follows a Landau-distribution,

see figure 1.2 for pions of an energy of 500 MeV in silicon. The long tail towards higher energy

Alx (MeV g1 em?)
0.50 1.00 1.50 2.00 2.50

500 MeV pion in silicon

640 pm (149 mg/cm?)
S\ 320 pm (74.7 mg/em?) _|
AN ~— — - 160 pm (37.4 mg/cm?)

Lo

o\ ]
= PRRR W 80 pm (18.7 mg/em?) |
~ -".\\‘ |
gV A\

( \

|
S .

Mean energy
loss rate

300 400 500 600
A/x (eV/pm)

Figure 1.2: Landau-distribution of the measured energy loss of pions in four different thick silicon sensors
[12].

losses is due to J-electrons. These are secondary electrons which have a kinetic energy Tyinetic.s
that is much bigger than the mean excitation energy and consequently the d-electrons can further
ionize neighbouring atoms themselves. They deposit additional energy in the detector and cause
entries at high energy values. As a result, the most probable value of the energy loss (dE/dxmpv)
is always smaller than the mean value of energy loss (dE/dxa\,erage). d-electrons have a clear sig-
nature in the detector with an energy deposition over a comparatively large distance. These energy
despositions come in addition to the average energy deposition of a mip and might lead to false
hit reconstructions. Possibilities to reduce this effect make use of the long track signature of the

d-electrons and will be explored later in the analysis of the test beam data.
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o-electrons and energy transfer T

More information on §-electrons is necessary to understand why they cause the long tail of the
Landau-distribution. In order to discern § electrons from electrons that come from Bethe-Bloch-
energy losses one defines their kinetic energy to fulfill the following relation - Tiinetic,s > [ - with
I the mean excitation energy of the material, e.g. for almost all common detector materials | is
of O(10eV). This sets already a lower limit t0 Tiinetic.5,min Which is O(10keV). Then, for some
detectors to cause an effect, this limit might be changed due to the geometrical measures of the
device. The number of §-electrons generated in a 200 um thick silicon slice within a certain energy

range can be calculated by

1 1
Té,min Té,max

N5 = —K,O

1 222X 1 1
2 "A B2

)-NO = Ns(200 pum Si)=3.6keV( )-No (1.2)

Té,min Té,max

where Ny is the rate of incoming particles, x the thickness, here 200 um, and all other parameters
as defined before [12]. The value for Tyinetic,5,max depends on the incoming particle and its velocity.
The angle under which J-electrons are emitted plays an important role for the energy deposition
inside the detector. It turns out that J-electrons follow an angular dependence like 1/ cos® § where
0 is the angle between the direction of the incoming particle and the direction of the outgoing 6-
electron. As a result most J-electrons get emitted under an angle close to 90°. This causes the
d-electrons, created by a particle traversing perpendicular a thin detector to release all their energy
inside the detector, see 1.3a.

To decrease the influence of multiple scattering, most semiconductor detectors are made especially
thin In ATLAS the inner detectors cover the surface of a cylinder around the beam pipe. The pixel
detectors used in this work have a thickness of approximately 200 um and expand to roughly 2cm
x 2cm in the perpendicular plane. Consequently a measurable effect from d-electrons is likely to
show up in the deposited energy of the pixels. In figure 5.3 the hit map of the ATLAS FE-14 with
a 200 um thick sensor is shown for a test done with a radioactive source. One can clearly see an

elongated track in the lower middle of the hit map, which is the clear signature of a §-electron.
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X
M M
—@ ®
4]

(a) Scattering of a particle of mass M off an electron
at rest in a thin detector of thickness x for the most
probable scattering angle 8 which is close to 90°.

Hit map of the Atlas FE-I4, BCID 065 | TOT
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(b) Measured track with a pixel detector with FE-
14 readout. The elongated track, starting with a
burst of high energy depositions at one end and

evolving with smaller energy depositions to the

other end, between columns 40 and 50 and rows

80 and 120, is a clear signature of a §-electron.
Figure 1.3: Creation of a §-electron in a thin detector and signature of a §-electron in a pixel detector using
the FE-I4 readout ASIC.

1.1.2 Multiple scattering effects

Particles passing through matter undergo many small angle scattering processes which are mainly

due to Coulomb scattering from nuclei, see figure 1.4. This Coulomb scattering is well described by

—T_ X n

Yplane

=

$ eplane

A

Figure 1.4: A particle that passes through matter is scattered many times by small angles. The total scattering
angle is Opane - that is shown here - and is the same as ;s [12].

the Moliére theory. For small deflection angles the distribution of the scattering angles is roughly

Gaussian with a width 6;ms, which is called rms multiple scattering angle. This angle depends

10
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strongly on the momentum of the particle and on the thickness of the material and can be calculated

by

13.6 MeV X X
= Ooane = ——— .z |2 [1+0.038 - In— 13
Orms = Oplane 3 p z XO( +0.038 - In Xo) (1.3)

where ( is the velocity in units of ¢, p is the momentum in MeV/c, z is the charge and x is the
thickness of the material and Xj is the radiation length. For all vertex and tracking detectors it is
crucial to reduce the material in order to decrease the displacement of the particle due to multiple

scattering.

11
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1.2 Principles of semiconductor detectors

Semiconductor detectors play a crucial role in particle physics and have a lot of applications in
various other fields. The most basic silicon semiconductor detector is nothing else than a diode
operated in reverse biasing. Such a diode consists of two differently doped pieces of silicon, n-

doped and p-doped, put together.

PN-junction or diodes

A diode right after the formation and before the equilibrium is shown in the upper part of figure 1.5.
The electrons in the n-doped region diffuse into the p-doped region and the holes in the p-doped
region vice versa. This happens until an equilibrium sets in. A consequence of this development
is the creation of a space charge region that is free of mobile charge carriers. The width of the
free space charge or depletion region d, is given by the sum of both depletion widths in the p- and
n-region, x, and x, respectively, which depend on the doping concentration Nap and the applied

voltage Wpias across the junction, as follows

dexotx = 2¢€ VbiasND . 2¢€ Voias Na (1.4)
- opTan eNa (Na + Np) eNp (Na + Np) :

where the permittivity € is a material constant and Na and Np are the numbers of acceptors and
donors, respectively. Both widths x, and x, are approximately of the same length if Na = Np, see
the second plot of figure 1.5 for Vyias = 0 and the third plot of figure 1.5 for Wyias # 0. But this is not
the general case in most applications, as for example in a typical semiconductor detector, see the
lower part of figure 1.5, where a highly doped region p* interfaces with a normally n-doped region.
The diode is in general an electronics device which can have two defined states. Depending on
the applied voltage across the junction, the diode can be open in a sense that there is a current
going through it (forward bias) or it can be closed, in which case no current flows (reverse bias).
In forward biasing the positive electrode is connected to the p-doped region which enhances the
current through the diode exponentially. In reverse biasing the negative electrode is at the p-doped
region and no current flows.

The depletion region is exactly the region that is important for the detection of charged particles.

12
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p-doped x=0 n-doped

~

Xp depletion region Xn

E
PR

- +
Xp depletiovn region Xn
E
- +
charged particle
- +

charged particle

Figure 1.5: From pn-junction to sensitive detector volume. First all charge carriers are homogeneously distrib-
uted. Then the free charges diffuse until an equilibrium sets in. In order to increase the space charge region
an electric field can be applied to the junction. Through the application of a high enough external voltage all
free charge carriers can be removed from the pn-junction. A typical semiconductor detector has the doping
configuration shown in the lowest part. It consists of two highly doped and a normally doped region.

13
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If a charged particle passes through the depleted region it sets free charge carriers along its path,
e~ h*-pairs, which get - due to the applied voltage - collected at the electrodes. While moving
according to the electric field (figure 1.5), the charge carriers induce a signal at the electrodes,
which has be further processed by electronic circuits. The diode can be fully depleted by applying
the proper reverse biasing, leaving no free charge carrier in the whole bulk. The energy loss in the

whole volume contributes therefore to the signal.

1.2.1 Amplification and noise

Amplifiers are needed to amplify the weak signal coming from the semiconductor detector such that
it can be further processed for storage and analysis by a dedicated circuit. Noise is amplified in the
same way as the signal. Several amplifiers with special properties depending on the application
have been developed. The type used here, the charge sensitive amplifier (CSA), has the property
that it amplifies a signal in such a way that the amplitude of the output signal is proportional to the

deposited charge by integration of the signal current, see figure 1.6.

Figure 1.6: Charge sensitive amplifier circuit [13].

In order to flatten the steep rise, cut the long tail and improve the signal to noise ratio a shaper is
used after the preamplifier. Noise can be minimized by using differential elements like high or low
pass filters, that differentiate or integrate the signal respectively. The high pass filter causes the
signal to fall more rapidly where the low pass filter decreases the rise time, see figure 1.7. The time

constants are given through 74 = Rqg,i- Cq,j Wwhere Ry and Cqy; are the corresponding resistance and

14



1.2 Principles of semiconductor detectors

capacitance. A combination of both elements results in a filtering of low and high frequencies. As

HIGH-PASS FILTER LOW-PASS FILTER
“DIFFERENTIATOR” “INTEGRATOR”

%w

Figure 1.7: Noise filtering and signal shaping in a RCCR filter following a charge sensitive amplifier [14].

in a first approximation the noise level is independent of the frequency, whereas the signal usually
lies in a defined frequency band, the filtering will improve the signal to noise ratio.

Noise is the random electrical fluctuation. For estimating the noise of a semiconductor detector
system the circuit used for operating the detector needs to be analysed. A simple example of such

a circuit is shown in the left of figure 1.8. The capacitance Cq4 represents the detector that is biased

DETECTOR BIAS PREAMPLIFIER + DETECTOR BIAS SERIES PREAMPLIFIER +
PULSE SHAPER RESISTOR RESISTOR PULSE SHAPER
R ep
M €na
OUTPUT  ( inb e

Figure 1.8: A detector front-end circuit and its equivalent circuit for noise calculations. [14].

through the resistor Ry,. The capacitor G, serves to protect the circuit from any external interference
coming through the bias supply line to ground and the capacitor C. blocks the bias voltage from
the amplifier input. Any resistance between the sensor and the preamplifier input is represented
through the series resistance Rs. The noise sources in this circuit, shown in the right of figure 1.8,

are the following:

e Shot noise of the sensor leakage current acting as a noise current. As the sensor is operated

in reverse biasing ideally no current flows through it. But, through thermal excitation, it is

15



Chapter 1 Basics of particle detection using semiconductor detectors

possible that charge carries are generated, the current associated with this process is the
leakage current. As shot noise is the quantity fluctuation of charge carriers that are being
injected independently of one another this mechanism applies here. This random charge
injection into an element, here the sensor, can be simulated by a parallel current source

supplying the current ing.

Thermal noise in all resistances. In the series resistor Rs, the fluctuation of the thermal
velocity of charge carriers acts as a noise voltage ens. Any noise voltage created by the bias
resistance Ry leads to a noise current iy, flowing through the sensor and any resistance that

is in parallel to it.

In contrast to the above mentioned sources, which are both frequency independent, 1/f-noise
is a frequency dependent quantum fluctuation and it exists in amplifiers. It varies with 1/f*
where 0.5 < a < 2 is found experimentally. 1/f-noise is not completely understood, yet different
explanations exist. One idea is that it is the result of the scattering of the charge carriers
off lattice defects. At such defects the charge is trapped and released after a specific time
resulting in a frequency dependent behaviour. In the amplifier both 1/f-noise and white noise

add up and create a noise current i,; and a noise voltage en, at its input.

All these noise sources add up to the total noise of the detector system.

A common quantity to estimate the noise is the equivalent noise charge (ENC). The ENC is the

amount of charge [e™] that would be needed at the input of the preamplifier in order to create an

output that is as large as the noise level. Assume that 10.000 electrons at the input create a signal

of 1 V at the output and the measured noise level is about 10 mV. The ENC then simply is 100

electrons.

16



Chapter 2

Materials and Methods

In high energy physics hybrid pixel detectors are meanwhile a mature technology used by many
experiments. One advantage of the hybrid technology is the immediate data processing, which
allows for a fast and parallel readout of all channels. As a result such a detector can deal with high
hit occupancies. Another advantage is the radiation hardness. Further, hybrid pixel detectors yield
a large signal to noise ratio and have a low leakage current. However, reading out a lot of channels
in parallel has a disadvantage concerning the high power consumption. As covering large areas
is expensive and the number of pixel channels rises fast when increasing the radius of the pixel
detector, hybrid pixels are only suitable for a region near the interaction point.

Other interesting silicon detector structures are Monolithic Active Pixels (MAPS) as well as DE-
Pleted Field Effect Transistors (DEPFET). MAPS is the choice of sensor for the EUDET project as
well as the AIDA telescope because very small pixel sizes with low material budget and low power
consumption can be made with this technology. DEPFETSs are used in this thesis as devices under
test. Their design goal is a small pixel size as well as a radiation tolerance required for their envir-
onment, keeping the material budget also in very low levels.

The ATLAS experiment makes use of hybrid pixel detectors with a n-in-n structure, that means that
a highly n-doped region is connected to a normally n-doped region. The complete pixel detector is
made out of rectangular pixels that have 50 um pitch in r-¢-direction and 400 pm pitch in z-direction
resulting in resolutions of about 12 um and 100 um respectively. The pixels are arranged in three
cylinders and six disks with in total 1744 modules, each consisting of 16 readout chips with 2880

channels. Summing this up the pixel detector, shown in figure 2.1a, has about 80 million pixels [16]
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(a) ATLAS pixel detector [1] (b) Insertable b-layer [15]

Figure 2.1: The ATLAS pixel detector with its three layers as they are arranged around the beam pipe. The
IBL will be placed between the current innermost layer and the beam pipe.

and therefore makes out half of the channels of the complete ATLAS detector.

Shown in figure 2.1b is the so called Insertable B-Layer (IBL). It is a new layer, which is meant to im-
prove the reconstruction of the decay vertices of b-mesons and will be inserted between the beam
pipe and the current innermost layer, the B-Layer. Since this layer will be closer to the interaction
point than the B-Layer, it will be exposed to a higher particle flux and radiation dose. Simulations
show that the hit loss of the readout Application Specific Integrated Circuit (ASIC) FE-I3 - currently
installed in the ATLAS pixel detector - increases at higher luminosities, see figure 2.2. Consequently
a new chip (the FE-14) is needed for the first upgrade of the ATLAS detector in 2013 after what the
expected luminosity is 103 cm~2s~. This ASIC then has to withstand a radiation dose of 250 Mrad
in ten years. To cope with these requirements, some changes of the ASICs design were necessary.
They are explained in detail in [17].

Hybrid pixel detectors are the devices used as telescope reference planes in this thesis and there-

fore the focus of the following explanations will be on their functionality.

2.1 Hybrid pixel detectors and sensors

Hybrid pixel detectors are devices which consist of a sensor and a readout chip that are put together
through a technique such as bump-bonding, see figure 2.3a. As mentioned above, the advantages
of hybrid pixel detectors are that the signal of all channels is fast processed in parallel and that

they are very radiation tolerant. It is possible to use different technologies for the sensor and
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Figure 2.2: Hit loss of readout chips FE-I3 and FE-I4 in dependence of hit rate. For the IBL the expected
interactions per beam collision is 75 [18].

the readout chip, which allows for different combinations of those in order to further improve the
radiation hardness of the whole device. A disadvantage, however, is the high power consumption
and the material budget.

A goal in high energy physics is to make the devices as thin as possible such that the particles
loose as little energy as possible and to reduce multiple scattering in order not to disturb its path.
Therefore efforts are made to keep both parts, the sensor and the readout chip very thin. Another
approach is to have a single device through 3D integration or to improve the currently available
monolithic detectors in terms of radiation hardness. As for today, hybrid pixel detectors are the
device of choice in the ATLAS vertex detector and they will be used for the telescope developments
in this work.

As already mentioned various sensor types for detector upgrades are currently under investigation.
The most thoroughly studied type is the planar Si sensor shown in figure 2.3, see [19]. Planar pixel
sensors are pn-junctions with a geometry like the one shown in figure 2.3b. One can see that the
n*-doped region is pixelized whereas the other side is flat throughout. The detector thickness is
O(200 pum). The pitch can be as small as 50 um. Sensors with a pitch of 50 um and 250 um will be

used here. Their size is made to fit to the readout chip to which they are connected.
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Metallization

Front-end channel

Electronics chip charged particle

(a) Sketch of a hybrid pixel detector [19]. (b) Schematic of a planar n-in-n type sensor.

Figure 2.3: Schematic of a hybrid pixel detector with a sensor bump-bonded to a readout chip and a cross-
section of a planar pixel sensor.

2.2 Readout electronics

To read out the sensor signal a front-end chip is needed. The chip used here, the FE-I4, can amplify
and discriminate the signal of either the charge generated in the sensor or a known injected charge

for testing purposes. It has been developed for the ATLAS IBL and has the following properties:
e rectangular pixels with pitches of 50 um in r-¢ direction and 250 ym in z-direction
e in total 80 columns (250 pum pitch) and 336 rows (50 um pitch)
e size 18.6 mm x 20 mm
o feature size 130 nm, CMOS technology, high logic density.
Each pixel has the same analog circuitry. Consequently, to understand the analog functionality and
how the chip is operated, it is crucial and sufficient to understand this one circuit.
2.2.1 Circuit of one pixel cell

The signal path from the creation of the charge in the depletion zone to the digital processing shall
be described with the help of figure 2.4, where the complete analog circuit of one pixel of the FE-
14 is depicted. A charged particle traversing the sensor sets free charge carriers along its path -
e~ h*-pairs. Through their drift movement, due to the applied electrical field, they induce a signal

at the preamplifier input. There the signal gets amplified by a CSA. The integrating capacitance
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Figure 2.4: Injection circuit, preamplifier, discriminator and digital readout part of the FE-14. The HitOr signal,
which will be used to trigger on a region of interest in the following is the signal directly at the output of the
discriminator [20].

of the CSA gets discharged by a constant current leading to a triangular shape of the signal at
the output of the CSA. At the discriminator the signal gets compared to an adjustable threshold
voltage and the output is a pulse with a length that corresponds to the time that the signal was
above the threshold of the discriminator. Due to the triangular shape of the signal at the input of
the discriminator the length that the signal stays above a certain threshold is proportional to the
originally deposited charge. Therefore one measures the deposited charge in the number of clock
cycles that the signal is above a certain threshold, the time over threshold (ToT), see figure 2.5.

The data, consisting of a time stamp of the start of the signal as well as the duration in terms of
ToT as well as the pixel adress, is further processed by the digital part of the DAQ chain. Here a
comparison between two counter values in the pixel cell, one for the time that has passed after a hit
happened and one for the trigger latency, is done. By doing so, the FE-14 only sends out the data of
triggered events. This data is transferred to the periphery of the chip, sent out to the DAQ system

and stored.
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Figure 2.5: The injected charge pulse at the input of the preamplifier creates a triangular signal at its output.
After being disciminated this signal is rectangular with the length being the ToT.

2.2.2 Creation of the HitOr signal

The discriminator output signal of all pixels is OR’ed together to form the HitOr signal of the chip.
The time delay between the creation of the charge in the sensor and the HitOr signal after the
discriminator is about 20-30 ns, see [6]. Then the HitOr signal acts as a gate to an nmos-transistor
which is OR’ed with all other pixels of the same column, as can be seen in figure 2.6. The line
to which all the nmos-transistors are connected is kept high on the potential Vdd by a constant
current source as long as no transistor is open. As such the transistors act as pull-down transistors.
In order for the HitOr signal to be high in case of a hit and low in case of no hit the signal gets
inverted at the end. The lines of two columns are then OR’ed together and act again as an input to
a pull-down transistor. All these double column pull-down transistors are connected together like it
is done with the pixel signals in the single columns. The overall signal is then inverted again and
connected to a pad of the chip. This overall chip HitOr signal is high if at least one pixel sees a hit

and low otherwise.

2.2.3 Measuring the threshold of the discriminator

In order to gain information about the threshold the injection circuitry of the FE-14 is used. The
injection circuitry, which consists of two capacitances, Ciow and Chign, allows for a charge injection
from 0 to 140 ke, which corresponds to a range from 0 to 9.12fC or up to three times the mean
charge deposition of a mip. A simple method is to count the hits while injecting charges over the

whole range. The result of such a measurement is the so called S-curve, as can be seen in figure
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Figure 2.6: Schematic of creation of overall HitOr signal of FE-14 chip. All pixels of one column are OR’ed

overall HitOr
together by pull-down transistors. The overall HitOr as a result is high if one of the pixels’ discriminator is

2.7. By injecting over a very wide range of charges one starts below the threshold and after a

high and is low otherwise.

certain value above threshold. This should ideally result in no detected hit before the threshold and
100 % detected hits above the threshold, i.e. a step function. Due to noise in the electronics this

is in reality not the case and the step function is being convoluted with a Gaussian function which
2.1

1 (Q - chresh)
\/éa noise

the injected charge Q can then be parametrized through formula 2.1.
QZ

2T] = Eerf
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Figure 2.7: Hit detection probability as a function of the signal charge at the preampilifier input [11].

The 50 % hit mark of the S-curve defines the threshold of the discriminator Qinresn, Where the noise

Onoise iS the determined by the width of the S-curve.

2.2.4 Calibration of the chip

The injected charge - a major input to the charge calibration - depends on the injection capacitances
and on the voltage applied to them Qinjected = Cinjection - A V. Due to production tolerances not every
chip has the same injection capacitance and the exact value has to be determined experiment-
ally. A value of Ccombined,measured = (6.7 = 0.67) fF, if both capacitances are used in parallel, was
measured, see [21], as compared to the simulated value of Ccompined simulated = 5.7 fF. As the meas-
urement was only done with one module so far and the measured value and the simulated value
do not deviate too much, the simulated value will be used in the following. The voltage step AV,
in the range from 0,..,1.2V, that is needed for the injection is set by a Digital to Analog Converter
(DAC). Therefore, the conversion factor between applied Voltage in mV into that one in Digits has to
be determined. With these two values - injection capacitance and voltage to DAC-value conversion

factor - a calibration of the chip can be done.
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2.2.5 Tuning of the chip

In order to tune the settings of the discriminator threshold and the feedback current for all the pixels
in a reasonable amount of time an automatic procedure is needed. Internally many DACs influ-
ence the threshold and the feedback current. The four most important ones are shown in figure
2.4. Locally the TDAC and the FDAC set the threshold and the feedback current in the pixel cell
registers, respectively. Globally the GDAC and the IF-DAC fix both values coarsly for all pixels in
the periphery. Several tuning algorithms are implemented in the software package STControl, that
is used for operating the chip. Together with the USBpix readout system the whole DAQ of a chip
can be done, see [10, 11, 17, 22].

The FE-I4 has been developed for the IBL, so a tuning close to the design values for the IBL oper-
ation is chosen also for the FE-14 based modules used in this work in order to be in the linear region
of all DACs. The threshold is tuned to be 3000 electrons and a response of 6 ToT corresponds to
a charge at the input of 20 ke. After the proper tuning, the dispersion of the discriminator threshold
over the whole chip of about 60 electrons is possible. Both tunings decrease the dispersion in
threshold and ToT over all pixels. In figure 2.8 and 2.9 the threshold and ToT distributions before

and after tuning are shown.
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Figure 2.8: Threshold tuning. The dispersion before the tuning is in the order 400 e~, while after a tuning it
was found to be of the order 30 e, so basically all pixels have the same threshold which varies maximum
30 e from the target threshold value of in this example 3000 e~.
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Figure 2.9: Time over threshold tuning. The dispersion before tuning is in the order of a few ToT while after
tuning almost no dispersion is seen, so basically all pixels have the same ToT. The ToT is measured by
injecting the same charge a hundred times and averaging over all values.

2.3 Basics of a beam telescope

A beam telescope is a detector system which is able to reconstruct the track of a particle go-
ing through with high precision of O(um). By doing so, one can calculate the point where the
particle passes through a device under test (DUT) and consequently measure and characterize its
response. The reference planes are made out of well studied detectors. They are used to measure
and reconstruct the hit positions which were created by the particle on its path and reconstruct the
particles’ trajectory (track).

As a triggering device, scintillators with photomultipliers in front and behind the whole assembly are
often used because they deliver fast signals with rise times O(10 ns). An example for the setup of
a general beam telescope is shown in figure 2.10. This setup of a telescope is however not very
efficient if the dimensions of the DUT are much smaller than those of the trigger scintillators. Many
tracks seen by the telescope and triggered by the scintillator are not passing through the smaller
DUT.

One task of the AIDA project is to evaluate the possibilities of implementing a region of interest trig-
ger by using a FE-14 reference plane instead of one of the scintillators. By having a programmable
region of interest the area on which the telescope is triggered can be chosen ad hoc. It can be

chosen in a way that it matches the area covered by the DUT. This would make the data taking in a
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Figure 2.10: Usual setup of the EUDET-telescope with a DUT and scintillators as trigger generating devices.

test beam much more efficient.
One possible setup of a test beam telescope is with a FE-I4 reference plane instead of the two
crossed scintillators behind the reference planes, see figure 2.11. This idea will be discussed in

more detail in section 2.4.2.
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Figure 2.11: Setup of the EUDET-telescope with DUT and one FE-14 plane as triggering device replacing the
scintillators behind all reference planes. The track indicated by the dashed line will not be recorded.
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2.3.1 Spatial resolution

The spatial resolution of a telescope contains the convolution of two elements. First, every plane
has its own intrinsic spatial resolution which is determined mainly by the pixel pitch. If only binary
readout is done, the resolution is given by oy ypinary = Gxy/ V12, where dy,y is the pitch. The z-
direction is defined as the direction of the beam axis. In the case of analog readout the resolution
is empirically given by oy anaog = dey/ (V12 SNR).

Second, the spatial resolution of the complete telescope at the position of the DUT depends on
the distance of the reference planes to each other and to the DUT and on the number of reference
planes. Studies show that the optimal setup is not uniquely defined, see [23]. The results of this
study are that six planes always give a better position resolution than four planes and that the res-
olution depends on the minimum reference plane to DUT distance as well as on the DUT thickness.
Further, the spatial resolution is strongly influenced by multiple scattering effects and therefore by
the thickness of the planes in terms of radiation length Xy and the energy of the particle beam. The
mean scattering angle 6,ms can be calculated by formula 1.3. A total thickness of silicon of 500 um
and the same for the aluminum support plate of the module is considered here. The multiple scat-
tering angle with respect to the beam direction and the resulting extrapolation error at the next plane
- after 2cm of air - are given in table 2.1 for the relevant energies studied in this document.

The decrease in spatial resolution due to multiple scattering can be estimated from the extrapol-
ated errors from one plane to the next plane. It is clear that - concerning spatial resolution - the
conditions at the ELSA accelerator are not ideal. Nevertheless, for testing purposes the available

energies are sufficient for the particles to pass through four planes.

accelerator  energy  multiple scattering angle [mrad] extrapolated error i m]

104 MeV 10 210
ELSA 338 MeV 3.2 65

416 MeV 2.8 57
DESY 6 GeV 0.19 4
CERN 120 GeV 0.01 0.19

Table 2.1: Multiple scattering angle and extrapolated error for the different setups studied here.
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2.3.2 Rate capability

As a beam telescope is used to determine properties such as spatial resolution and efficiency of an
unknown detector, a large number of tracks needs to be measured. The data taking rate plays an
important role since it is directly related to the measurement time. Currently rates of 4 kHz can be
achieved with the EUDET-telescope. The limiting factor is the readout time necessary to get the data
from one trigger which is about 230 us needed to read two full frames. In general, many factors

influence the rate:

e The time interval between a trigger arriving at the trigger logic unit (TLU) [24] and the issueing
of the trigger signal to all attached detectors. In the case of the EUDET telescope this interval,

the trigger latency, is (27 + 3) ns [24].

e The time needed to acquire the data from all detectors. In the case of a telescope, the slowest
device limits the rate. Further the DAQ of different detectors can have very different timing

schemes, which influences the rate as well.

e The time needed to combine the data from all detectors to a common datastream. The limiting
factor here is the PC on which this is done. If a combination needs to be done the only mode
currently supporting this is the Trigger Data Handshake mode. It attaches a unique trigger

number into the data stream of all detectors, while vetoing new triggers in the meantime.

All these different factors take time while in the end the slowest step is responsible for the overall

rate capability.

2.4 Triggering scheme

Triggering signals are a key ingredient to any detector system. They define at which time an inter-
esting event happened and start the data acquisition. Therefore the most important requirements

on a triggering signal is that it should be fast and reliable.
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2.4.1 Trigger logic unit

Once the signal of a triggering device is converted into a logic signal it can be further processed
to create for instance a coincidence. With the TLU, developed in the EUDET-framework, such a
coincidence and even more complicated combinations of the incoming signals can be formed by
changing its configuration. This trigger logic unit has four trigger inputs, which can be seen in the
upper right corner of figure 2.12, where the front of the TLU is shown [24]. The four lemo inputs can
internally be put together through a logic AND, OR or Veto. The device which is first in the beam

goes to Ch0 and the others follow accordingly.

Clock outputs
EUDET TLU v02s PCOTT /’
O O O O Clock Chan 3 Chan 2 Chan 1 Chan 0
7 7 1 0 E84 | 28| £84| £84
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Figure 2.12: Front view of trigger logic unit. The triggering signals are connected to Ch3, Ch2, Ch1 and ChO.
In total up to six DUTs can be triggered using the RJ45 interfaces [24].

As mentioned above a telescope can be triggered for example by a scintillator signal. The primary
signal of a scintillator gets amplified by a photomultiplier and results in a sharp peak of typically

20 ns duration. The EUDET telescope uses the coincidence of four scintillators, two in front and two

behind, for triggering.

2.4.2 Implementation of FE-I14 region of interest trigger into EUDAQ

The possible setup of a telescope with a region of interest trigger implemented through the usage
of FE-14 reference planes is depicted in figure 2.11. By choosing a sensitive trigger region with the
FE-14, tracks that do not pass through the DUT can be excluded from the DAQ. At the same time

the whole FE-14 pixel matrix can be read. In the following, the necessary information to integrate
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the triggering signal of the FE-14 readout chip into the triggering scheme of EUDAQ will be given.

As a triggering signal the HitOr of the whole FE-I4 will be used. In order to connect the HitOr
V+no hit

___________________ thr, TLU

At ~ 100 ns

Figure 2.13: HitOr signal discrimination through TLU input. The TLU triggers on the falling edge of the HitOr
signal.

signal to the TLU it has to be inverted again, because the TLU has been specifically designed to
trigger on the falling edge of the input signal. The signal is discriminated by a tunable threshold of a
comparator. A sketch of the HitOr signal acting as an input to the TLU is shown in figure 2.13 and a
schematic of the TLU triggering inputs in figure 2.14, where the range of the input signal threshold
can be set between -800 mV and 800 mV. Once the signal at the input is smaller than the threshold,

a triggering signal will be processed by the TLU and the DAQ starts.
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Figure 2.14: Discriminator board for trigger inputs of the TLU. The input has to be connected to CON1, from
there the signal acts as input to a comparator with tunable threshold. The output of this comparator can be

monitored from CON2. The length of this signal depends on the capacitance C1 and the resistances R2, R3

and R4. A typical length is 500 ns [24].
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Telescope measurements

Telescope measurements with a setup similar to the one described before but with reference planes
using FE-I4 readout chip based pixel modules have been performed on the accelerator ELSA in
Bonn and on the Super Proton Synchrotron (SPS) at CERN in Geneva. From now on such a tele-
scope is referred to as a FE-14 beam telescope. A specific test beam line in Bonn has been prepared
for this work and therefore will be explained in more detail on the text. In addition, as the testing of
the data acquisition of the FE-14 beam telescope is one major part of this thesis it will be explained

here.

3.1 Data acquisition with the FE-l14 beam telescope

To read out the FE-I4 chip based modules the laboratory testing platform USBpix (figure 3.1) is
used [10]. The system hardware is based on a multi-purpose FPGA card, the S3MultilO-board,
and a dedicated adapter card. The FE-14 based module is mounted on a single chip card (SCC)
and connected to the mentioned adapter card through ethernet. The data, the trigger and the
configuration commands go over this connection. The powering of the chip is done separately
using bench power supplies with sense wires. The USBpix system is connected to the DAQ PC via
USB. The software package STControl is used to control the whole DAQ. More detailed information
about the USBpix system can be found in [11, 22].

The data acquisition of the FE-14 beam telescope makes use of the EUDAQ framework. One key

part of this DAQ is the trigger generation. EUDAQ uses a TLU specifically designed for the EUDET
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S3MultilO-board Adapter Card R 4 ~ Single Chip Card

Figure 3.1: USBpix system consisting of S3MultilO-board connected to FE-l4-adapter card. The FE-I4 to-
gether with the sensor is glued on the SCC.

telescope to generate and to issue the trigger signal to the detectors. Fulfilling the requirements
of the FE-I4 beam telescope concerning triggering that TLU will be used. In figure 3.3a the whole
DAQ chain and trigger generation and distribution is depicted.

In order to reconstruct the data taken with the FE-14 beam telescope it is crucial to be able to
combine the data of all detectors with the same trigger number in the correct way. For this purpose a
unique number, the trigger number, is assigned in an univocal way to every trigger and included into
the data of each single detector for further event reconstruction. The trigger number is generated by
the TLU. While receiving the trigger signal, the detectors busy line is set to high, the trigger number
is clocked out, the data+trigger number is send to the corresponding DAQ and the busy line is put
to low again, see figure 3.2. After that the detector is free to accept a new trigger. In that way an
online and offline synchronisation of the whole dataset can be done. The triggering scheme which

realizes the above described method is called the Trigger Data Handshake and is used here.

4 L A DO Y DL Y D2 pereers{ _Dn j Teigge:
/ it Busy
J{_\'—’/ _\‘— _\‘_/ """"" FI'_\._."'V B Trigger—Clock

Figure 3.2: Sequence of TLU trigger mode Trigger Data Handshake [24].

In order to operate the FE-14 based modules within EUDAQ, an integration of the USBpix-system into

this framework was done, see [17, 22]. The scheme of the DAQ with EUDAQ is based on producers
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3.1 Data acquisition with the FE-14 beam telescope

that communicate to each other using TCP-IP protocol, see figure 3.3b. Detectors, that means

reference planes as well as DUTs, are treated by the software in the same way. Consequently

DUTs and reference planes are exchangeable in EUDAQ. Each detectors’ producer sends its data
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DAQ PC

Network
Experiment

Control room

(a) DAQ scheme of FE-I4 telescope. The
scheme mimics the EUDET telescope, just
the reference planes are not MIMOSA26 -
Minimum lonizing MOS Active Pixel Sensor
as used by the EUDET telescope - but FE-14
instead.
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(b) Components of the EUDAQ framework and
structure of the network communication. In blue
commands and status updates, in orange data
and in gray log messages are shown [17].

Figure 3.3: Hardware and software setup of FE-I4 telescope

- containing the trigger number - to the producer Data Collector, that combines all the data to

form the telescope data. The producer Run Control configures all detectors and starts and stops

the DAQ. Every producer sends status messages to the Run Control producer. Log messages

are send to the producer Log Collector. Two data taking computers are needed to operate

the telescope system. One is running the software STControl which is used to take the data

from the FE-I4 based reference planes and the second is running the data acquisition software

package EUDAQ and all its producers. It receives the data from the TLU and the STControl-PC,

and combines it together to write and store the telescope data.

For testing the general functionality of the FE-14 beam telescope all the following measurements do

not include a DUT.
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Chapter 3 Telescope measurements

3.2 Setup of the telescope at the ELSA accelerator complex in Bonn

The main ring of the accelerator complex in Bonn, called ELSA, can accelerate electrons up to
energies of 3.2GeV [25]. A beam with such an energy is extracted and guided to one of the two
hadron physics experiments. The setup for the FE-14 beam telescope is placed behind the tagging
system of the Crystal Barrel (CB) experiment [26]. Such a system is used to determine the
energy of bremsstrahlung electrons by deflecting them with a magnetic field and detecting them
with scintillators. By doing so one assigns an energy label to each electron and therefore calls this
method tagging.

Being placed behind the tagging system, the FE-I4 telescope has access to the above mentioned
bremsstrahlung electrons. In figure 3.4 one can see a schematic of the tagging system as well
as the position of the telescope. In order to reduce the effect that multiple scattering has on the
extrapolation error of the reconstructed track, the highest possible energy is favoured, therefore a
position close to the photon beam axis is preferred. Due to mechanical constraints, the position
shown behind slab number 35, is the one with the highest energy reachable, 413 MeV.

This setup of the telescope is sufficient for the commissioning of the FE-I4 telescope with full DAQ.

# ELSA electron beam

Brems-
strahlungs
photons

: Electrons
50°

A J

Figure 3.4: Place of FE-14 telescope close to tagging system of CB.
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3.2 Setup of the telescope at the ELSA accelerator complex in Bonn

3.2.1 Beam conditions

One fundamental requirement for telescope operation in a beam is that the energy of the beam
particles is high enough in order for the particles to be able to pass through all planes. Further,
the effect of multiple scattering increases with decreasing energy and this will have an effect on the
telescopes pointing resolution as will be described later. The available beam energy at the chosen
setup depends on many parameters and therefore is explained in more detail in the following. Also,
the rate of the beam is of importance as it affects the measurement time. For reasons that will
become clear in the following the rate and the energy of the beam are correlated for this setup.

The rate of electrons reaching the telescope can be determined by the rate of the extracted ELSA
beam. This beam with energy Eg hits first a copper radiator. The electrons pass the radiator and
some emit a bremsstrahlungs photon. These electrons get deflected by a magnetic field and pass
through the tagging scintillators before reaching the telescope. The probability of this process to
occur and have an electron with an energy in the interval [ E¢ min; Ee max| can be calculated with the

formula 3.4:

% _ i 0.75In EO - Ee,min . Ee,max - Ee,min + (Ee,max - Ee,min)2 (3.1)
NO XO EO - Ee,max 3EO 2E§

where Ny is the number of incoming particles, Ne the number of electrons that emit a bremsstrahlungs
photon, Ey the energy of the incoming particles, d the thickness and Xy the radiation length of the
radiator. This probability is given for the different copper thicknesses used in the experiment in table

3.1. The calculation is done for the energy range of the electrons reaching the telescope position,

Thickness d [p+ m] Ne /N [%] Ne /N [%]
412MeV < E, < 435MeV | 127MeV < E; < 2985MeV
15 | 0.0016 | 0.2
50 | 0.00053 | 0.8
150 | 0.0016 | 2.4
300 | 0.0032 | 4.8

Table 3.1: Probability of having an electron emit a bremsstrahlungs photon resulting in a certain energy range
normalized to the incoming number of electrons. The radiator, made in copper with different thicknesses, is
assumed to have an X, of 14.3 mm.
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Chapter 3 Telescope measurements

as well as for the whole low electron energy range, because this rate is measured during a run
and is therefore useful as a control value. No correction is done here for the whole angular region
because the angular spread of the outgoing electron beam is very small [27]. The energy range of
412 MeV to 435 MeV electrons is taken from a conversion factor measured by the CB collaboration,
see table 3.2. The energy scaling factor between the energy of the ELSA beam Ej and the energy
of the electrons measured at scintillator number 35 is 0.13. The expected rate on scintillator 35 is
found to be 30 kHz.

Scintillator number 30 | 31 | 32 | 33 | 34 | 35 | 36 | 37
Energy conversion factor  0.114 | 0.117 | 0.121 | 0.125 | 0.129 | 0.130 | 0.133 | 0.137

Table 3.2: Conversion factors of CB tagger. The values are understood to correspond to the energy in the
middle of each scintillator. Only the fraction of scintillators which are closest to the telescope are shown here.

3.2.2 Threshold setting and noise occupancy

The threshold setting of a telescope plane is directly related to the signal strength and noise hit
rate, as higher thresholds cut out more signal and lower thresholds result in an increased noise hit
rate. As the amplitude distribution of noise is Gaussian around zero, some noise pulses can cross
the threshold. The noise hit rate however depends strongly on the threshold setting, see figure 3.5.
When lowering the threshold it is clear that the number of hits due to noise fluctuations increases
[14].
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(a) Noise fluctuations around baseline. (b) Setting of the threshold in a threshold discriminator
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Figure 3.5: Noise pulses will exceed an amplitude threshold with a rate dependent on the threshold setting
[14].
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3.2 Setup of the telescope at the ELSA accelerator complex in Bonn

In order to find the lowest threshold with an acceptable noise hit rate, the fluctuations of the signal
Al andau, the distribution of the threshold oy, and the mean noise value itself ENC need to be con-
sidered as they all contribute to the effective noise o, see figure 3.5b. An acceptable noise hit rate
in terms of efficient tracking requires the threshold to be five times higher than the effective noise

[14]:

Ooft = \Dangau *+ Oonesn + ENC2 Qe > 5 - o (3.2)

thres

Signal fluctuation A angau  The most probable value for the signal of a mip from a 200 um thick
silicon sensor is 16 ke (= 80 e~ h*-pairs per um). The fluctuation of this signal follows a Landau-

distribution, as is shown in chapter 1.1.1.

Threshold dispersion owresh  The threshold dispersion over the FE-14 after a tuning can be re-
duced to 30 e~ for a threshold of 3000 e, see chapter 2.2.5. That means that for a tuned readout
chip the threshold of 68 % of all pixels lies between 2985e~ and 3015e~. A few pixels, however,
have a very low threshold and will therefore increase the rate of noise hits. Like this, the threshold
dispersion contributes to the effective noise. The smaller the threshold dispersion, the lower is the

probability to find pixels with very low thresholds.

Noise mean ENC The electronics noise can be measured with the S-curve method described in
section 2.2.3. With a FE-14 based module at IBL operation point an average noise value of about
157 e~ is measured, assuming the simulated values of the injection capacitances mentioned in

chapter 2.2.4. The dispersion over the whole chip after tuning is 7 e, see figure 3.6.

Measuring the noise occupancy In a readout chip as the FE-I4, where the state of the dis-
criminator is sampled with the bunch crossing frequency fsample = founch = 40 MHz, the number of
recorded noise hits is measured in terms of this frequency and the sampling interval At. Then the
time fraction that the system is open for noise hits is given by fsampie - At. The according noise rate

is given by fsample - At - foise With froise being the noise rate for the given threshold. The probobility
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Figure 3.6: Noise distribution of a 200 um thick sensor with FE-I4 readout.
for noise hits to occur - the noise occupancy - is given by
Pnoise = At - fnoise (3.3)

So as to understand the behaviour of the noise occupancy better, it is measured in dependence of
the threshold for a FE-I14 based reference plane. The noise occupancy is measured by sending N

arbitrary triggers at a sampling frequency of 40 MHz and can be calculated by:

number of hits number of hits

Proise /At = froise = = '
nmse/ t = Tnoise N-25ns-40MHz  number of triggers

3.4)

It happens that after sending more than a 10° triggers no hit is measured. In this case one artificially
assigns one hit to such a pixel. Therefore only a limit on the noise occupancy can be defined, then
Proise/At < 107%/25ns. In figure 3.7 one can see the noise occupancy of a planar silicon sensor
200 um thick with FE-14 readout for different thresholds. From threshold 3000 e~ to 900 e~ the
noise occupancy is below 107%/2sns. As in this measurement 10° triggers are sent this means that
most of the pixels have measured no hit. Only at a threshold of 800 e~ some pixels start to measure
hits and the noise occupancy rises to approximately 5 - 108 /2sns.

Taking into account the measurement of the noise occupancy, the above mentioned requirements

of an efficient tracking and the design operation point of the FE-I4, a threshold of 3000 e~ is chosen

40



3.2 Setup of the telescope at the ELSA accelerator complex in Bonn

10

%)

a -

a _

9 [

- -

©

4 -

K} -

X

a

= — o

©

o

o I

o

@)

P4

10° F— LIS T TR ¥ > e o1 o

N R B P EE I P R
500 1000 1500 2000 2500 3000 3500

Threshold [e]

Figure 3.7: Noise occupancy of a 200 um thick sensor with FE-14 readout measured for different threshold
settings.

for the operation of the FE-14 beam telescope.
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3.2.3 Bias voltage setting of the telescope

To reduce the electronics noise as much as possible and for having all the volume active while
telescope operation the full depletion of the reference planes is required. Therefore the proper bias
voltage Upias > Utuil depletion 1S desired for the telescope reference planes. In order to determine
the full depletion voltage Uiy gepletion Of the sensors a measurement of the noise against the bias
voltage Upias Can be used as it gives information about the development of the depletion zone inside
the sensor. The noise of the sensors is directly correlated to the capacitance of the depletion region
and thus varies inversely with the width of the depletion zone. While the depletion zone grows, the
capacitance of the sensor decreases. Consequently the noise decreases as well, until a saturation
sets in when the sensor is fully depleted. The described behaviour can be seen in figure 3.8 where
the noise against the bias voltage is plotted for all telescope reference planes. At lower voltages the
noise is rather high whereas it falls and saturates at voltages around 40 V. From figure 3.8 it follows
that the sensors are fully depleted for bias voltages Upias > 40 V. Assuming a factor two for safety

for the depletion a bias voltage of 80 V is chosen.

o = Refernce planes
.g 600— plane 0
§ B plane 1
c - plane 2
I
] - plane 3
=500—
400(— %
300
200—
I~ L 1 1 1 1 i 1 I 1
B =+ 4+
100—
C 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
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Bias Voltage [-V]

Figure 3.8: Noise measured against bias voltage.
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3.3 Telescope results from operation at ELSA

3.3 Telescope results from operation at ELSA

Two types of telescope measurements were done at ELSA. The first measurement is with a setup
of two planes and an ELSA energy of 800 MeV (104 MeV at the position of the telescope) and the
second is carried out with four planes and the maximum energy of 3200 MeV (416 MeV at the
position of the telescope). In both cases the trigger signal is the coincidence of two scintillators

covering the area delimited by the FE-I4, one in front and one in the back of the telescope planes.

3.3.1 Test of two planes with 104 MeV e~ at ELSA

With the setup described above, and shown in figure 3.9 schematically, data was taken with elec-
trons of 104 MeV reaching the telescope. At such low energy the distortion of the electrons due
to multiple scattering plays a significant role. A calculation yields a multiple scattering angle of
frms = 10 mrad. The extrapolated shift from one plane to the other in x- or y- direction is 210 um for
an inter plane distance of 2cm in air. That means that on average a particle is scattered from one
plane to the next by one pixel in the x-direction and four pixels in the y-direction. Such big shifts
would have a significant influence on the later data analysis and this configuration is just meant to

be used for the first sanity checks.

scintillator 1 plane 1

—_—
o
e
particle beam
104 MeV e~ ’s
o
o
—_—
o

plane 0 scintillator 2

Figure 3.9: Telescope setup with two FE-I4 one-chip assemblies

The hitmaps of both planes show all hit entries in a plot where the pixels are assigned relative to

each other like on the real chip but not to scale, see figure 3.10a and 3.10b. The left two columns
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Chapter 3 Telescope measurements

do not show any entries since they have been masked in order to avoid noisy pixels which are
observed predominantly at the edges. From the homogeneous distribution of the hits it can be fol-

lowed that the telescope is well centered in the beam.
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Figure 3.10: Hitmaps and correlation plots of two plane telescope setup with e~ of 112MeV. The hitmaps
show a homogeneous distribution of all hits. A dispersion appears around the diagonal in the correlation
plots.

While operating the telescope, correlation plots of successive planes are a useful tool for checking
the data acquisition. These plots reveal the relation between the x and y-coordinates of both planes.
Particles that pass through the telescope undeflected create hits in the same coordinates on both
planes for perfectly aligned planes. This would result in entries only at the same coordinates in the
correlation plot and therefore a diagonal line through the origin.

In both correlation plots, shown in figure 3.10c for the x-axis (250 pm pitch) and 3.10d for the y-axis
(50 pm pitch), a diagonal is visible. Two deviations from the ideal case become apparent. First,

the diagonal has a certain width. This is an expected effect, because due to multiple scattering the
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3.3 Telescope results from operation at ELSA

particles get deflected while passing the telescope. It can be estimated from the extrapolated shift,
which is in this case 210 um from the first plane to the second. As the statistics is very low the
width of the diagonal is roughly estimated to extend over ten pixels in the x-direction and fifty pixels
in the y-direction, resulting in a width of 2.5 mm for both directions. Second, the diagonal does not
go through the origin. This feature is expected if planes are not perfectly aligned to each other.
In that case, the coordinates of successive planes are still correlated but the coordinates in one
plane are always shifted by the same amount relative to the other coordinates of the other plane.

Nevertheless, the shift of the diagonal can be corrected by an offline alignment of the planes. For
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(a) Correlation plot of a 10 mm long
sensor with a finite pitch of 1 mm,
perfect alignment, no scattering, no
noise.

(b) Correlation plot of a 10 mm long
sensor with a finite pitch, not aligned,
no scattering and no noise.

(c) Correlation plot of a 10 mm long
sensor with a finite pitch, not aligned,
scattering (green) and noise (tur-
quoise).

Figure 3.11: Effects of misaligned planes, multiple scattering and noise on the correlation plots of telescope
planes.

complementarity, the expected features of the correlation plots as discussed for figures 3.10c and
3.10d can be seen individually in figure 3.11. Here, the influence the shift due to misalignment and
the effects of multiple scattering and noise are depicted for a fictive sensor.

The diagonals of the correlation plots of the measurement (figures 3.10c and 3.10d) reveal the syn-
chronous data acquisition of the telescope. For each trigger that is generated by the TLU and send
to the both planes, the producer Data Collector, that combines the data, receives data sets from
both planes that have the correct trigger number and system number attached, see figure 3.12. The

Trigger Data Handshake mode is fully functional.
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Figure 3.12: Data synchronisation and merging of two FE-14 readout systems USBpix [17].

3.3.2 Test of four planes with 416 MeV e~

Once the full functionality of the mechanical setup and DAQ with two planes has been reached, the
natural continuation is the addition of two extra telescope planes. With such a setup, consisting of
four planes, measurements with electron energies of approximately 416 MeV at the telescope were
done, while running the primary beam at maximum energy, 3.2 GeV. At this energy the multiple
scattering angle is only ;s = 2.8 mrad and the estimated extrapolation error is 57 um, at a distance
of 2cm. This displacement has roughly the same magnitude as the pixel pitch of 50 um. The trigger,
as in the previous case, is generated as a coincidence between both scintillators.

Out of 12 possible correlation plots, between all the planes, only six are shown in figure 3.13 for the

correlations between the first plane and all other planes. As a diagonal shows up in each of these

.

Data Collector

at ELSA

plots the data synchronisation with four planes works as it should.
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3.3 Telescope results from operation at ELSA

Compared to the correlation plots in figure 3.10 the width of the diagonal is much reduced, and the
effect of the smaller multiple scattering angle is clearly visible. Again the statistics is very low and
a coarse estimate gives a width of 1.5 mm for both directions. This decrease in width by a factor of
one third reflects the smaller extrapolated shift due to multiple scattering. Further with four planes,

and therefore more material in total, the width of the diagonal is expected to increase from plane 0

to plane 1,2 and plane 3. Due to the low statistics nevertheless this effect is not visible.
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Figure 3.13: Correlation plots between the first telescope plane against all other planes. The higher energy
(416 MeV) with respect to the measurements shown in 3.10c and 3.10d is clearly visible in the width of the
diagonal.
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3.4 Telescope results from CERN using 120 GeV 7= beam

Although the basic functionality of the telescope system is demonstrated with the measurements
done with low energy electrons in ELSA, additional tests with high momentum particles will help to
study intrinsic properties of the sensors getting rid of the distortion due to the multiple scattering.
Using the CERN accelerator complex, a beam of protons with an energy of 400 GeV is extracted from
the Super Proton Synchrotron (SPS) and guided to a target to create a pion beam. After a selector
magnet, 120 GeV pions are delivered to the experimental area where the FE-14 beam telescope
was installed. For this energy a multiple scattering angle of 6;ns = 0.01 mrad is calculated. The
extrapolation error due to multiple scaterring at this energy is 0.19 um for a plane 2 cm away.

Two different configurations were studied, one with all the planes close together, only 2cm apart,
which is the smallest distance reachable using the SCCs for support. This setup is depicted in
figure 3.14. In the second setup, the sensors are arranged in two telescope arms, with two planes

each. The distance between the arms is set to 10 cm, enough space for the addition of one DUT in

between.
scintillator scintillator
plane 0 plane 2

e
e
e

particle beam

120 GeV 7’s
 —
—_— 2cm 12 cm | 2cm
e 10 cm|
e
plane 1 plane 3

Figure 3.14: FE-l4-telescope with four planes and a different middle distance.

As the pointing resolution of the FE-14 telescope not only depends on the intrinsic resolution but
also on the extrapolation error of the fitting, as is explained in more detail in section 5.1.5, two
different middle plane distances were chosen.

The six correlation plots relative to plane 0 where all plane to plane distances are equal are shown
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in figure 3.15. Only the correlations between the first plane and all other planes are drawn for
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Figure 3.15: Correlation plots of first telescope plane to all other planes. Setup at CERN using 120 GeV =
beam.
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simplicity. The width of the diagonal has much decreased compared to the widths measured at
ELSA. As much more statistics are available the width of the diagonal is determined through a fit of
a Lorentz-curve on top of a quadratic background to the projection of one slice as shown in figure

3.16.
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Figure 3.16: Experimental determination of diagonal width through projecting one slice, indicated through the
black straight line, on the distance to the diagonal. In the upper two plots the X correlation and the projection
of the X-diagonal are shown while in the lower part the same plots for the Y direction can be seen.

The width is found to be 0.96 +0.05 pixels in x direction and 0.92 +0.06 pixels in y direction for the
diagonal of plane 0 and plane 1. Accordingly the width in x- and y-direction are ox = 240 £+ 12.5 um
and oy = 46 £ 3 um. As the extrapolated shift due to multiple scattering - 0.19 um - is much smaller
than both pixel pitches, it can be neglected. That is why now the width of the diagonal is limited by
the pixel pitch in both directions.

In each of the correlation plots, figures 3.15a to 3.15f, one sees that the data acquisition works as

expected. With both middle plane distances more than a million triggers are recorded. As for a test
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3.5 Comparison of multiple scattering effects

beam data analysis with FE-14 reference planes one needs roughly 10.000 triggers to make a plane
alignment, the amount of triggers collected is sufficient. The analysis of the data is the content of

chapter 5.

3.5 Comparison of multiple scattering effects

Measurements of the width of the diagonal of the correlation plot for three different energies are
available. Those can be compared to the extrapolated shift from one plane to the next plane in
order to see the effects of multiple scattering. In table 3.3 those values are confronted. From this
table one can see that there is not a one to one correspondence between the calculated shifts and
the measured widths, yet they both follow the same trend, that is, the effect of multiple scattering
reduces at higher energies. Further, at 120 GeV the multiple scattering can be neglected and the

pitch size only determines the width of the diagonal.

Energy E [MeV] ‘ estimated shift [pm] ‘ x width [mm] ‘ y width [mm]
104 | 210 | (25+03) | (25+0.3)
416 | 57 | (15+£02) | (15+02)
120.000 | 0.19 | (0.24 £0.01) | (0.046 + 0.003)

Table 3.3: Calculated shifts due to multiple scattering after a distance of 2 cm air and measured widths of
diagonal from correlation plots.

51






Chapter 4

Measurements with region of interest trigger

In a telescope configuration a selective trigger is vital to ensure an efficient data acquisition. Tests
with such a region of interest (ROI) trigger will be shown in the following. First, the implementation
of different ROl windows is tested with the setup at ELSA. Second, the integration into the frame-
work of the EUDET telescope is shown with a measurement done at DESY in Hamburg, where the
ROI trigger is used to trigger the readout of the EUDET telescope reference planes. Third, the full
functionality of the new method of ROI triggering is shown, using the EUDET telescope as well as a

DEPFET DUT. This comissioning stage was carried out with a DUT at CERN.

4.1 Tests of different ROIs with 338 MeV e~ at ELSA

As shown in the previous chapter, the basic functionality was tested with two FE-14 planes, see
figure 4.1. Instead of triggering the DAQ on the coincidence of two scintillators, the first module will

be used to trigger the DAQ of both sensors in order to test the functionality of the ROI.

4.1.1 Tests with full ROI

To trigger the EUDET telescope only on particles passing through the whole active region as defined
by the area of the reference planes, it is necessary to have a triggering device that covers these
planes completely. With a FE-I4 reference plane, the biggest selectable triggering region is the
whole pixel array, so a size of 16.8 mm x 20 mm. In order to test this feature the whole chip is set

to be trigger sensitive except for the edges as they are known to have a different noise behaviour.
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plane 0  plane 1

scintillator 1 scintillator 2

—_—
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e
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—_—
—_—
—

in TLU out

Figure 4.1: Telescope setup with two FE-I4 one-chip assemblies

The resulting hitmaps and correlation plots of the test with the full ROI are shown in figure 4.2. Both
planes are in good alignment with the beam. The columns and rows that are switched off naturally
show no entries. The diagonal in both x- and y-direction extends over the selected ROI.

From the diagonal it can be concluded that the triggering on the ROI - as set by the first plane
- works as expected. Further, the data acquisition is obviously not disturbed by having almost all
pixels trigger signal switched on. The TLU can handle the signal from the ROI of the FE-I4 reference
plane and the data get synchronised in the correct way. No spurious effect coming from the new

triggering method on the DAQ is observed.

4.1.2 Tests with different ROl windows

The ability to adjust the ROl window, using the HitOr of the FE-I4, according to the needs of the
DUT configuration is one of the major advantages compared to scintillators, where triggering on the
whole area is the only option. Further, the alignment of small scintillators to a DUT in a test beam is
not accurate, as the exact positions are not always easy to measure. Here the programmable ROI
has the advantage that it covers a relatively large area of 16.8 mm x 20 mm down to a single pixel
(250 um x 50 pm). This makes a coarse alignment to the DUT mechanically easy and fast. A more

precise alignment to find the exact position of the DUT relative to the FE-I4 reference plane can be
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Figure 4.2: Hitmaps and correlation plots of telescope planes, HitOr window 18mm x 18mm, Run1169

done

together with the correlation plots and the hitmaps.

In order to check the feature of choosing any region required by the application, two regions of

differ

ent size are tested:

ROI window of 10mm x 10 mm: The hitmaps and correlation plots of an ROl of 10 mm x
10 mm size are shown in figure 4.3. In both hitmaps the region on which the whole telescope
was triggered is visible. The ROI in plane 0 has exactly the form to which it is configured with
very sharp edges. On the hitmap of plane 1, these edges are softened out due to multiple
scattering. In both hitmaps the beam profile can be seen. The telescope is not well centered
in the beam, a shift to smaller row-values and smaller column-values of the setup would be

necessary to be better aligned with the beam.

ROI window of 5mm x 5mm: The hitmaps and correlation plots of an ROl of 5mm x 5mm
size are shown in figure 4.4. The hitmaps show the ROI on which both planes are triggered. In

the correlation plots two pronounced bands in the column region from 50 to 70 and row region
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from 55 to 75 are visible. These are entries from false combinations which are produced due

to noise hits in one of the planes.
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Figure 4.3: Hitmap and correlation plots of both telescope planes. The HitOr defines an active window of
10mm x 10 mm.
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Figure 4.4: Hitmap and correlation plots of both telescope planes. The HitOr defines an active window in this
case of 5mm x 5mm.
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4.2 Frame by frame analysis of events

A detailed study of the hitmap in figure 4.3 reveals a fact that should not be present. There are hits
outside of the defined ROI even in the plane on which it is triggered. Therefore, a more detailed
frame by frame analysis of all triggers is required, in order to sort out the reason why those hits are
present in a 'forbidden’ region. Each trigger is sorted into three categories: only hits inside the ROI,

hits inside and outside the ROI and hits only outside the ROI. In the ideal case there should be

g F 350 z
- 300F 5
X E 300 X
= 250F =
E 250
2005— 200
1501 . 150
1oo;— 100
50F 50
O- 1 1 1 1 1 1 1 O 0 231 = Ser-lss r==lras =ty
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
pixel column pixel column
(a) Frames with hits only inside the ROI. (b) Frames with hits inside and outside the ROI.

Figure 4.5: Frames sorted by hit positions, as measured at CERN. Approximately 450.000 frames are used for
the analysis.

only triggers which have at least one hit but only inside the ROI. The case that there is a hit inside
the ROI as well as outside is expected to occur rather often depending on the incident particle
flux, because it might happen that in one trigger there are two particles of the beam passing the
telescope at the same time, one of which causes the trigger. In figure 4.5 one can see the result
of such a sorting for roughly one million of collected triggers. The measurement was done with the
setup at CERN as described in the previous section. After analysing these triggers it turns out that
no trigger is found where there is only a hit outside of the ROI. Therefore a limit of the occurrence
of these unfavoured events of < 1078 can be given. The same analysis is done with data from a
measurement at ELSA with a beam energy of 338 MeV, see figure 4.6 for the hitmaps. As hits only
outside of the ROI occur , the corresponding hitmap is shown as well, see figure 4.6¢. The numbers
counted for both measurements are compared in table 4.1. A small difference in the fraction of

double hits occurs for the measurements at ELSA and at CERN. Both beams have different particle
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Figure 4.6: One million frames sorted by hit positions, as measured at ELSA. A few events with hits only
outside the ROI occur.

accelerator  energy #triggers  inside ROI + double hits [%] outside hits [%]
CERN 120 GeV  443.588 >99.99 <0.01
ELSA 338MeV 1.051.303 > 99.99 <0.01

Table 4.1: Results of frame by frame analysis of measurements at ELSA and CERN.

fluxes and therefore a different fraction of double hits is to be expected. Contrary, the origin of hits
only outside of the ROI is not identified yet. A possible reason is the threshold setting of the FE-14
as well as the threshold setting of the TLU discriminator. If the thresholds are too low, noise hits
might cause a fake trigger. In that case the frame could be empty or by chance contain a hit which
can be on the whole pixel matrix, as it is uncorrelated to the trigger. Anyhow, as seen from both

measurements, the probability of having a trigger from the area outside of the ROl is negligible.
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4.3 Integration tests with EUDET telescope

Although the functionality of the HitOr was demonstrated using the FE-I4 telescope standalone, a
dedicated campaign for the integration with the AIDA telescope was done at DESY. The commission-
ing of the FE-14 region of interest trigger together with an EUDET-like telescope was done at DESY
in Hamburg with electrons of 4 GeV using the setup shown in figure 4.7 and 4.8: a FE-I4 refer-
ence plane is placed in between the two telescope arms, each arm equipped with three MIMOSA26
reference planes close to each other, and two crossed scintillators, in front and behind the whole
assembly. As ROI, an area of 3mm x 7 mm, shown in figure 4.9, was selected in this case and the

whole telescope is being triggered on a coincidence between the ROI and three scintillators. As

crossed scintillators

plane 0 plane 2 plane 4

—

e

_) .

particle beam region

4GeVes of

—_— interest

—

—

e

plane 1 plane 3 plane 5
FE-14 DUT crossed scintillators

Figure 4.7: Setup of the Eudet-telescope copy Anemone together with a FE-I4 reference plane.

Figure 4.8: Picture of the setup of the Anemone telescope together with a FE-I4 reference plane.
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Row

0O 10 20 30 40 50 60 70
Column

Figure 4.9: FE-14 region of interest chosen to trigger the full Anemone telescope.

the ROI is smaller than the scintillators the trigger sensitive region is limited by it. In the hitmaps
of all telescope planes, shown in figure 4.10, the shape of the active trigger region is clearly visible
on their reference point of view. The EUDET telescope reference planes have square pixels with a
pitch of 18.4 um. The shape of the ROl is roughly 500 times 200 pixels big which corresponds to
an area of 3mm x 7 mm and therefore matches to the ROI preselected through the FE-14 HitOr ref-
erence plane. The borders of the rectangular hit distribution are not sharply defined as the multiple
scattering contributes to the deflection of the incoming e~. This effect is escpecially visible in the
hitmaps of the last three planes placed right after the thick FE-14. Therefore, to avoid this effect, for
the final arrangement, the FE-14 is placed behind the last plane of the telescope. The area is also
slightly shifted to smaller row numbers when going from the first to the last plane, which can be due
to misaligned planes as well as from a not exactly perpendicular incident beam.

From the hitmaps of all telescope planes the general functionality and compatibility of the FE-14 ROI
trigger with the EUDET telescope can be concluded.

For efficiency measurements with FE-I4 DUTs it is necessary to take data with the FE-14 plane in
order to use it as a timing reference. The setup to test this is the same as above. A region of interest
of some twenty pixels was chosen. All pixels are read out. The results are shown in figure 4.11.
With the FE-14 it is possible to distiguish noise hits from true hits through a time measurement of
the trigger delay. When reading out the data from the FE-14 16 consecutive triggers of 25 ns length
are sent to the chip and only those matching to a counter that started with the hit are read out.
Consequently true hits occur always at the same of these 16 triggers whereas noise hits appear at

any time if they are uncorrelated to the trigger signal. Plotting the trigger distribution of the FE-14
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Figure 4.10: Hitmaps of reference planes of EUDET telescope triggered on region of interest implemented
through the FE-14 plane. The selected region of interest of 3mm x 7 mm can be seen in all hitmaps.
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results in the plot shown in figure 4.11b. A sharp peak at two is very pronounced. From this peak it

follows that the triggers are generated from true particles and not from noise.

Furthermore, the two correlation plots of the FE-14 and the telescope plane closest to it are shown,

see figure 4.11c and 4.11d. The tiny visible part of the diagonal is exactly where expected. This

shows that the data is sorted in a synchronous way and that the EUDET DAQ is not disturbed by the

FE-14 DAQ.
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Figure 4.11: Hitmap and trigger distribution of FE-14 reference plane and correlation plots of FE-I4 reference
plane to the closest EUDET reference plane.
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4.4 Triggering the DEPFET DUT in a test beam with the ROI trigger

A measurement to test the complete functionality of the ROI trigger in a test beam environment
together with an external DUT, is carried out at CERN. The setup - as shown schematically in figure
4.12 (a real picture can be seen in figure 4.13) - consists of the EUDET telescope with six planes, a
DEPFET pixel detector [28] in between the two arms as DUT and a FE-l14 ROI trigger plane at the

end. This setup reflects a possible configuration of a future AIDA telescope.

crossed scintillators DEPFET DUT
plane 0 plane 2 plane 4

—_—

—_—

_) .

particle beam region
120 GeV n’s of

—_— interest
—_—

—_—

e

plane 1 plane 3 plane 5

FE-I14 ROI trigger plane

Figure 4.12: Setup of Eudet-telescope with a DEPFET DUT and a FE-I4 ROI trigger plane.

Figure 4.13: Setup of Eudet-telescope with a DEPFET DUT and a FE-14 ROI trigger plane, at H6B CERN
North Area.

The DEPFET has 32 columns and 64 rows and that, together with a pixel pitch of 50 yum x 75 um,

results in a matrix with a total size of 4.8 mm x 1.6 mm. Compared to the EUDET telescope reference
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4.4 Triggering the DEPFET DUT in a test beam with the ROI trigger

planes - 2cm x 2cm - the DEPFET is only one tenth in area. As a consequence the usual trigger-
ing scheme as tested in previous test beams [29] leads to a data taking where 80% of the events
triggered and stored, do not show a hit in the DEPFET. To be more efficient in terms of having a
track going through the DEPFET the trigger for the whole system is generated through a coincidence
between one of the scintillators in the front and the FE-14 plane with the ROI conveniently chosen
to cover the area defined by the DEPFET. The HitOr signal from the FE-14 plane is integrated as
described in section 2.4.2. As the scintillator covers the whole FE-I4 reference plane the limiting
area in the coincidence between the scintillator and the ROI selected by the FE-I4 is the ROI.
After a coarse alignment of the FE-14 plane to the EUDET sensors using the correlation plots of the
online monitor, an iterative selection of the optimal ROI based on the track efficiency is done. As the
ROl is freely adjustable, even small areas can be switched on or off. After a few iterations, the final
position of the ROl is found, with a size of 20 FE-14-columns and 36 FE-14-rows, which is equivalent
to 5mm x 1.8 mm, overlapping the DEPFET. The limiting factor in both directions is the pixel pitch,
so 250 ym in x-direction and 50 um in y-direction. Each side of the ROl was chosen to be 0.2 mm
longer than the size of the DEPFET in order to have a complete overlap. As this position depends on
the location of the DEPFET it has to be selected individually after changing the DUT position.

The first step was to check that only hits were recorded in a small area, see figure 4.14 for the
chosen ROI and the correspondig hitmap of the DEPFET. Then the ROI as extended to overlap the
DEPFET and like this the DAQ was done. The track efficiency of the measurement with an overlap-
ping ROI is 80% as compared to 20% which is reached when triggering only on the scintillators.

Therefore an improvement of a factor four concerning the track efficiency is reached.
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(a) ROI as selected through the FE-14 plane. (b) Hitmap of DEPFET DUT.

Figure 4.14: Selected ROI, which is smaller than the DEPFET and corresponding Hitmap of DEPFET. The
trigger is generated as a coincidence between the front scintillator and the ROI trigger.
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Figure 4.15: Selected ROI trigger and corresponding Hitmap of DEPFET. The trigger is generated as a coin-
cidence between the front scintillator and the ROI trigger.

66



Chapter 5

Analysis of test beam data

The analysis of test beam data, meaning the offline event and track reconstruction, can be done
with the software package EUTelescope, a general analysis infrastructure developed by the EUDET
collaboration. This package, described in detail in [9], is based on the highly modular Marlin
framework that was designed for the ILC' project [30]. The full analysis is achieved using a mod-
ular approach and it is possible to adapt the different packages of this software to a FE-14 beam
telescope as well. The data analysis chain is divided into five steps. First, a conversion into a com-
mon data format is done and the geometry of the setup (including material properties) is defined.
Second, clusters need to be found and hits reconstructed. Third, a transformation from the local
reference frame into a global reference frame has to be done. Fourth, the planes have to be aligned,
which can be done properly with a data sample of 10.000 events. Fifth, the tracks are fitted and the
results can be analysed. In order to get to the DUT properties, residuals and efficiencies can be
calculated using the software package TBMon, a Testbeam Monitoring software package.

The individual steps shall be explained in more detail here:

e File conversion: As Marlin relies on the LCI0? format, the raw data written by the EUDAQ
software needs to be converted. In addition, broken pixels can be identified and are masked

automatically if their hit occupancy is higher than that of a normal working pixel.

e Clustering: The number of pixels firing when a particle traverses the sensor is, in general,

larger than one. Therefore, nearby firing pixels that are likely to belong to one common hit

'International Linear Collider.
2Linear Collider Input Output.
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68

can be grouped to clusters. The cluster algorithm used in this step is the nearest neighbour
algorithm where the cluster size - that means the number of pixels belonging to the cluster in
the corresponding direction - can be limited in order to cut a significant fraction of §-electrons
or nuclear reactions. Both J-electrons and nuclear reactions share the signature of long

tracks.

Hit Maker: After finding all clusters, the hit positions must be calculated. This is done by
computing the signal weighted average position of the cluster using the charge Center of
Gravity (CoG) algorithm. Further a transformation from the local reference frame, in which
all coordinates are pure plane coordinates, to the global telescope reference frame, where all

plane coordinates are in one frame, is done.

Alignment: As the telescope geometry can only be adjusted with coarse mechanical preci-
sion, typically much larger than the desired resolution, the deviations between the nominal
sensor and the actual sensor positions must be corrected for. The misalignement of the
sensors is determined using Millepede IT [31]. A track fit procedure is performed and the
alignment constants are calculated from the resulting tracks. Such constants are shifts and
rotations of the sensors in the x-y-plane as well as angles of rotations around the x and

y-axis. The z-positions are measured and act as fixed parameters in the alignment.

Track fitting: As the particles scatter while passing through the telescope, the tracks are not
straight lines. The track fit takes into account the measured hit position as well as the expec-
ted scattering angle distribution. The major contribution to the deflection of the particle comes
from multiple Coulomb-scattering. For small angles the distribution of the scattering angles
is Gaussian. The width of this distribution is the mean multiple scattering angle, see formula
1.3. The track fit is performed via a x> minimization, where the x? function includes both the
measurements x/.,s and y/..s and the expected scattering angle distributions. The total x?

function is the quadratic sum of the x2- and Xf,-functions (in x and y directions respectively),



where the calculation is analogous for both directions and only the x2 is given here:

N i i@ Nz 0i — pi—1)?
Xi _ Z [ meas flt+] + Z( X O-I X ] . (51)

, (oX n
i=1;i#ipyT sensor =2 0

measurement expected scattering

The first sum, where i runs over the N different planes except for the DUT plane, includes the
measured and fitted hit positions as well as the intrinsic resolution of the sensor ggensor While
the second sum takes into account the effect of multiple scattering where 6 is the angle
projection defined through figure 5.1 and oy the mean multiple scattering angle. With the
additional assumption that the multiple scattering angle is small the problem can be solved

analytically. All assumptions on which the analytical approach is based on are [23]:

all telescope planes are parallel to each other

the incoming beam is perpendicular to the telescope planes and has a small angular

spread

particle scattering angles in subsequent telescope layers are small

thicknesses of all material layers are small compared to the distances between the

planes

particle energy losses in the telescope layers can be neglected

As inputs to the x? function are, since they are properties well known, the following:
— z position of the sensors
— thickness of the sensors
— resolution of the sensors ogensor-

Here a significant difference between the EUDET telescope and the FE-14 telescope becomes
apparent. As the reference planes of the EUDET telescope consist of pixels with 18 um x
18 um pitch, the value ogensor is the same for both directions. This is different for the FE-
4 based reference planes, where the pixel pitches are 50 um and 250 um, and therefore

two different sensor resolutions osensor,x @aNd osensory are needed. Also the EUDET telescope
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Figure 5.1: Definition of the projected scattering angles. The displayed angles correspond to the sensor
preceding the one shown [32].

reference planes have a sensitive thickness of 20 um, while in the FE-14 beam telescope, the

reference planes are a factor 10 thicker.

5.1 Analysis of test beam data using a 120 GeV m beam at CERN

The analysis of the test beam data from CERN is presented here. After converting all data from

raw to LCIO format, the analysis chain is done in several steps.

5.1.1 Clustering

Once the geometry and sensor properties are defined, the channels along the sensor with the
highest energy deposition are found. They are called seed channels. It happens nevertheless that
a particle typically deposits its energy in more than one pixel. If that is the case the hit position can
be estimated from all these pixel, which form a cluster. Further these pixels need to be grouped
together in order not to mistake them as many different hits.

The clustering algorithm used here works as follows. For each event the pixel with the highest

energy deposition is marked as the seed pixel. Then the algorithm checks the energy deposition
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5.1 Analysis of test beam data using a 120 GeV © beam at CERN

in the neighbour pixels. If these have a deposition above a certain cut value, they are included in
the cluster and the search in this direction goes on, if not, the search stops. A single pixel showing
a signal is defined to be a cluster of size one, if two neighbour pixels show a signal they make a

cluster of size two and so on.

5.1.2 Influence of j-electrons

d-electrons alter the hit position significantly if they reach a neighbour pixel and deposit their energy
partially there and in the pixel they originate from. In particular, events in which J-electrons cause
errors in the reconstruction of the hit position, must be cut. Separating events with §-electrons from

those without can be achieved using the cluster size of both pitches.

Calculation of rate of /-electrons in telescope reference planes

A characteristic of §-electrons, that can be used to identify them, is that they have higher energies
(T) at smaller angles (8), where 6(T) = arctan W holds, see figure 5.2a for the angular range
from 0 to 90°. The rate of d-electrons depends on the velocity of the incoming particle, on the
material properties and on the kinetic energy of the §-electrons themselves [ Trin; Tmax]-

Tmax: The highest energy Tmax at which a J-electron can still reach another pixel is given by

_ _pitch _ 50um _ _ o ; :
tan Omax = fickness = 200m = 1/4 — Omax = 14° for the short 50 um side. This corresponds to
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(a) Energy-angle relation of §-electrons. (b) Range of J-electrons in silicon [33].

Figure 5.2: From these two plots the minimum and maximum energies for the calculation of the rate of §-
electrons is taken.

an energy of Tmax = 16 MeV. If a d-electron has a higher energy (T) and correspondingly a smaller
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angle (0) it travels more closely to the trajectory of the passing particle. However J-electrons at
small angles are supressed by a factor 1/cos36.

Tmin: An estimate for the minimum energy of a J-electron Tn, to cause an effect in the detector
can be obtained from a range-energy plot which can be found in 5.2b. Here one can read off that
for a range of 50 um an electron needs at least Tmin = 90 keV.

Using these values as input to equation 1.2 one obtains the rates summarized in table 5.1. The
1/ Tmin dependence of the rate can be seen directly from the calculated numbers. The short pixel
pitch corresponds to the smallest Tpnin and consequently the influence of §-electrons is expected to

be larger in this direction than in the direction of the long pitch.

Measurement of rate of J-electrons in telescope reference planes

To measure the effect of d-electrons the cluster size of both directions can be used. As such, the
fraction of J-electrons can be estimated by comparing the fraction of clusters with a size above a
chosen cut to the ones below that cut.

The cluster size in both directions is shown in figure 5.3 for all planes for one run with roughly

400.000 triggers. In the long pixel pitch direction the cluster size is predominantly one which means
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Figure 5.3: Cluster size in x and y for all planes for one run with 120 GeV pions.

that only one pixel is hit. A small fraction of cluster size two can be seen, that is due to particles
crossing the sensor close to the border of the pixels in the x-direction. In the short pixel pitch

direction the fraction of cluster size two is larger compared to the long pitch and clusters consisting
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of three and even four exist. Because of the shorter pitch the charge sharing is more pronounced
here. Also the effect of particles passing through the sensor close to the border of a pixel is more

apparent here. Making a cut on the clustersize that allows only one pixel in the long direction and

sensor thickness [pm]  pixel pitch [pm] ‘ energy range [keV] ‘ (N5 /No)caic [%] ‘ (N5/No) meas [%]

200 250 | 200-670 | 12 | 25/29/24
50 | 80-16.000 | 4.4 | 43/44/41
250 | 200-1500 | 1.9 | 3.8

250
50 | 80-25.000 | 5.6 | 6.3

Table 5.1: Rates of §-electrons normalized to the number of incident particles for the two different sensor
thicknesses used in the FE-14 telescope. The calculated rates are confronted against the measured rates for
a cut at one pixel in the long pitch direction and at two pixels in the short pitch direction.

two in the short direction the normalized fraction of cut events is given in the last column of table
5.1. These numbers are in the same order of magnitude than the estimated rate of §-electrons.
The cuts have the biggest effect on the last plane which is expected as it is 50 um thicker than the
others. Further in the x direction some data is lost, as roughly 4 % are cut while only 1 — 2% of the
events are expected to be due to d-electrons. Further, the calculated rate fits much better for the
short side than for the long side. This effect can be due to the cut selection which is in the case of

the long pixel pitch limited to one as there are no clusters bigger than two.

5.1.3 Transformation into global reference frame

For completeness, the steps of the transformation from the pixel coordinate frame to the local
reference frame to the global reference frame are shown in figure 5.4. The origin in the global

reference frame is in the middle of the reference planes.

5.1.4 Alignment

The alignment is done using Millepede II. The first plane is taken as a fixed plane and all other
shifts in x and y are being calculated, knowing the z positions of all the planes. The shift in the x
direction between the first plane and the last plane is Ax=1.759mm and in y it is Ay=0.219mm

respectively. These shift are applied to the data. In figure 5.5 the correlation plots before and after
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Figure 5.4: Transformation of reference frame, from pixel to global reference frame.

an alignment can be seen. In the plots before alignment one can see that the diagonal does not go
through zero whereas after the alignment it does. It follows that the alignment procedure works as

expected and small misalignments can be corrected for.

5.1.5 Track fitting and spatial resolution estimates

The track fitting does not give any conclusive results yet. A reason for that could be the already
mentioned different sensor resolutions. Further, as there are mainly clusters with only one pixel in
the x-direction, no improvement in resolution from the ’Center of Gravity’ algorithm is to be expected
in that direction.

The expected pointing resolution of the FE-14 beam telescope can be estimated from the unbiased
residuals of each of the telescope reference planes and the specific geometrical arrangement,
see [32, 34] for a similar analysis with the EUDET telescope. The unbiased residual is the difference
between the measured position and the extrapolated position of a hit. In the case of a telescope with
a DUT, three factors influence the width of the unbiased residual distribution (oesiqual) of that DUT.
Those are the intrinsic resolution (ointrinsic, put) Of the DUT, the smearing due to multiple scattering
Omultiple scattering @nd the error of the extrapolation (otelescope) Which depends on the positions of
the planes as well as on their intrinsic resolution (cintrinsic, plane)- These three contributions add up
quadratically to the width of the unbiased DUT residual width:

5.2)

2 _ 2 2 2
Uresidual, DUT — Uintrinsic, put Umultiple scattering + Utelescope'
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Figure 5.5: Alignment of telescope planes. The correlation plots of both directions between the first and last
plane are shown before and after alignment. As can be seen, small mismatches in the sensor positioning
can be corrected for using the offline analysis.

First, for binary readout, the intrinsic resolution is d/ V12, where d is the pixel pitch of the DUT.
Second, the effects of multiple scattering can be calculated, see chapter 2.3.1 table 2.1. For the
energy used at CERN it can be completely neglected. Third, the pointing resolution of the telescope
Otelescope depends on the geometrical configuration of the telescope as well as on the intrinsic

resolution of the telescope planes:

N 2
27

) NyNz2 - (Z,’.\’zi)2

2

2
Utelescope i

=k- Ointrinsic, plane

(5.3)
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where k is a geometrical scaling factor, N is the number of planes used to calculate the track and
7, is the position of the planes. In the case that the DUT and the reference plane are of the same
pixel detector, the overall telescope resolution can be derived directly from the measured residual
width oresidual, plane:

2 k

2
Utelescope - 1+ karesidual, plane

5.4

where oyesidual, plane 1S the residual of a telescope reference plane that is not included in the track
fitting of the telescope in the given configuration. As such, for the FE-14 telescope (with four planes)
four different telescope geometries are used to estimate the pointing resolution of the telescope.
The intrinsic resolution of the FE-I4 reference planes is 72 um in the long pixel pitch direction and
21 um in the short pixel pitch direction. The error due to the extrapolation of the track can be
calculated for a given geometry, as shown in figure 5.6 for the different energies used in this thesis
for various DUT placements. For simplicity this calculation is done here for a setup of only two

planes and in dependence of the position of the DUT. This calculation, which is done separately for

Extrapolation error
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Figure 5.6: Extrapolation error in dependence of the position of the DUT for a setup of two telescope reference
plane modules and different energies.

the region in front of the first telescope plane ofont, in between the two planes omigqle @and behind

the second plane opac depends on the z position of the planes and DUT, on the multiple scattering

angle 6, on the parallel shift in air yp and on the distance between the two planes d. Here a distance
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of 10cm is used. The formulas used for this simulation are [35]:

¥o\? 2
Ttront = (Zfirst — ZDUT) (3) + (Ofirst) (5.5)
2
Oback = (ZDUT — Ziast) (%O) + (Hlast)2 (5.6)

d— z - Z
Omiddle = ( DL;T) PUT tan Byt (5.7)

Nevertheless, conclusions about the estimated resolution can be drawn from that configuration.
The extrapolation error for the 416 MeV e~ of the ELSA setup is about 100 um whereas the error
reduces to below 10 um for the 6 GeV e~ at DESY. The error of the setup at CERN is negligible. A
zoom into the plot to below 2 um shows the error expected at CERN, see figure 5.7. As can be seen,
the extrapolation error reduces to below 2 yum. Consequently, the contribution from the intrinsic
resolution has the biggest effect on the spatial resolution and is of order O(10 — 100 m) while the
effects of multiple scattering and extrapolation add less than order O(1 um), in between the planes.
As all factors add up quadratically, the influence of the intrinsic resolution of the sensors on the
pointing resolution of the FE-14 beam telescope is, for high energy particles, even more dominating

over the other mentioned effects.

Extrapolation error [um]

© o o o P
O N D D ® BN D O 0N

-40 -20 0 20 40 60 80 100 120 140
Position of the DUT [mm]

Figure 5.7: Extrapolation error in dependence of the position of the DUT for a setup of two telescope reference
plane modules and the energy used for the measurement done at CERN.

77






Chapter 6

Summary and outlook

In this thesis a new beam telescope which makes use of FE-I4 readout chip based pixel modules
as reference planes was developed. The DAQ of this FE-14 telescope is composed of two parts,
the first being the testing system USBpix for the reference plane specific DAQ and the second one
being the telescope DAQ EUDAQ used for the combination of the data from all planes to telescope
data. As a common hardware part to the FE-I4 telescope and the EUDET telescope, the TLU is used
for the trigger generation.

A new triggering scheme, the ROI trigger, for general purpose beam telescopes making use of one
FE-14 based reference plane was developed and commissioned. The new triggering scheme has
the advantage of a programmable sensitive region which can be as small as one FE-14 pixel (50 um
x 250 pm) and as big as the whole FE-14 pixel matrix (20 mm x 16.8 mm).

First, tests of the ROI trigger together with a EUDET telescope show the compatibility of the triggering
signal with the TLU. The resulting hitmaps of the EUDET telescope reference planes reflect the
sensitive trigger region and are the first proof of principle of the ROI trigger together with a beam
telescope. Second, different regions of the ROI were tested in order to show the full flexibility of
the trigger. With a setup of only two FE-14 telescope reference planes, one was used to trigger the
DAQ of both sensors. Consequently the possibility of triggering also the FE-I4 telescope with the
ROI was shown. Third, the full commissioning of the ROl was done together with a DEPFET DUT.
Through the selection of a sensitive trigger region covering only the DEPFET DUT an increase in
track efficiency up to 80 % was possible.

In the near future, an upgraded version of the existing AIDA telescope is expected. The usage of
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one FE-I4 based reference plane is already a considered option. That plane cannot only be used
for a selective trigger in order to increase the track efficiency, as was shown in this thesis, but it can
also serve as a timing reference. This feature has been already used in other beam tests and the
functionality is well established, yet it is not integrated into the EUDET telescope.

The modular approach of the EUTelescope analysis software package should make the extensions
necessary for the analysis of the FE-14 beam telescope data easily accomplished. All steps of the
analysis have been performed, a final results about the spatial resolution is expected soon.
Further, in order to increase the pointing resolution of the FE-14 beam telescope, a rotation of two
of the planes by 90 ° is considered and needs to be verified experimentally. By doing so one would
exploit the short pixel pitch for both plane directions. Another feature to explore and test further is
the high rate capability of the FE-14 beam telescope. The setup of the FE-I4 beam telescope at

ELSA is suitable for that kind of measurements.
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