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Introduction

The goal of particle physics is to understand the structure of matter and the
fundamental forces. The theory that so far successfully describes interactions
between the subatomic particles is the Standard Model (SM) [1]. The validity
of the SM has been confirmed with the prediction and discovery of particles
like the spin-1 W and Z force carriers and the spin-0 Higgs boson [2]. So
far the SM predictions are in agreement with observations in particle physics
experiments. However, there remain unanswered fundamental questions such
as for example the mystery of missing antimatter [3] and the nature of dark
matter [4]. Theories beyond the SM attempt to solve these problems.

Particle physics experiments are conducted to verify predicted SM quantities
and to look for phenomena beyond it. To discover new particles or examine
new theories particles are collided at increasingly high energies. At the Large
Hadron Collider (LHC) at CERN particles can be accelerated and collided with
a center of mass energy of 13 TeV. The LHC hosts a number of experiments.
An example of such an experiment, optimised for the study of b-mesons, is
LHCb.

The LHCb experiment has recorded > 3 fb~! of data during Run 1. A
particle originates from an interaction point known as vertex. One of the char-
acteristics of b-particles such as the By meson, is the occurrence of a secondary
displaced vertex with respect to the primary vertex. To identify a b-meson,
the lifetime and subsequent decay length are powerful handles. In addition,
to study fast particle-antiparticle oscillations that occur for these mesons, a
good decay time resolution is required. A detector with superior tracking
capabilities is needed to measure these properties.

A higher data rate requires the upgrade of the current LHCb detector. The
LHC shutdown, during which the LHCb detector is scheduled to be upgraded,
is planned from 2019 to 2020. In the five year period after 2020, referred to
as Run 3, the experiment will run at a 5 times higher luminosity. Because
of the improved trigger performance, it is expected to acquire 10 times more
statistics for signal events.

All tracking detectors of LHCb will be upgraded to cope with the higher
luminosity and to be able to read the data from each collision. The current
Vertex Locator (VELO), which is a silicon strip detector, will be substituted
in the upgrade with a silicon pixel detector allowing for improved particle
reconstruction and pattern recognition.
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An important element of the VELO upgrade is the silicon sensor. The
sensors that will be used are 200 pm thick and feature square pixels with a
55 pm pitch. At the end of Run 3 the LHCb detector will have accumulated
a maximum fluence of 8 x 105 1 MeV neq/cm?. The silicon sensors must
therefore be radiation hard and maintain a high charge collection and hit

efficiency after operation at these levels of radiation.

This thesis focuses on the performance of prototype silicon sensors obtained
from testbeams at the SPS at CERN. These prototype sensors are designed
according to the requirements for the detectors that will be installed in the
upgrade of the LHCb VELO detector.

In Chapter 1 the LHCb experiment is described. The main subsystems of
the LHCD detector and the motivation for the upgrade are presented.

The main requirements and features of the VELO upgrade are discussed
in Chapter 2. Simulation studies on the impact parameter resolution in the
VELO upgrade are the topic of discussion of Chapter 3.

Since the upgraded VELO consists of a silicon pixel detector, the principles
of operation of such a detector are presented in Chapter 4.

A number of prototype silicon sensors were tested in testbeams. Measure-
ments on the prototype sensors were performed using a high precision tele-
scope. The Timepix3 telescope is described in Chapter 5.

In view of the upgrade, the resolution and efficiency of active-edge silicon
sensors were evaluated as described in Chapter 6. Additional results on the per-
formance of non-irradiated and irradiated sensors obtained with the Timepix3
telescope are presented in Chapter 7.

Finally a number of recommendations for additional studies are given in
Chapter 8.



Chapter 1

The LHCb experiment at CERN

The European Organization for Nuclear Research, commonly known as CERN,
is the largest particle physics research center in the world. The CERN accel-
erator complex is depicted in Figure 1.1.
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Figure 1.1: The CERN accelerator complex.

The accelerator complex houses experiments of relatively low energy and ex-
periments at the highest energy provided by the Large Hadron Collider (LHC).
Protons are provided to the LHC through a network of accelerators before be-
ing brought into collision.

The protons, originating from a hydrogen gas source, first enter a linear ac-
celerator (LINAC2) after which they are accelerated to 50 MeV. Next they en-
ter the proton synchrotron Booster reaching an energy of 1.4 GeV. Afterwards
the protons enter the Proton Synchrotron (PS) which accelerates them to
26 GeV. The bunches are then injected to the Super Proton Synchrotron (SPS)
where they are accelerated up to 450 GeV. A tangent delivers proton beams
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from SPS to the testbeam areas located at the North Area (close to the center
of the LHC). After the SPS, the proton bunches are finally injected in the LHC.
In the LHC, the proton beams are accelerated and collide up to a maximum
center of mass energy of /s = 13 TeV with a maximum instantaneous lumi-
nosity of L = 10%* em~2s~!. The protons from each beam collide at 25 ns
intervals that are referred to as bunch crossings. Four large scale experiments
take place at the LHC. One of these experiments is the LHCb experiment.

1.1 Highlights from Run 1

The LHCDb experiment is searching for physics beyond the SM by studying de-
cays of beauty and charm hadrons [5]. Any deviations from the SM predictions
in the measurements performed may be a hint of new physics. An example
of such a measurement is that of the BY — ES oscillation frequency. Neu-
tral b-mesons undergo particle—antiparticle mixing due to second-order weak
interactions involving box diagrams [6]. The BY — ES oscillation frequency
Amy is governed by the mass difference of the BY mass eigenstates [7]. The
frequency of the particle-antiparticle oscillations observed in the B? — ES Sys-
tem is extremely high (~ 10'® Hz). In the distance between production and
decay of a b hadron, which is typically in the order of 1 cm, a BY changes

flavour nine times on average. In order to resolve the fast BY — ES oscillation
a high decay time resolution is therefore necessary. The average decay time
resolution provided by the VELO is o; = 44 fs making it possible to observe
the BY — ES oscillations as shown in Figure 1.2. The measured oscillation
frequency is found to be Am, = 17.768 4= 0.023 (stat) + 0.006 (syst) ps~! [8],
which is the most precise measurement to date, and is in good agreement with
the current world average 17.69 #+ 0.08 ps—!. The Amy is one of the quantities
that influence the dilution of the observed oscillation. The dilution factor D
according to [9] is:

D = ¢ (3am207) (1.1)

where o; is the decay time resolution and ¢ the decay time.

In addition, the complex CP-violating phase ¢, [10] of the B? — ES mixing
amplitude is measured by LHCb. This parameter quantifies CP-violation ef-
fects arising from the interference between two quantum amplitudes. These
amplitudes are B? directly decaying to a final state of J/¢(— utu=)éd(—
K+ K~)and B first oscillating to E‘j and then decaying to J/¥(— ptu™)o(—
K*K™). The error 04, on the ¢, measurement depends on decay time resolu-

tion in the same manner as in the case of the Amg measurement, particularly
o, x 1/D.
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Figure 1.2: Decay time distribution for candidates tagged as mixed (different flavour
at decay and production drawn with a red line) or unmixed (same flavour at decay
and production drawn with a blue line). A poor proper time resolution would smear
neighbouring points influencing the oscillations.

The measured CP violating phase in BY — J/% KT K~ decays combined
with BY — J/¢rTm~ decays is ¢s = -0.010 & 0.039 rad [11], which is in good
agreement with the predicted value from the SM [81].

1.2 The LHCb experiment

During the first years of operations known as Run 1, LHCb accumulated 3 fb—*
of data. Following a two year long shutdown, the LHCb experiment is currently
going through Run 2. LHCD is operating at an instantaneous luminosity of
L = 4 -10% cm=2s~ ! At this luminosity the average number of visible
proton-proton (pp) collisions per bunch crossing is v = 1.62.

The LHCD detector (Figure 1.3) is a single-arm spectrometer covering a
pseudoprapidity range of 2 < 1 < 5. Due to the fact that bb pairs are
mainly produced at small angles with respect to the interacting beams (see
Figure 1.4), the LHCb detector is built to detect b—hadrons produced in the
so-called forward direction!. A dipole magnet with a bending power of 4 Tm
bends charged particles to allow measurement of their momentum. The detec-
tor setup consists of a tracking system and a particle identification system. The
particle identification (PID) system includes two Ring Imaging Cherenkov de-
tectors (RICH) to identify charged hadrons, an electromagnetic (ECAL) and
a hadronic (HCAL) calorimeter for hadron, electron and photon separation

ISince the bb production is symmetric, the definition of forward direction is a matter of
choice.
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Figure 1.3: The LHCb spectrometer. The tracking system includes the Velo, TT
and T-stations. The PID system includes RICH 1 and 2, ECAL, HCAL and M1-M5.

and a set of muon chambers (M1-M5) to identify muons. In the LHCD refer-
ence system, upstream refers to the negative and downstream to the positive
z direction. Upstream of the LHCb magnet, the tracking system consists of a
silicon strip detector for vertexing known as the Vertex Locator (VELO) and
a large area silicon strip detector, the Tracker Turicensis (TT). Downstream
of the magnet are the three T-stations. Each T-station consists of an Inner
Tracker (IT), a silicon strip detector, surrounded by the Outer Tracker (OT), a
straw drift tube detector. The track reconstruction is explained in more detail
in Section 1.2.2.

Since the amount of data produced at all pp-collisions is too high to be
stored, a selection of this data is being made using a trigger. During Run 2,
the trigger [13] consists of two levels, the first level trigger (L0) and the High
Level Trigger (HLT). LO, which is a hardware trigger, selects mainly b and
¢ events at a maximum rate of 1.1 MHz. Subsequently the HLT reduces the
rate of accepted events to 12.5 kHz, at which point the data can be stored.

A secondary, “displaced” vertex in addition to the pp collision vertex is a
characteristic of a b-hadron. An example of such a displaced vertex is visu-
alised in Figure 1.5 in the case of a BT decaying to a J/1 and a K*. The
distance in the XY plane between production and decay of the b-meson here
is ~300 pm. Two important quantities contributing to a good proper time
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Figure 1.4: Production rate of b and b-mesons in the lab reference frame, using
PyTHiA [12].
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Figure 1.5: B decay products from a B™ — J/9 K candidate event from the LHCb
data.
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Figure 1.6: Two quantities demonstrating the performance of the LHCb detector
are the momentum resolution (a) and the impact parameter resolution (b).
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resolution, necessary to study the fast oscillating b-mesons, are the impact
parameter resolution and the momentum resolution [14]. The momentum
resolution for tracks, tested with J/v¢ decays, is dp/p ~ 0.45 — 1.1% in the
momentum range from 10-250 GeV/c (Figure 1.6(a)). The impact parame-
ter (IP) is the distance of closest approach between a track and the primary
vertex. According to Figure 1.6(b), the IP resolution in the XZ plane is ap-
proximately inversely proportional to the transverse momentum of the track.
The IP resolution will be studied in more detail in Chapter 3.

1.2.1 The Vertex Locator

The VELO is a silicon strip detector surrounding the interaction point of the
LHCb detector. The VELO plays a significant role in the track reconstruction
and also in the trigger by contributing to the event selection. The detector is
installed closely surrounding the interaction region where there is a negligible
magnetic field. It covers the full angular range of LHCb and its primary
objective is to reconstruct primary and secondary vertices.

The VELO consists of two halves each containing 21 modules each (see
Figure 1.7(a)). To achieve a good IP resolution the first strips of the VELO
sensors are placed 8.2 mm away from the beam. This distance is smaller than
the beam aperture required by the LHC machine during injection, therefore the
two VELO halves are retractable. To measure the radial (R-sensor) and the
azimuthal (¢-sensor) coordinates, two 300 pm thick semicircular silicon sensors
with different strip orientation are mounted back to back on a module [15].
The total number of strips is ~180,000 with a pitch ranging from 38 pm in the
inner to 102 pm in the outer edge of an R-sensor and from 38 pm to 97 pm for
a ¢-sensor. In an inelastic pp-collision the average number of observed clusters
is ~ 2500 with on average ~ 2 strips per cluster.

The detector is operated in a secondary vacuum separated from the beam
vacuum by a thin aluminium shield known as the RF-box (Figure 1.7(b)). The
modules are cooled with an evaporative system using COs as coolant [16]. The
heat dissipation is about 17 W per module. The operational temperatures on
the silicon sensors range from -10°C to 0°C [5] to minimize radiation induced
effects.

Due to the high particle fluence that the modules are exposed to, the per-
formance due to irradiation is a concern. One of the silicon properties affected
by the amount of radiation is the leakage current as will be discussed in Sec-
tion 4.5. According to Affolder et al. [17] the average rate of increase of the
sensor current is 18 pA per fb~! at a sensor temperature of -7 C°. To com-
pensate for a reduced depletion depth due to irradiation the bias voltage of
the sensors needs to be increased. However, to avoid breakdown in the sensors
a hardware limit of 500 V has been set.
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(a) Photograph of one of the VELO retractable
halves rotated by 90°.

(b) 3D model of the LHCb VELO vacuum tank.

Figure 1.7: (a) Photograph of one of the VELO retractable halves. (b) 3D model of
the LHCb VELO vacuum tank. The cut-away view allows the CO2 cooling system,
the RF-box and the module support on the left-hand side to be seen.

1.2.2 Track Reconstruction

Track reconstruction in LHCb is performed by combining hits in the VELO
with the TT and the downstream T-stations (T1 — T3). The reconstruction
of a track starts with grouping hits known as segments. There are two type of
track reconstruction sequences depending on where the segments are located,
the forward and the backward tracking sequence. Both tracking sequences
start from the VELO. Since the collision point of the pp-beams is located near
the center of the VELO, segments using VELO hits are reconstructed assuming
they originate from the z-axis. These segments are then extrapolated towards
the T-stations. An algorithm searches for hits in the T-stations and if any
are found they are added to the track. The forward track finding algorithm

10
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Upstream track
’

T1T2 T3

Figure 1.8: Track types (see text).

searches for a match to the track in the TT. In the backward sequence, seg-
ments from the T-stations, assuming they originate from the collision point, are
extrapolated to the VELO in order to find a match with a VELO segment.

Tracks are labelled according to the subdetector hit information used as
shown in Figure 1.8. A track that has hits in all subdetectors is tagged as
Long. Tracks with segments only in the VELO and the TT are tagged as
upstream. Tracks with segments only in the T-stations and the TT are tagged
as downstream. Tracks with segments only in the VELO or the T-stations
are tagged as VELO and T-tracks respectively. In the Impact Parameter
studies that will be described in Chapter 3 only VELO and Long tracks are
considered.

1.3 The LHCb upgrade

Despite its excellent performance, the LHCb detector has an integrated lumi-
nosity limit of about 2 fb~! data per year [18]. Most of the studies in LHCb are
statistics limited. Therefore more data is needed. Operating the LHCb detec-
tor at a higher luminosity in order to collect more data will however lead to the
saturation of the current L0 trigger yield for hadronic channels, as illustrated
in Figure 1.9. This saturation is due to the hardware limit imposed by the
maximum readout rate. As a result LO must reduce the rate below this limit
which cannot be done efficiently at larger luminosities. The L0 trigger recon-
structs one or two muons with the highest pr and the hadron/electron/photon
with the highest Ep distinguishing between electron and photon candidates
using information from the ECAL. To increase the data rate without influ-
encing the trigger efficiency, a new trigger scheme needs to be adopted, which
drives the upgrade of the LHCDb detector.

11
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Figure 1.9: Low-level trigger efficiency as a function of luminosity for various
hadronic decays [19]. Several modes saturate beyond the operation point of the
LHCb detector at the end of Run 1 indicated by the dashed line. The decay
J/p(— T )g(— Kt K™) profits from two muons in the final state.

The LHCb detector is scheduled to be upgraded in the second long shutdown
in 2019-2020. The upgraded detector will run at a 5 times higher luminos-
ity and collect 50 fb~! of data in Run 3. The expected number of visible
pp interactions per bunch crossing at the upgrade luminosity is ~ 7.6.

In the upgrade the LO trigger will be removed and LHCb will adopt a full
software trigger. The adaptation to the new readout scheme requires upgrade
of all the tracking detectors described in Section 1.2.2. This thesis focuses on
the upgrade of the VELO detector.

12



Chapter 2

The VELO upgrade

The LHCb detector will be upgraded in the second long LHC shutdown to
profit from the high luminosity delivered by the LHC. To cope with the ex-
pected beam conditions and comply with the new data acquisition scheme the
VELO detector needs to be replaced. Two options were considered, a silicon
strip detector analogous to the current VELO and a silicon pixel detector.
After reviewing both options [20] the LHCb collaboration selected the pixel
design.

In this chapter several general aspects and challenges of the upgrade detector
are listed, while in the subsequent chapters specific performance studies are
presented in detail.

2.1 Resolution requirements

A number of requirements are given for the design of the VELO upgrade. The
new detector must cover the pseudorapidity region of 2 < n < 5. To recon-
struct a charged particle, each track should have a minimum of three spatial
measurements in the VELO. The hit resolution and the ability to separate
tracks are important performance parameters. For a good hit resolution, the
channel pitch needs to be in the same order of magnitude as in the current
VELO.

In the analysis, tracks are extrapolated to the z-axis. The IP resolution of
the VELO upgrade needs to be better than or equal to the performance of the
current VELO. To achieve this, the distance from the first sensor element to
the beam will be reduced from 8 to 5 mm. In addition, the material between
the interaction point and the first hit needs to be minimised. The effect of
extrapolating the distance from the first hit to the beam and of the material
budget on the IP resolution of the VELO upgrade is studied in detail in Chap-
ter 3. The resulting performance of these studies were used for the technology
choice, eventually resulting in a validation of the pixel detector.

13
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2.2 Constraints

Operating the VELO upgrade in a higher luminosity environment will lead to
an increased particle flux. This high rate combined with the smaller distance
from the detector to the beam increases the amount of radiation that the
detector will be exposed to.

2.2.1 Data rates

During Run 1 the average number of hits per inelastic pp-collision was around
5,000. In the upgrade conditions of Run 3 at the instantaneous luminosity
of 2 x 1032 cm™2 s~ !, the number of hits per bunch crossing will be about
5.2 cm ™2 x R~2 where R is defined as the radial distance from the beam to the
outermost module edge in cm. Assuming an average of 32 tracks per module
in an event [21] and an average of 2.2 pixels per cluster, the total number of
hits per event is 7,300. The data acquisition and front end electronics of the
VELO upgrade must be able to cope with these data rates.

2.2.2 Radiation damage

By moving the modules closer to the beam, the estimated integrated radiation
dose per fb~! increases by a factor of 2.5. Moreover, since the particle fluence
is proportional to R~2 the resulting radiation profile along the module is not
homogeneous.

[ —
AN 0
7T

LHCb simulation

—
N

Downstream at z = 700 mm

—_ =
S N

Near z =0 mm

S N B~ O ©

H

s .
R [cm]

Fluence [x 10" 1 MeV N, cm2]

Figure 2.1: Fluence as a function of the radius R per delivered fb~! for two sensors
at different z positions. Plot taken from [21].

14
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A simulation of the expected fluence! [1 MeV neq/cm?| as a function of the
distance from the beamline R for modules at different z positions is shown
in Figure 2.1. For both modules the fluence is maximum at the edge and
decreases o« R™2. Close to the center of the interaction region (2 = 0) the
fluence at the edge of a module is a factor of 1.5 higher than the fluence at the
edge of a downstream module at z = 700 mm.

The integrated luminosity at the end of Run 3 is expected to be 50 fb~!
with a corresponding fluence of 8 x 105 1 MeV neq/cm?. The exposure of
silicon sensors to these high fluences reduces the amount of charge collected as
will be explained in Section 4.5.1.

2.3 Layout in the upgrade

The design of the VELO upgrade is based on the requirements and constraints
imposed in Section 2.2. The layout of the VELO upgrade detector is similar
to the current VELO covering the same acceptance. The modules will be
mounted on two halves that can move away from the beam line whilst the
LHC beam is injected. This retraction mechanism ensures a reduced exposure
of the modules during these conditions. When stable beams are declared the
detector will be closed. The layout of the detector within the LHCb coordinate
system is shown in Figure 2.2.

390 mrad

cross section aty =0 central stations
| _4— 70 mrad T
15 mrad

L» z lGG mm
upstream stations ﬁ\l\ interaction region showing downstream stations

z=0cm 2 X Obeam~ 12.6 cm

Figure 2.2: Schematic layout of the VELO upgrade [21].

2.3.1 Module description

The upgraded VELO is a silicon pixel detector. The silicon sensors have pixels
of 55 pm x 55 pm and cover an area of 15 mm x 43 mm. The detector consists
of 26 stations where one station refers to a pair of modules, one on each half.

IThis is the neutron equivalent flux that will be explained in detail in Section 4.5.1.
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Each module will host 4 sensor tiles, 2 at each side of the module as depicted
in Figure 2.3(a). The modules are separated from the primary beam vacuum
by a thin aluminium foil known as RF foil. Next to the tiles lie the so called
hybrids, which are printed circuit boards. The dimensions of one sensor tile
match the surface of the 3 adjacent ASICs? as shown in a prototype assembly
in Figure 2.4.

Microchannel

silicon substrate back RF foil

&

CO; out

Hybrid

(a) Front side of a closed station.

wire bond

sensor & ASIC
« 200 pm on 200 pm

/

Hybrid 450 pm {

Silicon with
microchannels400 Hm {

Hybrid 450 pm {

wire bond

(b) Cross section of a module.

Figure 2.3: Schematic of the upgrade module: (a) front side of a closed station and
(b) cross section of a module.

Between the two hybrids is an innovative type of cooling that will be dis-
cussed in Section 2.4.2. This microchannel cooling substrate is visible in the
cross section view of Figure 2.3(b). The cooling substrate is made of silicon
to minimise any mismatch in the thermal expansion coefficient that could lead
to deformation of the module. No cooling substrate is placed under the first

2The acronym ASIC stands for Application Specific Integrated Circuit.
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43 mm

Figure 2.4: Three ASICs (dotted squares) share a common 3 x 1 sensor tile on a
hybrid board.

5 mm of the sensor at the edge of the module in order to reduce the amount
of material close to the beam. The amount of material is related to multiple
scattering that is one of the quantities contributing to the IP resolution as will
be discussed in Chapter 3.

2.4 Technical challenges

The construction of the VELO upgrade brings a number of technical challenges
that need to be dealt with.

2.4.1 RF-foil

The RF-foil, separating the secondary vacuum from the beam vacuum, shields
the modules from beam induced electromagnetic interference and guides the
mirror currents of the beam. Although the foil is required to have a maximum
thickness of about 250 pm, it is still the main contributor to the material budget
as can be seen in the material description of the current VELO (Figure 2.5).

The foil contributes significantly to the material budget since due to its cor-
rugated shape particles can traverse it multiple times. As shown in the proto-
type RF foil extending to 10 stations in Figure 2.6, a track with high n (track B)
will traverse the foil at more points than a track with low n (track A).
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LHCb simulation

total material: 20.0%X ,

Figure 2.5: Radiation length of the current VELO. The main contribution comes
from the RF foil [21].

modules

Figure 2.6: Prototype RF box with both half boxes extending to 10 stations. The

modules are also illustrated (dotted rectangles). A track can cross the edge of the
box at a few (track A) or multiple (track B) points [22].
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Figure 2.7: Photograph of the “snake” design on a prototype sample with dimensions
4 cm x 6 cm.

2.4.2 Microchannel cooling

The cooling substrate of each module needs to remove 43 W. The main power
dissipation comes from the ASICs and the sensors that are thermally coupled.
The heat dissipation is expected to be 3 W per ASIC. Since the ASICs are
between the cooling substrate and the sensors, the sensors can only be cooled
via the ASICs. If not sufficiently cooled, the expected dissipated power may
lead to thermal runaway. To prevent thermal runaway, the sensors need to be
kept below -20°C [23].

Two-phase COs cooling using microchannels in a 400 pum thick silicon sub-
strate has been developed at Nikhef and at CERN. These channels of dimen-
sions 200 pm X 120 pm will be etched in a silicon wafer which is subsequently
sealed with another wafer. The expected CO5 pressure at room temperature is
about 65 bar but the system will be qualified up to 170 bar for safety reasons.

Measurements on a prototype Si-pyrex plate with a size of a quarter of one
upgrade module demonstrated that 12.9 W of power could be removed [24]. A
photograph from the pyrex side of a prototype sample is shown in Figure 2.7.
The microchannels follow a “snake” design that serpentines along the sample.
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Figure 2.8: Average number of tracks per ASIC per bunch crossing in a VELO
upgrade module.

2.4.3 The VeloPix ASIC

A new front end chip derived from the Medipix [25] family has been designed,
VeloPix [26]. The VeloPix is built in a 130 nm CMOS technology and consists
of a pixel matrix of 256 x 256 square pixels with a 55 pm pitch. The ASIC
will provide a zero suppressed data driven readout. When charge generated by
a traversing particle surpasses a certain threshold, the Time of Arrival (ToA)
is measured and stored with the pixel location. The ToA has a timing reso-
lution of 25 ns. Subsequently this information, together with the state of its
neighbours in a 2 x 4 group of pixels, known as “superpixel”, is immediately
sent off the chip.

In one bunch crossing the average number of tracks crossing the ASIC re-
ceiving the maximum number of hits is 8.5 per bunch crossing and <1 for the
outermost ASIC (Figure 2.8). The peak hit rate is expected to be 900 MHits/s
per ASIC. Because of the high particle flux, the VeloPix ASIC has to be radi-
ation hard up to 400 MRad. To reduce the amount of material in a module,
the new chip will be thinned down to 200 pm.

2.4.4 Sensors

The baseline option for the VELO upgrade sensors are 200 pm thick, n-on-
p type diodes with a conservative guard ring design with a total width of
450 pm. However, other design variants in terms of thickness, sensor type and
implant width are also considered. Prototype sensors based on these design
variants were produced by two vendors, Hamamatsu and Micron. Although
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Table 2.1: Properties of the prototype sensors for the VELO upgrade.

type n-on-p, n-on-n
thickness [pm] 150, 200
size [mmXxmm| 15x15, 15x43
vendor Hamamatsu, Micron
implant width [pm)] 35 -39
guard ring [pm] 450

the dimensions of one sensor tile are 15 mm x 43 mm and cover the surface
of the 3 adjacent VeloPix ASICs, smaller sensors that cover one ASIC were
also produced. The properties of the prototype sensors are summarised in
Table 2.1.

The temperature of the silicon sensors must be kept < -20°C in order to
avoid thermal runaway [21]. At -20°C the expected leakage currents are in
the order of 200 pA /cm? at the benchmark voltage of 1000 V. The estimated
noise threshold of the VeloPix ASIC is 1000 e~. In order to collect sufficient
signal in a pixel after charge sharing, a minimum signal yield of 6000 e~ is
required.

2.5 Testbeam programme and Timepix3

Since the LHCD detector will be operated at a 5 times higher luminosity during
Run 3, the silicon sensors must be radiation hard up to 8 x 10 1 MeV n,/ cm?.
The performance of the sensor tiles needs to be evaluated before proceeding
to mass production.

A number of prototype silicon sensors with the sensor characteristics de-
scribed in Table 2.1 have been developed by Hamamatsu and Micron. Ideally,
the sensors would have been tested in combination with the VeloPix readout.
However, VeloPix was not available at the time the prototype sensors were
tested. Another member of the Medipix family, the Timepix3 ASIC, was used
to test the prototype sensors. Timepix3 will be discussed in more detail in
Section 4.3.

Contrary to VeloPix, Timepix3 provides also information on the amount of
charge collected. When compared to VeloPix the main limitations of Timepix3
is that its data rate is lower by an order of magnitude and that it is not
protected against radiation induced single event upsets.

The testbeam programme involved beam tests at SPS at CERN. In the
testbeams, a telescope based on multiple Timepix3 ASICs was used. First,
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the principles of operation of a silicon sensor are discussed in Chapter 4. The
telescope is described in Chapter 5. The results of the testbeam programme
are given in Chapters 6 and 7.
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Chapter 3

Impact Parameter Studies for the
VELO upgrade

A typical signature of a particle track originating from the decay of a b-meson
is a large impact parameter with respect to the primary vertex of the particle.
The impact parameter (IP) is the distance of closest approach between a recon-
structed track and the true origin of the particle. In the VELO upgrade, the
IP resolution is required to be at least as good as that of the current VELO.
The upgraded VELO introduces some new features. The major differences
between the current and the upgraded VELO that have an impact on the IP
resolution are:

e the geometry of the RF foil, shape and corrugations and distance from
the LHC beam,

e the shorter distance from the beam to the first active sensor element:
8.2 mm—5.1 mm,

e the larger thickness: 200 pm thick sensor on top of a 200 nm ASIC,
bonded using 20 pm thick spherical Tin-Lead (SnPb) bumps, plus 400 pm
thick silicon substrate with microchannels used for cooling, compared to
the current: 300 pm thick R and 300 pm ¢ sensor on a single current
VELO module increasing the radiation length by a factor of 1.3,

e the coarser pitch of the channels close to the beamline: square pixels of
55 nm pitch compared to the 40 pm strips of current VELO.

The studies presented in this chapter were used to validate the resolution
performance of the pixel detector. The final design of the detector that will
be used in the upgrade was still under development at the time this study was
performed. As a consequence, the geometry of the pixel detector simulated in
these studies here differs slightly from the detector described in Chapter 2. In
the simulated VELO upgrade layout the modules are rotated by 45° and the
RF foil has a thickness of 300 pm. Schematic views of the simulated VELO
upgrade layout are shown in Figure 3.1.
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Figure 3.1: Simulated VELO upgrade layout. Schematic cross section at y = 0
with illustrations of the nominal LHCb acceptance (left). Schematic layout of the
zy plane of two closed modules (right). The sensor elements in blue are in the back
side of the modules, the ones in grey are in the front side. The red circle in the
center represent the beam spot (not in scale).

The resolution of the VELO with the VeloPix detector was simulated in
order to compare the resolution performance with the current VELO. The pp-
interactions, the decay of the produced particles and their interaction with the
detector materials are simulated using the GAUSs package, which is based on
GEANT4. The digitization and the detector response is done using the BOOLE
package. Finally, the track reconstruction is made using the BRUNEL package.
The Gauss, BOOLE and BRUNEL packages are based on the GAUDI frame-
work [27]. Using the BRUNEL reconstruction package the impact parameter
resolution of the pixel detector is studied.

3.1 Definition of Impact Parameter

Neglecting multiple scattering and energy loss the local trajectory of a charged
particle around a reference point zy is described by a vector, called a state,
consisting of 5 parameters. In LHCb the 5 parameters are chosen to be
(0, Y0, bz, ty, q/p) where xo and yo are the coordinates at the reference po-
sition zo, ¢, and t, are the slopes in the zz and yz planes respectively and ¢/p
is the ratio of the charge to the momentum, also called curvature. An interac-
tion vertex is described as a point (2, Yy, z,) in the 3-dimensional space. The
3-dimensional IP between a reconstructed track and a vertex can be expressed
as:

24



3.1 DEFINITION OF IMPACT PARAMETER

NN
IP3D:M , (3.1)
1+t

where Az and Ay are:

Az =g+ (2 — 20)te — xy = 1P,

Ay =yo + (20 — ZO)ty —yp = 1Py, <3.2)

the TP components in the yz and 2z planes, respectively. In Eq. (3.2) it is

assumed that the reference position zg is close to the vertex position z, such

that a linear extrapolation can be used. The IP, or IP, will be referred to as

the 2-dimensional IP. In order to study the IP resolution, the distances 0IP3p,

0IP,, 6IP, of a reconstructed track with its own production vertex can be
determined.

The calculated 6IP is generally non-zero due to the finite hit! resolution of
the VELO and due to multiple scattering in the detector material and the
RF foil. To illustrate this, consider a track measured at two points A and B
(Figure 3.2) with position (z1,x1) and (29, z2) respectively and its production
vertex located at (z,,,). The 2-dimensional 0IP, in the zz-plane (Eq. 3.2) is
expressed as a function of the measured points as

T2 — 1

Az =xz1 + (20 — 21) e (3.3)

Z2 — 21

Since x; and x5 are uncorrelated measurements, propagating their errors to
Ax gives:

At (A (B

where the first derivatives are:

0Ax 29— 2,
(9331 - Z9 — 21 (35)
O0Ax I Sk ) ' (3.6)

0xo Zo — 21

Mn this chapter the term hit refers to the center of gravity of a cluster while in Chapter 2
the same term refers to a pixel.
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scattering track

plane

vertex(zy, T, )

Figure 3.2: Impact parameter component in the xz plane.

Assuming that the errors on x; and x2 are equal we set 0, = 0,, = 0p.
Substituting (3.5) and (3.6) in (3.4) we get:

2
2 90 2 2] — sTpP2
OAz = m [(22 —2)” 4 (21 — 20) ] = JIPZ, (3.7)

which is the error on the IP due to extrapolation. The next step is to
include multiple scattering in our simplified model. The width of the Coulomb
scattering distribution is given by [28] :

_ 13.6 MeV

e Vx/Xo [140.038 In(x/X0)] (3.8)

0o

where x/ X the number of radiation lengths of the material traversed by the
particle, p the momentum, (¢ the velocity and ¢ the charge of the incident par-
ticle. Since the charged particle of Figure 3.2 is first measured at point A and
subsequently at point B, multiple Coulomb scattering (MCS) would change
the track angle at point A. The scattering at point A leads to a kink at z = z;
so the IP resolution (3.4) becomes:

od, = &70)2 (72— )2 + (21 — 20)2] +62(21 — )2, (3.9)

resolution term MCS term
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The IP resolution thus consists of two terms, the resolution and the MCS
term. The resolution term depends on the measurement error and the “lever-
arm”, i.e. the relative positions of the measurement points with respect to the
primary vertex. The MCS term depends on the momentum of the particle,
the amount of material that the particle traverses and the distance from the
first scattering point to the primary vertex.

Defining L (L,,L,,L,) as the distance between the first hit and the ver-
tex (see Figure 3.2), the MCS term can be expressed as a function of the
transverse momentum p,. and the radial distance R = /L2 + L2. The follow-

ing relation holds between the momenta and the distance from the first hit to
the vertex:

sin(f) = — = °L (3.10)

so the MCS term can be written using Eq. (3.10) and the fact that 6y oc 1/p
from Eq. (3.8):

)2
02 (21 — 2,)? o(@dp;ﬁ (3.11)
L2 _ R2 R2
=— (3.12)
P P2

since for forward tracks at the pseudorapidity region of LHCb sin(f) ~ 6 < 1.
Combining (3.11) with Eq. (3.8) and Eq. (3.9) the IP resolution can be written
as:

UQAz = (@iiozl)z [(21 — ZU)Q + (20 — Zv)ﬂ
2 2
]];%« (13»651;/[(3\/ qgv/x/Xo [140.038 ln(X/Xo)]) .

(3.13)

For tracks with high p,. the resolution term will be dominant while for
low p,. tracks both MCS and the resolution term are important. Looking at the
differences between the current and the VELO upgrade scenario, a prediction
of how the IP resolution will evolve is not straightforward. A thinner RF
foil will reduce the MCS before the first measurement. The thicker silicon
modules will contribute more to the MCS with each additional measurement.
The shorter distance from the vertex to the point of the first measurement
(as well as to the RF foil) shall decrease the extrapolation error in contrast to
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the coarser channel pitch, which will increase the error. All these factors are
studied in detail in Section 3.3.

3.2 Extracting the Impact Parameter resolution

Before looking at the factors that have an effect on the IP the statistical
method with which the IP resolution is obtained is presented. All studies for
calculating the IP are made using the offline reconstruction package BRUNEL.
In all studies, samples of the decay B° — K*Cutpu~ were used. The truth
information of the MC particle properties (trajectory, energy, momentum, E e,
in the sensor etc.) is used to extract the resolution on the IP measurement.
Only forward tracks with at least 3 hits in the VELO at a pseudorapidity range
of 2 < n < b are considered.
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§ [ Entries 10557 § sooE- ntries
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4 1000~ Mean 0.50 S 700E- Mean 39.97
#+ o™
a0l RMS  36.26 600F- RMS  27.78
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(a) Distribution of the 2-dimensional impact (b) Distribution of the 3-dimensional impact
parameter §IP, on the xz plane. parameter §IP3p.

Figure 3.3: Impact parameter distributions for 0.9 < 1/pr < 1.1 [GeV~'¢]. Samples
of the decay B® — K**u i~ were used.

Due to the non-Gaussian shape and the long “tails” of the IP distribution,
the resolution of the IP is calculated using a truncated RMS method. At
each inverse transverse momentum bin the RMS of the IP distribution like in
Figure 3.3(a) is calculated as:

(3.14)
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where N is the number of bins of the distribution, z the mean IP, x; the
value of the IP and w; the number of entries corresponding to bin 7. The
IP distribution is then iteratively truncated at N = 3 times the RMS. The
3-dimensional §IP3p distribution is by its definition in Eq. (3.1) a positive
non-symmetric distribution as can be seen in Figure 3.3(b). If 6IP, and 4IP,
are Gaussian distributed with their mean close to zero then the mean of the
6IP3p is equal to \/gajpx with orp, = 0orp, [29].

3.3 Decomposition of Impact Parameter terms

In this section it is studied how factors related to the detector (detector res-
olution, material), factors related to the distance between first hit and vertex
and factors related to the particle (momentum, pseudorapidity, vertex type)
have an effect on the IP resolution.

3.3.1 Detector resolution

In a non-irradiated detector, a particle traversing the sensor activates more
than one pixel and the resolution is optimised by weighing the amount of
charge liberated by the incident particle that is shared over the hit pixels. The
lower resolution limit of a pixel detector is determined by the resolution of
1-pixel clusters known also as binary resolution. Binary resolution depends on
the pixel pitch and is expected to be smaller than or equal to pitch/+/12. The
resolution of the detector becomes binary after the sensor is heavily irradiated
since the effective sensor thickness is reduced and the field strength in the
sensor is so high that there will hardly be any diffusion and subsequent charge
sharing.

The simulated detector resolution for the binary as well as the charge shar-
ing case for a non-irradiated sensor with a 55 pm pitch are superimposed in
Figure 3.4. The residual is defined as the true x position of the track minus
the x position reconstructed from the detector. For the binary resolution, the
reconstructed x position is defined as the center of the pixel that is hit. The
binary resolution follows a uniform distribution. For the charge sharing resolu-
tion obtained for multi-pixel clusters, the reconstructed z position is calculated
using the center of gravity method. In the center of gravity method the hit
position z.., of N pixels is calculated after weighing the position of the pixels
using their respective charge with the formula
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N
S i
1=0
N
> a
1=0

(3.15)

Lcog =

The two peaks in the charge sharing distribution come from 2-pixel clusters
where the residual of the center of gravity and true position in X depends on
the track slope t,. The charge sharing resolution can be improved by applying
a correcting parametrisation [30] which is not applied in the studies presented
here.

it |—— Binary
R R Charge sharing

g

of events
g

#
e

2000

Do 20 o 20 40
Residuals in X [pm]

Figure 3.4: Simulated detector resolution: binary (red), with charge sharing (dashed
blue).

To estimate the effect of the binary resolution on the IP resolution, the de-
tector response is simulated without charge sharing. The IP resolution as a
function of 1/pr for three different detector resolution scenarios is depicted
in Figure 3.5. The blue dotted line represents the IP resolution including the
charge sharing information for multi-pixel clusters, the red line with the tri-
angles the IP resolution when the detector has a binary resolution and the
black line with the crosses the IP resolution of the current VELO. Both the
charge sharing and binary scenarios have a better IP resolution than the cur-
rent VELO. This means that in the VELO upgrade low pp tracks will have a
better IP resolution. The IP resolution when the detector response is binary
is almost identical with the IP resolution with multi-pixel clusters included
showing that charge sharing has a negligible effect on the IP resolution.
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Figure 3.5: Impact parameter for different detector resolution: binary (red), with
charge sharing (blue).

3.3.2 Geometrical decomposition

According to Eq. (3.13) the impact parameter consists of a MCS and an resolu-
tion term. A further decomposition of the impact parameter into these terms
is illustrated in Figure 3.6. The total IP resolution contains contributions from
scattering as well as the detector resolution. Figure 3.6(a) illustrates the scat-
tering contribution in the case of a perfect detector resolution measurement.
This contribution includes:

5IPMCS %91(21, _Zl)+9RF(Zu _ZRF) (316)
where 01 and O are the scattering angles in the first detector measurement

and RF foil respectively. Figure 3.6(b) shows the contribution of the track slope
measurement to the IP calculated as:

§IPtm = (tz,rec - tw,true)(zv - Zl) (317)

where t; ¢ is the slope of the reconstructed track at the first measurement
and t; ;rue the corresponding slope according to the truth information. Finally
Figure 3.6(c) shows the contribution of the position offset due to the track
measurement and it is obtained as:

0P, = Tree — Tirue (3.18)
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Figure 3.6: Geometrical decomposition of the impact parameter terms. The total
IP can be described by the scattering error (a) and the resolution error. The terms

contributing to the resolution error are the slope measurement (b) and the position
measurement of the first hit (c).

32



3.3 DECOMPOSITION OF IMPACT PARAMETER TERMS

where ... and 4., are the positions of the reconstructed and true tracks
at the z position of the first measurement.

As suggested by Eq. (3.13) the IP resolution is well described by a linear
dependence on the inverse transverse momentum (1/pr) plus a constant off-
set [29]. In Figure 3.7, the IP resolution as a function of 1/pr is plotted for
VELO tracks and Long tracks. The track finding and track fitting procedure
is different for the two track types. VELO tracks are created in the HLT where
no momentum information is available. Long tracks have hits on all tracking
detectors of LHCb and have a momentum requirement p > 2 GeV/c. Moreover,
Long tracks are fitted with a Kalman-filter [31] and consist of a collection of 5-
dimensional states, one for each hit. The advantage of using the Kalman filter
is that the positions, slopes and their respective errors at each measurement
take the MCS into account, which is approximated by a gaussian “noise”.
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(a) VELO tracks. (b) Long tracks.

Figure 3.7: Decomposition of impact parameter terms.

The use of the Kalman-filter results in the error on the slope of the Long
track’s state closest to the vertex being smaller than the error on the slope
from the straight line fit. For very high pr tracks the amount of scattering is
negligible hence the main contribution to the IP error comes from the uncer-
tainty in the resolution term. Lower pp particles are expected to scatter more,
adding up to a steeper slope of the IP resolution versus 1/pr plot. The scat-
tering error per inverse transverse momentum bin is the same for both track
types. The error on the resolution term is smaller in the case of the Long tracks
(Figure 3.7(b)) due to the fact that they are fitted with the Kalman-filter lead-
ing to a more precise measurement of the track slope at the first point. The
smaller error on the resolution term makes the total IP error of Long tracks
smaller than the IP error of the VELO tracks (Figure 3.7(a)).

The contribution of the fitted track slope and position error on the first
hit to the resolution term of the IP resolution is further decomposed in Fig-
ure 3.8. The position error at the first hit increases with a small rate for the
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VELO tracks (Figure 3.8(a)) while it is almost constant for Long tracks (Fig-
ure 3.8(b)). The difference in the position error at first hit between VELO and
Long tracks originates from the track fitting method.
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Figure 3.8: Decomposition of the resolution term components.

In general a trajectory is better estimated in the case of Long tracks, which
are fitted with the Kalman-filter, compared to the straight line fitted VELO
tracks since the former includes MCS. This can be seen in the pull distributions

of the IP at the first hit in Figure 3.9.
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Figure 3.9: Pull distributions at first hit.

For Long tracks the RMS of the pull distribution (Figure 3.9(b)) is about
one, indicating that the errors from the track fit are well estimated. The fact
that the RMS of the pull distribution for VELO tracks (Figure 3.9(a)) is larger
than one indicates that the errors assigned from the track fit are underesti-
mated. The slope error at the first hit is the main source of uncertainty in the
extrapolation error term for both track types. The smaller slope error at the
first hit in the case of Long tracks compared to the respective error of VELO
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tracks is responsible for the smaller extrapolation error of the Long tracks.

3.3.3 First hit contribution

According to Eq. (3.13) minimizing the radial distance? R between the particle
production point and the first measurement point will decrease the extrapo-
lation error. The IP resolution as a function of the mean R is depicted in
Figure 3.10. The grey lined histogram in the background represents qualita-
tively the R distribution. The majority of the tracks are beyond R = 5 mm
which is the distance between the edge of the sensor and the beam. Tracks with
R <5 mm do not come from a primary vertex but from secondary vertices.
The IP resolution for both VELO and Long tracks increases as R becomes
larger with Long tracks having a better resolution.
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Figure 3.10: Impact parameter resolution versus radial distance at the first hit. The
distribution of the radial distance between first hit and particle production point is
represented qualitatively by the grey solid histogram in the background.

The mean R as a function of pseudorapidity () and the azimuthal angle (¢)
is presented in Figure 3.11. The mean R is 6-8 mm over the whole 1 coverage
of LHCb (Figure 3.11(a)). The shape of the mean R versus ¢ in Figure 3.11(b)
is related to the module geometry. When the two retractable arms are closed
the upgraded modules form a square around the beam with the beam spot at
the center of the square (Figure 3.1(right)). The maximum distance between
the beam and the edge of the sensors in the zy plane is between the beam spot
and the corners of the square. Hence the peaks of R in Figure 3.11(b) appear
at values of ¢ equal to w/4, 3w/4, —m /4, and —37/4 marked with the vertical
dashed lines.

2The radial distance was defined in Section 3.1 as R = /L2 + L2 .
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Figure 3.11: Distance between vertex and first hit versus pseudorapidity n (a) and
azimuthal angle ¢ (b).

3.3.4 Momentum and 7 dependence

So far the effects of the detector characteristics (resolution, MCS and first hit
contribution), the track type (VELO, Long) as well as the components of the
track fit (slope, error) on the IP resolution have been examined. Subsequently
the effects of the particle’s kinematics on the IP error are investigated.
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Figure 3.12: Mean inverse momentum versus inverse transverse momentum for
different track types.

Plotting the IP resolution as a function of 1/pr has the advantage that the
IP resolution can be described to first order by a straight line. The angular
acceptance and the momenta of VELO and Long tracks are, however, different.
In Figure 3.12, the inverse momentum versus the inverse transverse momentum
is plotted for VELO (green circles) and Long tracks (red triangles). On average
Long tracks with low pr values (1/pr > 1.5 GeV_lc) have higher momentum
than VELO tracks with the same pr. This is expected since a particle must
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have a momentum >1.5 GeV/c in order to cross the magnet and be detected
in the T stations.

The track momenta are also correlated with their production angle. Fig-
ure 3.13 shows the total IP resolution for three different 7 regions. As 7
decreases the IP resolution becomes better.
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Figure 3.13: Total IP resolution of Long tracks for different 1 ranges.

3.3.5 Impact Parameter distributions of b and ghost
tracks

The track selection in HLT during Run I is based on a lower cut of 100 pm
on the IP3D of the VELO segment of the tracks. The distributions of the
IP3D with respect to the type of reconstructed vertex are presented in Fig-
ure 3.14(a) with the LHCb detector simulated in the upgrade conditions. Using
the Monte-Carlo truth tracks coming from a primary vertex (blue solid line),
tracks coming from a b-quark (green line) and ghost tracks (red line) can be
distinguished. For the LHCb physics analyses it is important to select b tracks.
The IP3D is used as an input for this selection. Almost 50% of tracks coming
from a b-quark have an IP>100 pm while tracks from a primary vertex are
dominating for values of IP3D lower than 3.5 mm.

In the VELO upgrade the improved IP resolution in the low pr region will
allow to make an even tighter requirement. Note that a dangerous background
for the trigger are incorrectly reconstructed tracks, the so-called ghost tracks.
Even though the total amount of ghost tracks in the VELO upgrade is much
lower than in the current VELO [21], Figure 3.14(b) shows that ghosts remain
an important background component in the trigger.
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Figure 3.14: Reconstructed IP3D distributions with the detector simulated in the
upgrade conditions.

3.4 Conclusions

The IP resolution is described in (3.13) as a function of the amount of material,
detector resolution, momentum and extrapolation from the first measurement.
The total material of the upgraded VELO detector averaged over the nominal
1 range of LHCD will be a factor 1.3 larger than the current detector. This fact
alone would contribute more to the MCS increasing the slope of the IP reso-
lution. As shown in Figure 3.5(b), this is not the case for the VELO upgrade.
This is due to the fact that the IP resolution depends strongly on the extrap-
olation lever arm. Reducing the radial distance of the first hit by placing the
edge of the sensors 3.1 mm closer to the beam will minimise the extrapolation
error. That results in a smaller IP error for the upgrade compared to the cur-
rent VELO. According to Eq. (3.9) the coarser pitch of the pixels will result in
a worse detector resolution o( influencing the resolution term of the IP. Look-
ing at the IP resolution of tracks with the highest pr, the difference between
the current VELO and the upgrade scenarios is negligible.

Two different track types are considered: reconstructed VELO tracks with
an unknown value for p and Long tracks where p is known. Long tracks
compared to VELO tracks have smaller extrapolation errors from the first hit
to the position of the vertex (Figure 3.8) due to the fact they are fitted with
a Kalman-filter. The extrapolation error depends strongly on scattering. The
reason Long tracks have a better impact parameter resolution at the first hit
is due to the fact that the Kalman-filter accounts for the scattering at that
measurement. Since the error due to scattering is equal for the two track types
(Figure 3.7), the smaller extrapolation error leads to a better IP resolution in
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the case of Long tracks. In addition to that, tracks reconstructed as Long
on average have higher momentum as shown in Figure 3.12, which can be
translated to less MCS in the modules.

The improved IP resolution in the VELO upgrade of tracks with low pr will
affect the majority of tracks coming from a primary vertex as illustrated in
Figure 3.14(b).

For LHCD it is of great importance to measure the IP with high precision.
The upgrade detector is designed to have an IP resolution equal to or better
than the current VELO. Based on the studies presented in this chapter the
upgraded VELO detector is expected to perform better than the current VELO
in terms of IP resolution.

39






Chapter 4

Silicon sensors

Silicon sensors for high energy physics experiments were first developed by
Heijne et al. [32]. They have been used in a variety of applications where a
large occupancy, fast charge collection time and a high signal to noise ratio
are required. To explain the principles of operation of a silicon sensor the
interaction mechanisms of charged particles with matter are first introduced.
Next, the basic characteristics of a silicon sensor are described along with how
they affect the signal formation. Subsequently the signal acquisition using a
readout chip, in particular Timepix3, is described. Since the VELO upgrade
will be exposed to a high amount of radiation, finally the effect of radiation
on the sensor performance is discussed.

4.1 Interaction of particles with matter

4.1.1 Mean energy loss

The average energy loss per unit thickness or stopping power (dE/dx) of
charged particles is described by the Bethe-Bloch equation [28] in units of
MeV g~ tem?:

_ - - - @ - T 2 - 7
dx 32 ik 2 p 2 (4.1)

<dE> AT Nar?mec?2? Z 1, 2mec® B2y Tnan 5(B)

where N4 is Avogadro’s number, 7. the classical electron radius, A and
7 the atomic mass and atomic number of the absorber, z the charge of the
incident particle, 3 the ratio of the velocity to the speed of light, v the Lorentz
factor, mec? the rest mass of the electron, Ty,qe the maximum kinetic energy
that can be transferred to a free electron in a single collision, I the mean
excitation energy in eV and J (57 ) the density effect correction to the ionization
energy loss added by Bichsel. With increasing energy the stopping power of
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Figure 4.1: Stopping power versus kinetic energy of protons in silicon. The stopping
power reaches a minimum which marks the minimum ionizing regime.

an ionizing particle drops until it reaches a minimum (Figure 4.1). When the
momentum of the particle is at that minimum (103-10* MeV) the particle is
called minimum ionizing. Beyond that minimum there is a small logarithmic
rise of the stopping power which finally flattens due to the so-called density
effect.

As described by Nakamura et al. [28], the Bethe-Bloch formula does not
fully describe the energy deposited in a material. The mean energy loss given
by Eq. (4.1) is not fully absorbed in the detector due to d-rays escaping and
carrying part of that energy as described in Section 4.1.2.

4.1.2 Most probable energy loss

The energy loss Eq. (4.1) shows statistical fluctuations. To calculate the energy
loss distribution, also known as energy straggling function, of a particle through
a material one has to solve the transport equation. Landau solved the transport
equation using Laplace transformations [33] for thin absorbers i.e absorbers
satisfying the condition ﬁ < 1 [34] with & defined as:

where z is the absorber thickness in g cm™2 and K expresses the terms
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Figure 4.2: Charge collected from a 180 GeV proton and pion beam traversing a
150 pm thick sensor fitted with a Landau convoluted with a Gaussian. The most
probable value of the Landau component does not match the MPV of the Langaus.
The plot is from testbeam data with the Timepix3 telescope.

AN ar?mec?. The derived energy loss distribution is right-skewed with a
long tail as the energy loss increases. For a thin absorber the most proba-
bly value (MPV) is given by:

2022.2
T 8 s

MPV = ¢ |1

where the constant j=0.200 and the density effect correction have been
added by Bichsel [35]. For thick absorbers i.e. absorbers for which =>— > 1
the energy loss turns from a skewed distribution into a Gaussian. In h1s ‘solution
of the transport equation Landau assumed a charged particle scattering in a
gas of electrons and neglected the electron binding energies to the nucleus.
By using a modified cross section that takes into account the electron binding
energy [36] the energy loss distribution can be written as a convolution of
a Landau distribution with a Gaussian distribution also known as Langaus.
The convolution with a Gaussian distribution results in broadening the width
of the peak. The energy loss distribution, acquired from testbeam data, of a
minimum ionizing proton and pion beam beam traversing a 150 pm thick sensor
is shown in Figure 4.2. Fitting the energy loss distribution with a Langaus one
acquires the MPV of the Landau component which actually differs by 4% from
the MPV of the convoluted function. The most probable energy loss in this
case is 11,900 e~, which is the Landau component, while the MPV of the
distribution is 12,400 e~. The most probable energy loss given by Eq. (4.3) is
well suited to describe the energy deposited in thin materials like the silicon
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sensors used in particle detectors.

4.1.3 Non-ionizing Energy loss

The energy loss of a charged particle traversing a thin (§ < T),q,) material
described in Section 4.1.2 is due to collisions with atomic electrons which is
normally referred to as ionization. In non-ionizing energy-loss (NIEL) pro-
cesses, nuclear interactions may result in collisions where the knock-on atom
is dislocated from the lattice and the energy is dissipated in lattice vibra-
tions [34]. Although the average energy deposition by non-ionizing processes
is much lower than that by ionization, NIEL is important for radiation damage
in silicon as will be discussed in Section 4.5.

4.2 Principles of a silicon sensor

To detect a charged particle interacting with the sensor, the charge liberated
has to be collected and converted to measurable signal. The principles behind
the design and operation of a silicon sensor that creates the signal are explained
in this section.

4.2.1 Semiconductors

The energy gap between the valence and the conduction band of a solid state
material is called the bandgap. The bandgap in semiconductors is larger than
in conductors and smaller than in insulators. This can be translated as less
energy is required to ionize the atoms of a semiconductor than the atoms of an
insulator. Although in silicon the bandgap is only Ey = 1.12 eV the ionization
energy is F; = 3.6 eV. The band structure of silicon has an offset between the
minimum of the conduction band and the maximum of the valence band and
a non-zero wavevector (momentum) that is known as an indirect bandgap. In
order to excite an electron to the conduction band simultaneous transfer of
both energy and momentum is required. The presence of this offset results in
70 % of the ionization energy being transformed to phonon excitation [37].

Silicon and Germanium, two of the most commonly used semiconductors,
have four valence electrons per atom. These four electrons combine with the
electrons from the neighbouring atoms and form covalent bonds. When a
semiconductor is at room temperature, electrons can move from the valence
to the conduction band thereby creating electron-hole pairs. In an intrinsic
semiconductor the number of free electrons is equal to the number of holes. The
intrinsic carrier concentration of silicon at 300 K is in the order of 10'° cm—3.
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Two common methods of producing and cleaning the silicon crystal from
impurities are the float zone (FZ) and the Czochralski (CZ) process. The
CZ grown silicon is generally characterised by low resistivity (< 100 € cm
typically), making it less suitable as a radiation detector material [38]. For
detectors requiring a higher resistivity, the FZ silicon is used. The proto-
type sensors studied in Section 7 are developed with diffusion oxygenated FZ
silicon (DOFZ). Enriching the silicon substrate with oxygen in the order of
10" em ™3 at the end of the FZ process increases the radiation tolerance of the
sensor [39].

Intrinsic semiconductors are rarely used. To have a better control over the
conductivity of the semiconductor, atoms from other elements are added to
the silicon. This addition of impurities is known as doping. A typical doping
level is in the order of 10'2 cm™3. Replacing a silicon atom with an atom
with five valence electrons is called n-type doping. Since one electron of the
n-type material will not form a bond with an electron from a neighbouring
silicon atom, this excess electron is called donor. Similarly, replacing a silicon
atom with an atom with three valence electrons is called p-type doping. The
incomplete covalent bond creates a hole, also known as acceptor, that may be
filled with an electron from a neighbouring atom.

4.2.2 The pn-junction

By joining a n-type doped with a p-type doped semiconductor a pn-junction
is created. Electrons diffuse to the p region while holes diffuse to the n re-
gion and recombine [40]. The formation of two space charge regions creates an
electric field which counteracts the diffusion. The presence of this “built-in”
electric field results in a region which is free of mobile charge carriers com-
monly known as depletion region. From a radiation detector perspective, this
depletion region is the most important feature of the pn-junction as will be
seen in this section. To determine the width of the depletion region x as a
function of the potential V' one has to solve Poisson’s equation:

A2V Ne
dx?  epeg;

=0 (4.4)

with N being the dopant concentration, e the unit of electric charge in
Coulomb and €y and €g; the permittivity of free space and the dielectric con-
stant of the silicon (relative permittivity), respectively. Integrating Eq. (4.4),
the electrostatic potential is obtained:

_ N, 2
Vi) - {Vn(:c) = Vo —e5 (x —x,)? for 0<z<a, (4.5)

Vp(x) =V, + ega—(z +x,)? for —2, <2 <0 .

2€0€si
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where V,, and V), the electrostatic potentials and z, and z, the depletion
lengths on the n-side and p-side, respectively. The potential difference or built-
in potential between the unbiased n and p regions is equal to [37]:

Vei=Vo =V,
KT N,N,
; n< n? ) (4.6)

where k£ the Boltzmann constant, 7' the temperature in Kelvin, n; the in-
trinsic carrier concentration and Nz and N, the concentrations of donors and
acceptors respectively. Since there is no free charge in the depletion region

Ngzy, = Noxzp . (4.7)

The total depletion width combining Eq. (4.5) and Eq. (4.6) and using
Eq. (4.7) is:

X =z, + 1)
2e0€s5iVii [ 1 1
=, | — | =+ — . 4.
€ (Na + Nd> ( 8)

The depleted region extending across X is a volume empty of mobile charge
carriers due to the presence of the electric field. If a charged particle tra-
verses the depletion region, the liberated electrons (holes) will drift towards
the n (p) side. The drift of the charge carriers is responsible for inducing the
signal in the electrodes. The amount of charge needed to detect a signal can
be reached by collecting all the charge liberated in a thin sensor. In order to
achieve this, the pn-junction needs to be extended across the whole thickness
of the sensor.

Applying bias voltage across the pn-junction

The pn-junction becomes reverse biased by applying a potential V;, between
the two sides of the pn-junction. The potential V}, adds to the built-in voltage
and Eq. (4.8) becomes
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Figure 4.3: Cross section of a partially under depleted sensor. A charged particle
(dashed line) traverses the sensor. The electrons (full circles) and holes (open circles)
liberated in the depleted region (white background) will drift towards the n™ and p*
electrodes respectively, contributing to the signal formation in contrast to the charge
carriers liberated in the non-depleted region (grey background).

2e0esi(Vo+ Vi) [ 1 1
X=,|——m — 4+ — , 4.9
€ Na * Nd ( )

which shows that the depletion width increases with the square root of the
applied bias voltage. The depletion region starts growing from the pn-junction.
In the silicon sensors that will be installed in the VELO upgrade the pn-
junction is asymmetrically built with a highly doped n™ implant in a lowly
doped p bulk material (N, < Ng). In this n-on-p sensor type the depletion
width starts from the n* implant. The depletion width for an asymmetric
pn-junction is

2ep€s;
X~ 2055y, 1y, 4.10
N, (Vo + Vi) (4.10)

The fact that a charged particle liberates charge locally when traversing a

sensor can be used to acquire position information. Assume a charged particle
traversing a sensor with dimensions ! x w x t where [ is the length in the -
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Figure 4.4: Landau MPV as a function of the applied bias for a 200 pm thick n-on-p
sensor from Hamamatsu exposed to a 180 GeV proton and pion beam.

coordinate, w the width in the y-coordinate and ¢ the thickness of the sensor
in the z-coordinate. By segmenting the sensor in multiple electrodes along z,
the position of the charged particle traversing the sensor along one dimension
can be evaluated. By segmenting the sensor also in y then the two dimensional
position of the charged particle can be evaluated. Each two dimensional seg-
mented electrode is called pizel and the whole structure is known as a pizel
sensor.

When a charged particle traverses a partially depleted pixel sensor the charge
carriers liberated in the non-depleted region will not drift to the electrodes.
Therefore not all of the charge liberated by the particle will contribute to the
signal formation. This is visualised in Figure 4.3 where a charged particle
(dashed line) traverses the sensor and thereby liberates charge carriers. The
electrons (full circles) and holes (open circles) liberated in the depleted region
(white background) will drift towards the n™ and p* electrodes respectively.
The n* segmented electrode will be referred to as pixel electrode. The charge
carriers liberated in the non-depleted region (grey background) will not drift
due to the absence of an electric field and consequently not induce any signal.
Collecting only a fraction of the charge liberated leads to a smaller measured
signal. In order to measure the whole charge liberated by the particle the
sensor needs to be fully depleted. If w is the sensor thickness, the full depletion
voltage V¢q can be calculated by setting X = w and solving Eq. 4.10 in terms
of Vp:

Via = — Vi (4.11)
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Since the built in voltage is very small compared to the full depletion voltage
the second term of Eq. (4.11) can be neglected. The full depletion voltage can
be extracted by looking at the charge collection as a function of the applied
voltage. In Figure 4.4 the Landau MPV of the collected charge is plotted
as a function of the applied bias voltage for a 200 pm thick n-on-p sensor
from Hamamatsu exposed to a 180 GeV proton and pion beam. The MPV
increases until it reaches a plateau after about 100 V where the sensor is fully
depleted and does not collect more charge. The bias voltage at the beginning
of the plateau region is the full depletion voltage. Knowing the silicon sensor
thickness and measuring the full depletion voltage one can use Eq. (4.11) to
calculate N, or vice versa.

Leakage current

A flow of the charge carriers occurs when the sensor is reverse biased. This
leakage or dark current is due to thermal generation at recombination centers
in the depleted region. The leakage current [34]:

E
2 B —
IxT exp( ok ) (4.12)

depends strongly on the temperature T in Kelvin and on the sensor geome-
try [37]:

I=1Iywp? (4.13)

where Iy the leakage current per unit volume, p the pixel pitch and w the
sensor thickness. Applying a bias voltage of V;, = 100 V across a 200 pm thick
sensor leads to the formation of an average electric field of 5 kV /cm. Operating
the sensor at bias voltages > V;, will lead to the formation of a high electric
field in the sensor. This high field may cause an avalanche breakdown that
can destroy the sensor if the current is not limited. For a prototype 200 pm
n-on-p sensor from Micron the abrupt increase of the leakage current above
300 V is shown in Figure 4.5 . To avoid breakdown, sensors are operated with
bias voltages below the breakdown voltage.

Charge Motion

When a charged particle traverses the depleted sensor charge will be liberated.
The current densities of the charge carriers [34] are:
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Figure 4.5: Measured leakage current as a function of applied bias voltage for a
prototype 200 pm n-on-p sensor from Micron.

J, = qnueﬁ + pek T'Vn

! N (4.14)
Jp = qpunE + ppk T Vp

where p the mobility of the charge carriers (¢ = e, h), E the electric field and
n (p) the electron (hole) concentration. The mobility of the charge carriers is
related to the diffusion constants D, using Einstein’s relation

kT
De = —pe . (4.15)

The liberated charge carriers are affected by the concentration gradient Vn
or Vp and tend to move from a high concentration region to a region where
the concentration is lower. This effect known as diffusion is described by:

Jnaig = DVn

o (4.16)
Jp.aif = —DpVp .

In the case of the n-on-p type sensor, the presence of the electric field will
force the holes to move towards the electrode at the backplane of the sensor
and the electrons to the n™ pixel electrode. This motion of the charge carriers
can be described by an average drift velocity as a function of the mobility and
the electric field:
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Figure 4.6: Weighting field and electric field for two sensors of same geometry
(thickness, pixel pitch) but different type (n-on-n and n-on-p).
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The mobility of electrons is about 3 times higher than the mobility of holes
in silicon (pe = 1350 cm?/Vs and puy, = 470 cm?/Vs). This proportionality of
the drift velocity as a function of the electric field is valid up to electric field
values of 10* V/em. For higher electric fields the drift velocity saturates [41].

Signal Formation

The charge carriers liberated in bulk of the sensor will drift due to the electric
field. According to Ramo’s theorem [42] the displacement of charge carriers in
the presence of an electric field induces a current on the electrodes:

ic=eE, 0. (4.18)

where ¢ is the type of charge carrier (electron or hole) and F,, the weighting
field. The weighting field, which should not be confused with the electric field,
can be obtained by applying unit potential to an electrode while grounding
the neighbouring electrodes. The weighting field depends on the distance from

o1



CHAPTER 4 SILICON SENSORS

5250 -
S - i
— C ]
2r electron current E
15 hole current ]
1 —— total current ]
0.51 3

0l ‘ m "

o 05 1 15 2
time [ns]

Figure 4.7: Simulated signal formed by 4000 e~ /hole pairs drifting from the middle
of a 200 pm n-on-p sensor biased at 120 V and assuming a full depletion voltage at
80 V. The current induced by the electrons provides the major contribution to the
total induced current.

the pixel electrode to the backplane electrode, the pixel implant width and the
distance to the neighbouring electrodes.

The electric field profile E, depends on the sensor type as shown in Fig-
ure 4.6. For the n-on-n sensor (n*-type pixel electrode in a n-type bulk) the
electric field is minimum close to the pixel electrode and increases linearly as
the depth, which is the distance from the pixel electrode, increases. The elec-
tric field profile is different for the n-on-p sensor. It is maximum close to the
pixel electrode and drops linearly as a function of depth. As a consequence
of the two different electric field profiles the product of the electric field and
the weighting field will be different for the two n-on-z designs (with = being
p or n). The mobility of the charge carriers is constant, hence the product
of the electric and the weighting field determines the induced current. The
total induced current i; is the sum of the electron and hole induced currents.
A charged particle traversing 55 nm of silicon, which is the pixel pitch of the
silicon sensors studied in this manuscript, will liberate about 4000 e~ /h pairs.
A calculation of the currents induced by 4000 e~ /h pairs drifting from the
middle of a 200 pm n-on-p sensor is shown in Figure 4.7. The sensor is biased
at 120 V assuming a full depletion voltage at 80 V. The main contribution to
the total induced current comes from the drifting electrons. Electrons in the
n-on-p sensor type will drift towards the pixel electrode where the product of
the weighting and the electric field is maximum. In the case of two sensors
with the same thickness and pixel electrode geometry but of different bulk type
the induced currents will have a different profile due to the different electric

52



4.3 SIGNAL ACQUISITION

Previous Pixel

|

Clk_Countb Clk_Read Mux

l

l T Mux —
]
Preamp
- 14 bits
THR —| Shutter— Timepix Shift
Shutter_int

4 bits thr Adj

Synchronization Register
Ctest Logic
PO — Conf
i onf  ——
«~— Testbit Polarity Pl —
8 bits «———]
configuration
Test Input
Ovf Control
Clk_Count Clk_Read
Next Pixel
~ / ~— —

Avnalog Egi’ral

Figure 4.8: Diagram of a Timepix pixel logic [43] (see text for explanation). On the
left side the analog part including the preamplifier and the descriminator is shown.
On the right side the digital part including the TSL and the 14-bit Shift Register is
shown.

fields. By integrating i; over time, the same total amount of collected charge
is obtained:

t
Q :/ i dt (4.19)
to

which is equal to the charge initially liberated by the charged particle in the
sensor assuming no charge is lost due to trapping or charge recombination. Af-
ter the signal is formed the next step involves its readout and measurement.

4.3 Signal acquisition

The readout of the signal is done by an application specific integrated cir-
cuit (ASIC). The two ASICs used in the results presented in this manuscript,
Timepix and Timepix3, derive from the Medipix family of chips [82].
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Figure 4.9: Operation modes of TimePix involving time measurement. Plots taken
from [45].

4.3.1 Timepix ASIC

The Timepix ASIC [44], designed in a 250 nm technology, consists of a matrix
of 256 x256 square pixels each with a pitch of 55 pm. In Figure 4.8 the diagram
of the Timepix pixel logic is visualised. The signal induced current is integrated
and slowly discharged by the preamplifier. The time the preamplifier needs
to fully discharge the integrated signal can be adjusted by setting the Tkrum
current!. The output of the preamplifier is then compared to a threshold value.
This threshold is the sum of a value commonly distributed to all pixels (THL)
and a 4-bit trim set per pixel.

Timepix can be operated in one of the three modes: 1) counting, 2) time
of arrival and 3) time over threshold. The operation mode can be set in the
Timepix Synchronization Logic (TSL). In the event counting mode the digital
counter of a pixel is incremented by one unit each time the measured signal
is above threshold. The time of arrival (ToA) and time over threshold (ToT)
mode make use of an external clock distributed globally to the pixel matrix. By
operating the clock at maximum speed (100 MHz) the corresponding timing
resolution is 10 ns. In ToA mode the 14-bit Shift Register starts counting when
the signal crosses the threshold until the end of the shutter. Once the shutter
is closed the information from all pixels is shifted out sequentially. During this
time (about 8 ms) the chip does not record signals. In ToT mode the Shift
Register starts counting when the signal crosses the threshold until the signal
falls below threshold. The ToA and ToT modes are explained in more detail
in Section 4.3.3. The need for faster data acquisition, higher timing resolution
and extracting more information from the sensor led to the development of
Timepix3.

1The Ikrum current is in the preamplifier circuit.
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4.3.2 Timepix3 ASIC

As successor to the Timepix chip, Timepix3 [46] introduces a number of new
features and improvements. Timepix3 is designed in a 130 nm CMOS tech-
nology. In order to minimize the time needed to read the data it features a
zero-suppression scheme in which only pixels that are hit are read out. More-
over, when operated in the so-called data driven mode, the transmission of a
hit is instantaneous and is not postponed until the shutter is closed. In ad-
dition, Timepix3 measures simultaneously ToA and ToT in each pixel. The
ToA information normally measured with a 14-bit register can be extended
with additional 4 bits reaching a timing resolution of 1.56 ns. Timepix3 has
the same square pixel matrix and pixel pitch as Timepix. The maximum hit
rate of Timepix3 is 80 Mhits/s.

4.3.3 Time of Arrival and Time over Threshold

The ToA mode in Timepix uses a shutter for the measurement of the charge
drift time. Since the shutter time is known, the ToA expresses the difference
between the time the integrated current induced by the drifting charge crossed
the threshold and the end of the shutter (Figure 4.9(a)). In Timepix3 instead,
the arrival of a the hit expresses the current time obtained from a continuously
counting of clock cycles. The time synchronisation between different Timepix3
ASICs is obtained from an external reference pulse (to).

In ToT mode, the time the signal was above threshold is measured (Fig-
ure 4.9(b)). The ToT is an indication of the total energy deposited. A typical
ToT value for a minimum ionizing charged particle traversing a 150 pm thick
sensor is 150 counts?. To translate the ToT in equivalent units of charge a
calibration of the ASIC in necessary.

4.3.4 Calibration

In Timepix and Timepix3 the measured ToT value is an indication of the
charge liberated by a charged particle in a pixel. In order to translate the ToT
to equivalent units of charge, the ASIC must be calibrated. The calibration is
performed by injecting a known amount of charge via test pulses and measuring
the detector response [47]. The data can be described by a so-called surrogate
function [48]:

ToT(q) = g-q + ToTo — Lt +o (4.20)
-

20ne count or clock cycle in the ToT mode corresponds to 25 ns.
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Figure 4.10: Typical calibration curve of a Timepix obtained with testpulses.

where ¢ the amount of charge injected, g is the gain, o the offset, c¢,t
and ToTy other fit parameters. An example of a calibration curve for a
Timepix ASIC is shown in Figure 4.10. The surrogate function consists of
a linear part >2000 e~ and a non-linear part when the charge of the injected
test pulses is close to the detector threshold. Per pixel calibrations for all the
prototype assemblies studied in this manuscript were performed.

4.3.5 Timewalk

The signal measurement is influenced by the response time of the discriminator
along and the value of the threshold. This means that two signals of different
amplitude arriving simultaneously will not be detected at the same time (Fig-
ure 4.11(a)). This effect is called timewalk. Since Timepix3 can measure both
the ToA and the ToT of the signal in each pixel it is an ideal candidate to
quantify the timewalk effect. To do so, a Timepix3 ASIC bump-bonded to a
silicon sensor was placed perpendicular to a 180 GeV proton and pion beam.
The time t;.qcr at which a charged particle intercepts the detector is known
by using the averaged time of the 8 planes in the Timepix3 telescope (see Sec-
tion 5.2.2). The effect of timewalk is shown in Figure 4.11(b) where the time
difference between the hit tp;; and t4,.4c; is plotted as a function of the charge
collected in each pixel hit. The majority of the hits deposit enough charge
such that the distribution of the difference between t5;; and t;.qcr projected
on the y-axis follows a Gaussian distribution around zero. However, hits with
a charge <6000 e~ will be subject to non negligible timewalk having a response
time >5 ns.
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(b) Measured timewalk on a 200 pm thick n-on-p sensor
from Hamamatsu operated at 200 V and bump-bonded on
a Timepix3 chip. The sensor was placed perpendicular to the
beam. Hits with charge <6000 e~ have a response time >5 ns.

Figure 4.11: The timewalk effect.
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4.3.6 Noise

In case of the Timepix ASIC, the noise per pixel is about 100 e~ RMS and a
threshold variation of 35 e~ RMS [47]. The Timepix3 ASIC has a noise level
of about 60 e~ RMS [49] with the threshold variation being typically 30 e~
RMS. Setting the THL at 6 o above the total noise level, defined as the square
root of the quadratic sum of the noise level and the threshold variation, would
be sufficient to reduce hits due to noise. However, in order to avoid noise hits
Timepix and Timepix3 are operated at a threshold value of 1000 e™.

4.4 Overview of sensor configurations

4.4.1 Sensor types

In a silicon sensor of any type (z-on-z), the concentration of donors Np or
acceptors N4 in the implants is several orders of magnitude larger than the
doping concentration of the bulk. The concentration of acceptors in the bulk is
in the order of 10'? cm ™3 and the ratio of donors in the implants over acceptors
in the bulk is Ny/N, ~ 107.

The formation of the pn-junction in a silicon sensor depends on the types of
the pixel electrode, bulk and backplane electrode. The most commonly used
sensor is the p-on-n type. In a p-on-n type of sensor the depletion region
starts from the p' pixel electrode and grows towards the backplane as a func-
tion of the applied reverse bias voltage. Holes are collected in the p™ pixel
electrodes while electrons drift to the backplane. One of the main drawbacks
of the p-on-n design is its performance after heavy irradiation. At about a
fluence of 1013 1 MeV Neq/ cm? the bulk undergoes type inversion® after which
the depletion region grows from the backplane. For a p-type bulk, the intro-
duction of acceptor like states due to irradiation will not cause type inversion
as in the case of the n-type bulk but will increase the p-type effective doping
concentration. This behaviour of the p-bulk makes the n-on-p design radia-
tion hard. Eventually to deplete the sensor it needs to be operated at high
bias voltages [38] due to the difference in its effective doping concentration.
Increasing the bias voltage is limited due to the formation of high leakage cur-
rents that can destroy the sensor. In case of the p-on-n design, long after type
inversion full depletion cannot be reached so the drifting charge carriers will
induce signal to multiple pixel electrodes degrading the spatial resolution of
the detector.

For the LHCb VELO upgrade two sensor designs were considered, the n-on-n
and n-on-p type. In the n-on-n design, the n* pixel electrodes collect electrons

3Type inversion will be discussed in Section 4.5 .
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and depletion starts from the backplane (Figure 4.12(a)). When the n-type
bulk undergoes type inversion, the sensor turns to n-on-p type where depletion
starts from the pixel electrodes. Drifting charge carriers will not induce signal
to multiple electrodes in contrast to the case of the type inverted p-on-n design.
This behaviour under irradiation makes the n-on-n sensor radiation harder
than p-on-n. However, extra steps are needed during the sensor production
to isolate the n™ implants and avoid short circuit between the pixels as will
be discussed in Section 4.4.2. Although the n-on-n design requires a more
expensive double sided processing it is preferred in many experiments where
the sensor is exposed to high levels of radiation.

The second design for the VELO upgrade, the n-on-p design, is easier to
realise since only single sided processing is required. The n™ pixel electrodes
collect electrons and need to be isolated as in the n-on-n design. Depletion
starts from the side of the pixel electrodes as shown in Figure 4.12(b) in con-
trast to the m-on-n design. The fact that the n-on-p design is also radiation
hard and its manufacturing is cheaper than n-on-n makes it an ideal candidate
for applications where the radiation levels are high.

4.4.2 Interpixel isolation

In p-on-n sensors, the adjacent p*-implants are isolated by the electron accu-
mulation layer which is formed below the oxide due to radiation. However, in
the case of n-type implants, this electron layer needs to be interrupted as this
would short circuit neighbouring pixels. This can be achieved by the p-stop
or the p-spray isolation technique as depicted in Figure 4.12. The advantages
of the p-spray technique is the absence of one photolithographic step and bet-
ter high voltage performance due to the reduction of the electric field with
increasing oxide damage [50]. An advantage of the p-stop technique is that
a high dose of a p™ dopant can achieve a good isolation. Both techniques of
interpixel isolation have been used for the prototype sensors studied in this
manuscript.

4.4.3 Guard Rings

If the depletion region reaches the edge of a silicon sensor a large increase in
the leakage current may occur. Another hazardous scenario involves the ac-
cumulation of electrons at the edge surface leading to a high electric field at
the edge which can cause breakdown. Multiple rings known as guard rings are
used to slowly drop and terminate the potential at the edges of the sensor. The
guard rings are placed at the sensor perimeter as depicted in Figure 4.13(a)
and extend the physical edge of the sensor up to 500 pm from the edge pixels.
Extending the sensors beyond the edge pixel results in introducing an inactive
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(a) Conventional sensor with guard rings. (b) Active edge sensor with doped edge.

Figure 4.13: Different designs to reduce the electric field at the edge: (a) conven-
tional sensor using guard rings and (b) active-edge sensor with doped edge.

area that will contribute to the multiple coulomb scattering. Moreover, it pre-
vents from placing the sensors closer to the beam. Both effects are unwanted,
hence a small guard ring design is desired.

4.4.4 Edgeless sensors

An innovative concept of reducing the inactive area at the edge introduced
by the guard rings has been developed with the edgeless sensors. Edgeless
sensors can have a slim-edge or an active-edge. Slim-edge sensors are diced
and passivated closer to the pixel matrix [51] while active-edge [52] sensors are
etched and doped. Although the extra doping at the sides of the active-edge
sensor (Figure 4.13(b)) suppresses the surface current between electrodes, the
electric field lines at the edge are distorted. The effect of the distortion of the
electric field streamlines on the detector efficiency and resolution is reported
in Chapter 6.

4.5 Radiation Damage

With the term radiation damage we are referring to the defects in our detector
caused by exposure to a flux of particles. These defects can be divided into
bulk damage and surface damage.

4.5.1 Bulk damage

The NIEL described in Section 4.1.3 is responsible for bulk damage effects. The
damage effect due to initial and cascading-displacements induced by neutrons,
charged particles and photons is expressed by the damage function D(E) in
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Figure 4.14: Simulated distributions of vacancies from 10 MeV (left) and 24 GeV
protons projected over 1 pm of depth in silicon (plots taken from [54]).

units of MeV cm?, whose value at 1 MeV is the American Society for Testing
and Materials (ASTM) standard D (1 MeV) = 95 MeV mb. The propor-
tionality between NIEL and the resulting damage effects is referred to as the
NIEL-scaling hypothesis [53]. Using the NIEL scaling as a basis, the damage
caused by a particle p with a certain kinetic energy is described by a hardness
factor x and the total fluence ®,. It can be expressed in terms of 1 MeV
neutron equivalent fluence as

Cg=r-9, . (4.21)

Bulk damage is caused when a high energetic particle displaces a Primary
Knock on Atom (PKA) out of its lattice position. Such a process will lead
to a point defect. A collection of point like defects will form a region of
cluster defects [63]. Point defects are caused by photons, cluster defects by
neutrons while electrons and charged hadrons can cause both type of defects.
In case of protons the type of defect depends on the energy. In Figure 4.14
the vacancies in the silicon lattice made by 10 MeV and 24 GeV protons at a
fluence of 10** ¢cm~2 is simulated. Low energy protons produce mainly point
defects and only a few cluster defects. High energy protons produce both
types of defects. Radiation damage in the bulk leads to an increase of the
leakage current, a change of the effective doping concentration and an increase
of charge trapping.

Leakage current

Defects in the bulk can act as generation-recombination centers leading to
an increase of the current proportional to the 1 MeV neutron equivalent flu-
ence .,
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Figure 4.15: Current related damage rate versus annealing time (plot taken
from [57]).

I=a®.,V (4.22)

where « is the current related damage rate and V' the active volume. The
damage rate « is independent of the material type, process technology and the
irradiating particle? [55]. The relation between « and time-temperature can be
found in [56]. As shown in Eq. (4.12), the leakage current scales with T2. For
an irradiated sensor, the leakage current anneals with time and the annealing
effects depend on T as shown in Figure 4.15.

The expected leakage current due to irradiation for the current VELO is
plotted in Figure 4.16. Uncertainties on the leakage current prediction coming
from the annealing factor and the damaging fluence prediction are represented
by the shaded region. The predicted leakage current is on average within
7% of the measured one, with a 15% spread from all the individual sensor
measurements [58].

An increase in the leakage current will increase the power dissipation of the
sensor, which can be seen as excess heat. If this excess heat is not removed,
it will increase the temperature resulting in a further increase of the leakage
current. As a result the sensor may be become thermally unstable. This
mechanism is known as thermal runaway [23]. To avoid thermal runaway the
sensors are cooled to keep the leakage current low.

4Here the type of particle is implied (u,p,n) and not the particle’s energy.
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Figure 4.16: Leakage current for different detector planes in the current VELO after
1.2 fb™'. The predictions (shaded region) include the data from the A and C sides
of the VELO [58]. The two sensors at z= —400 mm are the n*-on-p type sensors.

Effective doping

The defects described in Section 4.5.1 lead to donor removal and generation
of acceptor like states in the bulk. Defining the difference between all donor-
like states and acceptor-like states as effective doping Neg, the relation of the
depletion voltage Vge, with this quantity can be written using Eq. (4.11) as

e
Viep = =—— | Negr|w? (4.23)
2¢€p€si

where w is the thickness of the depleted layer of the detector. The depen-
dence of the effective doping and full depletion voltage on the fluence is shown
in Figure 4.17. The doping concentration changes such that the initially n-
type silicon bulk becomes intrinsic and after more fluence turns to p-type with
the acceptor concentration growing as the fluence increases. This space charge
sign inversion is most commonly known as type-inversion.

All but two of the current VELO sensors are n™-on-n type consisting of
a highly doped n-implant in a n-type bulk with a highly doped p-implant in
the backplane. As a test for the upgrade two n'-on-p sensors are installed
at the upstream end of the VELO. When comparing the depletion voltages
after irradiation between the two different sensor designs, the n*-on-p type
sensors reach the hardware limit of 500 V at 35 x 10'? 1 MeV neq/cm? less
fluence than the n™-on-n type sensors® [17]. This fluence corresponds to 9%

5The n-on-n sensors are expected to reach the 500V limit at a fluence of about
380 x 10'2 1 MeV neq/cm?.
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Figure 4.17: Effective doping concentration (Neg) as a function of fluence after
irradiation with 23 GeV protons [59]. Type inversion for the diffusion oxygenated FZ
silicon (DOFZ) occurs at about 2x10**cm™2. On the left hand axis is the resulting
depletion voltage for a 300 pm thick sensor. The indexes <lxz> indicate the crystal
structure (Miller indexes).

of the total fluence needed for the nT-on-n type sensors to reach the hardware
limit.

The effective doping concentration after irradiation is described as a function
of the fluence, time and the doping concentration before irradiation using the
expression:

Neff = Nefﬂq):O - [Na(q)aTcmt) + NC((I)) + NY(CI); Ta7t>] (424)

known as the Hamburg model [60]. This model is a parametrization with
the term NN, expressing the short term annealing component, N the stable
damage and Ny the reverse annealing. Each term influences differently the
effective doping concentration as depicted in Figure 4.18 where the change
in Neg of a sample irradiated to a fluence of 1.4-10'* cm™2 and kept at 60°C
is plotted as a function of annealing time [57]. The short term annealing N, is
observed in the order of hours after irradiation by a decrease in the depletion
voltage. This beneficial annealing is caused by a change in the effective doping
concentration that for a n- to p-type inverted bulk (as shown in Figure 4.17)
means positive space charge is removed. The A N.g reaches a minimum at the
end of the short term annealing period. This minimum is representative of
the stable damage. The stable damage term N, is independent of tempera-
ture and time. According to the Hamburg model it can be parametrised as
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Figure 4.18: Annealing of a sample at 60°C after being irradiated to a fluence of
1.4-10" em™2 [57].

a function of fluence and expresses the donor removal rate. The end of the
short term annealing is followed by the reverse annealing Ny that describes
an effect opposite to the short term annealing. During the reverse annealing
the space charge of the type inverted sensor becomes more negative, leading
to an increase of the full depletion voltage.

The reverse annealing is a serious threat for the current and upgrade VELO
sensors since the LHCb detector is planned to run several years. Keeping
the sensors at room temperature for weeks will lead to an increase of the full
depletion voltage. Therefore the VELO sensors are cooled down in order to be
kept at the phase of beneficial annealing. The effective depletion voltage® as a
function of fluence is plotted in Figure 4.19 for the current VELO sensors. The
solid green lines are the predictions from the Hamburg model where all three
annealing components have been taken into account. The Hamburg model
predictions have been plotted over the different sensor categories and are in
good agreement for low and high fluences.

Charge trapping

Another effect induced by radiation is the trapping of the signal charge re-
sulting in a reduced charge collection efficiency. The density of the trapping
defects depends on the fluence and can be described by a parameter called
effective trapping rate 1/7 [ns™!| that can be written as:

1 59 (4.25)

Te

6The effective depletion voltage is defined as the voltage at which the MPV is equal to 80%
of the plateau ADC value for that sensor.
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where ¢ the type of charge carrier, ® the fluence in cm~2, 8, a fit parameter
in cm? /ns . For a neutron irradiated sensor the values of the fit parameter for
electrons and holes are 8, = 4.1-10716 ¢cm?/ns and 8, = 6.0-10716 cm? /ns
respectively [61]. Operating an irradiated sensor at high bias voltages will
result in a shorter collection time of the charge. By keeping the collection time
shorter than the trapping time enough charge will be collected.

4.5.2 Surface damage

The second type of radiation damage affects the oxide (such as SiOs) and
the silicon-oxide interface. Since the crystal structure of the SiO5-Si surface is
irregular, the displacement of single atoms does not cause the effects that occur
in the bulk. Ionization on the other hand can cause permanent defects [62].
The mobility of electrons is several orders of magnitude higher than the hole
mobility in the oxide. Due to this difference in mobility holes can be captured
in the interface region between silicon and oxide (Figure 4.20).

The immobilised holes result in an increase of positive charge causing a shift
in the flat band voltage [40]. Ionization can also introduce new energy levels in
the large bandgap (8.8 €V for SiOs) of the silicon-oxide surface. Electrons or
holes can occupy one of these levels thereby increasing or decreasing the oxide
charge.

Positive surface oxide charge density caused by surface damage may short
circuit the nt pixel electrodes in a n-on-p type of sensor and create a con-
duction channel. As a result, the charge liberated by a charged particle may
spread over multiple pixels and degrade the spatial resolution. The p-stop or
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Figure 4.20: Surface damage in the oxide. Holes (open circles) are captured in
the interface region between silicon and oxide. An electron accumulation layer (full
circles) is formed between the n-type implants. This layer needs to be interrupted
to avoid short circuit between neighbouring pixels.

p-spray technique described in Section 4.4.2 can provide enough insulation be-
tween the pixels. According to [63] the n™ pixel electrodes are insulated up to
a proton fluence of 7-10'* cm~2 even in the absence of an interpixel isolation
structure. Moreover, Dalal et al. [64] found by studying the combined effect
of bulk and surface damage that the increasing surface oxide charge density is
compensated by the increasing concentration of defects in the sensor bulk.
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Chapter 5

Testbeam set-up

Prototype silicon sensors for the LHCb VELO upgrade need to be charac-
terised before proceeding to mass production. These prototype sensors were
placed in a beam of 180 GeV protons and pions at the SPS at CERN. To un-
derstand the behaviour of the sensors on a pixel level, a large amount of data
is required. For this reason the prototype silicon sensors were bump-bonded to
Timepix3 ASICs. The Timepix3 ASIC [46] has been designed for a maximum
hit rate of 80 MHits/s. To allow dedicated studies of the performance of the
sensors, a telescope of Timepix3 ASICs has been assembled. This telescope,
operated in the period of 20142015, has evolved from the Timepix telescope.
Both telescopes allow detailed studies of the prototype silicon sensors. The
main principles of operation of the Timepix3 telescope are explained in this
chapter.

5.1 The Timepix and Timepix3 telescopes

The Timepix telescope [65], which was operated until 2012, consists of 8 Timepix
detectors with 300 pm thick silicon sensors equally divided in two arms. The

Device-under-Test (DuT) is placed between the two telescope arms where the

track-pointing resolution is better than 2 pm. The frame based readout of

Timepix allowed a maximum frame rate of 60 Hz. With the Timepix ASIC

clock frequency set at 10 MHz, a maximum of 125 tracks per frame were ac-

quired.

The Timepix3 telescope has a similar configuration as the Timepix telescope
as shown in Figure 5.1(a). It consists of 8 Timepix3 detectors with 300 pm
thick silicon sensors with the DuT placed between the two telescope arms.
The Timepix3 telescope features also the same track-pointing resolution as
the Timepix telescope. The main differences with respect to the Timepix
telescope are:

e use of the Timepix3 ASIC instead of the Timepix ASIC
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(a) The Timepix3 telescope (picture taken from [66]). The 8 telescope planes are divided
over two arms with the Device under Test (DuT) placed in the middle. The SPIDR boards
needed to read out the Timepix3 ASICs are also visible.

y\ 0,0)
Y Z X
(0,0, 0)

X

(b) Local and global reference frames. The global frame is defined with the
(0,0,0) set at the bottom left corner of the first telescope plane. The local
frame (x, y) is defined with the (0,0) set at the center of a pixel matrix.

‘Upstreamarm.  DuT  Downstream arm

z

x

z

(c) Telescope orientation. The telescope planes are rotated by 9°
around the global Y and global X axis to achieve optimum spatial
resolution.

Figure 5.1: The Timepix3 telescope: (a) picture of the telescope, (b) local and
global reference frames, (c) orientation of the telescope in the global reference frame.
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e use of the SPIDR system [67] needed to readout the Timepix3 ASICs
instead of the RELAXD system needed to readout the Timepix ASICs

e no PCB at the back of the Timepix3 assemblies reducing the radiation
length by a factor of 2,

e the track reconstruction algorithm of the Timepix3 telescope is based
on timestamps compared to the space residual based algorithm of the
Timepix telescope.

A global reference frame (X,Y, Z) is defined with the (0, 0, 0) placed at the
bottom left corner of the first telescope plane (Figure 5.1(b)). The Z direction
is defined as the beam axis with the XY plane perpendicular to Z. A local
coordinate system (x,y) is defined with the (0,0) set at the center of the pixel
matrix. The column number of the pixel matrix corresponds to the x coordi-
nate and the row number to the y coordinate. The telescope planes are placed
at fixed positions along the Z axis. In addition, the telescope planes are ro-
tated by 9° around the global Y and global X axis as shown in Figure 5.1(c)
to achieve the optimal spatial resolution [47].

The pointing resolution of the telescope is smaller than the DuT pixel pitch
by a factor of 27 giving the possibility to study the DuTs with sub-pixel preci-
sion. The DuT is mounted on a computer controlled translation and rotation
stage which allows translations in directions transverse to the beam in steps
of 1 pm as well as rotations with 0.01° accuracy. In Chapter 6 the results on
DuTs with specific edge characteristics acquired with the Timepix telescope
will be presented. In Chapter 7 the performance of irradiated sensors mounted
as DuTs in the Timepix3 telescope will be discussed.

In the following sections the main principles of operation of the Timepix3
telescope are explained. The quality of the data is monitored with an online
tool. Track reconstruction and data analysis is performed with dedicated offline
software.

5.1.1 Data taking
The beam in the SPS has a spill structure. One spill comes typically every 33 s
and lasts for 4.5 s containing on average 10° particles. A typical run lasts for

two spills. The Timepix3 telescope allows the collection of up to 107 tracks/s
due to the high pixel hit rate of the Timepix3 chip.

5.1.2 Online monitoring

A dedicated software has been developed in Qt [83] and C++ for the online
monitoring of the telescope. A number of variables from each telescope plane,
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Figure 5.2: Pixel hit maps from the online display. The beam spot is roughly in
the center of the telescope planes (planes 0-3 and 5-8). For this particular study
the device under test (DuT) is set such that the beam is at its corner.

such as ToT distributions and pixel hit maps, are plotted during data acqui-
sition. The online monitoring tool is regularly used to verify the position of
the beam with respect to the telescope during data taking. An example of a
monitoring plot using a sample of about 10° tracks from the data is shown
in Figure 5.2. The number of hits per pixel on each plane mark the beam
spot with the color axis expressing the number of hits. For this particular run
the DuT is set such that the beam is positioned at its corner.

5.2 Telescope track fit

In this section the track fit procedure in the telescope will be discussed. A
dedicated software framework KEPLER, based on the GAUDI framework, is
developed for the offline analysis of the testbeam data. The steps of the track
reconstruction sequence along with the most important features of each step
are described.
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5.2 TELESCOPE TRACK FIT

5.2.1 Hit collection and clustering

The collected hits are ordered in time using their timestamp information®.
For each pixel hit, a clustering algorithm loops over the adjacent pixels. If an
adjacent pixel is hit within a time window of 250 ns the hit is added to the
cluster. The ToT value of each pixel hit is converted to charge using a per
pixel surrogate function as described in Section 4.3.4. The cluster charge is
the sum of the charges from all hits while the time of the cluster is taken as
the time of the earliest hit. The position of the cluster is calculated using the
center of gravity method. The cluster size distribution of all clusters for one
of the telescope planes (plane 2) is shown in Figure 5.3. For every telescope
plane, the most probable value is 3 pixels per cluster.
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Figure 5.3: Cluster size distribution of all clusters in a telescope plane.

A drawback of looping over adjacent pixels is that if a pixel is dead or masked
it may interrupt the clustering sequence. The clustering can be adjusted to
group non-adjacent pixels. The requirements are that the pixel hits are sep-
arated by <3 columns and rows and all are inside the 250 ns time window.
The concept of this algorithm is illustrated in Figure 5.4. This feature of the
clustering algorithm is used in the study of large clusters as in the grazing
angle analysis in Section 7.7.

5.2.2 Time based tracking

The track reconstruction sequence is based on the timestamp information of
each cluster. Starting from a cluster in plane 0 the algorithm searches for

IThe timestamp of each hit pixel, in units of ns, is the time difference between the time
the pixel was hit and the start of the run.
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Figure 5.4: [llustration of the clustering algorithm feature that looks for hits beyond
adjacent pixels: two clusters (A and B) appearing to be separate are adjacent to a
dead or masked pixel (left), are joined together by the clustering algorithm to a
single cluster (right).

clusters on plane 1 within a time window of 10 ns. If a cluster is found on
plane 1, the clusters from the two planes form a track seed. This track seed
is extrapolated to the next plane searching for a cluster within a time and a
spatial window. The cluster closest in time within a 10 ns time window and
within a spatial window defined as 0.01 rad x dz where dz the distance between
the two planes, typically about 5 cm, is added to the seed. Since tracks are
required to consist of clusters from all 8 telescope planes, the tracking sequence
is repeated until the last plane. Clusters formed on the DuT are not included
in the sequence in order to avoid biasing of the DuT results.

The cluster association efficiency in a telescope plane is defined as the ratio
of clusters associated to a track over the total number of clusters. A number
of effects may introduce additional hits not associated to tracks resulting in a
decrease of the efficiency. If the noise in a pixel exceeds the threshold value then
the pixel will appear as hit. Another effect that may decrease the efficiency
are pixel hits associated to scattered tracks that are created from nuclear
interactions.

To avoid these hits, a cluster occupancy cut is applied in the tracking se-
quence. By applying this cut, the tracking algorithm starts with a fixed number
Ny of seed clusters. Next, it searches for a maximum of N, clusters per each
plane within the 10 ns time window. The resulting cluster associating efficiency
per plane is shown in Figure 5.5 with all planes having an efficiency >99.9%.
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Figure 5.5: Cluster association efficiency of the telescope planes. The DuT (plane 4)
is not included in the track reconstruction.

5.2.3 Alignment

The alignment of the DuT with respect to the telescope reference system is
of key importance in order to take advantage of the pointing resolution of the
telescope. To achieve this, the telescope planes need to be aligned first. To
check the quality of the alignment, tracks are reconstructed and fitted with a
straight line. In the alignment and tracking processes only clusters with a size
of <4 pixels are used. A fixed error of 4 pm is assigned to the local x and
local y position of each cluster that is transformed to the global frame.

To align the Timepix3 telescope a sample in the order of 10* tracks is needed.
The alignment of the telescope is based on the Millipede algorithm [84] [68].
To improve the quality of the alignment, a sequence of alignment algorithms
including Millipede and the Minuit [85] package is used, as described below.

For the alignment of the telescope planes the free parameters (X,Y, Z, 6x,
0y ,07) need to be determined where 6 are the rotations around the X, Y, Z
axes. The DuT is excluded from the telescope alignment. The telescope planes
are positioned at fixed Z positions, rotated around the X and Y axes by 9° so
the initial conditions for a plane i are (0,0, Z;,9°,9°,0°). The first telescope
plane is selected as a reference plane. Initially the algorithm aligns the planes
by minimising the X and Y cluster residuals on a plane with respect to the
reference plane allowing only X, Y and 6 to vary. Next, straight line tracks are
fitted to the clusters on the telescope planes. The track x? is minimised using
Minuit. Next, this process is performed a second time in order to minimise
0x, 0, and a third time in order to minimise 6z and Z.

Having determined the free parameters (X,Y, Z,0x,0y,0z) one can trans-
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CHAPTER 5 TESTBEAM SET-UP

form from the local to the global reference frame and vice versa. The residuals
in the local reference frame, defined as x (y) predicted by the telescope minus
the x (y) of the cluster calculated using the center of gravity method, have
a o of 3-5 nm for the telescope planes. The track selection is a lower cut in
the x? probability of 0.5%. The tracks that pass the selection are used to
subsequently align the DuT.

5.3 DuT tracks

The relative Z position of the DuT to the two telescope arms is measured each
time a DuT is placed in the telescope. Tracks that pass the probability cut are
extrapolated to the Z position of the DuT. The DuT is not included in the track
fit allowing an unbiased calculation of the residuals. These residual distribu-
tions are used to check the quality of the DuT alignment. The x (y) residuals of
one-pixel clusters are expected to follow a uniform distribution with the mean
centered at 0. A non-zero mean value of the residual distribution smaller than
the maximum pointing resolution of the telescope (| presidual |< 2 nm) is an
indication of a good alignment.
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(a) Residuals in x. (b) Residuals in y.

Figure 5.6: Unbiased residuals in x (a) and y (b) for one-pixel clusters of a 150 pm
thick n-on-n sensor operated at -20 V (the full depletion voltage of the sensor is
-10 V).

The unbiased x and y residuals in the local reference frame of one-pixel
clusters in case of a 150 pm thick n-on-n sensor operated? at -20 V are plotted
in Figure 5.6. The RMS of each residual distribution is 11.8 pm, which is
smaller than the binary resolution equal to pitch/ V/12. This 3 pm discrepancy
comes from the fact that at the regions close to the pixel edge charge carriers

2The full depletion voltage of this sensor is around -10 V.
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5.3 DUT TRACKS

have a high probability to form two-pixel clusters, such that the effective cross
section for one-pixel clusters is reduced.

The DuT residuals are 9-12 pm depending on the bias voltage and the thick-
ness of the sensor. The DuT residuals are larger than the residuals in the
telescope planes by roughly a factor 2 because the telescope planes are rotated
by 9° around the X and Y axis, in contrast to the DuT that is perpendicular
to the beam.

5.3.1 Spatial association of DuT clusters

To predict the intercept point of the track on the DuT, the fitted track from
the telescope is extrapolated to the Z position of the DuT. If a pixel is hit in a
square window of 220 pm (equal to 4 pixels wide) around the track intercept
on the DuT, then the cluster this pixel belongs to is associated to the track. A
visualisation of the acceptance cut that associates DuT hits to telescope tracks
is shown in Figure 5.7.
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Figure 5.7: Association of DuT clusters (blue filled squares) to a telescope track.

For a minimum ionizing particle (MIP) traversing the sensor perpendicularly,
the cluster size depends on the intercept of the MIP on the pixel. Normalising
the telescope prediction to the pixel pitch, the track intercept position for one,
two, three and four pixel clusters within the pixel is visualised in Figure 5.8.
Looking at each cluster type in more detail a number of conclusions can be

drawn:

e one-pixel cluster will be formed when all the charge carriers liberated
in the silicon induce signal in one pixel while the signal induced in the
neighbouring pixels is below threshold. This is most likely to occur in
the center of the pixel as shown in Figure 5.8(a).
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Figure 5.8: Track intercept position for one, two, three and four pixel clusters in a

pixel of a 150 pm thick n-on-n sensor operated at -20 V (the full depletion voltage
of the sensor is -10 V).
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e When the charged particle traverses the sensor close to the pixel’s edge,
collecting charge in the neighbouring pixel is probable due to the diffusion
of the charge carriers which leads to the formation of two-pixel clusters
(Figure 5.8(b)).

e At the corners of the pixel the charge carriers may diffuse to all adjacent
pixels leading to the formation of three or four-pixel clusters as depicted
in Figure 5.8(c) and 5.8(d).

In case of the Timepix telescope a track could only be associated to a DuT
cluster using the spatial method depicted in Figure 5.7. However, in the studies
performed with the Timepix3 telescope a DuT cluster is associated to a track
using the timestamp information.

5.3.2 Timing association of DuT clusters

In case of the Timepix3 telescope, a cluster on the DuT is associated to a track
by selecting the cluster closest in time around the track but not larger than
50 ns. The track time t;.qcr is defined as the mean time of all clusters that
the track consists of.
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Figure 5.9: Time residuals of a 200 pm thick sensor operated at 200 V set perpen-
dicularly to the beam.

The time residuals, defined as tyyqck — tpur Where tp,r the time of the
earliest hit from the associated DuT cluster, for a sensor set perpendicularly
to the beam are shown in Figure 5.9. The RMS of the distribution is about 1 ns
while the 0.25 ns offset of the mean from zero is due to timing offsets introduced
by the readout (like differences in cable length).
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In all studied performed with the Timepix3 telescope the DuT clusters were
associated to tracks using both the space and time window selection. Associat-
ing clusters from the DuT is the last step of the offline analysis sequence. The
data of one spill are processed with a rate of about 15x10% tracks/s. Therefore
the time needed for the offline analysis software to process the data of one Run
is comparable to the typical Run duration.

5.4 Summary

The Timepix and Timepix3 telescopes are excellent tools to study silicon sen-
sors. The 2 pm spatial resolution of both the Timepix and Timepix3 telescopes
allows the study of pixel sensors with sub-pixel precision. The two prime ad-
vantages of the Timepix3 telescope are the much higher track rate, which is
larger by a factor 100 with respect to the Timepix telescope, as well as the
simultaneous measurement of ToA and ToT. By recording these quantities si-
multaneously charge collection measurements with a timing resolution in the
order of 1 ns can be performed.

In the studies performed with the Timepix telescope the DuT to track asso-
ciation was done based on a spatial window. In case of the Timepix3 telescope,
the simultaneous measurement of ToA allows the association of DuT clusters
to a track using an additional time selection.
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Chapter 6

Results with active-edge sensors

A number of prototype sensors from VTT [86] with active-edge were stud-
ied with the Timepix telescope [65]. The sub-pixel pointing resolution of the
telescope was used to study the efficiency and the streamlines of the electric
field at the edge of these prototype sensors. The results of the measurements
were published in Nuclear Instruments and Methods in Physics Research Sec-
tion A: Accelerators, Spectrometers, Detectors and Associated Equipment.
This publication [69] is reprinted in this chapter with permission of Elsevier
Publishers.
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1. Introduction

Silicon pixel detectors are chosen in experiments where radiation
hardness and high precision tracking are demanded. In order to
cover a large detection area, the tiling of many sensors is necessary.
Conventional sensors use guard ring electrodes to gradually reduce
the electric field towards the edge and in this way isolate the pixel
matrix from edge effects. However, this results in an area with
reduced sensitivity at the edge of the sensor up to a few hundred
microns. In recent years, novel types of sensors with a smaller
inactive area at the edge have been developed. These so-called
edgeless sensors are divided into two sub-categories, slim-edge and
active-edge. In the case of slim-edge sensors the sensor is diced and
passivated closer to the pixel matrix [1] while in the case of the
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0168-9002/© 2014 Elsevier B.V. All rights reserved.
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active-edge [2] the sensor is etched and doped’ [3]. The presence of
this doping layer suppresses the surface current between electrodes
but also distorts the electric field at the edge of the sensor. In this
paper the performance at the edge of a series of non-irradiated
active-edge sensors manufactured by VTT is studied.

2. Experimental setup

As part of the LHCb VELO upgrade programme, a high efficiency
telescope had been assembled in the SPS North Area at CERN. The
telescope [4] consisted of eight Timepix [5] detectors with 300 pm

1 The implant type at the edge depends on the sensor type: n* edge for a p-on-
x sensor and p* edge for a n-on-x where x is either n or p.

2 VIT Technical Research Centre of Finland P.O. Box 5520 FI-01051 LASKUT
Finland.
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Table 1
A list of the VTT sensors tested.

Timepix chip Sensor type Thickness (pm) PTE (pm) Full depletion voltage (V) Guard ring Interpixel isolation® Bias voltage (V)
D07-W0160 n-on-n 150 50 7-10 No p-Stop —40, —20
J08-W0171 n-on-p 100 50 10-13 No p-Spray —60
F08-W0171 n-on-n 200 50 14-17 No p-Spray —60
C07-W0171 n-on-p 100 100 10-13 No p-Spray —80
H08-W0171 n-on-n 200 100 14-17 Floating” p-spray —80, —40

2 A p-type implant is needed between the pixels of an n-on-x sensor to interrupt the electron layer formed below the oxide.

b A floating guard ring is a guard ring that is not grounded.

0.8

physical edge - Mo =2

0.6

efficiency

04

02

-7100 -7080 -7060 -7040 -7020 -7000
Xipack [HM]

-6980 -6960

'
'
. ' :
- ' '
- ' '
L ' ' i
> 06— ' 1 physical edge- i =5um
5 = ' '
2 - ' '
& L ' '
T 04— ' '
- ' '
- ' '
L ' '
02— ! !
- ' '
o ' '
L ' '
ol v v
6950 7000 7050 7100 7150
Xigack [HM]

Fig. 1. Efficiency at the side edge of the 150 pm thick n-on-n sensor DO7-W0160 with 50 um PTE (left) and at the side edge of the 100 pm thick n-on-p sensor C07-W0171
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Fig. 2. Hit map of the 150 pm thick n-on-n sensor DO7-W0160 with 50 pm PTE. A
“hot” column and row (shown in the zoomed picture) second to the last ones are
the results of the distortion of the electric field pattern at the edge.

thick sensors equally divided into two arms with an additional ninth
plane providing timing information. The device under test (DUT)
was mounted on a computer controlled translation and rotation
stage which allowed translations in transverse directions to the
beam in steps of 1 pm, as well as 0.01 of a degree accurate rotations.
The stage was placed between the two telescope arms where the
track pointing resolution is less than 2 pm. A series of prototype
active-edge sensors from VTT of thicknesses 100-200 pim, pixel-to-
edge (PTE) distances of 50 pm and 100 pm and different sensor
types (n-on-n and n-on-p) were bump-bonded on Timepix chips
and installed as DUTs in the Timepix telescope. The PTE is defined as
the distance from the edge of the last pixel implant to the cut edge.
All sensors have a pixel pitch of 55 um. The pixel implants are

circular with a diameter of 28 pm. The sensor of one of the DUTs
(HO08-W0171) has one guard ring with a width of 11 pum. Metrology
results indicate that the sensor size and alignment with respect to
the readout ASIC are in agreement with the values from the design.
A list of the five sensors and their properties is presented in Table 1.

The center of the beam spot was aligned with the edge of the
sensors in order to acquire higher statistics for this sensor region.
The beam consisted of charged hadrons with a momentum of
180 GeV/c. All data shown in this paper were taken with the DUT
orientated perpendicular to the beam axis. Runs at different bias
voltages were taken for a selection of these sensors.

3. Determination of hit position

The tracks are reconstructed and fitted using only hits on the
telescope planes in order to avoid biasing of the results. The fitted
track from the telescope is extrapolated to the position of the DUT
to predict the intercept point of the track on the DUT. The track
selection cut is an upper cut in the y? probability of 0.5%. The
surviving tracks are used to align the telescope planes and
subsequently the DUT. The telescope planes are tilted to 9° to
achieve the optimum spatial resolution [6]. The residuals (defined
as the X (Y) predicted by the telescope minus the X (Y) of the
cluster) have a o of 3-5 pm for the telescope planes and 9-12 pm
for the DUTs depending on the bias voltage supplied and the
thickness of the sensor. The smaller residuals are a result of setting
the telescope planes in their optimum angle in contrast to the DUT
which is set perpendicular to the beam. The telescope and the DUT
planes are lying on the XY plane where the column number of the
pixel matrix corresponds to the X-axis and the row number to the
Y-axis. A local coordinate system (X,Y) is defined with the (0,0) set
at the center of the pixel matrix.
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Fig. 3. Residuals in X as a function of the X coordinate predicted by the telescope for the sensors with 50 um PTE (left column) and 100 pm PTE (right column): 100 pm thick
n-on-p JO8-W0171 at —60 V bias (top left), 150 pm thick n-on-n DO7-W0160 at —40 V bias (middle left), 200 pum thick n-on-n FO8-W0171 at — 60 V bias (bottom left), 100 pm
thick n-on-p C07-W0171 at —80V bias (top right), 200 pm thick n-on-n H08-W0171 at —40V bias (middle right) and at —80V bias (bottom right). The dotted lines
represent the pixel boundaries and the green line the physical edge. The absence of hits in the boundary between the last two pixels of the 200 pm thick n-on-n sensor FO8-
WO0171 (bottom left) is due to the appearance of three-pixel clusters and is discussed in Section 6. (For interpretation of the references to color in this figure caption, the

reader is referred to the web version of this paper.)

All the DUTs were operated in Time-over-Threshold (ToT)
mode. In ToT mode, for each pixel hit a counter is incremented
for as long as the preamplifier output is above threshold, thereby
giving a measurement of the energy deposited in this pixel. The
counting clock had a frequency of 40 MHz. For a minimum
ionizing particle (MIP) traversing the 150 pm thick n-on-n sensor
(D07-W0160), the most probable value is 150 ToT counts when
collecting electrons. The most probable ToT value depends on the
thickness, type and polarity of the sensor. The ToT counts provided
by the pixels are then converted into charge by applying a
surrogate function [6] with different fit parameters for each device
obtained from testpulse data. The center position of the cluster is
calculated by using the center of gravity (CoG) method.3 For

3 In the center of gravity method the position of the hit on N pixels is calculated
after weighting the position of the pixels using their respective charge after the
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clusters containing edge pixels, the CoG method does not provide
accurate information about the track position causing a divergence
from zero in the residual distributions as will be described
in Section 5.

4. Efficiency towards the physical edge

To measure the efficiency (defined as the ratio of number of
tracks with a matching cluster on the DUT over the number of
tracks predicted by the telescope) the following procedure is used:

(footnote continued)
charge calibration correction with the formula

Z?’: 0 Xidi
ot

Xcoc =Xo +
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Fig. 4. Left: Anatomy of an active-edge sensor. Figure not to scale. Right: TCAD simulation of the electrostatic potential of a 150 pm thick n-on-n sensor with 50 pm PTE, p-
stop interpixel isolation operating at —40 V. The streamlines of the electric field at the edge are not perpendicular to the sensor.

a track is declared as found when a pixel is hit in a square window
of 110 pm (two pixel pitch wide) around the telescope’s prediction
on the DUT. Since the pointing resolution is below 2 pm, it is
possible to probe the efficiency at the edge in detail. The results
are shown in Fig. 1 for the 150 um thick n-on-n sensor (left) and
the 100 pm thick n-on-p sensor (right). The efficiency distribu-
tions of all sensors with 50 pm PTE are identical to Fig. 1 (left) and
the distributions for all sensors with 100 pm PTE are identical to
Fig. 1 (right). The (green) vertical line represents the physical edge
and the dashed lines represent the boundaries of the last pixel.
The dashed lines are fixed by aligning to the pattern of one-pixel
clusters within the main body of the pixel array. The position of
the physical edge is defined by the PTE and verified by metrology
in the case of the 150 pm thick sensor (D07-WO0160). Metrology
was performed at CERN using the optical measuring system MAHR
Wegu OMS 600 with an uncertainty of +1 pm. The distance
between the physical edge and the boundary of the last pixel is
37 pm for the 50 pm PTE sensors and 87 pm for the 100 pm PTE
sensors. The DUTs are ~ 100% efficient through all the pixel matrix.
At the edge of the sensor, the efficiency is > 99% up to 10 pm from
the physical edge. The efficiency distribution is fitted with an error
function. The mean of the fitted error function is 2-7 pm away
from the physical edge.

5. Residuals at the physical edge

Looking at the raw data and the integrated hit map in Fig. 2, the
pixels of the second but last row (column) of some of the sensors
of Table 1 show an excess of hits compared to their neighboring
pixels. In those sensors it is never the case that a pixel hit is seen in
the last row (column) which does not share charge with the
neighboring row (column). To understand this effect the residuals
at the edge were studied.

Clusters with a size larger than one are formed due to charge
sharing if tracks intercept close to the boundaries of the pixel cell.
In Fig. 3 the one-pixel and two-pixel cluster residuals are plotted
as a function of the X coordinate of the track intercept as predicted
by the telescope. The dotted vertical lines represent the pixel
boundaries and the solid (green) vertical line represents the
physical edge of the sensor. The requirement for all two-pixel
clusters used in this analysis is that both pixels belong to the same
row. The first and last five rows are excluded to avoid influences
from the corners of the sensors. The increased rate of two-pixel
clusters with respect to the center of the pixel matrix and the

absence of one-pixel clusters from the last pixel up to the physical
edge are indications of the distorted pattern of the electric field.
This electric field distortion at the edge depends on the thickness
of the sensor, the PTE and the bias voltage applied. The depen-
dence on the thickness and the PTE is studied in Section 6 and the
dependence on the bias voltage in Section 7.

A previous paper [7] reports a distorted pattern of the electric
field lines at the last columns (rows) of active-edge sensors.*
Looking at the cross-section of such an active-edge sensor in TCAD
simulations [8] we can visualize this distortion of the electric field
pattern. The PTE distance and the edge implant are depicted in Fig. 4
(left). In Fig. 4 (right) the electrostatic potential of a 150 pm thick
active-edge sensor with a 50 pm PTE, p-stop interpixel isolation
operating at —40 V is simulated. In a homogeneous electric field the
field lines are perpendicular between the top and bottom contact of
the sensor. However, the field line at the boundary of the two edge
pixels, which will be referred to as streamline, is shaped in such a
way that it reduces the volume of the sensor where free charge
carriers will be collected by the last pixel. Simultaneously, this
effective volume® is increased for the one but last pixel.

For a charged particle, free charge carriers will be liberated
along the whole path of the particle through the sensor (Fig. 4
right). In the case of particle B, all electric field lines originating
from a point along the particle's trajectory end on pixel 2.
However, when a particle traverses the sensor close to the edge
(particle A) where the streamlines are curved, both the last and
one but last pixel (pixels 1 and 2) collect charge. Reconstructing
the edge streamline and estimating the effective volume of the
edge pixels are the main topics of Section 6.

6. Charge fraction of the edge pixels

The ratio of the charge of a pixel over the total charge of the
cluster can be used to estimate the effective volume of each pixel.
In Fig. 5 the CoG of the two-pixel clusters as a function of the
prediction from the telescope for the X coordinate are plotted.®
The empty space between the charge ratio curves represents areas
where the liberated charge is not shared between pixels. A particle

4 In [7] the sensors are placed at large angles with respect to the beam. No
telescope is used to define the intercept of a particle on the sensor.

> The term effective volume refers to the volume formed by the streamlines.

© In Figs. 5 and 6 the charge fraction is defined as the charge of the pixel closest
to the edge (outer pixel) over the total charge of the two-pixel cluster it belongs to.
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Fig. 5. Charge fractions of pixels forming two-pixel clusters at the edge of the sensors with 50 pm PTE (left column) and 100 pm PTE (right column): 100 pm thick n-on-p J08-
WO0171 at —60 V bias (top left), 150 pm thick n-on-n DO7-W0160 at —40 V bias (middle left), 200 pm thick n-on-n FO8-W0171 at —60 V bias (bottom left), 100 pm thick n-on-p
C07-W0171 at —80V bias (top right), 200 pm thick n-on-n HO8-WO0171 at —40V bias (middle right) and at —80 V bias (bottom right). The dotted lines represent the pixel
boundaries and the green line the physical edge. (For interpretation of the references to color in this figure caption, the reader is referred to the web version of this paper.)

traversing the sensor at a region corresponding to such an empty
space will form a one-pixel cluster. For the 150 pm thick sensor
with 50 pm PTE (D07-W0160) at —40 V bias the effective volume
of the second to last pixel is ~1.7 times larger’ compared to the
volume of a more central pixel while the effective volume of the
last pixel (extending up to the physical edge of the sensor) is
approximately the same as the volume of a more central pixel.
Note that all sensors were operated at a voltage larger than the full
depletion voltage, as listed in Table 1. The cluster-charge distribu-
tion (Landau) of each sensor has been compared to that expected
for a fully depleted sensor and found to be in accordance to
expectation. This provides an independent cross-check that the
sensors were fully depleted.

The effect of the curved streamlines at the edge is also present in
the case of the 200 pm thick sensor with the same PTE (FO8-W0171)

7 This value is calculated from the testbeam data.
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at —60 V bias as shown in Fig. 6. In the region located at the boundary
of the last and one but last pixel marked with the (red) dotted ellipse,
three-pixel clusters with all three pixels in the same row are formed.
The additional appearance of three-pixel clusters at the rows close to
the edge of the 200 pm thick sensor is evidence of an even more
distorted electric field than in the case of the 150 um thick one.

The electric field pattern at the edge is less distorted in the case
of J08-WO0171 and C07-WO0171. Fig. 5 (top left) and (top right)
shows that the field lines at the pixel boundaries are uniform up to
the edge of J0O8-W0171 and C07-WO0171 respectively. Both J08-
WO0171 and C07-W0171 are 100 pm thick and were operated at
—60V and —80V respectively.

The amount of distortion depends on the thickness and the PTE. For
the sensors of Table 1 without guard ring we observe a reduction of the
distortion as the dimensionless ratio of thickness over PTE decreases.
The distortion becomes negligible when the ratio approaches one. This
dependence of the electric field on the geometrical features of the
sensor is expected since for a small thickness over PTE ratio the sensor
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Fig. 8. TCAD simulations of the electrostatic potential of a 100 um thick n-on-p (left) and n-on-n (right) sensor, both with a 50 pm PTE and operating at —80 V. For both
sensor types, the streamlines at the edge are closer to perpendicular than the ones in Fig. 4 (right).

resembles a parallel plate configuration where the edge is relatively far
away from the one but last pixel.®

8 The comparison to a parallel plate configuration is of limited use when the
sensor is mildly overdepleted since in that case the electric field is not constant as a
function of Z.

7. Bias dependence on the electric field lines at the edge

The electric field at the edge as a function of the supplied bias
voltage was studied for DO7-W0160 and H08-W0171. The shape of
the edge streamline was determined by the following procedure:
(i) each bin of the track coordinate in the charge fraction plots was
fitted with a Gaussian, (ii) the mean of each Gaussian was plotted
as a function of the X or Y coordinate predicted by the telescope
and (iii) the plot was fitted with a second order polynomial.
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Fig. 9. Residuals in Y as a function of the Y coordinate predicted by the telescope (left) and residuals in X as predicted for the X coordinate (right) for the 150 pm thick n-on-n
sensor DO7-W0160 with 50 pm PTE after applying the correction in the CoG method. The residuals of the edge two-pixel clusters are not larger than the one-pixel

cluster residuals.

For different bias voltages the shape of the streamlines of the
electric field at the edge of the 150 pm thick sensor (D07-W0160)
does not change significantly as shown in Fig. 7 (left). For the
200 pm thick sensor with the floating GR (H08-W0171) in Fig. 7
(right), the shape of electric field streamlines shows a strong
dependence on the applied bias voltage. At —40 V bias, perpendi-
cular tracks beyond 7.04 mm will form two-pixel clusters since the
electric field streamlines (purple line) have the usual distorted
pattern extending from the boundary of the last two electrodes up
to the physical edge. Increasing the bias voltage results in a
significant change of the electric field pattern. The edge stream-
lines become steeper and extend up to the bias side of the sensor
(blue line) leading to the formation of one-pixel clusters beyond
the boundary of the last pixel.

8. Simulations

Simulations in TCAD provide us with an internal view of the
electric field pattern in the sensor. The simulated pattern of the
electric field lines at the edge of the 150 pm n-on-n sensor in Fig. 4
(right) is in good agreement with the streamlines obtained from
the charge ratio of the edge pixels shown in Fig. 5 (middle left).
Additional simulations of a 100 pm thick sensor with a 50 pm PTE
sensor were made to investigate the behaviour at the edge. As
depicted in Fig. 8 (left), the streamlines at the edge are expected to
be closer to perpendicular compared to the case of the 150 pm
thick sensor with the 50 pm PTE due to the fact that in this last
case the physical edge is further away. This is confirmed by the
charge ratio measurement of the J08-W0171 sensor shown in
Fig. 5 (top left).

From the sensors of Table 1, both sensors with the minimum
distorted edge streamlines (JO8-W0171 and C07-WO0171) are of
sensor type n-on-p. To exclude that the reduction of this distortion
is due to the sensor type, sensors with geometries same as J08-
W0171 and C07-W0171 but of opposite bulk type were simulated.
In Fig. 8 simulations of a sensor with the same geometry as J08-
WO0171 in n-on-p (left) and in n-on-n configuration (right) show
that the distortion of the edge streamlines is independent of the
sensor type for highly overdepleted sensors.

9. Corrections on the cluster position at the edge

Using the information from the charge ratios, a better estimate
of the cluster position at the edge can be achieved. The spatial
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resolution of a pixel or strip detector for one-pixel clusters is
pitch/+/12.° This so-called binary resolution can be improved in
the case of multi-hit clusters by applying the CoG method men-
tioned in Section 3 or by applying other corrections such as the
eta-function [9]. A similar correction in the CoG of the last two
columns (rows) is applied in order to improve the spatial resolu-
tion at the edge.

By plotting the cluster coordinates predicted by the telescope
as a function of the CoG information from the DUT a correlation
function between the two quantities is derived. This correlation
function (a second order polynomial) is used to correct the cluster
positions beyond 6.98 mm. In Fig. 9 the residuals using the
corrected cluster position are plotted for the 150 pm thick sensor
(D07-W0160). The distribution of the two-pixel cluster residuals
up to the end of the pixel matrix is similar to that of one-pixel
clusters. The charge ratio of the two-pixel clusters is uniform
beyond the boundary of the last pixel up to the physical edge
therefore no correction in the COG position can be applied. The
corrections on the cluster position in Fig. 9 are made for perpen-
dicular tracks. The correction function at the edge (similar to the
eta function) depends on the angle of the track. One could also
apply a correction to the cluster position for angled tracks if an
indication of the track angle is given.

10. Conclusions and outlook

The performance at the edge of a novel type of active-edge
sensors from VTT using a high precision telescope with a pointing
resolution below 2 pm is reported. All sensors are ~100% efficient
through all the pixel matrix and > 99% efficient up to 10 pm from
the physical edge. A known feature of these active-edge sensors is
the distorted pattern of the electric field at the edge. By studying
the charge fractions of the edge two-pixel clusters a reconstruction
of the streamlines is possible. These reconstructed streamlines are
in good agreement with TCAD simulations. The formation of two-
pixel clusters at the edge can be used to improve the spatial
resolution at the edge of the sensor after applying a correction
function. The studies presented should also be made with irra-
diated sensors. This was however not possible with the Timepix as
this ASIC is not radiation hard. Recently the Timepix3 ASIC has
become available allowing us to repeat these studies as a function
of radiation dose.

9 The measured & of the resolution is smaller than pitch/+/12 due to the fact
that one-pixel clusters are formed in the center of the pixel.
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Chapter 7

Results with prototype sensors for
the upgrade

As part of the VELO upgrade a testbeam programme has been carried out to
compare the performance of the sensors before and after irradiation. A num-
ber of prototype sensors from Hamamatsu and Micron have been examined as
DuTs (Devices under Test) in the Timepix3 telescope. Different measurements,
depending on the DuT configuration with respect to the beam, were performed
on the irradiated and non-irradiated sensors. With the sensors being placed
perpendicular with respect to the beam, measurements on the charge collection
efficiency and diffusion were performed. In addition, measurements of the col-
lected charge versus depletion depth profile, time to threshold versus depletion
depth profile and of various radiation induced effects (like charge trapping and
the effective doping concentration) were performed with the sensors rotated
by large (grazing) angles with respect to the beam.

7.1 Assemblies tested

Each assembly consists of a Timepix3 ASIC bump-bonded to either a Hama-
matsu or a Micron sensor. The sensors from Hamamatsu are produced from
one single wafer, are 200 pm thick n-on-p type and feature 35 or 39 pm implant
widths that are isolated using the p-stop technique described in Section 4.4.2.
The sensors from Micron come from two different wafers. The sensors from
the 200 pm thick wafer are n-on-p type while the ones from the 150 pm thick
wafer are n-on-n type. All Micron sensors feature 36 pm wide implants iso-
lated using the p-spray technique. The non-irradiated assemblies tested are
presented in Table 7.1.

A subset of the assemblies were irradiated with neutrons at the JSI insti-
tute in Ljubljana [87] up to fluences of 8x10'® 1 MeV ney/cm?. This fluence
corresponds to the expected NIEL! fluence that the sensors will have been

1The NIEL is defined in Section 4.1.3.
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Table 7.1: Non-irradiated sensors tested.

Assembly | Thickness Sensor Vendor Implant Full Doping
ID Type width depletion level
[12m] [m] [Volts| [em 7]
S6 200 n-on-p  Hamamatsu 39 140 4.5%x10™
S20 200 n-on-p  Hamamatsu 35 140 4.5%10'2
S23 200 n-on-p Micron 36 <40 <1.2x10'2
S33 150 n-on-n Micron 36 <25 <1.4x10'2

Table 7.2: Irradiated sensors tested.

Assembly | Thickness  Sensor Vendor Implant Fluence
1D Type width
[nm] [nm)] 1 MéV neq/cm?
S15 200 n-on-p  Hamamatsu 35 4x10%°
S17 200 n-on-p  Hamamatsu 39 8x10*°
S22 200 n-on-p  Hamamatsu 35 8x10"°
S27 150 n-on-n Micron 36 8x10"°

exposed to at the end of LHC Run 3. The irradiated sensors that were tested
are presented in Table 7.2.

7.2 Equalisation & Calibration

The threshold settings for all pixels of an assembly need to be adjusted in
order to achieve an equal threshold. This process is known as equalisation. If
the threshold level of a pixel cannot be adjusted to the same level as the rest
of the pixels then that pixel is deactivated. The number of deactivated pixels
for the devices in Tables 7.1 and 7.2 are in the range of 300-500 corresponding
to < 1 % of the total number of pixels.

The amount of charge collected by a pixel is measured in ToT counts.
To convert the ToT counts to charge, a calibration function is used that
is obtained from testpulses as described in Section 4.3.4. Subsequently the
measured charge is converted to electron units thus the detectors are cali-
brated. The most probable electron/hole pair generation in a 200 pm thick
sensor is about 15,000 e~, which (for a Timepix3 ASIC) corresponds to about
200 ToT counts?.

2The number of ToT counts depends on the time the preamplifier needs to fully discharge
the integrated signal, which is adjusted by the Ikrum setting.
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The charge distribution of the collected charge is fitted with a Langaus
and the most probable value (MPV) errors from the fit are <10 e”. In a
perfectly calibrated, non-irradiated detector and assuming a uniform thickness
and depletion width throughout the sensor, the Landau MPVs of all pixels
should be equal. In reality the MPVs of all pixels differ. Assuming that the
thickness is uniform, the calibration error is defined as the standard deviation
of the MPVs per pixel. The calibration error, which is about 100 e, is the
main contributor to the error on the amount of charge collected. The individual
error bars are not shown in figures showing charge distributions.

7.3 Leakage current

The leakage current as a function of bias voltage was measured for each as-
sembly of Tables 7.1 and 7.2. Operating a sensor at bias voltages beyond the
the breakdown voltage leads to high currents as shown in Figure 4.5. These
currents are a signature of the avalanche breakdown that may destroy the sen-
sor. The leakage current as a function of the bias voltage for a 200 pm thick
sensor from Hamamatsu (S22) before and after irradiation is plotted in Fig-
ure 7.1(a). The measurements before irradiation were taken with the sensor
kept at a temperature of 15°C while after irradiation the sensor was at -24°C.
Before irradiation the breakdown voltage of the sensor is about 800 V while
after irradiation the sensor reaches breakdown at voltages in excess of 900 V.

According to Eq. (4.12) the leakage current depends on temperature. Op-
erating the sensor at low temperatures is required in order to avoid thermal
runaway. The leakage current of the irradiated sensor was measured with
the sensor cooled with a Peltier cooling module at -24°C and with dry air
at +17°C (Figure 7.1(b)). If the sensor is operated at +17°C breakdown oc-
curs at about 800 V while when the sensor is kept at -24°C the breakdown
shifts to a higher bias voltage.

7.4 Testbeam data

The data presented in the rest of the chapter are acquired by placing the pro-
totype assemblies as DuTs in the Timepix3 telescope described in Chapter 5.
The telescope was placed in a beam of 180 GeV protons and pions at SPS.
The duration of a typical Run is one or two SPS spills corresponding to about
108 particles per spill.

A number of selection criteria are applied to the data (see Section 5.2.2).
The cluster on the DuT closest in time to a track, but within a time window of
50 ns, is associated to the track. Tracks traversing the detector at the edges of

93



CHAPTER 7 RESULTS WITH PROTOTYPE SENSORS FOR THE UPGRADE

20T T T 1
180
160
140
120
100

e before Irradiation

o after Irradiation

Current [pLA]

»O 00

(&

0 200 400 600 800
bias voltage [V]

(a) Leakage current before and after irradiation.
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(b) Leakage current after irradiation at two different temperatures.

Figure 7.1: Leakage current plot of a Hamamatsu sensor (S22): (a) before and
after being irradiated to 8 x 10'® 1 MéV neq/cm?and (b) operated at two different
temperatures after irradiation.
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7.5 CHARGE COLLECTION EFFICIENCY

the sensor (3 first and last rows and columns) and tracks close to deactivated
or dead pixels are excluded from the measurements since part of the charge
liberated may not have been collected. In general, around 600,000 tracks per
Run qualify for further study.

All sensors were operated at negative bias voltages. However, the voltage
values in all plots are positive to ease the interpretation of the magnitude of
the bias voltages applied.

In Sections 7.5 and 7.6 measurements of the charge collection efficiency and
charge diffusion of the non-irradiated and irradiated assemblies are presented,
respectively. In both measurements the DuTs are placed perpendicular to the
beam.

7.5 Charge collection efficiency

If the sensor is partially or fully depleted and assuming there are no inactive
areas close to the electrodes, the energy deposited in each pixel’s volume follows
a Langaus distribution. The charge collection efficiency is shown by plotting
the Landau MPV component as a function of the bias voltage. The charge
collection efficiency for the non-irradiated devices is illustrated in Figure 7.2.
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8010000 = / =
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bias voltage [V]

Figure 7.2: Charge collection efficiency for the non-irradiated devices.

The charge collected from the depleted region of the Hamamatsu sensors
(blue and black lines with triangles) increases with bias voltage until a plateau
is reached at about 140 V. The beginning of the plateau region marks the
full depletion voltage. In case of the Micron sensors (red and green lines with
squares and circles) the charge collection efficiency has a different pattern. The
amount of charge collected is constant as a function of the applied bias voltage
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indicating that the full depletion voltage is already reached below a few tens
of Volts.

The difference in charge collection efficiency between two assemblies irradi-
ated to different fluences can be seen in Figure 7.3. Two Hamamatsu sensors,
S15 and S22, were irradiated to 4 and 8 x 10'® 1 MeV n.,/cm?, respectively.
The amount of charge collected increases linearly as a function of the applied
bias voltage. At the maximum voltage, the amount of charge collected is less
than half of the charge collected when the sensor is non-irradiated, as can
be seen in comparison to Figure 7.2. The assembly irradiated to the lower
fluence (S15) was not protected against sparking and therefore could not be
operated up to 1000 V.

—10000 f —%— S15at4x10" 1 MeV n,/em’ L

—— $22at8x 10" 1 MeV n,,/em’

Charge collected [e

2

8
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

0 L L L L | L L L L
500 1000

bias voltage [V]

Figure 7.3: Charge collection efficiency for Hamamatsu sensors irradiated at differ-
ent fluences. The lines are drawn to guide the eye.

Comparing the amount of charge collected from each sensor at a certain bias
voltage, the assembly exposed to the lower fluence (S15) collects more charge.
The value of the effective doping concentration Neg for S15 is lower than that
of S22, implying that for the same bias voltage the depleted region extends
deeper into the bulk resulting in more charge being collected. Another factor
contributing to the higher charge collection efficiency of S15 is the smaller
charge trapping rate. According to Eq. (4.25), the trapping rate of the charge
carriers increases with fluence. The width of the depleted region as well as the
effect of charge trapping are studied and evaluated in Section 7.7.

In total three of the prototype sensors from Table 7.2 (sensors S17 and S22
from Hamamatsu and the Micron sensor S27) were exposed to a fluence of
8 x 10'% 1 MeV neq/ cm?. The charge collection efficiency for these sensors is
plotted in Figure 7.4. The amount of collected charge for the irradiated Micron
sensor is almost equal to that of the 50 pm thicker irradiated Hamamatsu
sensors. The amount of charge collected grows almost linearly as a function of
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Figure 7.4: Charge collection efficiency for the devices irradiated to the highest
fluence.

the applied bias voltage. This linear dependence implies that the square root
dependence of the depletion width on the bias voltage (w x /Vgep), as in the
case of a non-depleted non-irradiated sensor, fails to describe the data because
other radiation induced effects (like charge trapping) are not taken into account
in the simple model of Eq. (4.23). The effect of charge trapping is similar in
the Micron and the Hamamatsu sensors due to the fact they are exposed to the
same fluence. Since the initial doping concentrations are small with respect to
the radiation induced doping, the effective doping concentration Neg is about
the same for all sensors. Thus the depleted depth is equal for the same bias
voltage, hence the same amount of charge is collected for the 200 pm and
150 pm thick sensors.

7.6 Diffusion measurement

Assuming that charge carriers drifting towards the electrodes form a cloud,
charge diffusion in the sensor can be studied by measuring the width of this
charge cloud. The DuTs for this study are placed perpendicular to the beam.
The telescope information is used to predict the point at which a track traverses
the DuT.

The number of one-pixel clusters is compared with the prediction of the
impact point. The telescope prediction of the intercept point of a track on the
DuT is scaled to the pixel pitch as shown in Figure 7.5. Since the DuTs are
placed perpendicular to the beam, tracks forming one-pixel clusters follow a
flat distribution in the center of the pixel. The distribution decreases towards
the edges of the pixel. This is due to the fact that the charge liberated along the
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track intercepting the sensor close to a pixel boundary has a high probability
to be shared between several pixels, as shown in Figure 5.8.
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Figure 7.5: Formation of one-pixel clusters normalised in the pixel pitch for a non-
irradiated (a) and an irradiated (b) sensor. Both sensors are 200 pm thick. In the
case of the irradiated sensor, one-pixel clusters are formed in a larger fraction of the
pixel. The solid (red) curves represent the fits from 7.1.

The widths of the flat regions are now used to compare the amount of charge
diffusion between the non-irradiated and irradiated sensor. Each edge of the
distribution is fitted with the cumulative distribution function of the normal
distribution:

f(x):c+s~%(1+Erf(xm_/§)) (7.1)

where ¢ is an offset, s is a scaling factor, Erf() the error function with p the
mean and o the standard deviation of the normal distribution. The mean p
is used as a measure for the width of the flat region. For the non-irradiated
sensor (Figure 7.5(a)) the width of the flat region is 44 pm while for the
irradiated sensor (Figure 7.5(b)), the width of the flat region is 50.5 pm. The
larger width of the flat region in the distribution indicates that the width of
the charge cloud is smaller for the irradiated sensor.

The difference in the formation of one-pixel clusters between the irradiated
and non-irradiated sensor is mainly due to the amount of charge collected with
respect to the threshold value, which is depicted qualitatively in Figure 7.6.
According to Figure 7.2, the measured Landau MPV of the non-irradiated
200 pm thick sensors is about 15,000 e~. Assuming that at a certain position x4
the majority of that charge is collected by pixel B (Figure 7.6(a)), then only 7 %
of the total amount of charge needs to be collected by the neighbouring pixel A
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Figure 7.6: Dependence of cluster formation on the amount of charge collected at
a given position. For a non-iradiated sensor (a) the formation of two-pixel clusters
is more probable and Hamamatsu (b) sensor .

in order to cross the threshold of 1000 e~ and form a two-pixel cluster. For an
irradiated sensor operated at 1000 V, the Landau MPV is 7500 e~ according
to Figure 7.4. Since at the same position =4 charge sharing is the same for the
two sensors, for a charge deposition of 7500 e~ the amount of charge collected
by pixel B will not be larger that the threshold (7 % of 7500 e~ < 1000 e™).
As a result only pixel B will register a hit therefore an one-pixel cluster is
formed. The low signal yield and the effect of the threshold need to be taken
into account when studying the cluster size distribution and cluster formation
in an irradiated sensor.

An additional factor that contributes to the formation of one-pixel clusters is
the effect of the drift time. According to [37], the profile of the diffusion follows
a gaussian distribution where its variance o4 grows with the square root of the
drift time ¢q.4¢ of a single electron. In the depleted region of the sensor, tq,if; 1S
influenced by the electric field. The non-irradiated and irradiated DuT sensors
have average electric fields of 8,000 V/cm and 50,000 V /cm, respectively. For a
non-irradiated fully depleted 200 pm thick sensor operated at 160 V, the time
needed for a single electron to drift from the backplane to the pixel electrode
is about 3.2 ns. For an irradiated sensor operated at 1000 V, the drift time of
a single electron is about 2 ns. Since o4 o< v/tqrist, in the non-irradiated sensor
diffusion is larger than in the irradiated sensor by a factor of 1.3. The combined
effects of lower signal yield and shorter drift time lead to the formation of one-
pixel clusters in a larger fraction of the pixel for an irradiated sensor.

7.7 Grazing angle measurements

Studying the depletion depth profile of irradiated sensors helps to understand
the details of the charge collection process. This profile can be studied by

99



CHAPTER 7 RESULTS WITH PROTOTYPE SENSORS FOR THE UPGRADE

generating a known amount of charge at a certain depth in the sensor while
measuring the detector response. A commonly used technique makes use of
infra-red light with the sensor illuminated from the side [70]. The drawback
of this technique is that one cannot probe the center pixels of a large pixel
matrix (like for the sensors on the Timepix3 chips) due to the small mean free
path of the infra-red light®. In addition, the point where the photons interact
and liberate the charge carriers is not precisely known. The method used in
this manuscript instead makes use of minimum ionizing particles and is known
as the grazing angle technique [71].

7.7.1 Grazing angle setup

In this technique the sensor is rotated with respect to the beam as depicted in
Figure 7.7. The incoming particle traverses multiple adjacent pixels and forms
long tracks. The path length in each pixel is the same except for the first and
last pixel on the track. Knowing the angle of incidence (@), the pixel pitch (p)
and the number of hit pixels (), the information from a pixel N (i) is assigned
to a certain depth d(i) using the formula:

_ pxN()

a0 = %) (7.2)

A particle traversing a sensor with a thickness ¢ = 200 pm and a pixel pitch
of p =55 pm at § = 85 ° with respect to the beam yields a value of N & 42.
According to Eq. (7.2) the depth of the interaction can be determined with a
step size of 4.8 ym. In reality, the number of pixels hit varies due to a number
of factors as will be discussed in Section 7.7.3.

beam

Figure 7.7: Illustration of the grazing angle technique in the XZ plane (top view of
the sensor).

3 Although different wave lengths can be used to probe deeper in the sensor bulk, focusing
the laser in a pixel is difficult.

100



7.7 GRAZING ANGLE MEASUREMENTS

7.7.2 Thickness calculation

The accuracy of the grazing angle technique can be extracted by calculating
the sensor thickness* defined as t. Solving Eq. (7.2) for N gives:

N(6) = 7““1(? <t (7.3)

The most probable cluster length is measured at different grazing angles and
plotted in Figure 7.8 for one of the 200 pm thick Hamamatsu sensors, S6. The
systematic offset from the rotation is 0.2° and the cluster size error is 1 pixel®.
The nominal thickness of the sensor and the angle offset can be extracted from
a fit to the data using Eq. (7.3). The calculated thickness (193 + 14 pm) is in
good agreement with the nominal thickness of the sensor.
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Figure 7.8: Calculating the sensor thickness and the angle offset using the grazing
angle technique in the case of a 200 pm thick sensor from Hamamatsu.

For all non-irradiated sensors, the thickness calculation using the grazing
angle technique showed no deviation from the nominal thickness as presented
in Table 7.3 illustrating that the sensors are indeed fully depleted. Taking
into account the fit errors, the largest error (15 pm) is chosen as the thickness
€rror.

4A precise measurement of the sensor thickness with metrology was not performed.
5Tn the measurement of the number of hit pixels N in Eq. (7.3), 1 pixel was subtracted.
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Table 7.3: Calculated thickness of non-irradiated sensors tested.

Assembly S6 S20 S23 S33
nominal thickness [pm)] 200 200 200 150
thickness from fit [pm] 193+14 197+15 209+15 157+10

7.7.3 Data selection

For all grazing angle data, the sensors were rotated at a large angle around
the y-axis (see Figure 7.7) and at a small angle around the x-axis estimated
to be 1.36°. The path length of a track in the sensor is expressed in units of
adjacent columns. Similarly, the width of the track is expressed in units of
adjacent rows. For the grazing angle set up, the projected cross section of the
sensor is smaller compared to the perpendicular set up. The time duration of
each Run was adjusted to ensure that the number of tracks in the DuT is of the
same order of magnitude as in the charge collection and diffusion studies.

— simulation

data

normalised # of events
TTT I TTTT I TTTT I TTTT I TTTT I TTTT I T 1]
1111 | 1111 | 1111 | 1111 | 1111 | 1111 | Ll

! x10°
0 200 400 600

charge [e ]

Figure 7.9: Charge distribution in a 200 pm thick sensor (S6) set at 85°. The peak
positions and width of the simulated charge distribution from GEANT4 (red solid
line) are in fair agreement with the peak positions and width of the data (black
circles).

Before looking at the different types of tracks in the sensor, the charge col-
lected in a non-irradiated sensor at the grazing angle configuration is examined.
The charge distribution of all clusters formed in a 200 pm thick sensor set at
85° is plotted in Figure 7.9. For comparison the same configuration is sim-
ulated in GEANT Vv4.9.5 and superimposed to the data. The peak positions
and the widths of the two distributions are in fair agreement. Any difference is
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(a) Track types at grazing angles, viewed from the YZ plane (side view of the sensor). The
pixels hit by the beam (blue) or a d-ray (red) are marked as grey.
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(b) Tracks extending to two rows with the row crossing occurring: (i) close to the
backplane, (ii) in the middle of the sensor, (iii) close to the pixel electrode and
(iv) in the middle of the track. The most common tracks are these of type (ii).

Figure 7.10: Different tracks types at grazing angles.
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due to the fact that various chip and sensor mechanisms, like the effect of the
threshold and charge sharing, were not taken into account in the simulation.

A couple of effects influence the track length. One of these effects is charge
sharing which is more likely to occur at the boundaries of a pixel or when
electrons® drift from deeper in the bulk. Another frequent phenomenon that
will increase the number of pixels hit is the creation of d—rays. The most
common types of tracks formed by taking into account the previous effects are
depicted in Figure 7.10(a). These are tracks:

e confined in one row (particle A)

e extending to two rows (particle B)

e releasing a d-ray in the same row (particle C)

e releasing a d-ray that extends to two rows (particle D)

e releasing a d-ray that extends to more than two rows (particle E)

e formed from scattered particles intercepting the sensor at an angle smaller
than the grazing angle (particle F)

The distribution of length versus width for tracks formed in a non-irradiated
sensor operated at 160 V and set at a grazing angle of 85° is shown in Fig-
ure 7.11(a). The majority of tracks have a length equal to 42 and a width <2.
These tracks are of type A, B, C and D. Tracks of type A and C have a width
equal to 1 while tracks of type B and D have a width equal to 2. Tracks of
type E have a length about 42 but extend to more rows. Tracks of type F ap-
pear as a separate smaller distribution having a smaller length and width than
tracks of the other types. An indication of a d-ray is a larger energy deposition
per track segment compared to the theoretical MPV in that track segment. A
cut in the energy deposition per track segment to distinguish between tracks
containing d-rays and tracks with no d-rays (track type A from C and track
type B from D) was not applied to avoid biasing the energy loss distribution
of the tracks.

Tracks with a width of 2 (types B and D) can be further categorised. The
most common tracks extending to two rows are depicted in Figure 7.10(b). If
the double row group of pixels is within 3 columns from the first (last) pixel
then the row crossing occurs close to the pixel electrode (backplane) that is
defined as type i@ (type iii) . If the double row group of pixels is more than
3 columns away from the first and the last pixel, the row crossing occurs in
the middle of the sensor and the track is defined as type ii. A last category
includes tracks in which the double row group of pixels is more than 3 columns
away from the first and the last pixel but the majority of the pixels are in one

6For all assemblies tested, electrons give the major contribution to the induced currents
in the pixel electrodes. This is not true for depths close to the pixel electrodes where
electrons cannot induce large currents due to their short drift distance.
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Figure 7.11: Distribution of the number of columns versus the numbers of rows for
tracks in non-irradiated S6 operated at 160 V (a) and irradiated S22 operated at
1000 V (b) set at a grazing angle of 85°. The areas in the dashed lines correspond
to the track types defined in Figure 7.10.
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row. This track is defined as type v and it is an evident case of a §-ray. More
than 85 % of the tracks with a width of 2 are of type (ii) .

The distribution of length versus width for tracks formed in an irradiated
sensor at the same grazing angle is shown in Figure 7.11(b). The most prob-
able length is about 10 columns smaller than the length of tracks in the non-
irradiated sensor indicating that not all of the charge liberated deeper in the
bulk of the irradiated sensor is collected. The irradiated sensor in this case
is operated at a bias voltage of 1000 V. Due to the high electric field in the
sensor (> 60 kV/cm), the velocity of the charge carriers is higher compared
to the velocity of the charge carriers in the non-irradiated sensor. The higher
velocity corresponds to a shorter collection time. Hence, charge carriers diffuse
less and as a result the majority of tracks are contained in a single row (track
type A or C). The fraction of track type F is larger for the irradiated sensor.
These additional tracks are formed from particles produced from the decay of
radioactive elements in the irradiated assembly.

Opposed to the charge sharing and d-ray creation that increase the number
of pixels hit, N becomes smaller if the amount of charge deposited in a pixel
is below threshold. The feature of the clustering algorithm described in Sec-
tion 5.2 that searches for hits beyond adjacent pixels is used to bind segmented
tracks and include them in the data selection.

All tracks except tracks of type F are considered for the analyses. The track
selection is based on a lower cut in length. For the non-irradiated sensors
tracks with length >30 are considered while for the irradiated sensors tracks
with length >11 are selected. An additional selection is applied in case of
tracks extending to two rows (track types B and D). For these tracks, only the
ones for which the row crossing occurs in the middle (type ii) are considered.

7.7.4 Collected charge profile of the sensor

Since the Timepix3 ASIC measures the ToT and ToA, a simultaneous measure-
ment of the charge deposition and the charge drift time on each pixel is made.
Using this feature of Timepix3, the collected charge and time to threshold as
function of depth of the sensor can be measured.

To measure the collected charge profile, each pixel hit from a track formed
in the sensor is assigned to a certain depth using Eq. (7.2). The distribution
of the charge collected at a certain depth bin is fitted with a Langaus. Only
distributions with >1000 entries are taken into account in order to make a
reliable fit.
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Figure 7.13: Collected charge profile of the 200 pm thick non-irradiated Micron (a)
and Hamamatsu (b) sensor .

Non-irradiated sensors

The charge distributions close to the pixel electrode, at the middle of the sensor
and close to the backplane are presented in Figure 7.12. The most probable
value as a function of depth for the 200 pm thick Hamamatsu and Micron
sensors at different bias voltages is plotted in Figure 7.13. The pixel electrode
is at 0 and the backplane at 200 pm. The depletion in an n-on-p sensor starts
from the pixel electrode as described in Section 4.4.1. When a non-irradiated
sensor is operated at voltages above the full depletion voltage, all the deposited
charge will be collected. This explains the constant amount of charge collected
when the sensors are fully depleted (Vpias >40 V for S23 and Vies >140 V
for S6) in Figure 7.13. The path traversed by the particle in each pixel when
the sensor is tilted at 85° with respect to the beam is 55.2 pym, which is almost
equal to the pixel pitch. A minimum ionizing particle is expected to create
about 72 e~ /h pairs per pm [37], therefore the most probable charge deposited
in each pixel is 3960 e~. The amount of liberated charge is measured to be
38504100 e~ where the error is from the calibration as explained in Section 7.2.
The amount of charge collected from the first and the last pixel is lower because
the path traversed by the particle in those edge pixels is on average smaller
than in a center pixel.

In case of the Micron sensor (Figure 7.13(a)) the amount of charge col-
lected at 20 V bias is constant up to about 120 pm. Beyond that depth the
amount of charge collected drops almost linearly. The same behaviour occurs
for the Hamamatsu sensor (Figure 7.13(b)), but at a higher voltage. The depth
region in which the amount of charge collected is lower corresponds to the non-
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depleted region of the sensor. The amount of charge collected from this region
decreases up to a point where it is equal to about 1500 e~ and the detector no
longer registers a hit. Although the threshold is set at 1000 e, the collected
charge does not go down to that value. The reason that no charge is collected
between 1000 e~ and 1500 e~ is due to the time limit in the integration of
the signal. If the time required to integrate a signal is too long, then it will
not be registered as a hit. The time needed for charge liberated deep in the
non-depleted region to diffuse and then drift towards the pixel electrodes is
larger than that of charge liberated in the depleted region.

For bias voltages below the full depletion voltage (Vy;qs <40 V for S23 and
Viias <140 V for S6) the minimum amount of charge collected flattens for
about 10 pm. As can be seen in the number of hits per depth bin plot of S6 at
20 V in Figure 7.14, for depths beyond 100 pm (where the saturation occurs)
the number of entries is less than half compared to the maximum number
of entries. This will result in enhancing the tails of the Landau distributions
influencing the MPV. Because of these low number of entries the fits are biased
and reach an equilibrium value around 1500 e™.
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Figure 7.14: Number of entries in the Figure 7.15: Simulation of charge col-

profile histogram of S6 at 20 V. lected in the non-depleted region of a
200 pm thick sensor for values of the
mean free path of electrons A. in Si equal
to 1, 2 and 4 nm.

In principle, charge liberated in the non-depleted region will not drift to-
wards the electrodes due to the absence of the electric field and will hence not
be collected. However, charge carriers diffuse independently of the drift field
presence. According to 72| electrons and holes liberated in the non-depleted
region close to the boundaries of the depleted region, may diffuse towards
the depleted region and subsequently drift to the electrodes. This effect is
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known as charge migration. The collection of the charge carriers liberated in
the non-depleted region is simulated in a dedicated Monte-Carlo. A charge
cloud (consisting of the most probable number of charge carriers liberated in
55 nm of Si) is liberated at different distances from the edge of the depleted
region. In Figure 7.15, the collected charge is plotted as a function of the
distance from the depleted edge assuming a maximum charge collection time
of 100 ns. The amount of collected charge drops linearly as a function of the
distance from the edge of the depletion region. Different values of the mean
free path of electrons ). in silicon, corresponding to the electron energy range
of 50-2000 eV [88], are plotted in order to study which value describes the
data best. For a value of A\, = 2 nm the slope, which represents the amount
of charge collected per distance, agrees well with the slope of S23 and S6 in
Figure 7.13.

Irradiated sensors

The effects that reduce the amount of charge collected in an irradiated sensor
are charge trapping and the fact that the sensor is only partially depleted.
The grazing angle measurements provide us additional information about how
these effects contribute to the collected charge.

The charge distributions at three different depths in the irradiated Hama-
matsu sensor (S22), operated at 1000 V, are presented in Figure 7.16. The
charge distribution at 150 pm has an order of magnitude less hits therefore a
larger statistical uncertainty compared to the other two histograms. Looking
at the number of entries per depth bin of S22 at 1000 V in Figure 7.17(a),
the number of entries decreases significantly beyond 100 pm. This is due to
the fact that charge drifting from deep in the sensor has a high probability
to be trapped as will be discussed later in this section. For depths >130 pm
the number of entries is less than half of the maximum entries therefore the
corresponding charge distributions are biased.

The collected charge profile for S22 is plotted in Figure 7.17(b) for differ-
ent bias voltages. For the irradiated S22 the depleted region does not reach
the backplane even when the sensor is operated at 1000 V. The shape of the
collected charge is similar at each applied bias voltage. The amount of charge
collected slightly increases as a function of depth until it reaches a maximum.
Beyond this point, the amount of charge collected decreases. At 1000 V and
for depths >130 pm the amount of charge collected flattens. As explained
using Figure 7.17(a), this flattening is related to the low number of entries per
depth bin similar to the case of the non-irradiated sensor.

To understand the charge profile in the irradiated sensor the effect of charge
trapping needs to be taken into account. As discussed in Section 4.5.1 the
trapping rate of electrons and holes is not the same. Holes drifting to the
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Figure 7.16: Charge distribution fitted with a Langaus at (a) 35 pm, (b) 90 pm and

(c) 150 pm depth of an irradiated 200 pm thick sensor (S22) operated at 1000 V.
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Figure 7.17: Collected charge profile of a 200 pm thick irradiated sensor from
Hamamatsu (522).

backplane have a higher probability to be captured than electrons drifting
towards the pixel electrode. According to [73], the effective trapping rate can
be described by the formula:

q(d) = q(0)e~/ (Vene " 7ess) (74)

where ¢(d) the amount of charge drifting at depth d, ¢(0) the amount of
charge initially deposited, vss; the saturated velocity” and 1/7, ¢+ the effective
trapping rate in ns~! defined in Eq. (4.25). At the depleted region close to the
backplane (between 70 and 155 pm) electrons contribute more to the collected
charge since holes drift for a short distance. Fitting Eq. (7.4) to the collected
charge profile of the irradiated S22 operated at 1000 V (Figure 7.18) and ex-
cluding the depth range with the low number of entries, the calculated effective
trapping rate for electrons is found to be 1/7.¢7. = 0.65+0.12 ns™%.

The same procedure is repeated for the other irradiated Hamamatsu sensors,
S15 and S17 and the results are summarised in Table 7.4. The results of the
S15 sensor are compatible with reports at similar fluences [74]. Measurements
of the effective trapping rate in neutron irradiated sensors at fluences beyond
4 x 10'® 1 MeV neq/cm? have not been reported in literature. Extrapolating
the effective trapping rate from lower fluences as reported in [73] does not
agree well with the data giving a trapping rate larger than the measured rate.
A more elaborate model than that of Eq. (7.4), which takes also the hole

7As a consequence of the high electric field in the sensor the charge drift velocity is con-
stant (velocity saturation).
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Figure 7.18: Collected charge profile of S22 at 1000 V fitted with Eq. (7.4). The
depth region with the low number of entries (>>130 pm) is not included in the fit.

contribution into account, needs to be implemented to describe the collected
charge profile of the irradiated sensor.

Table 7.4: Effective trapping rates of the irradiated Hamamatsu sensors.

Assembly S15 S17 S22
Fluence [10™ 1 MeV neq/cm?| 4 8 8
Measured 1/7cry [ns™'] 0.5140.14  0.61+£0.12  0.65+0.12

For the 150 pm thick irradiated Micron sensor, the grazing angle measure-
ments were taken with the preamplifier discharging faster (high Ikrum value).
As a result the entire ToT distributions® have <5 counts. The resulting small
dynamic range of the measured ToT values provides only a very coarse mea-
surement of the collected charge therefore the charge profile of the irradiated
Micron sensor is not studied in detail.

Track type dependence

As described in the end of Section 7.7.3, the selection criteria for the non-
irradiated sensors include tracks with length >30 and for the irradiated sensors
tracks with length >11. However, according to the distributions in Figure 7.11
the width of the selected tracks varies. In a track with a width >1, the charge
liberated at the boundaries of two rows is shared between the pixels in these
adjacent rows. In order to study how charge sharing influences the collected
charge profile, these profiles are measured separately for tracks extending to

8 A typical calibration curve was presented in Section 4.3.4.
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Figure 7.19: Collected charge profile for different track types for a non-irradiated (a)
and an irradiated (b) sensor.

one, two and >3 rows for a non-irradiated and an irradiated sensor (Fig-
ure 7.19).

For the non-irradiated sensor (Figure 7.19(a)), the difference from the ex-
pected most probable charge deposition is not significant in the order of a
100 e~. The error bars represent the uncertainty from the fits. For tracks
extending to two rows the difference is less than 100 e~ in the depth range
of 50-140 pm. This depth range corresponds to the region where the charge
liberated from the track registers hits in adjacent rows. The 100 e~ difference
is within the measurement error calculated by adding the calibration errors of
the two pixels in quadrature.

For the 200 pm thick irradiated sensor (S22), the collected charge profiles
for the three categories are almost identical except for the depth range of 20—
100 pm (Figure 7.19(b)). The average charge collected in the case of tracks
extending to two rows is about 150 e~ smaller than the average charge collected
in the case of tracks confined in one row.

Studying tracks that extend to two rows in more detail provides additional
information. The majority of these (>85 %) consist of tracks where the row
crossing occurs roughly in the middle of the track?. The charge distribution
of individual, which will be referred to as single, pixels from these tracks is
plotted in Figure 7.20. The distribution has a minimum of about 1300 e~
that indicates an offset compared to the expected threshold value of 1000 e~.
Additional information on this threshold offset can be found in Appendix A.

9These tracks are defined as type (ii) in Figure 7.10(b).
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Figure 7.20: Charge distribution of single pixels in track type (ii) in case of the
irradiated sensor (S22) set at 85°. The charge distribution has a threshold of 1300 e™.

The effect of the higher threshold on the pattern of the collected charge pro-
file can be understood by looking at the charge distribution of single row and
double row pixels. For every track extending to two rows, pixels in the same
row are studied separately from pixels in double rows (Figure 7.21). Most of
the hits confined in a single row collect <2600 e~ as shown in Figure 7.22(a).
Adjacent pixels extending to two rows (Figure 7.22(b)) have two character-
istics. Firstly, they are located in the depth range of 20-100 pm due to the
cuts imposed in Section 7.7.3. Secondly, the total amount of charge collected
is >2600 e~.
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Figure 7.21: Example of a track (type ii) extending to two rows in the 200 pm thick
irradiated sensor (S22) set at 85°. The intermediate missing pixels are added from
the clustering algorithm.

The fact that the amount of charge collected in adjacent pixels extending
to two rows is larger than the charge collected in pixels confined in a single
row is due to the threshold. Pixels collecting charge <1,300 e~ will not be
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Figure 7.22: Collected charge profile for pixels in a single (a) and adjacent pixels
extending to two rows (b) for the irradiated sensor S22 at 1000 V.

activated due to the higher threshold. Hence, the amount of charge collected
by adjacent pixels extending to two rows will be at least two times larger than
the threshold.
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Figure 7.23: Normalised charge distributions of hits in adjacent rows for the ir-
radiated sensor (S22) simulated in a dedicated Monte Carlo (a) and plotted from
data (b). The majority of the charge collected is > 2600 e~ (dashed vertical line).

The effect of the threshold is reproduced using a dedicated Monte Carlo.
Random charge values are generated from Landau distributions with MPVs
in the range of 1600-2800 e~ and widths of 100-300 e~ based on the distri-
butions of Figure 7.16. According to the number of entries of each profile in
Figure 7.22, this charge is assigned to one-pixel clusters with a probability of
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0.85 and to two-pixel clusters with a probability of 0.15. Next, the charge
assigned to two-pixel clusters is shared between the two pixels assuming a
probability drawn from a uniform distribution. If the charge of each pixel
is larger than the threshold value of 1300 e~, the summed charge is plotted
in the distribution of Figure 7.23(a). For comparison, the same distribution
from the data (projected from Figure 7.22(b)) is plotted in Figure 7.23(b).
Both distributions of Figure 7.23, where each is normalised to the integral of
the histogram, peak at about 4000 e~. The difference in the widths of the
distributions is probably due to the assumption that the charge assigned to
two-pixel clusters is shared between the two pixels following a uniformly dis-
tributed probability. This distribution was used since a theory that describes
the charge sharing ratio is not reported in literature. A more detailed model
of how charge is shared in a two-pixel cluster is not studied.

7.7.5 Time to threshold profile of the sensor

Besides the charge distribution, the charge collection time has also been in-
vestigated. Each pixel hit on the DuT gets a timestamp (tnit) as described
in Section 5.2.1. This timestamp indicates the time the hit is registered with
respect to the beginning of a Run. A track intercepting the telescope will
liberate charge almost instantaneously in both the telescope and the DuT sen-
sors. Since the DuT shares the same clock with the telescope planes, the time
needed from the moment the charge is liberated to drift and cross the threshold
in the DuT can be calculated by subtracting the time the track intercepted
the telescope!® tiack from tnie. The time difference tpi; — tirack Will be referred
to as teme to threshold.

The time to threshold of a pixel hit (f;¢) is a combination of two factors:
the drift time due to the presence of the electric field (¢4,ir;) and the time
needed for the integrated charge to cross the threshold (¢;,¢). In addition, a
number of small factors may contribute to ;. If the charge is liberated in
the non-depleted region of the sensor, the extra time needed for the charge
to diffuse to the depleted region will add to tq,if. If the amount of charge is
small, additional time will be introduced due to timewalk (¢yan) as described
in Section 4.3.5. In this section the effect on time to threshold from tqigt, fint
and twaix 1s studied for the non-irradiated and irradiated sensors.

The timewalk effect can be visualised by plotting tnit — track as a function
of the charge collected per pixel hit. This is shown in Figure 7.24 for the
non-irradiated Micron S23, Hamamatsu S6 sensors and the irradiated Hama-
matsu S22 sensor'!. The time to threshold is different for the three sensors
beyond 2500 e~ due to the different electric fields in the sensors. Although

10The calculation of tiyack is described in Section 5.3.2.
HThe data is from the grazing angle measurements in contrast to Figure 4.11 in which the
data is taken with the DuT perpendicular to the beam.
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Figure 7.24: Time to threshold for irradiated and non-irradiated sensors set at
grazing angles. For charges >3000 e~ the average timewalk of all assemblies is <5 ns.

the two non-irradiated sensors are operated at the same bias voltage, the dif-
ferent doping level (as shown in Table 7.1) influences the shape of the electric
field according to Eq. (4.5). For the irradiated sensor the time to threshold
is shorter compared to the non-irradiated sensors due to the higher electric
field. For charges >3000 e~ the average timewalk of all assemblies is <5 ns.
Therefore, for these amounts of charge collected timewalk will not contribute
significantly to the time to threshold.

Non-irradiated sensors

Similar to Section 7.7.4 where the depth dependence of the collected charge was
studied, the time to threshold is studied as a function of depth. In Figure 7.25
the time to threshold profiles of the non-irradiated 200 pm Micron S23 and
Hamamatsu S6 sensors are plotted. When the sensors are fully depleted the
time to threshold is <10 ns along the whole sensor depth. The average time
to threshold in the depleted region is about 5 ns.

The depth regions with the strong increase of the charge collection time
(>20 ns for S23 at 20 V and S6 at 20 V) correspond to the non-depleted
regions of the sensors. The increase of the time to threshold is due to the
fact that charge liberated beyond this depths needs additional time to diffuse
towards the depleted region (before it drifts towards the electrodes and induces
a signal high enough to cross the threshold).

In a fully depleted non-irradiated sensor, tni; —tirack is influenced by both the
collection time t;,,; and timewalk ¢a1c. At depths close to the pixel electrodes,
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Figure 7.25: Time to threshold versus depth for the 200 pm thick non-irradiated
Micron (a) and Hamamatsu (b) sensor.

electrons will drift for a short distance until being collected and therefore
barely contribute to the induced charge. Hence the induced current is mainly
due to the motion of the slower holes. In a similar way, at depths close to the
backplane holes will drift for a short distance so the induced current is largely
due to the drift of electrons. This information is crucial to understand the
shape of the measured profile.

The time to threshold profile is simulated for the sensors of the same geom-
etry, type and doping as S23 and S6 operated at 120 V and 160 V respectively.
The electric and weighting fields are simulated numerically using WEIGHT-
FIELD [89]. The fields are then used to simulate the current induced by the
drift of electrons and holes liberated at a certain depth. Subsequently, the
time needed for the integrated current to cross the threshold of 1000 e~ at each
depth is calculated and superimposed to the data as shown in Figure 7.26. The
error in the calculated time, which is due to the assumed uncertainty on the
full depletion voltage, is marked by the grey area. A constant offset, which is
related to the response time of the discriminator, of 1.6 ns for S23 and 2.3 ns
for S6 has been added to the simulations. Overall, the simulation agrees well
with the data. Beyond about 100 pm the measured time to threshold becomes
larger than the simulated time. This can be due to the fact that the behaviour
of the discriminator is not well described by simply adding a constant offset in
the simulation curves.
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Figure 7.26: Simulation and measured time-to-threshold profile of the non-
irradiated 200 pm thick n-on-p sensors: (a) Micron S23 operated at 120 V, (b) Hama-
matsu S6 operated at 160 V. The grey area represents the error in the calculated
time due to the assumed uncertainty on the full depletion voltage. A constant offset,
which is related to the response time of the discriminator, has been added to each
simulation curve.

Irradiated sensors

For the operational voltage of the sensor used in the grazing angle measure-
ments, the drift time ¢4.5 of the irradiated sensors is shorter than the non-
irradiated ones. The depletion width of S22 at 1000 V is about 160 nm (as seen
in Figure 7.17(b)) and the depletion width at 250 V is about 55 pm resulting in
average electric fields of 66,000 V/cm and 45,000 V/cm, respectively. At these
high fields, the t4,i5 of a single electron from the edge of the depleted region
is <0.5 ns assuming that the velocity is saturated and no charge trapping takes
place.

The time to threshold profile of the irradiated Hamamatsu sensor S22 is
presented in Figure 7.27(a). The time to cross the threshold is <20 ns inde-
pendent of the applied bias voltage. Due to the effect of charge trapping, no
charge is collected from the non-depleted region of the irradiated sensor (in
contrast to the non-irradiated sensor where charge is collected also from the
non-depleteted region). The smaller time to threshold range compared to the
non-irradiated sensors is a result of the shorter charge collection time in the ir-
radiated sensor and the fact that charge is not collected from the non-depleted
region.

To understand the pattern of the time to threshold profile, the time to
threshold is simulated and superimposed on the data of the irradiated S22 op-
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Figure 7.27: Time to threshold profile of a 200 pm thick n-on-p sensor.

erated at 1000 V (Figure 7.27(b)). The error in the calculated time (due to the
assumed uncertainty on the full depletion voltage) is marked by the grey area.
A simulation of the time to threshold based on Ramo’s theorem (red line) [42],
as done in the case of the non-irradiated sensor, fails to describe the data.
According to the collected charge profile of S22 in Figure 7.17(b) the charge
collected at each depth is <2800 e~. For these amounts of charge timewalk
should not be neglected according to Figure 7.24. The time to threshold is
well described by the simulation including the average timewalk as function of
charge as shown in Figure 7.27(Db).

7.7.6 Effective doping concentration

Based on the width of the depleted region as a function of the bias voltage,
a simple model is used to extract the effective doping concentration Neg for
an irradiated sensor. More elaborate models, e.g. involving the formation of a
double junction in the sensor [75], are not studied in this manuscript.

The data for S22 is plotted in Figure 7.28. The errors represent the un-
certainty in depth for the non-irradiated sensors calculated in Section 7.7.2.
Fitting Eq. (4.23) to the data, the Ngg for the irradiated sensors of Table 7.2
can be calculated. Since measurements of the effective doping concentra-
tion in neutron irradiated sensors at these fluences have not been reported,
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Figure 7.28: Depth as a function of depletion voltage of the irradiated Hamamatsu
sensor S22. Data fitted with Eq. (4.23) and with a straight line for comparison.

the expected Neg is predicted by extrapolating the curve in Figure 4.17 for
oxygenated float zone silicon (DOFZ). The measured and expected values
of Neg for the irradiated sensors are summarised in Table 7.5. Although the
poor ToT resolution of the irradiated Micron sensor (S29) did not allow a
detailed study of the charge profile of the sensor, it is not an obstacle in cal-
culating its Neg. This is due to the fact that the depth at each bias voltage is
based on measuring the track length and not the amount of charge collected.

Table 7.5: Effective doping concentration of the irradiated sensors.

Assembly S15 S17 S22 S29
Fluence [10™ 1 MeV neq/cm?| 4 8 8 8
Measured Neg [10'% cm™3) 3.240.3  6.941.0 6.840.9  6.74+0.9
Expected Neg [10™* cm ™3] 3.1 6.3 6.3 6.3

The measured N.g for all sensors is in fair agreement with the expected
value. However, the square root model of Eq. (4.23) fails to describe the data
accurately. The depletion depth appears to depend linearly on the bias voltage
suggesting that the sensor has a resistor-like behaviour.

7.8 Conclusions

Prototype sensors from Hamamatsu and Micron irradiated to the maximum
required fluence of 8 x 10 1 MeV neq/cm? have been studied. The maxi-
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mum operational voltage is determined by the breakdown region as shown in
Figure 7.1(b).

The irradiated sensors can deliver 7000 e~ when operated at 1000 V, as
shown in Figure 7.4, hence satisfying the minimum amount of charge collected
that is required for the VELO upgrade. The 150 nm thick sensor from Micron
collects the same amount of charge as the 50 pm thicker Hamamatsu sensors.
This shows that by using a thinner sensor the material budget can be minimised
without a loss in the signal yield.

The collected charge and time to threshold profile of the sensors are obtained
by performing measurements at grazing angles. Using the grazing angle tech-
nique, the maximum thickness error is found to be 15 pm. In addition, the
depth in the sensor can be measured in bins of 5 pm.

The collected charge profile in a fully depleted non-irradiated sensor is uni-
form (Figure 7.13) in contrast to the collected charge profile in an irradiated
sensor (Figure 7.17(b)). In an irradiated sensor, charge collection is influenced
by charge trapping and the fact that the sensor is not fully depleted even at the
maximum operational bias voltage (1000 V). The measured effective trapping
rates 1/7.¢¢ for electrons, the charge carriers that give the major contribution
to the signal of the tested irradiated sensors, agree with other results reported
in literature [74].

The time to threshold profile in a depleted non-irradiated sensor can be de-
scribed by using Ramo’s theorem of induced currents (Figure 7.26). However,
for an irradiated sensor set at grazing angles the measured time to threshold
contains a contribution from timewalk. After a long wait, the time to thresh-
old profile of an irradiated sensor can be described by taking into account the
timewalk effect as shown in Figure 7.27(b).

The effective doping concentration Neg is calculated using a simple model
based on the information of the depleted depth. Although the model does not
describe the data accurately, the measured values of Neg (Table 7.5) are in fair
agreement with the expected values.

The measurements performed in this chapter show that the tested prototype
irradiated sensors from Micron and Hamamatsu qualify for the VELO upgrade
in terms of charge collection and time of arrival.

7.9 Recommended R&D sensor studies

Based on the testbeam results, a number of effects presented in this work can
be further studied. Although these studies strictly speaking are not required
for the VELO upgrade, they are interesting from an R&D perspective.
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Bias voltage & threshold

Two parameters that influence the charge collection and charge drift time are
the bias voltage and the threshold. Measurements of the collected charge and
time to threshold profiles should be performed with the sensors operated at dif-
ferent bias voltages to investigate the effect of the electric field on the ToT and
ToA of the charge. Additional studies with the assemblies operated at lower
threshold values will provide a higher signal yield. The minimum threshold
value at which the noise becomes significant and the maximum threshold value
at which the hit efficiency is about 100 % can be used as input for the future
operation of the silicon sensors.

Diffusion

Another effect that can be studied in further detail is diffusion. Diffusion has
been discussed briefly in Section 7.6 where the sensor was placed perpendicu-
larly to the beam. Placing the sensor at grazing angles allows to measure the
effect of charge sharing between adjacent pixels in different rows in more detail.
As a result, the magnitude of the charge cloud can be described as a function
of depth. Similar measurements have been reported with Timepix [76] [45].
However, performing these measurements with the Timepix3 assemblies gives
the possibility to study the time to threshold profile of the charge cloud. This
is particularly interesting for irradiated sensors where, compared to the non-
irradiated ones, the lower amount of charge collected influences cluster forma-
tion.

Radiation induced effects

The effects of radiation in the silicon sensor studied in this manuscript, i.e.
effective trapping rate and effective doping concentration, can be studied in
more detail. The effective trapping rate of electrons has been calculated in
Section 7.7.4. However, the effective trapping rate of holes needs to be deter-
mined to provide a better understanding of how trapping between the different
charge carriers behaves. Regarding the effective doping concentration Neg of
the irradiated sensors a more elaborate model, compared to the simple model
presented in Section 7.7.6, such as the Hamburg model needs to be studied
in order to acquire a more accurate value of Neg. Another effect that needs
to be taken into account is the formation of a doubly peaked electric field in
a n-on-x type heavily irradiated sensor. The trapping of the mobile charge
carriers will produce a net positive (negative) space charge near the p* back-
plane (n™ implant). As a result, pn-junctions will be formed in both sides of
the sensor (Figure 7.29). This effect, which is described by the so-called double
junction model [75], can be studied using the grazing angle measurements.
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Figure 7.29: Illustration of the double peak of the electric field [75].
The results from this thesis support the decision to start procurement of the
sensors for the upgrade. To arrive at an even more detailed understanding of

the future behaviour of the sensors, a number of additional tests should be
performed.
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Chapter 8

Outlook

The pixel detector for the VELO upgrade should be installed before the next
long shutdown of the LHC accelerator that is planned from 2019 to 2020.
In this thesis we have demonstrated that the design of pixel sensors that will
meet the requirements and withstand the harsh conditions expected in Run 3 is
possible. Nevertheless, a number of additional studies are required to examine
whether the sensors qualify fully for the VELO upgrade .

8.1 Sensor design

The prototype irradiated sensors have a signal yield about 1000 e~ higher than
the minimum required signal yield when operated at the benchmark voltage
of 1000 V, as discussed in Chapter 7.5. However, the sensors need to meet
the requirements imposed in Section 2.1 in the high luminosity environment
described in Section 2.2.2.

Resolution & efficiency

The sensors need to have high hit efficiency (> 99.9 %) along the whole pixel
matrix and close to the physical edge of the sensor. A high hit efficiency at
the edge of the sensor is required because, as demonstrated in Chapter 3, the
distance from the first active sensor element to the beam contributes signifi-
cantly to the IP resolution. A small inefficient region effectively leads to short
extrapolation distances and therefore good spatial resolution.

In Chapter 6 the efficiency of prototype active edge sensors is reported.
Although these sensors have a high hit efficiency at the edge, they cannot
be operated at high bias voltages therefore do not fully qualify for the the
VELO upgrade. The sensors that will be used in the upgrade feature a guard
ring design as described in Section 2.4.4. However, between the edge of the
pixel matrix and the sensor edge part of the sensor may be inactive due to the
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presence of the guard rings. The hit efficiency at the sensor edge should be
evaluated and the inactive sensor area quantified.

Non-homogeneous irradiation

The exponential decrease of the fluence as a function of the radial distance
from the beam will result in a non-homogeneous irradiation along a sensor
tile. The fluence at the most irradiated part of the sensor tile is larger by a
factor 40 than the least irradiated part. The effective trapping rate and the
effective doping concentration in a sensor change as a function of fluence. As
a result, the charge collection efficiency is influenced. Therefore, studying this
effect is of importance for the VELO upgrade.

Fluence [1 MeV n_ cm=]

€
g
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Figure 8.1: The fluence profile at KIT. The outline of a sensor tile is superimposed.

To mimic the irradiation profile of a sensor tile after accumulating the max-
imum fluence, prototype sensor tiles have been irradiated with non-uniform
beam profiles at KIT in Karlsruhe [90] with 25 MeV protons and at the IRRAD
facility at CERN [91] with 24 GeV protons. An example of such a fluence pro-
file that was used in KIT is depicted in Figure 8.1. The outline of a sensor tile
is superimposed.

Vendor comparison

Based on the results presented in Chapter 7, the irradiated prototype silicon
sensors provided by the two vendors (namely Hamamatsu and Micron) qualify
for the VELO upgrade. The fact that the 50 pm thinner Micron sensor collects
the same amount of charge as the Hamamatsu sensors gives an advantage to
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the Micron design since with smaller radiation length the same signal yield is
acquired. However, in order to select which vendor sensors are more suitable,
at least one sample with each of the sensor properties listed in Table 2.1 needs
to be tested. To come to a conclusion, the performance of the sensors after
non-homogeneous irradiation needs to be taken into account as this is a key
requirement for the VELO upgrade.

In this thesis the sensors are characterised using the Timepix3 ASIC, which
allows simultaneous ToA and ToT measurements. Timepix3 is the predecessor
of the ASIC that will be used in the VELO upgrade, VeloPix. With the avail-
ability of the Velopix ASIC, a new testbeam campaign will be commissioned
to fully characterise the chip.

8.2 Readout/ASIC design

The VeloPix ASIC is designed to cope with the high particle rate environment
of the LHCb upgrade. The performance of VeloPix has to be studied before the
VELO upgrade is completed in 2019 to examine whether the ASIC qualifies
for the upgrade. High rate tests need to be performed in order to measure the
hit rate of the VeloPix ASIC. These tests must take place in a facility, such as
Fermilab (USA), that can deliver a high particles flux with a frequency equal to
the bunch crossing of LHC. The successful operation of the Timepix3 telescope
has proved that using the same ASIC both in the telescope planes and the
DuT, a variety of measurements can be performed in order to characterise a
detector. A VeloPix telescope would be the ideal set-up to perform the final
measurements needed for the LHCb VELO upgrade.
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Appendix A

Threshold offset in the irradiated
Sensors

The threshold offset for one of the irradiated sensors (S22) is studied by plotting
the charge distributions of the lowest ToT count for all pixels (single). The
charge distribution of single pixel clusters with ToT = 1 counts is presented
in Figure A.1 with the sensor set at a grazing angle of 85°.
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Figure A.1l: Charge distribution of single pixels with ToT = 1 counts from the
irradiated sensor (S22) set at a grazing angle of 85°.

Most of the entries have a charge >1200 e~. This threshold offset may
originate from the equalisation.
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Summary

As we study matter in detail, we can zoom in from molecules to atoms down
to the smallest blocks that make up matter, the subatomic particles. The
first challenge in the subatomic realm is to understand how these particles
interact with each other. Physicists have been developing theories to explain
these interactions and have been performing experiments in order to examine
them. The most successful theory so far that describes interactions between
the subatomic particles is the Standard Model. Although this theory has been
vigorously tested, a number of questions remain unanswered, e.g. why is there
no antimatter in the universe and what is the nature of dark matter? A search
for physics beyond the Standard Model can be carried out through precision
measurements of decays of B-mesons.

B-mesons are produced by colliding bunches of high energy protons. This is
achieved at the Large Hadron Collider at CERN where the colliding protons
have a center of mass energy of 13 TeV. Among the particles produced by the
colliding protons, large amounts of B-mesons are produced at small angles with
respect to the interacting beams. These particles travel on average about 1 cm
from the point they are produced until the point they decay. These two points
are called primary and secondary vertex, respectively. To identify a B-meson,
the lifetime of the particle can be used. The lifetime is reconstructed from
the distance between the primary and the secondary vertex. In addition, a
characteristic aspect of neutral B-mesons is that particle-antiparticle transi-
tions, called oscillations, occur on average nine times during the lifetime of the
particle. To study these fast oscillations, that occur between the primary and
secondary vertex, a good decay time resolution of the detector is required.

The LHCb experiment at CERN is optimised to study B-mesons. The LHCb
detector setup consists of a tracking system and a particle identification system.
One of the detectors of the tracking system is the Vertex Locator (VELO),
which is a silicon strip detector. The VELO plays a central role in studying
B-meson properties like their primary and secondary vertices.

In the coming years LHCb will operate its detectors at a higher luminosity in
order to collect more data. To increase the data rate a new trigger scheme will
be adopted that requires the upgrade of all tracking detectors. This upgrade
brings a number of challenges. The VELO upgrade is required to read out all
data from each bunch crossing, have a good decay time resolution and operate
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smoothly after accumulating fluences up to 8 x 10'% 1 MeV ngq/cm?. To meet
these challenges the VELO upgrade will feature a new silicon pixel detector.

The new silicon detector is based on a new pixel front-end chip, the VeloPix
ASIC. The ASIC is built in a 130 nm CMOS technology and consists of a
pixel matrix of 256 x 256 square pixels with a 55 pm pitch. To reduce the
amount of material, the chip will be thinned down to 200 pm. If the charge
liberated by a traversing particle is above a certain threshold, the Time of
Arrival (ToA) is measured with a timing resolution of 25 ns and stored with
the pixel location.

The signature of a single particle track originating from the decay of a B-
meson is a large impact parameter with respect to the primary vertex. Measur-
ing the impact parameter (IP) with a small error is one of the key ingredients
leading to a good decay time resolution.

The IP resolution worsens with the amount of material traversed by the
particle and depends on the detector resolution, the particle momentum and
the extrapolation length from the position of the first measurement plane to
the particle vertex. The VELO upgrade will feature channels with coarser
pitch and a radiation thickness larger by a factor of 1.3 resulting in a worse
detector resolution and larger extrapolation error, respectively. However, the
edge of the sensors in the VELO upgrade will be 3 mm closer to the beam
thereby reducing the extrapolation error.

The performance of the VELO upgrade has been simulated in order to pre-
dict how these factors contribute to the IP resolution. Although the worse
detector resolution and the larger radiation length in the VELO upgrade have
a small negative effect on the IP, the reduced extrapolation error results in a
better IP resolution. The VELO upgrade is expected to perform better than
the current VELO in terms of IP resolution.

An important element of the VELO upgrade is the silicon sensor. The
baseline option for the VELO upgrade sensors are 200 pm thick, n-on-p type
diodes. In addition to the baseline option, other design variants in terms of
thickness and sensor type were also considered.

A number of prototype silicon sensors with the above sensor characteristics
were produced by the companies VI'T, Hamamatsu and Micron. A subset of
these sensors were irradiated with neutrons at the JSI institute in Ljubljana
up to the highest fluence the VELO upgrade will be exposed to. Ideally, all
sensors would have been tested with the VeloPix readout. However, VeloPix
was not available at the time the prototype sensors were tested.

Most of the prototype sensors were instead bump-bonded to Timepix3 ASICs
and were placed in a beam of 180 GeV protons and pions at the SPS at CERN.
To perform dedicated studies on these sensors, a telescope of 8 Timepix3 de-
tectors was assembled. The Timepix3 telescope planes were equally divided
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in two arms. Each prototype sensor was placed as Device-under-Test (DuT)
between the two telescope arms where the track-pointing resolution is better
than 2 pm. This resolution allowed the study of pixel sensors with sub-pixel
precision.

By placing the sensors perpendicular with respect to the beam, tracking
efficiency and charge collection efficiency measurements were performed. Using
the sub-pixel point resolution of the telescope, the tracking efficiency at the
edge of active-edge sensors from VTT was measured. These sensors are about
100% efficient through all the pixel matrix and >99% efficient up to 10 pm
from the physical edge.

During operation, the VELO upgrade sensors will be irradiated. The charge
collection yield in an irradiated sensor decreases due to various radiation in-
duced defects as for example charge trapping. For the VELO upgrade at the
benchmark voltage of 1000 V, a minimum signal yield of 6000 e~ is required
when the sensors are irradiated at the maximum fluence of
8 x 10 1 MeV neq/cm2. The charge collection efficiency of the irradiated
sensors was measured in order to investigate whether enough charge is col-
lected. The irradiated sensors can deliver 7000 e~ when operated at 1000 V
satisfying the VELO upgrade requirements.

A set of precision measurements was performed with the sensors at large
(grazing) angles with respect to the beam such that the incoming particle
traverses multiple adjacent pixels. Knowing the angle of incidence, the path
length from the entry point of a track to a pixel is assigned to a certain depth
in the sensor. Using this technique the collected charge and time to threshold
versus the depth of charge deposition were measured.

According to the charge collection profile of the sensors irradiated to the
highest fluence, most of the charge is collected from depths close to the pixel
electrode. The depleted region does not reach the backplane even when the
sensor is operated at 1000 V. To understand the charge collection profile data,
the charge trapping from both electrons and holes needs to be taken into
account.

Besides the charge collection profile, the time to threshold profile has also
been investigated. The time it takes for the charge to drift and cross the
threshold can be calculated by subtracting the time the track intercepted the
telescope (tirack) by the time a pixel hit is recorded on the DuT (tpit). A
simulation of the time to threshold based on Ramo’s theorem, which describes
well the charge collection time in a non-irradiated sensor, fails to describe the
data. Including the average timewalk in the simulation describes well the time
to threshold profile of an irradiated sensor because the time is dominated by
timewalk.

Both prototype silicon sensors from Hamamatsu and Micron qualify for the
VELO upgrade in terms of charge collection and time of arrival. Additional
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future measurements will reveal more information on how radiation induced
effects influence charge collection.

The road is open for new exciting results with VeloPix prototype sensor
assemblies and finally the installation and commissioning of the VELO up-
grade.
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Samenvatting

Bij het nauwkeurig bestuderen van materie kunnen we inzoomen via moleculen
en atomen naar de kleinste bouwstenen van materie, de subatomaire deeltjes.
Een eerste uitdaging in deze subatomaire omgeving is het begrijpen van de wis-
selwerking tussen deze deeltjes. Natuurkundigen hebben theorién ontwikkeld
om deze wisselwerkingen te verklaren en hebben experimenten uitgevoerd om
deze te onderzoeken. De tot nog toe meest succesvolle theorie die de wisselw-
erkingen tussen subatomaire deeltjes beschrijft, is het Standaard Model. On-
danks het feit dat deze theorie uiterst zorgvuldig getest is, blijven er toch een
aantal vragen onbeantwoord: Waarom bevat het heelal geen antimaterie? Wat
is donkere materie eigenlijk? De zoektocht naar natuurkundige verschijnselen
die niet verklaarbaar zijn binnen het Standaard Model gebeurt onder andere
door het doen van nauwkeurige metingen aan het verval van B-mesonen.

B-mesonen worden geproduceerd door protonen met hoge energie op elkaar
te laten botsen. Dit gebeurt in de Large Hadron Collider op CERN waar de
botsende protonen een zwaartepuntsenergie van maar liefst 13 TeV kunnen
bereiken. Bij dergelijke botsingen ontstaan, naast andere deeltjes, grote ho-
eveelheden B-mesonen die van het botsingspunt wegspatten onder een kleine
hoek ten opzichte van de inkomende bundels. De B-mesonen leggen gemid-
deld 1 cm af vanaf het productiepunt tot aan het punt waar ze vervallen.. Het
eerste punt noemt men de primaire vertex en het tweede punt de secundaire
vertex. De levensduur van het B-meson wordt bepaald uit de afstand tussen
de primaire en secundaire vertices en deze levensduur gebruikt men om het B-
meson te identificeren. Een ander belangrijk kenmerk van neutrale B-mesonen
is dat ze periodieke wisselingen ondergaan van deeltje naar antideeltje. Deze
zogenoemde oscillaties vinden gedurende hun levensduur gemiddeld negen keer
plaats. Het onderzoek naar deze snelle oscillaties vereist een scherpe tijd en
positieresolutie van de vertex detector.

Het LHCDb-experiment op CERN is speciaal gebouwd om B-mesonen te
bestuderen. De detectoropstelling van LHCb bestaat uit een systeem voor
spoorreconstructie (tracking) en een systeem voor de identificatie van deelt-
jes. Een van de trackingdetectoren is de Vertex Locator (VELO). De VELO
is een silicium stripdetector en speelt een centrale rol bij het bestuderen van
de eigenschappen van B-mesonen zoals de afstand tussen hun botsings- en
vervalspunt.
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Om in de toekomst steeds meer data te verzamelen, zullen de LHCb-detectoren
straks bij een hogere intensiteit moeten kunnen werken. Zo zal er er een nieuwe
procedure worden gebruikt voor het selecteren van de interessante botsingen
waarvoor betere detectoren nodig zijn. Deze vernieuwing brengt een aan-
tal uitdagingen met zich mee. De nieuwe vertex detector, VELO, moet alle
gegevens van elke botsing uit kunnen lezen, een goede tijdsresolutie hebben
en betrouwbaar blijven functioneren zelfs na blootstelling aan straling met een
fluentie die op kan lopen tot wel 8 x 10'5 1 MeV neq/ch. Om aan deze eisen
te voldoen wordt de nieuwe VELO detector gemaakt met speciaal ontwikkelde
silicium pixeldetectoren.

De nieuwe siliciumdetector maakt gebruikt van een nieuw ontwikkelde gein-
tegreerde schakeling voor pixeldetectoren, de VeloPix ASIC. Deze ASIC bestaat
uit een pixelmatrix van 256 pixels bij 256 pixels met een onderlinge afstand van
55 nm en is geproduceerd in een 130 nm CMOS technologie. Om de hoeveel-
heid materiaal te minimaliseren, is de ASIC verdund tot een dikte van slechts
200 pm. Als de door een passerend deeltje vrijgemaakte lading groter is dan
een bepaalde drempelwaarde wordt de aankomsttijd (Time of Arrival, ToA)
ervan gemeten met een tijdsresolutie van 25 ns en samen met de pixelpositie
geregistreerd.

Een kenmerk van een spoor van een enkel deeltje dat uit een B-meson verval
voortkomt is de waarde van de impact parameter: de kortste afstand naar
het botsingspunt. Nauwkeurige bepaling van deze impact parameter (IP) is
cruciaal voor een betrouwbare berekening van de vervaltijd.

De bepaling van de impact parameter wordt minder nauwkeurig naarmate
een deeltje meer materiaal moet passeren. Ook hangt de nauwkeurigheid af van
de positieresolutie van de detector, van de deeltjesimpuls en van de extrapolatie
vanuit de gemeten punten op een spoor naar de bundellijn.. In het nieuwe
ontwerp zullen de positieresolutie en hoeveelheid materiaal waar de deeltjes
doorheen gaan iets ongunstiger uitvallen. Echter, omdat rand van de sensoren
van de nieuwe VELO 3 mm dichter bij de deeltjesbundels geplaatst worden,
zal de extrapolatiefout in zijn geheel afnemen.

Om te bepalen in hoeverre deze factoren de IP resolutie beinvloeden zijn
er simulaties van de nieuwe VELO uitgevoerd. De slechtere detectorresolutie
en de grotere stralingsdikte van de nieuwe VELO blijken slechts een klein
negatief effect op de IP resolutie te geven. Daarentegen geeft de verminderde
extrapolatiefout een verbetering van de IP resolutie. De verwachting is dat de
nieuwe VELO wat betreft de IP resolutie beter zal presteren dan de huidige.

Een belangrijk onderdeel van de nieuwe VELO vormen de siliciumsensoren.
De basisuitvoering van de sensor is er een met n-op-p type diodes en heeft een
dikte van 200 pm. Naast deze uitvoering zijn er ook alternatieve ontwerpen
met, verschillende diktes en type diodes getest.
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Prototype siliciumsensoren met bovengenoemde kenmerken zijn geproduceerd
door VI'T, Hamamatsu en Micron. Een aantal van deze sensoren zijn bij JSI in
Ljubljana met neutronen bestraald tot de hoogste fluentie die voor de nieuwe
VELO wordt verwacht. Idealiter zouden al tijdens de testen alle prototype
sensoren met de VeloPix ASIC uitgelezen moeten worden maar de VeloPix
was tijdens deze prototypetests nog niet beschikbaar.

In plaats daarvan zijn de meeste prototypesensoren met Timepix3 ASICs
verbonden. Vervolgens zijn ze bij de SPS op CERN in een bundel protonen
en pionen met een energie van 180 GeV geplaatst. Om gedetailleerde studies
van deze sensoren mogelijk te maken is een telescoop met 8 Timepix3 detec-
toren gebouwd. De Timepix3 meetvlakken zijn gelijk verdeeld over de twee
telescooparmen. Elke prototype sensor werd als testobject tussen de twee tele-
scooparmen geplaatst, waar de resolutie van de spoorreconstructie beter is dan
2 nm. Deze resolutie maakt het mogelijk de pixelsensoren te bestuderen met
een nauwkeurigheid die veel beter is dan het formaat van een pixel.

Voor het bepalen van de efficiéntie van de spoorreconstructie en van de effi-
ciéntie van de ladingscollectie, werden de sensoren loodrecht ten opzichte van
de bundel geplaatst. Dankzij de hoge resolutie van de telescoop kon de detectie-
efficiéntie van de rand van de VTT-sensoren met actieve rand nauwkeurig
bepaald worden. Deze sensoren zijn ongeveer 100% efficiént in de gehele pixel
matrix en meer dan 99% efficiént tot op een afstand van 10 pm van de fysieke
rand.

De sensoren van de nieuwe VELO zullen tijdens gebruik, blootgesteld zijn
aan straling. De ladingscollectie neemt na bestraling af ten gevolge van ver-
schillende effecten zoals bijvoorbeeld ladingstransport in de sensor. Bij de max-
imale spanning van 1000 V moet een minimale ladingsopbrengst van 6000 e~
gewaarborgd zijn, zelfs na blootstelling aan de maximale fluentie
8 x 10 1 MeV Neg /em?. De ladingsopbrengst van de bestraalde sensoren
is gemeten om te bepalen of er aan bovenstaande eis voldaan wordt. De be-
straalde sensoren leveren 7000 e~ bij een spanning van 1000 V en voldoen dus
aan de eisen van de VELO upgrade.

Een aantal precisiemetingen zijn uitgevoerd waarbij de sensor onder een
grote hoek ten opzichte van de bundel geplaatst was, zodanig dat een deeltje
door meerdere pixels gaat. Bij een bekende invalshoek kan de in de sensor
afgelegde weglengte tot aan een bepaalde pixel omgerekend worden naar een
diepte in de sensor. Met behulp van deze techniek is de ladingsopbrengst en
de snelheid van de ladingstransport als functie van de diepte van de ladings-
depositie gemeten.

Uit het ladingsprofiel van de zwaarst-bestraalde sensoren volgt dat het meren-
deel van gemeten lading dicht bij de pixel electrode verzameld wordt. Het
gevoelige, verarmde gebied van de sensor reikt niet tot aan achterkant van de
sensor, zelfs al wordt de sensor bedreven met een spanning van 1000 V. Om
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de vorm van het ladingsopnameprofiel te begrijpen moet er rekening worden
gehouden met de ladingstransport van zowel elektronen als gaten.

Naast dit ladinsprofiel is ook de snelheid van het ladingtransport onderzocht.
De tijd die lading nodig heeft om naar de sensor elektrodes bewegen en een
drempelwaarde te overschrijden kan berekend worden door de tijd zoals geme-
ten door de sensor (ty;;) af te trekken van de tijd gemeten door de telescoop
(tirack). Een simulatie van deze tijd-tot-drempel, gebaseerd op de stelling
van Ramo, geeft een goede beschrijving van de gemeten waarden van niet-
bestraalde sensoren, maar geeft een slechte beschrijving van de resultaten voor
bestraalde sensoren. Wanneer echter het effect van het zogenaamde "time-
walk" effect in de simulatie meegenomen wordt komt het gesimuleerde profiel
van de bestraalde sensoren goed overeen met de gemeten waarden.

Beide types sensoren van Hamamatsu en Micron voldoen aan de ontwer-
peisen voor de nieuwe VELO wat betreft de ladingsopbrengst en de snelheid
van het ladingstransport. Aanvullende metingen zullen meer informatie ver-
schaffen over de invloed van stralingseffecten op de ladingsopbrengst.

De weg is vrij voor nieuwe, spannende resultaten met VeloPix-prototypes en
voor de voltooiing van de VELO detector.

XXVI



[epiindn

Kodcde yehetdue v UAN oe hemtopépetd, UnopolUe VoL ECTIACOUUE amd ToL LopLaL
oc dTopa UEypl xou OToL UXeOTERO PéEY) omb Tol omolo amoTeAsltan N UAN, To
unoatouxd cwpotide. H npdtn npdxinon nou avtigetwnilovpe 6Tov unootopxd
%OGUO Elvol VoL XATavORCOVUE Twe AAANAETUSEOUY Tor cwpatidia petald toug. Ou
puolxol avantiocouy Yewpleg dhote vo e&nyRoouy auTéS Tic AAANAETOPACELS XAl
exTeEAOUV TELPAUOTA UE 6XOTO Va e€eTdoouy auTés Tic Yewple. H mo emtuynuévn
Yewpla wg tdpa etvor to Kothepwuévo Movtéro. Tapdho mou autr n Yewpla Exel
e€eToo TEl EMAVELANUUEVOL XATIOLOL EPWTHLOTOL UXOUA TIOPUUEVOLY AVATAVTNTA OTUG
Y. yiotl undpyel TeplocdTeR avTWOAT 0To GUUTAY Xou ond TOU TEOEEYETAL 1)
oxotew) UAN; ‘Epeuveg ndve o Yewpleg népav tou Kadepwuévou Movtéhou
unopolV va Sieloy Yoy péow axplBr) petpioewy v B-uecoviwy.

To B-yecdvior mopdyoviol oLYxpo0ovToS JECHES TEWTOVIKY TOU €YOUV €T
tayuvdel oe ol udmiéc evépyeleg. Autéd emtuyydvetar otov Meydho Adpovi-
axd Entayuvty) oto CERN 6nou ta npwtovia €youy evépyela 13 TeV oto xévtpo
udlog toug. Avdyeoo oto cwpatida Tou TaEdyovToL atd TIC CLYXPOVUCELS TWY
npwToviev, évag Yeydhog oprduog and B-yecdvia nopdyetol o€ xpés Ywvieg oe
oyéon ue g A nhemdedvteg déopec. Autd to cwuotidla Tagtdebouy xatd péco
6po 1 cm and 1o onueio Tou napdyovtal Yéypet To onuelo tou daonwvtar. Ta 0o
aUTa onpeio Elvor YVWOTE W TEWTEVKY XL SeLTERELKY x6ufog avtioTouya. Ta
VoL vy Voplo Tel évol B-gecdvio umopolue va ypnollonoticouye tov Ypeovo Lwhc
tou. O ypovog Lwrg unohoyiletar and Ty andc oot UETOED TOU TEGOTEVWY Xl
Tou deutepelLY x6uPBou. ‘Eva axdua yopaxtnelotixd twv oudétepa POpTIOUEVELV
B-pecoviwy givon oL UETOO TOLYEWITELS OO OWUATIO OE OVTI-COUATIO, YVOO TES
WS TOAAVTWOELS, TOL SLUPAVOLUY XUTd UECO 6RO EVVIA QPOREC UEGO GTOV YEOVO
Cwnhe tou owpotdiou. T vo peletioovye ouTég Tic TOAAVTOOELS, TOU AauBd-
Vouv yopa petadd Tou TenTedwY xaL Tou deutepelwy xoufou, yeewdleton éva
VLY VEUTAG UE HOAT) YPOVIXT) DLOXELTIXT LXAVOTNTAL.

To rneipopa LHCh oto CERN eivon eldixd oyedloopévo oto vo uehetdel B-
peaovia. Ot BLdpopol aviyVEUTEC TOU AmOTEAOVY TO TElpaol UTOPOLY VoL Y welo-
100V G€ aLTOUE TOL ATOTEAOVY TO GUGTNU vl VEUGTC Xalk OE AUTOUE TTOL OMOTEAOVY
TO GUGTNUAL OVOLY VORIONE TV owpaTdlwy. Evag and toug aviyveuTtég Tou GUGTH-
portog aviyvevong etvon o Vertex Locator (VELO) tou Ya unopotoe vo petagppooTel
ooy Evpetfic KopPwv o onolog otny ousia elvor aviyveutric oe yewuetpio houpldwy
prioypévog and mupitio. O VELO nailel xevtpixd poho otny HeAETT) SLdpopnv 18-
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LTATWY TV B-Uecovieny 6mee 0ToV TpoGBlopIoHS TWY TEMTEVOVTMY Xl SEUTERELOV-
TV xOUBoVv.

Yto endueva ypovio 0 optiudc TWV TEWTOVIKY TOU cUYXE0VOVTUL UEGO GTOV
Meydho Adpoviaxd Entoyuvth o avgniel. Ou aviyveutéc tou LHCb Yo Aettoue-
yolUv U6 o amaTNTXES oLV XES OOTE Vo GUAEEOLY TEPIOGOTERA BEBOUEVOL
Tt vou awéndel o pudude ue tov onolo Ho cuéyovtar Tar dedouéva, Ghol oL
OVLY VEUTEG TOU GUOTAHWOTOS aviyveuong Yo avaBaduotolyv. Auth 1 avaBdiulon
pépvel xanoleg mpoxifoeic. To avaBodulouévo VELO Yo mpénel v cuAAEYEL
Oha T Dedopéva oe xdde GUYHEOUOT] TWV BECUMY TWY TEWTOVIKY, Vo EYEL XahY
yeovuxr dlapitiny| txavotnta xou enfong vo umopel var Aettovpyel ouaid agdTou
éxel axtvoPohndel ue 8 x 1015 1 MeV neq/em?. Tio va avtomeZéhder oe autée
¢ TpoxAroels, To avaBodtuopévo VELO Yo mepiéyel évay xauvoleylo aviy veutr)
pe ewxovootouyela (pixels) praypévo and nupitio.

O véog aviyveuthc Ue euxovoc tolyela eivar Bactopévog oe €va Ved OMNOXANPWUEVO
encéepyooth, o VeloPix. O enelepyaoctic elvon @uaypévog pe teyvoloyio
130 nm CMOS xou amotelelton amd wio uhtea Ue 256 x 256 tetpdymva eovoo-
touyelo mou to xadéva €yel mheupd 55 pm. I va pewwdel To VAS mou Vo
Olamepvdel éva cwpatidio, o enelepyaothc Vo €yel mdyoc 200 pm. ‘Otav to
poptio mou Vo anehevdepwiel and évo owuotidio Eenepdoel Evo GUYXEXPUEVO
XATOPAL, 0 Ypovog dping uropel vo petenldel pe ypovixr dlaxpltnt| ixavotTnTa
25 ns xou vor amodnxeutel pall pe Tic GUVTETAYUEVES TOU ELXOVOG ToLyEloU.

To yapaxtneloTid TN TEOYLAC EVOC CrLUATIOOU Tou TEoépyeTol and TNy Bido-
naom evog B-pecoviou etvor 1) ueydhn evepydg Slatour| o€ GYECT| UE TOV TEWTEDWY
x6ufBo. H pétpnon e evepyol Swotouric (EA) pe wxpd opdhua eivar éva and ta
0PI CUGTOTIXGL YL Lol XY BLaXELTIXY IXovVOThTOL.

H EA yepotepelel o cuvVApTNoN UE TO TGO TOAD UAXO TEETEL VoL SlAmEPAOEL
T0 GOUTO0 xou e€upTdTal amd TNV YWELXT) AVIAUGT] TOU OVLYVEUTT, TNV OpUT| TOU
owuotdlov xat To prixoc teoexBolic and TNV TEM TN UETENOT UEYPL TOV TPWTEVKY
x6pPo. To xavdhio tou avePodwopévou VELO Go elvon peyohitepa otic 2 Oi-
actdoelg xou Yo amotelodvtal and 1.3 Qopéc mo TOAD UAXO UE OTOTEAECUO VOl
€Y 0LV YEWROTEEY YwELXY) AVEALGT) o UEYAUADTERO GQAAUN 0TO Uix0g TEoeXBoATC
avtioToiya. Iapbdho autd, ol dxpec Twv awcinthewy Yo Beloxovta 3 mm mo
XOVTY OTIC DECUES UELDVOVTAC UE AUTOV TOV TEOTO TO GPIAUN OTO UAXOS TEOEX-
Bohrc.

H anédoon tou avoPoatulopévou VELO éyel npocopoiwidel kote va pnopolue
vo. mpoPAédouye mwe avtol ou mopdyovtee emnpedlovy to ogdiye oty EA.
ITapdho mou 1 yelpdTepn YwEXH avdluon oL To EMTEOCVETO UAXO GTO Ov-
ofoduopévo VELO éyouv apvnuxd avtixturo otnv EA, 10 uixpdtepo opdiua
oTo ufnog mpoexBolric odnyel oe wxpdtepo o@dhua oty EA. To avofoduio-
uévo VELO oavopéveton va €yel xohltepn anddoor 660V apopd T0 QAL Xol
v Btaxpttiny) weavotnTa Tne BA.
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‘Evo onuoavtind otoiyelo tou avoPaducuévou VELO eivan ol auointiipeg mu-
eitiou. H Boowr emhoyt yia to avaPBaduouévo VELO elvon onotdntripeg ndyoug
200 pm tOnou n-on-p. Emmpdoieta otny Bacued emioyy, dAleg Tiwée ndyoug 1
Tunou €youv Angdel umoduy.

‘Evoc aptiudc and mentotunous aloUnTHees UE ToL TUPATAVE YOUEUXTNELO TIX
oyedidotnxay and tig etanpeleg VI'T, Hamamatsu xaw Micron. "Eva urtocGvoho
TGV TV aotnThewy axTvoBolftnxay Ue vetpovia 6To tvotitovto JSI  trg
Aovumhidvoe péypl v wéyiotn T e axtvoBolac otnv onola Yo extedel
70 avofaduiouévo VELO. Isavixd o awcintipes Yo e€etdlovtay pe tov enel-
epyaoth VeloPix. Autd dev Atav duvatd xadwe to VeloPix dev Htoy oxduo
XUTOUGXEVOOUEVO OTAY AUTE ToL TELRdorTar BLegdnydhnxay.

IMopdho autd oL teptocdtepol amd ToUE TEWTOTUTOUS Ao UNTARES cLVEEDNXOY
pe Timepix3 enelepyaoctéc xon TomovethHdnxay oc BEoUEC TPWTOVIWY Xou Tio-
viov evépyetac 180 GeV otov emitayuvty SPS oto CERN. Eva tnieoxédmnio
omd 8 aviyveutéc Timepix3 Onpovpyhinxe yio vo Sieloy o0y cuyxexpiuéveg
pehéteg méve toug awodnthpeg. Ou aviyveutés tou Tnheoxoniov ywelotnxoy (oo
oe 000 peptéc. Kdle npwrtdtunoc awodntripoc tonotdetiinxe we Yvoxeun-unod-
MeXétn (ZuM) 0710 %x€VTpo ToL TNAECXOTOU 6TIOU 1] YWELXT| SLXELTIXA XavGTN T
Tou Tnheoxotiov elvan xohiteen amd 2 pm. Auth 1 ywew avdhuor enétpede va
peretndolv ue oxp(Bela o ELXOVOG TOLYEI TWV TEWTOTUTWY AGUNTARWY.

Tonodetdvrog Toug awointipes xddeta otny déoun diegdydnxay pehéteg ndve
oTNY an6doaT aviyveuong xou anddoon cUALOYE PopTiou. XeNoWoToL)OVTIS THY
v Srocprtixy wovoTnTa Tou Tnheoxorniou petehinxe 1 anddoomn aviyveuong
oTIC Gxpeg Twv alonthewy and v VI'T. Ot cuyxexpiévol auodnthpeg €youy
anddoon oyedbv 100% ot bhn v phitpo v exxovooTolyeiny o arnddoon >90%
uéyel mepimou 10 pm and Ty dxen Tou coVnTHEA.

Katd v dudpxeia tne Aettoupyiag tou aveBoduouévou VELO ol awodntrieec
Yo oxtivofoholvton cuveyne. e éva aodnthpa mou €yel axtivoBoindel 1 amod-
0001 GUALOYTHC POETIOU UELOVETOL AOYW BLaPOEWY QoUVOUEVKY OTKC 1) oy {BeuoT
goptiou. ‘Ocov agopd to avaBaduicpévo VELO otnv mpofhenduevr tdon Aet-
toupylog twv 1000 V, to eldyoto @optio mou amouteiton dtay oL aoUnTripeg
éxouv unooTel TNV péylotn T oxtvoBoriag Twv 8 X 10'° 1 MeV neq/cm? ef-
vou 6000 e”. H anddoon cukhoyrc @optiou Twv axTvoBornuévwy acintiewy
peterinxe obtwe tote vo eaxpBwiel av cLAAEyeTal To omoutolUevo @optio.
Ou axtivoPolnuévol arodntripeg unopolyv vor cuAAEEouy 7000 e~ otary 1) Tdom Aet-
toupyiog toug etvar 1000 V ixavomoldvTag Ti¢ Teoanattioelg Tou avootuiouévou
VELO.

‘Eva aOvoho and petprioeic de&dydnxay pe toug awodntripec tonodetnuévouc
0c UEYAAeC Ywvieg oe oyéon Ue TNV dEoun €T0L MOTE TO TPOOTINTOV CLUAT-
010 vo dlamepdoel Tohhamhd Yertovixd ewxovoatolyeio.  I'vwpllovtag v yevia
TEOOTTWONG, 1) dladpour| Tou Biéoyloe éva cwuatidlo and to onueio eWd680L Tou
o éva elxovootolyelo Umopel vo cuoyeToTel ue éva ouyxexplévo Badoc uéoa
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otov auwodnThpa.  XeNoWONoWVIAS aUTHY TNV TEYVIXT, TO (QopTiou Tou CUA-
ey 0mxe xadde xou 0 Ypbdvog oL ypeeldleTon Vo EENEPAUTTEL TO XATAPAL UETEHUNMOY
og ouvdpTtnon e To Bddoc oto omolo anekevdepwinxe to @optio.

20Uy Ue 1o Tpogik Tou GUAAEYOUEVOL POETIOL TWV AUCYNTHEWY TOU dEY THXAY
v péylotn oxtvoPollo, 1o neplocdtepo Qoptio culkéyetal 6To Bdidog xovtd ato
NhexTEO0L0 ToL ecovooTolyeiou. H anopovwuévn and nhextoxd goptio meployt
oev extelvetan UEypl TNV Tiow TALEd Tou Ao UNTHP axdUd Xl OTAY 1) TAOT| AEl-
Toupyiag Tou @tdvel Ta 1000 V. It vor xatavoricoupe to dedouéva amd To Tpo@pik
cLANOYTE QopTiou TpEnel Vo AdPBoupe unddm To YEYOVOS OTL TO NAEXTEXO POopTio
(1600 T MhexTEGVIAL XL GGO XA OL TPUTES) Ty IOEVETAL.

[Tépav Tou mpogih cuAloyic goptiou epeuviinxe emlong To mEoplA Tou YEod-
vou mou ypeetdleton va Eemepaotel o xotPA. O ypbdvoc mou ypewdletan TO
poptio péyper vo mopocLplel xou Vo EENERAOEL TO XUTOPAL UTOREL VoL UTONOYIo-
Tel apoupdvTaC TOV YPOVO TOU 1) TEOYLE TPOOTUTTEL 0TO TNAEGKOTO (trrack) OO
Tov Ypdvo otov omnofo éva ewovostotyeio evepyornoidnxe oty ZuM (t;). H
Tpocopoiwon Tou yeévou mou yeetdleton Vo EenepaoTel TO XUTOPAL BaCIGUEVT
oto Yewpnua tou Ramo, 1o onolo mepiypdpel emopxdc Ty cuhhoyr @optiou
oe évo un-axtvoBoknuévo aonthpa, amotuyydvel va teplypddel To BEdopéva.
AopBdvovtog unédn 6Ny TEocoUoikaT TO UEGO YpOVO XAUCTERNONG TLY NAeX-
Tpovixv (timewalk) Bonddel oto vo meprypoagel 6woTd 10 TEOYIA TOU YPdVOL
Tou yeeldleTon Vo EETEPACTEL TO XATOPAL O Eva oaxTvoBohnuévo aroUnThpa.

O mpwtdTuror awodIntripes mupitiov oo and v Hamamatsu é6co xou and tny
Micron minpoiv tig npotnotécelg yio to avafoduiouévo VELO 6cov agopd tnv
oLANOYT) popTiou xou Tov Ypdvo dpiEng tou goptiou. Emnpdcleta yeAlovtnd
netpdato Vo anoxaAbouy TeplocdTERES TANPOYOPIES Yol TO TC TA QPULVOUEVAL
Tou TpoxahoLVTIL and TNy Exdeot) oe axtvofohia ennpedlouvy TNV GUAAOYY| TOU
popTiou.

O Bpopog elvon avorytdg yior véo cuvapTAoTIXd anotehéouata Ye oauoUntripeg
oLVdEdEPEVOUC e Tov TpwToTuTo encéepyaoth| VeloPix, odnywvtag tehxd otny
eyxatdotoaot xou évoplr tou avaPBaduicuévov VELO.
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