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Space...the final frontier. These are the voyages of the starship “Enterprise”.
Her ongoing mission: To explore strange, new worlds. To seek out new life
forms, and new civilizations. To boldly go where no man has gone before.

Paramount Pictures, Star Trek: the original series

There are more things in heaven and earth, Horatio, than are dreamt of in
your philosophy.

W. Shakespeare, Hamlet, Act I, Scene 5, line 166

Figure 1: Aerial view of CERN and the surrounding region (CERN photograph,
reprinted with permission). The 3 rings show the underground position of the
accelerators. The smaller one is the Proton Synchrotron (PS), the middle ring
is the Super Protron Synchrotron (SPS) with a circumference of 7 km and the
largest ring (27 km) is the tunnel which housed the Large Electron Positron
collider (LEP) and which will also house the Large Hadron Collider (LHC).
Part of the Lake Geneva is visible in the background.
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Introduction

The need of probing the electroweak symmetry breaking mechanism of the Stan-
dard Model and the possible new physics which may be related to it has led to
the decision of building the Large Hadron Collider, which will increase by an
order of magnitude the energy and luminosity of present colliders.

Two general-purpose particle detectors, ATLAS and CMS, have been ap-
proved to operate at the LHC which is scheduled to provide the first proton
beams by 2006. Both of them use a silicon pixel detector to provide high-
resolution measurements of particle position near the interaction point. This
allows the identification of the secondary vertices produced by heavy flavor
hadrons and tau decays, which is an essential tool for many physics analyses.

These detectors will have to face extremely high radiation level, given their
vicinity to the interaction region and the high collision rate of the LHC.

In the last few years, the ATLAS Pixel collaboration carried on an intense
activity of testing and optimizing the various detector components, assessing
their radiation hardness and their ability to meet the performance targets. In
the contest of this activity a fundamental role was played by the testing of
the prototypes with a pion beam at CERN. The prototypes have been studied
both before and after having been exposed to radiation doses similar to those
expected at the LHC.

Most of this thesis is devoted to the analysis of the test beam data. The
first three chapters provide the description of the ATLAS experiment, of the
ATLAS Pixel detector, of the test beam setup and of the tested devices. The
fourth chapter describes the measurements of charge collection and efficiency of
the tested pixel devices. The former affects the detector performances (detection
efficiency and spatial resolution) and it is useful to understand the differences
between the tested designs. The latter needs to be high; a single pixel efficiency
of 97% is required to assure a good efficiency in detecting secondary vertices
and discriminating photons from electrons.

The fifth chapter is devoted to the measurement of the depleted thickness
of the silicon sensors [1, 2] for different irradiation levels and bias voltages. The
depleted zone is the sensitive volume and it needs to be thick enough to assure a
good signal over noise ratio. As the radiation damage ultimately decreases the
depleted depth at a given bias voltage, and the bias voltage cannot be increased
above about 600 V, the requirement of a minimum depleted depth translates
in a maximum amount of radiations the sensors can be exposed to. Hence the
measurements presented in the this chapter investigate the radiation hardness
of the pixel sensors.

The sixth chapter presents the measurements of Lorentz angle [1, 3]. This
is the angle between the direction of motion of the charge carriers (electrons



and holes) inside the silicon and the electric field (which is normal to the sensor
surface). In presence of a magnetic field it may be different from zero because
of the E x B force. The Lorentz angle affects the number of pixels which share
the charge released by the particle. The spatial resolution is also affected, as
charge interpolation is only possible when more than a pixel collects the signal.

The seventh chapter describes a study of spatial resolution [1, 4]. Different
algorithms for pixel cluster position reconstructed have been investigated in
order to achieve the best possible resolution.

The last chapter investigates some consequences of the lessons learned in
test beam data analysis for the ATLAS performance. In particular, charge
interpolation was used for the first time in the reconstruction of pixel cluster
position for simulated data. This allows to obtain a better precision for the pixel
hits position, a precision which depends on the value of the Lorentz angle which
was found to vary with the applied voltage (chapter 6). Pixel point resolution,
track parameters resolution and beauty quark tagging performance were studied
for the different pixel cluster reconstruction algorithms and for different values
of the pixel bias voltage.



Chapter 1

The ATLAS experiment

1.1 General overview

1.1.1 Physics motivations and goals

ATLAS (A Toroidal LHC ApparatuS) is a general-purpose detector designed
to exploit the full discovery potential of the Large Hadron Collider (LHC). The
LHC [5] is a proton-proton collider with 14 TeV centre of mass energy and design
luminosity of 103* em~2s~1. A first period of running at the lower luminosity
of 1033 cm 25 lis also foreseen. Beam crossings are 25 ns apart and at design
luminosity there are 23 interactions per crossing.

The LHC offers a large range of physics opportunities. The ATLAS Physics
programme is described in Section 1.2. The origin of mass at the electroweak
scale is a major focus of interest for ATLAS. The detector optimization is there-
fore guided by physics issues such as sensitivity to the largest possible Higgs
mass range. High resolution measurements of electrons, photons and muons,
excellent secondary vertex detection for 7 leptons and b-quarks, high resolution
calorimetry for jets and missing transverse energy are essential to explore the
full range of possible Higgs boson masses.

Other important goals are the searches for W- and Z-like objects, for super-
symmetric particles, for compositeness of the fundamental fermions, the detailed
study of the top quark and investigation of CP violation in B-decays. The abil-
ity to cope well with a broad variety of possible physics processes is expected to
maximize the detector’s potential for the discovery of new, unexpected physics.

Many of the interesting physics questions at the LHC require high lumi-
nosity, and so the primary goal is to operate at the higher luminosity with a
detector that provides as many signatures as possible. The variety of signatures
is considered to be important in the high-rate environment of the LHC in or-
der to achieve robust and redundant physics measurements with the ability of
internal cross-checks.

Emphasis is also put on the performance necessary for the physics accessible
during the initial lower luminosity running, which despite the poorer statistics
has the advantage of cleaner events, with only ~ 2 pp primary interactions per
event.

Operating a detector in the high-rate LHC environment requires a very high
resistance to radiation damage, posing an unprecedented challenge for all the



subdetectors.

1.1.2 Overall detector concept
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Figure 1.1: Overall layout of the ATLAS detector .

The overall detector layout is shown in Fig. 1.1 [6]. It is designed to cover
as much as possible of the solid angle around the collision point.

A magnetic field is provided by a thin superconducting solenoid surround-
ing the inner detector cavity, and large superconducting air-core toroids con-
sisting of independent coils arranged with an eight-fold symmetry outside the
calorimeters. The magnetic field allows to measure the transverse momentum
(pr) of charged particles from the curvature of tracks.

The Inner Detector is contained within a cylinder of length 7 m and a ra-
dius of 1.15 m, in a solenoidal magnetic field of 2 T. It provides efficient tracking
at high luminosity for high-pr lepton momentum measurements, electron and
photon identification, 7 lepton and heavy flavor jets identification, and full event
reconstruction capability at lower luminosity. This is achieved with a combi-
nation of high resolution semiconductor pixel and strip detectors in the inner
part of the tracking volume, and straw tube tracking detectors with transition
radiation capability in its outer part.

Highly granular liquid argon (LAr) electromagnetic (EM) sampling calorime-
try, with excellent performance in terms of energy and position resolution, is
used for electron and photon identification and measurements. The hadronic
calorimeters provide accurate jet and missing transverse energy (EX!55) mea-
surements. The bulk of the hadronic calorimetry is provided by a novel scintillator-
tile calorimeter, which is separated into a large barrel and two smaller extended
barrel cylinders, one on each side of the barrel. In the end-caps the LAr technol-



ogy is used. The barrel and forward LAr calorimetry is contained in a cylinder
with an outer radius of 2.25 m and extends longitudinally to £6.65 m along the
beam axis. The outer radius of the scintillator-tile calorimeter is 4.25 m and its
half length is 6.10 m.

The calorimeter is surrounded by the muon spectrometer. This provides
for high precision muon momentum measurements, with the capability to guar-
antee accurate measurements at the highest luminosity. The air-core toroid sys-
tem generates a large magnetic field volume with strong bending power within
a light and open structure. Multiple scattering is thereby minimized, and excel-
lent muon momentum resolution is achieved with three stations of high precision
tracking chambers. The muon instrumentation also includes as a key compo-
nent trigger chambers with very fast time response. The muon spectrometer
defines the overall dimensions of the ATLAS detector. The outer chambers of
the barrel are at a radius of about 11 m. The half-length of the barrel toroid
coils is 12.5 m, and the third layer of the forward muon chambers, mounted on
the cavern wall, is located about 23 m from the interaction point. The overall
weight of the ATLAS detector is about 7000 tons.

1.1.3 Reference system and definitions

The beam direction defines the z axis, and the z —y plane is the plane transverse
to the beam direction. The azimuthal ¢ axis is measured around the beam axis,
and the polar angle 6 is the angle from the beam axis. The pseudorapidity is
defined as

n = —Intan(0/2) (1.1)

The transverse momentum pr and the transverse energy Er, as well as the
missing transverse energy EXfSSare defined in the zy plane. The distance AR
in the pseudorapidity-azimuthal angle space is defined as AR = \/A%n + A2¢.

Trajectories of charged particles can be described by five helix parameters
in an ideal uniform magnetic field. The helix parametrisation used in ATLAS
makes use of 1/pr, ¢, do, cot 8, zg, with all the quantities measured at the point
of closest approach to the nominal beam axis. dy is the impact parameter in the
x — y plane, signed according to the reconstructed angular momentum about
the axis. zg is the z position of the track at the point of closest approach.

1.2 The ATLAS physics programme

The high energy and luminosity of the LHC offers a large range of physics op-
portunities [6], from the precise measurement of the properties of known objects
to the exploration of the high energy frontier. The desire to probe the origin of
the electroweak scale leads to a major focus on the Higgs boson; ATLAS must
be sensitive to it over the full range of allowed masses. Other important goals
are searches for other phenomena possibly related to the symmetry breaking,
such as particles predicted by supersymmetry or technicolour theories, as well
as new gauge bosons and evidence for composite quarks and leptons. The in-
vestigation of CP violation in B decays and the precision measurements of W
and top quark masses and triple gauge boson couplings will also be important
components of the ATLAS physics programme.



1.2.1 Standard Model physics

In the initial phase at low luminosity, the experiment will function as a factory
for QCD processes, heavy flavor and gauge bosons production. This will allow
to perform stringent test of the Standard Model predictions and to improve the
precision with which the parameters of the model are known. Deviations from
the Standard Model expectations may indicate the occurrence of new physics.
Improving the precision on the Standard Model parameters is also essential to
evaluate the background in the searches for new phenomena.

QCD studies. The calculation of the production cross-section at the LHC
both for interesting physics processes and their backgrounds relies upon a precise
knowledge of the distribution of the momentum fraction of the partons inside
the proton in the relevant kinematic range. This extends to higher energy scales
and smaller fractional momenta, of the scattered parton than the range probed
at the current accelerators. ATLAS data from Drell-Yan, direct photon, jet
and top production will be used to improve the knowledge of parton density
functions in the kinematic range of the LHC. The properties of minimum bias
events (total cross section, charged particle spectra and jet structure at small
transverse energy) also need to be measured to evaluate the background to
physics analyses. The jet production cross section will be measured to test
QCD predictions and measure the scale dependence of a; up to several TeV.
Charm, bottom and top quark production will also be studied in detail.

Gauge bosons. One of the challenges of the ATLAS experiments will
be whether the precision of the W-mass measurement can be improved. The
present value from LEP and Tevatron data is 56 MeV [7]. In ATLAS the
expected statistical uncertainty [6] will be a few MeV. The very ambitious goal
for both theory and experiment is to reduce the individual sources of systematic
errors to the level which would allow for the measurement of the W mass with
a precision of better than 20 MeV. This would ensure that the precision of the
W mass is not the dominant source of errors in testing radiative corrections in
the SM prediction for the Higgs mass.

The large rate of gauge boson pair production at the LHC enables ATLAS
to provide critical tests of the triple gauge-boson couplings. The gauge can-
cellations predicted by the Standard Model will be studied and measurements
of possible anomalous couplings made. These probe underlying non-standard
physics. The most sensitive variables to compare with Standard Model predic-
tions are the transverse momentum spectra of high-pr photons or reconstructed
Z bosons.

Beauty physics. Even at low luminosity, LHC is a beauty factory with
10'2 bb expected per year. The available statistics will be limited only by the
rate at which data can be recorded and it will be higher than in any previous
accelerator. The proposed B-physics programme is therefore very wide. An
important aim of the B-physics work is to test the Standard Model through
precision measurements of B hadron decays that together will over-constrain the
CKM matrix, possibly giving indirect evidence for new physics. This programme
will include the following: precise measurement of C'P violation in B-meson
decays, which in the Standard Model is due to a single phase in the CKM
matrix; precise measurement of the periods of flavor oscillations in B? as well
in BY mesons, and of relative decay rates; searches for and measurements of
very rare decays which are very strongly suppressed in the Standard Model and



where significant enhancements could provide indirect evidence for new physics.
At the LHC, the general-purpose experiments ATLAS will face stiff competition
from LHCb, which is a dedicated B-Physics experiment. However, even though
a dedicated experiment can be better optimized for certain event types, ATLAS
will be competitive in several channels. It will thus contribute to the combined
precision of B-physics measurements from the LHC.

Top physics. LHC has a large potential for performing high precision top
physics measurements with about eight million ¢ pairs expected to be produced
for an integrated luminosity of 10 fb™" (one year of data taking at low luminos-
ity). It would allow for the measurement of the top-quark mass with a precision
of ~ 2 GeV, to be compared to the current precision [7] of 5.1 GeV. The single
top production should be observable and the high statistics will allow searches
for many rare top decays. The precise knowledge of the top-quark mass places
strong constraints on the mass of the Standard Model Higgs boson, while a
detailed study of its properties may reveal as well new physics.

1.2.2 Standard Model Higgs boson

The SU(2)xU(1) symmetry group of the Standard Model, which describes the
so-called electroweak interaction, is spontaneously broken by the existence of a
postulated Higgs field. This leads to the emergence of massive vector bosons, the
W and Z, which mediate the weak interaction, while the photon remains mass-
less. One physical degree of freedom remains in the Higgs sector which should
manifest itself as a neutral scalar boson H® which is presently unobserved.

Although within the model there is no guidance about the Higgs mass itself,
some constraints can be delivered from the perturbative calculations within
the model requiring the Higgs couplings to remain finite and positive up to an
energy scale. If the Higgs mass is in the range of 160 to 170 GeV [8] then
the renormalisation-group behaviour of the Standard Model is perturbative and
well-behaved up to Planck Scale Ap; ~ 10 GeV; for smaller or larger values
of my new physics must set in below Ap;. As the Higgs mass increases, the self
couplings and the couplings to the W and Z grow [9, 10]. This feature has a
very important consequence. Either the Higgs boson must have a mass less than
about 800 GeV, or the dynamics of WW and ZZ interactions with center-of-
mass energies of the order of 1 TeV will reveal new structure. It is this simple
argument that sets the energy scale that must be reached to guarantee that
an experiment will be able to provide information on the nature of electroweak
symmetry breaking.

The most stringent limits on the Standard Model Higgs boson mass come
from LEP data. A lower limit can be derived from direct search. Indirectly, high
precision electroweak data constrain the Higgs boson mass via their sensitivity
to loop corrections. The preliminary combined lower limit (at 95% confidence
level) of the LEP experiments with the data taken in 2000 with a center-of-mass
energy of 209 GeV by the LEP experiments is my > 114 GeV [11, 12, 14, 13, 15].
An Higgs signal with myg = 115 GeV may also have been seen, the probability
that it is a background fluctuation being 3.5% [11]. Electroweak data favor a
light Higgs: a global fit leads to my = 76752 GeV [16].

Various detection strategies are envisaged in ATLAS, depending on the Higgs
mass (Fig. 1.2). b-tagging is crucial for a light Higgs (myg < 120 GeV) when
H — bb is the dominant decay channel. Since this process is affected by a
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Figure 1.2: ATLAS sensitivity for the discovery of a Standard Model Higgs
boson, assuming integrated luminosity of 100 fb~* [6] .

large QCD background, two particular final production and decay processes are
looked for: pp — ttH — lvjjbbbb and pp — WH — lvbb where j indicates a
generic hadronic jet and ! a muon or electron. The signature is thus two or
four beauty jets and an high-pr lepton. The Higgs shows up as a peak in the
invariant mass of the tagged beauty jets (Fig. 1.3).

The good reconstruction of photon pairs invariant mass by the electromag-
netic calorimeter allows to search for the rare Higgs one-loop decay in two
photons for mg < 150 GeV. H — ZZ* — 4]l and H — WW* — [vlv are
used for 120 GeV < mpyg < 180 GeV. When the Higgs mass allows its decay
into two real Z bosons, the channel H — ZZ — 4l provides a very clean and
background-free signature. If mpy is larger than about 700 GeV, however, the
rate of this channel becomes too small and decays with higher branching ratio
(H—> ZZ — lljj and H—- WW — lvjj) are searched for.

Fig. 1.2 shows the expected statistical significance for the discovery of a
Standard Model Higgs as a function of the Higgs mass, after three years of
running at low luminosity and one year at high luminosity.

1.2.3 Supersymmetry

The presence of a single elementary scalar boson is unsatisfactory to many
theorist, because if the Standard Model is part of some more general theory
which has some other larger mass scale (such as the Grand Unification scale or
the Planck scale) then a serious fine tuning of parameters is required to avoid
radiative corrections to drive the Higgs mass toward the larger scale. There are
two ways out of this problem which both involve new physics at the scale of
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Figure 1.3: Invariant mass distribution of tagged b-jet pairs in fully recon-
structed ttH signal events with an Higgs boson mass of 120 GeV above the
summed background [6] .

1 TeV: new strong dynamics could enter that provides the scale of my , or new
particles could appear such that the radiative divergences are canceled.

Supersymmetry [17] offers the only presently known mechanism for incor-
porating gravity in the quantum theory of particle interactions and provides
an elegant cancellation mechanism for the divergences, avoiding any fine tun-
ing. Supersymmetric models postulate the existence of superpartners for all the
presently observed particles: bosonic superpartners of fermions (squarks and
sleptons) and fermionic superpartners of bosons (gluinos and gauginos). There
are also multiple Higgs bosons, the neutral h, H, A and the charged H*. There
is thus a large spectrum of presently unobserved particles, whose exact masses,
couplings and decay chains are calculable in the theory given certain parame-
ters. Unfortunately these parameters are unknown. However, if supersymmetry
has anything to do with electroweak symmetry breaking, the masses should be
in the region below or of the order of 1 TeV.

Discovering SUSY at the LHC will be straightforward if it exists at the elec-
troweak scale. Copious production of squarks and gluinos can be expected, since
the cross section should be as large as a few pb for squarks and gluinos as heavy
as 1 TeV. Their cascade decays would lead to a variety of signatures involving
multi-jets, leptons, heavy flavors and missing energy. The main challenge would
be not to discover SUSY itself, but to determine its nature and determine the
underlying SUSY model. In several models the precision measurement of the
masses of the SUSY particles and the determination of the model parameters
will be possible.

Fig. 1.4 shows the ATLAS sensitivity to the Higgs bosons within the Minimal
SuperSymmetric Model with maximal mixing, for an integrated luminosity of

11
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Figure 1.4: ATLAS sensitivity for the discovery of MSSM Higgs bosons (in the
case of maximal mixing). The 50 discovery contour curves are shown in the
(ma,tan 8) plane for individual channels and for an integrated luminosity of
300 fb~". The LEP limit is also shown .

300 fb~!. With these assuptions there are two free parameters, m4 and tan j.
The sensitivity of various discovery channels is shown as 50 discovery contour
curves in the (m4,tan ) plane. The LEP final limit is also reported. The
h boson behaves like a light Standard Model Higgs boson and it searched for
through the h — vy and tth, h — bb channels, the latter allowing discovery over
most of the parameter space. However the discovery of one of the heavier Higgs
boson would allow an easier measurement of m 4 and tan .

1.2.4 Other physics beyond the Standard model

Technicolour models [18] provide for electroweak symmetry breaking intro-
ducing new dynamics rather than with an Higgs mechanism. The large top mass
and the absence of any observation of flavor changing neutral currents exclude
the simplest models, such that an elegant implementation of this idea is lacking.
If the dynamics has something to do with electroweak symmetry breaking, new
resonances arise in the region below 1 TeV.

There are also other possibilities for new physics that are not necessarily
related to the scale of electroweak symmetry breaking. They include:

e A fourth family of quark and leptons. This is possible only if the fourth
family neutrinos are heavier than about half the mass of the Z, so that
they do not contribute to the Z width. Fourth family quarks can be
searched directly up to a quark mass of about 700 GeV [6]. They would
also enhance the Higgs production and modify the branching ratios of its

12



decay modes. The possibility of observing the heavy leptons is also under
study.

e Compositeness, which is suggested by the existence of three families.
Excited quarks decay in a jet and a photon, deviations from QCD predic-
tions for jet production, and leptoquarks ( particles with both lepton and
baryon quantum numbers) will be looked for.

e New gauge bosons, arising from new symmetry groups in Standard
Model extensions.

e Right-handed Majorana neutrinos.

e Dirac magnetic monopoles [19], restoring the symmetry of the Maxwell’s
equations and explaining the quantization of electric charge. They will be
searched through their loop contribution to photon-photon scattering, an
analysis which is sensible to monopoles up to a mass of several TeV.

1.3 The ATLAS detector

1.3.1 The Inner Detector

The layout of the Inner Detector is shown in Figure 1.5.

The momentum and vertex resolution requirements from physics call for
high precision position measurements to be made with fine granularity detec-
tors, given the very large track density expected at the LHC at the highest lu-
minosity (Fig. 1.6). Semiconductor tracking detectors, using silicon microstrip
(SCT) [20] and pixel [21] technologies offer these features. The highest granu-
larity is achieved around the vertex region using semiconductor pixel detectors.
The total number of precision layers must be limited because of the material
they introduce, and because of their high cost. Typically, three pixel layers and
eight strip layers (four space point) are crossed by each track. A large number
of tracking points (typically 36 per track) is provided by the straw tube tracker
(TRT) [20], which provides continuous track-following with much less material
per point and at a lower cost. The straw hits at the outer radius contribute
significantly to the momentum measurement, since the lower precision per point
compared to the silicon is compensated by the large number of measurements
and the higher average radius. The relative precision of the different measure-
ments is well matched, so that no single measurement dominates the momentum
resolution. This implies that the overall performance is robust. The high den-
sity of measurements in the outer part of the tracker is also valuable for the
detection of photon conversions and of neutral particles decays. The latter are
an important element in the signature of a CP violation in the B system. In
addition, the electron identification capabilities of the whole experiment are en-
hanced by the detection of transition-radiation photons in the xenon-based gas
mixture of the straw tubes. The secondary vertex measurement performance,
which is the essential tool for heavy flavor and 7 tagging, is based on the pixel
detector measurements at low radii.

The position of the elements of the Inner Detector will have to be known
with a precision better than the intrinsic resolution of the detectors. In the
Inner Detector Technical Design Report [20] the goals for the alignment were

13
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Figure 1.5: Longitudinal view of the ATLAS Inner detector .
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Figure 1.6: Display in the transverse plane of a simulated high-pr H - ZZ* —
ete~putp~ decay (Higgs mass = 130 GeV) in the ATLAS barrel Inner Detector
and calorimeters at a luminosity of 5 x 103 ¢cm=2s~! [6]. The four leptons
and the recoiling jet are visible. Hits in the Inner Detector are shown over the
range |n| < 0.7. High threshold transition radiation hits are drawn as red points.
Reconstructed tracks with pr > 1 GeV and || < 0.7 are shown (in yellow). The
reconstructed tracks are shown in red for electrons and in blue for the muons.
The histograms show the energy deposition in the EM Calorimeter (pale green)
and Hadronic Calorimeter (dark green).
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such that misalignments should degrade the track parameter resolutions by no
more than 20%. This led to requirements that in R¢ the Pixel detectors should
be aligned to ~ 7 pm while the SCT detectors should be aligned to ~ 12 pm.
The desire to measure the W mass to 20 MeV [6] will necessitate knowing the
momentum scale of the ID to about 0.02%, which implies an alignment precision
on each single module of ~ 1 um [22] which is a very difficult and ambitious
goal.

Initially the Pixel and SCT module positions will be determined from me-
chanical measurements, an X-rays survey and the frequency scan interferometry
which measures a network of lengths in the SCT. This will provide a starting
point for the alignment with physics events tracks [6, 22] which will be performed
daily.
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Figure 1.7: Fluence in the ID cavity expressed in units of 1 MeV equivalent
neutrons per cm? per year.

The inner detector components will have to be resistant to the large expected
radiation levels (Fig. 1.7).

The Pixel detector

The Pixel detector is designed to provide three high-resolution points per track
as close to the interaction point as possible. It mostly determines the ability to
find short-lived particles such as B mesons and 7 leptons through the identifi-
cation of displaced vertices. It also offers a powerful tool for track separation
and reconstruction because of the two dimensional segmentation of the sensors.
A detailed description of the ATLAS Pixel detector is given in chapter 2.

The SemiConductor Tracker

The SCT is designed to provide four track points in the intermediate radial
range, contributing to the measurement of momentum and impact parameter.
The system is an order of magnitude larger in surface area than the previous
generations of silicon microstrip detectors, and in addition must face radiation
levels which will alter the fundamental characteristics of the silicon wafers them-
selves.

The barrel SCT uses four double layers of p-on-n silicon microstrip detectors.
Each double layer consists of strips aligned in the azimuthal direction and strips
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rotated by a 40 mrad stereo angle with respect to the first set. The strips have
a 80 um pitch and are 12 cm long. The readout chain consists of a front-end
amplifier and discriminator, followed by a binary pipeline which stores the hits
above threshold until the level-1 trigger decision.

The spatial resolution is 16 ym in R¢ and 580 pm in z.

On each side there are nine end-cap wheels, with up to three rings per wheel.
The radial range of each disk is adapted to limit the coverage to |n| < 2.5
by equipping each one with the minimum number of rings and by using the
appropriate set of modules.

The SCT as well as the Pixel system require cooling to remove the heat
generated by the electronics and detector leakage current. The two detectors
are jointly referred to as Precision Tracker.

The Transition Radiation Tracker

The TRT is based on the use of straw detectors, which can operate at the very
high rates expected at the LHC by virtue of their small diameter and the iso-
lation of the sense wires within individual gas volumes. Electron identification
capability is added by employing xenon gas to detect transition-radiation pho-
tons created in a radiator between the straws. This technique is intrinsically
radiation hard, and allows a large number of measurements, typically 36, to be
made on every track at modest cost. However, the detector must cope with a
large occupancy and high counting rates at the LHC design luminosity.

Each straw is 4 mm in diameter and equipped with a 30 ym diameter gold-
plated W-Re wire. The barrel contains about 50 000 straws, each divided in
two at the centre, in order to reduce the occupancy, and read out at each
end. The end-caps contain 320 000 radial straws, with the readout at the
outer radius. Each channel provides a drift time measurement, giving a spatial
resolution of 170 ym per straw, and two independent thresholds. These allow the
detector to discriminate between tracking hits, which pass the lower threshold,
and transition radiation hits which pass the higher one. The TRT is operated
with a non-flammable gas mixture of 70% Xe, 20% CO, and 10% CF, with a
total volume of 3 m3.

The barrel section is built of individual modules with between 329 and 793
axial straws each, covering the radial range from 56 to 107 cm. The first six
radial layers are inactive over the central 80 cm of their length, in order to
reduce their occupancy, while providing extra coverage for the crack between
the barrel and the end cap sections.

The two end caps each consist of 18 wheels. The 14 wheels nearest to the
interaction point cover the radial range from 64 to 103 cm, while the last four
wheels extend to an inner radius of 48 cm in order to keep a constant number
of crossed straws over the full acceptance. To avoid an unnecessary increase in
the number of crossed straws and material at medium rapidity, wheels 7 to 14
have half as many straws per cm in 2z as the other wheels.

A primary concern in the design of this sub-system has been to obtain a
good performance at high occupancy and counting rate. In the barrel, the rate
of hits above the lower threshold varies with radius from 6 to 18 MHz, while in
the end caps the rate varies with z from 7 to 19 MHz. The maximum rate of
hits above the higher transition radiation threshold is 1 MHz. Within a single
drift time bin, the occupancy is about one third of that in the entire active time
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window. Position accuracies of about 170 um have been achieved in tests at
average straw counting rates of about 12 MHz. At these rates, only about 70%
of the straws give correct drift time measurements because of shadowing effects,
but the large number of straws per track guarantees a combined measurement
accuracy of better than 50 ym at the LHC design luminosity, averaged over all
straws and including a systematic error of ~ 30 pm from alignment.

A good pattern recognition performance is also assured by the continuous
tracking. Within the radial space available, the straw spacing has been op-
timized for tracking at the expense of electron identification, which would be
improved by a larger path length through the radiator material and fewer straw
detectors. The distribution of the straws over the maximum possible path length
enhances the pattern recognition performance, by reducing the effect of loopers
and interactions which can saturate small regions of the detector. The TRT
provides additional discrimination between electrons and hadrons, with e.g. a
pion rejection factor at pr = 20 GeV varying with n between 20 and 100 at 90%
electron efficiency.

1.3.2 The calorimeters

The ATLAS calorimeters are designed to measure the total energy of inci-
dent hadrons, photons and electrons. Neutral particles (photons and neutral
hadrons) are detected only by the calorimeters. Electromagnetic calorimetry
provides for electron and photon identification and the precise measurement of
their energy. Hadronic calorimeters measure jet and transverse missing energy.

A view of the ATLAS calorimeters is presented in Figure 1.8 [6]. The system
consists of an electromagnetic (EM) calorimeter covering the pseudorapidity
region |n| < 3.2, an hadronic barrel calorimeter, hadronic end-cap calorimeters
and forward calorimeters.

The EM calorimeter is divided into a barrel part and two end-caps. It
is a lead/liquid argon (LAr) detector with accordion-shaped electrodes. The
accordion geometry provides complete ¢ symmetry without azimuthal cracks.
The thickness of lead in the absorber plates has been optimized as a function of
7 in terms of EM calorimeter performance in energy resolution. The calorimeter
is segmented in 7 and ¢ to provide for EM showers position measurement. The
total number of channels is about 190 000.

The total material seen by an incident particle before the calorimeter front
face is 2.3 radiation lengths, and increases with pseudorapidity in the barrel
because of the particle angle. Over the pseudorapidity range || < 1.8 a pre-
sampler is used to correct for the energy lost by electrons and photons upstream
of the calorimeter.

Fig. 1.9 reports the energy resolution as measured in the test beam operation
of an EM end-cap module prototype [6].

The ATLAS hadronic calorimeters (Fig. 1.8) cover the range |n| < 4.9
using different techniques best suited for the widely varying requirements and
radiation environment over the large n range.

The large hadronic barrel calorimeter is a sampling calorimeter using iron
as absorber and scintillating tiles as active material. The scintillating tiles are
read out on two oppposite sides by wavelength shifting fibres into two separate
photomultipliers. The granularity is An x A¢ = 0.1 x 0.1 and the total number
of channels is about 10 000. Each hadronic end-cap calorimeter consists of two
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Figure 1.8: Three dimensional cutaway view of the ATLAS calorimeters .
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Figure 1.9: Energy resolution of the end-cap module zero as a function of energy
at § ~ 2.2. The best fit is superimposed .

independent wheels, which alternate copper plates with liquid argon sensitive
layers. The liquid argon forward calorimeter extends the pseudorapidity cover-
age up to |n| = 4.9. It is a particularly challenging detector owing to the high
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level of radiation it has to cope with. It is divided into a section made of copper
and two made out of tungsten, resulting in a compact high density detector.

An important parameter in the design of the hadronic calorimeter is its
thickness: it has to provide good containment for hadronic showers and reduce
punch-through into the muon system to a minimum. The total thickness is 11
interaction lengths (\) at 5 = 0, including about 1.5 A from the outer support.
This is sufficient to reduce the punch-through well below the irreducible level
of prompt or decay muons. Nearly 10 A of active calorimeter are adequate to
provide good resolution for high energy jets. Together with the large  coverage,
this will also guarantee a good EX5® measurement, which is important for many
physics signatures and in particular for SUSY particle searches.

1.3.3 The muon spectrometer

Among charged particles, only muons are penetrating enough to pass through
the calorimeters and reach the external spectrometer. Their momentum is mea-
sured from the curvature of tracks in the magnetic field provided by the air-core
toroid magnets. Due to the high interaction rate, the detectors must satisfy
constraints on parameters such as rate capability and radiation hardness. They
must also cope with difficult background conditions resulting from penetrating
primary collision products and from radiation backgrounds, mostly neutrons
and photons in the 1 MeV range, produced from secondary interactions.

The chambers are arranged such that particles from the interaction point
traverse three stations of chambers up to |p| = 2.7. In the barrel region, the
magnetic field is such that the Lorentz force is along z. The chambers are
arranged in three cylinders concentric with the beam axis. In the end-cap
region the Lorentz force is along R and the chambers are arranged in four
disks concentric with the beam axis.

Over most of the 7n-range a precision measurement along the bending di-
rection is provided by the Monitored Drift Tubes (MDTs). They provide a
single wire resolution of about 80 pm. “Monitored” refers to the optical system
monitoring mechanical deformations.

At large pseudorapidities and close to the interaction point, multiwire pro-
portional chambers with cathode strip readout (Cathode Strip Chambers, CSCs)
with higher granularity are used instead of MDTs, as they better withstand the
demanding rate and background conditions.

The trigger system is composed of Resistive Plate Chambers (RPCs) in
the barrel and by multiwire proportional chambers with a small cathode-anode
gap, called Thin Gap Chambers (TGCs), in the end-cap regions. They pro-
vide bunch crossing identification, which requires a time resolution better than
the LHC bunch spacing of 25 ns, they provide a trigger with well defined pr
cutoff, optimized to cope with the background, and they finally measure the
second coordinate in the direction orthogonal to that measured by the precision
chambers, with a typical resolution of 5-10 mm.

1.3.4 Trigger, data acquisition and computing

Starting from an initial bunch-crossing rate of 40 MHz (interaction rate of ~
10° Hz at a luminosity of 10** cm~2s7!), the rate of events selected by the
trigger must be reduced to ~ 100 Hz for permanent storage. While this requires
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a rejection rate of 107 against minimum-bias events, excellent efficiency must be
retained for the rare new physics processes, such as Higgs boson decays, which
will be searched for in ATLAS. The output data volume will still be very high
(about 10*® Bytes/year) requiring new methods for data processing and access.

The ATLAS trigger and data-acquisition (DAQ) system is based on three
levels of online events selection. Each level has a lower input rate than the
previous one, and more time per event to make its decision, so that it can
process more event informations and apply more complex algorithms to provide
additional rejection power.

The level-1 trigger makes an initial selection using muon trigger chambers to
identify high-pr muons, and the calorimeters to search for high-pr electrons and
photons, jets, and tau leptons decaying into hadrons, as well as large missing
and total transverse energies. The requirements on the level-1 trigger are a
maximum rate of 75 kHz, the ability to identify the bunch crossing of interest,
and a maximum latency of 2.5 um. The latency is the time taken to form and
distribute the trigger decision. During this time, information for all detectors
channels has to be kept in pipeline memories. These are generally located in
integrated circuits near or on the detector, and it is desirable (for reasons of
cost, reliability, and available space) to keep their lengths as short as possible,
that is, to minimize the latency.

Events selected by level-1 trigger are read out from the front-end electronics
systems into readout drivers and then into readout buffers where they are kept
until the level-2 trigger decision.

The level-2 trigger makes use of region-of-interest information provided by
the level-1 trigger. This includes information of position and transverse mo-
mentum of candidate objects (high-pr muons, electrons/v,hadrons/7,jets), and
energy sums (missing-Er vector and scalar Ep value). Using the region-of-
interest information, the level-2 trigger selectively access for the readout buffers
only the data that are required to make the level-2 decision. The level-2 trigger
makes use of the precision muon chambers, the full calorimeter information and
the inner detector data to provide additional rejection power. A latency time
of a few ms is allowed to make the decision and reduce the rate to about 1 kHz.

After the level-2, the last stage of the online selection is performed by the
Event Filter. It will employ offline algorithms and methods, adapted to the
online environment, and use the most up to date calibration and alignment
information and the magnetic field map. It will make the final selection of
physics events which will be written to mass storage for subsequent full offline
analysis; the output rate should be reduced to about 100 Hz, corresponding to
an output data rate of about 100 MB/s if the full event data are to be recorded.
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Chapter 2

The Pixel detector

2.1 Basic features of silicon detectors

A semiconductor detector is based on a pn junction [23] operated under a large
reverse bias voltage. Fig. 2.1 shows a scheme of such a junction, assuming that
the doping concentration N4 of the p-side is much larger of the n-side doping
concentration Np. A zone devoid of free charge carriers (electrons or holes)
exists around the junction. This region is called depleted zone and it is the
sensitive volume. Its depth (depletion depth) is inversely proportional to the
doping concentration, so that if N4 > Np it extends mainly on the n-side
(and vice versa). Fig. 2.1 shows the net charge density, the electric field and
the electric potential as a function of the coordinate perpendicular to the pn
interface. The total potential change is the bias voltage applied to the junction®.

Depleted zone E
P n
o 0 a) X v 0 0 X
T N o)
-
A q X
b) d)

Figure 2.1: Scheme of a pn junction (a), with the charge density (b), the electric
field (c) and the potential (d) distributions near the junction. N4 and Np are
the doping concentrations of the p-side and n-side respectively.

If a particle passes through the depleted zone, pairs of conduction electron
and holes are created, and they drift toward the electrodes following the electric

1An intrinsic potential difference is present even if no bias is applied; however it is much
smaller than the reverse bias voltages used to operate particle detectors.

21



field inside the depletion zone. The mean energy required for the production of
a pair in silicon is 3.6 eV, so that a minimum ionizing particle creates an average
of 27000 pairs in 300 pum of silicon. The pairs are collected on the electrodes in
a few ns.

The depleted zone thickness is given by [7]

/ 26065'Vb'

where e is the electron charge, Np the silicon doping concentration, Vi, ¢
the applied bias voltage, €o the vacuum dielectric constant and eg; = 11.9 the
silicon relative dielectric constant. Vg, is the voltage needed to extend the
depletion depth to the full silicon thickness. Above this voltage the depletion is
equal to the thickness no matter what the bias voltage is.

The depleted depth is proportional to the square root of the bias voltage, if
a constant doping concentration is assumed. As the amount of charge collected
depends on the sensitive depth, it is desirable to extend it over the whole sensor
thickness. The bias voltage needed to deplete the whole silicon sensor thickness
is called depletion wvoltage. The sensor thickness of ATLAS silicon detectors
(SCT and pixel) is in the range 200 = 300 wpm. Low doping concentrations
(of the order of 102 c¢m~=2) are used for the silicon substrate to reduce the
depletion voltage, which is of the order of 100 V before radiation damage.

By segmenting an electrode in pixels, the pixels on which the signal is ob-
served give the position of the passing particle. The spatial resolution is related
to the pixel size and can be improved with charge interpolation.

A limit to the precision of the charge measurement comes from the electronic
noise level. The major noise sources are related to the detector capacitance
and leakage current, and the minimum electronic noise level for a particular
detector can only be achieved by specifically designing the electronic readout
circuit (input capacitance, shaping time, etc.).

2.2 Radiation damage in silicon detectors

Two different radiation damage effects in silicon detectors [24, 25, 26] have to be
distinguished. The first effect is caused by ionization in the passivation layers
at the detector surface and it is named surface damage. The other effect is bulk
damage, which is caused by the non-ionizing energy loss of penetrating particles
and results in crystal defects.

The surface damage results in an increase up to a saturation value of the
charge accumulated at the interface between the silicon and the silicon oxyde
surface layer. The pixels can be electrically shortened by the presence of this
conductive layer; a proper choice of the pixel isolation techniques (section 2.5)
is needed to keep isolation throughout the radiation lifetime of the sensor.

The bulk damage is mainly caused by neutrons and charged hadrons, as
the energy transfer of electrons and photons to crystal atoms is not enough
to produce significant damage. The changes of the detector properties due to
crystal defects scale with the non-ionizing energy losses. This has been verified
by comparing the irradiation induced changes in the detector parameters for
different particles and particle energies [28, 29, 30]. Therefore the bulk damage
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Figure 2.2: Effective impurity concentration as a function of the accumulated
1 MeV neutron equivalent fluence for standard and oxygen enriched silicon ir-
radiated with reactor neutrons (Ljubljana), 23 GeV protons (CERN PS) and
192 MeV pions (PSI). The right scale reports the corresponding full depletion
voltage for 300 um thick sensors. [31]

is characterized in terms of the fluence of 1 MeV neutrons which gives the same
non-ionizing energy loss.

The main effects of bulk damage which are relevant for silicon detectors
operation are:

e The introduction of acceptor centres which changes the doping concentra-
tion with severe consequences for the operating voltage needed for total
depletion.

e The creation of recombination /generation centres which leads to a fluence
proportional increase of the leakage current.

e The formation of charge carriers trapping centres which affects the charge
collection efficiency leading to a reduction in the signal height.

The first effect is the most severe, as the leakage current can be largely
reduced by cooling the detectors and trapping has been found to be tolerable
(chapter 4).

The effect of radiation on the effective doping concentration and on depletion
voltage is shown in Fig. 2.2. Starting from n-type material, the increase in
acceptor-like defects leads to a reduction of the effective doping concentration
and depletion voltage for low fluences. At higher fluences the conduction type
changes from n to p and an increase of the effective doping concentration and
depletion voltage is observed. The depletion voltage eventually gets larger than
the maximum practical operating voltage, and it is no more possible to fully
deplete the sensors.

Fig. 2.2 also shows that radiation hardness of silicon detectors can be sub-
stantially improved by deliberately introducing oxygen to the substrate [31].
The improved radiation hardness is observed for detectors exposed to charged
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Figure 2.3: Systematic analysis of annealing data [31]. Change of effective dop-
ing concentration ANy during isothermal annealing at 60 ° of oxygen enriched
silicon detectors irradiated with different neutron fluences.

hadrons (pions or protons) while no difference between standard and oxygenated
silicon substrates is observed when the irradiation is made with neutrons. In
the LHC both kinds of radiation will be present, the charged hadrons compo-
nent being dominant for the the innermost detector layers (that is, for the Pixel
detector). For this reason, oxygenated silicon substrates have been adopted as
a baseline for ATLAS Pixel sensors.

The effective doping concentration has a time dependence after irradia-
tion [24, 25], which is caused by the interactions between the radiation-induced
defects. This process is called annealing.

The damage-induced change in the effective doping concentration with re-
spect to its initial value before irradiation can be described as

ANgf(®eq, t(T)) = Na(Peq,t(T)) + Nc(Peq) + Ny (Peq, t(T)) (2.2)

In this equation, 7' is the temperature, ¢ the time and ®eq the 1 MeV neutron
equivalent fluence. It has been emphasized that the time dependence is subject
to the annealing temperature 7. AN g consists of three components:

e The short term radiation damage N4, which decreases with a time con-
stant in the range of days at room temperature. This beneficial annealing
is due to recombination of charged impurities. Its time dependence can
be described by a sum of exponentials [28]

Na(®eq,t) = PeqXjga,jexp[—t/7a,;(T)] (2.3)

Each exponential describes a recombination process with time constant
Ta,; and weight ga ;.

e An increase in acceptor states appears about two weeks after irradiation
(room temperature). This long-term annealing described by Ny is caused
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by radiation-induced defects which are not electrically active themselves,
but when they anneal combine to form a defect which is now electrically
active and causes the observed time dependent change. It has been shown
to be a second order process and can be suppressed by cooling the detector
after irradiation [27]. It can be described with the formula [27, 33]

Ny (®eq,t) = gy Peq[l = 1/(1 +t/7v(T))] (2.4)

The contribution of this term is zero for ¢ = 0 while for ¢ = oo it reaches
the saturation value gy ®eq.

e A stable damage part N¢. This depends on fluence only and it is the
dominant component after about 10 days at room temperature, when most
of beneficial annealing has already taken place and the reverse annealing
has just started giving a significant contribution. Its dependence on fluence
is similar to that of Fig. 2.2 and can be described by the formula [33, 34]

Nc(®eq) = Noo(1 — exp(—c®eqi)) + gcPeq (2.5)
For high fluences it increases almost linearly with fluence.

The constants g4,74, 9y, 7y, Nco, ¢, gc can be measured experimentally.
Updated values for standard and oxygenated silicon can be found in Ref. [31, 35].

Fig. 2.3 [31] shows the effective doping concentration as a function of time
for different fluences and for a temperature of 60 °C. The high temperature
accelerates the annealing. Having measured the temperature dependence of the
time constants [32] one can easily transfer the annealing function obtained at
high temperature (for faster measurement) to any given value. With respect
to a room temperature measurement this acceleration factor for the reverse
annealing is 550 at 60 °C [31].

Oxygenated silicon not only exhibits a permanent damage (that is, a value
of g¢) significantly lower than standard silicon for charged hadron irradiation,
but also shows a significantly slower reverse annealing (a larger 7v). This offers
an additional safety margin for detectors kept at room temperature for extended
maintenance periods.

In order to minimize the damage due to reverse annealing it is foreseen to
cool the detectors during and after operation periods and minimize the warm-up
periods to a few days per year.

The increase of radiation induced leakage current with fluence is shown in
Fig. 2.4. This results in increased electronics noise and power consumption.
The reverse current depends on temperature according to the equation

I(T) ox (kT)2e E/2kT (2.6)

where k is the Boltzmann constant and £ = 1.21 eV. Hence it can be greatly
reduced by cooling the detectors.
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Figure 2.4: Fluence dependence of the leakage current generated per unit vol-
ume. Results for detectors produced by various process technologies from dif-
ferent silicon materials are reported. [31]

2.3 Layout

The Pixel Detector is designed to provide a very high granularity, high precision
set of measurements as close to the interaction point as possible. The system is
designed to provide three precision measurements over the full acceptance, and
mostly determines the resolution on the impact parameter and the ability to
find short lived particles such as B hadrons and 7 leptons. The two dimensional
segmentation of the sensors gives space points without any of the ambiguities
associated with crossed strip geometries, and allows to reconstruct the z position
of the primary interaction vertex (and of the secondary decay vertices as well).

A stereo view of the Pixel Detector is shown in Fig. 2.5. The detector?
is composed by three barrel layers and three disks on each side. The barrel
layers have average radii of 5.05 cm, 8.85 cm, and 12.25 cm, with an half-length
of 40 cm. They are labelled B-Layer, Layer 1 and Layer 2 starting from the
innermost one. The B-Layer radius has been chosen as small as possible (given
the beam pipe constraints) to maximize the resolution on the impact parameter
of tracks. The disks active region extends between radii 8.9 cm and 15.0 cm;
the z positions are 49.5 cm, 58.0 cm and 65.0 cm. This geometry provides at
least three points per track up to |n| ~ 2.5 (Fig. 2.6).

The system is designed to be highly modular, containing approximately 2000
modules, which are identical in the barrel and in the disks. Each module is
62.4 mm long and 21.4 mm wide. The long side of the modules is along the
z direction in the barrel and along the radial direction in the disks. Fig. 2.7
shows a cross section of the barrel Pixel Detector in the R¢ plane. The detector
modules are tilted in the R¢ plane and the overlaps assure angular coverage
for pr > 1 GeV/c. The tilt angles are 20° for all three layers. This choice is

?Here is described the June 2001 layout known as Lund layout, which is significantly
different from the older layouts described in Ref. [20, 21, 6].
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driven mainly by mechanical clearance constraints. The overlap is present also
in the zR plane view. The tilt angle in the zR plane is 1.5°. Similarly the
disk modules are mounted on both side of the disk support structure so that
coverage is complete (the front and back faces of a disk module are offset in ¢).

Fig. 2.8 shows the amount of material of the Pixel Detector crossed by a
particle as a function of pseudorapidity. The number of radiation lengths seen
by a particle before the electromagnetic calorimeter has to be kept as low as
possible because it increases electron bremsstrahlung and photon conversions.
The bremsstrahlung degrades the electron energy resolution provided by the
calorimeter and the momentum resolution provided by the tracking system. In
the most extreme cases (very hard and early bremsstrahlung) the electron track
is not reconstructed at all and the particle is misidentified as a photon. The
conversions reduce the photon detection efficiency and give rise to tracks with
large impact parameters, affecting the b-jets tagging performance (chapter 8).
The material increases with the absolute value of pseudorapidity because of the
increase of the incidence angle in the barrel layers, and because of the services
(cables, cooling system, support structures) located at the end of the detector.
The asymmetry in the material and the peak at n = 2.5 are due to the B-Layer
services which are placed on the positive 7 side. The option of having B-Layer
services distributed symmetrically is under consideration.

The Pixel Detector is the innermost system, hence it will be exposed to
the highest radiation levels (Fig. 1.7). The fluence to which the ATLAS Pixel
Detector will be exposed was computed [21] assuming a pp inelastic interaction
cross section of ¢ = 80 mb and a total of 100 days annual operation. At
design luminosity (10%* cm~2s7!) the B-Layer fluence will be about ~ 0.3 x
10" neqem™2 /year, the Layer 1 fluence will be ~ 0.1 x 10'® neqem ™2 /year, and
the Layer 2 and disks fluence will be ~ 0.05 x 10'5 neqcm=2/year.

The specifications for the Pixel Detector require all the components to be

Figure 2.5: Stereo View of the Pixel Detector.
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Figure 2.6: Mean number of Pixel layers crossed by 50 GeV muons as a function
of pseudorapidity. Vertex spread due to the finite beam size is included.

radiation tolerant up to 10'® e¢m~2 fluence and 500 kGrays dose. Hence the B-
Layer may need replacement after a few years of operation at design luminosity,
while the other layers should be able to operate for the entire foreseen experi-
ment lifetime (3 years at low luminosity plus 7 years at design luminosity) with
a safety factor of ~ 1.5 for Layer 1. The safety factor protects the detector from
the uncertainties on the pp cross section and the delivered luminosity profile.

The temperature of the Pixel Detector will be kept at 0 °C to avoid reverse
annealing effects, with only short warm-up periods for maintenance. The cooling
system will have to keep that temperature in spite of the heat dissipation which
will increase with time due to the increase of operational voltage and leakage
current.

2.4 Modules

Each module is composed by a sensitive tile (the sensor), sixteen read out chips,
and a flexible hybrid supporting a module controller chip, which performs clock
and control operations, the local signal interconnection and power distribution
busses and passive components such as temperature sensors, resistors and ca-
pacitors. The sensor is placed between the flexible hybrid and the integrated
circuits chips. The module is mounted with the Front-End integrated circuits
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Figure 2.7: Cross section of the barrel Pixel Detector in the R¢ plane.
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Figure 2.8: Amount of material of the Pixel Detector (in radiation lengths) as
a function of pseudorapidity.
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attached to the mechanical support structure.

The Front-End integrated circuits extend beyond the long sides of the sensor.
This gives access to their output pads so that wire bond connections can be used
to make contact to the 18.6 mm wide Flex-hybrid glued to the back side of the
sensor. Aluminum or copper bus lines route the signals to the Module Controller
Chip (MCC) mounted on the Flex-hybrid. The MCC loads configuration data
in the front-end chips, provides debugging and test functionalities for the entire
module, distributes timing signals, coordinates the read-out from the 16 end-
of-column logic circuits, builds the events and handles error conditions. Data
are transmitted from the MCC to the Read Out Drivers (ROD) through optical
fibers. Optical fibers are also used to bring signals to the module. There are two
transmission and one reception fiber per module, all working in a digital mode.
The opto-electronics package consists of two Vertical Cavity Surface Emitting
Lasers (VCSELs) for outputs and one PIN diode for inputs.

Figure 2.9: Photograph of a flex hybrid prototype.

A photograph of a flex is shown in Fig. 2.9. All module components and
materials have to be radiation tolerant enough to survive over the operational
lifetime of the detector.

2.5 The sensor

A sensor (Fig. 2.10) consists of 328 x 144 pixel cells (328 x 192 in the B-Layer)
of 50 pm x 400 pm (50 pm X 300 pm in the B-Layer). It is connected to
2 x 8 read-out chips, each one reading an array of 164 x 18 pixels (164 x 24 in
the B-Layer). The sensor sensitive area is 16.4 mm x 60.4 mm. The thickness
is 250 pm (200 pum in the B-Layer).

Every pixel of the sensor is read by an electronics chain located in a matching
readout cell of the front-end chip. The readout cell has the same area of the
sensor pixel. This area, 2000 pm?, is the minimum which can accomodate
the required electronics. In principle the aspect ratio of the pixel cell is not
constrained; the ATLAS choice was to use pixel cells with a large aspect ratio,
8:1. This choice maximizes resolution along the short dimension at the cost of
a poorer resolution along the long dimension of the pixel. The long side of the
pixels is along the z coordinate in the barrel and along the radial direction in
the disks; the short side is along the R¢ direction, so that the best resolution is
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Figure 2.10: Schematic view of a sensor tile of barrel layers 1,2. The area read
out by each of the 16 electronic chips is shown. In the B-Layer, the pixel cell
size is reduced and the number of columns read out by a chip increases to 24.
In the disks, the R coordinate replaces the z one.

obtained for the measurement in the R¢ plane, at the cost of a poorer resolution
on the z coordinate of vertices.
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Figure 2.11: Detail of the corner of the sensor region covered by a read out chip,
showing how coverage is achieved at chip borders. [20]

A region of width 400 pum at the borders between chips is not covered by
readout cells. The solution is shown in Fig. 2.11 which shows a detail of the
corner of the region covered by a read out chip. Complete coverage in z is
achieved by increasing the length of the sensor pixels read out by the first and
last column of each chip by 200 um. In the R¢ direction, the pixels in the gap (4
rows for each chip) which are not bump-bonded to the electronics are connected
to sensor pixels a few row away according to the scheme shown in Fig. 2.11.

A schematic cross section of ATLAS pixel sensors is shown in Fig. 2.12. The
pixels are nT implants on an n substrate and the junction is initially located
on the backside. The sensor must be operated fully depleted, as the undepleted
zone on the pixel side would electrically shorten all the pixels. The pixels are
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Figure 2.12: Cross section of a pixel sensor connected to a front-end chip.

Figure 2.13: Structure in the p-side guard ring region [20].
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Figure 2.14: Pixel isolation techniques, from left to right: p-stop, standard
p-spray, and moderated p-spray.
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at ground potential, and a negative potential is applied on the backside. The
electric field direction is such that the electrons migrate toward the pixels®.
Each pixel is connected to a readout chain in the electronics chip. After type
inversion of the substrate induced by radiation damage, the junction moves near
the pixel implantation, allowing the detector operation also in partial depletion
mode.

Due to the small gap between sensor and electronics (less than 20 pm), even
a small potential difference between them could exceed the breakdown field in
air of about 1.2 V/um and sparks could harm the electronics seriously. The
whole outer region of the sensor’s n-side is therefore covered by a n™ implant
held at ground externally. A controlled potential drop towards the cutting edge
on the p side is ensured by a multiple guard ring structure shown in Fig. 2.13
and described in detail in Ref. [36]. The corners of all structures will be rounded
to reduce electric fields.

The pixel implants must be electrically isolated from each other to prevent
their being shortened by the electron accumulation layer at the Si-SiO- interface.
The isolation techniques examined in the prototype program are the p-stop [37]
and the p-spray [38] (Fig. 2.14).

The ATLAS prototype p-stop [39, 40] uses an heavily doped (5.0x10*3 cm~2)
p-type implant (atoll) surrounding individual n* cells. On the p-spray de-
vices [39, 40] a layer of p-type material is implanted on the entire n-side surface
before other processing, then overcompensated where the nt pixel implants are
needed. While both techniques provide effective isolation for implants in the
low fluence regime, p-spray devices increase their resistance to radiation as their
dose increases, due to the fact that developing oxyde charge compensates the
p-spray type, leading to progressively lower electric fields at n — p boundaries as
irradiation proceeds. Consequently the breakdown voltage of p-spray devices is
at its minimum prior to irradiation and increases with radiation.

Two configurations of p-spray have been studied, in the first of these the
dopant concentration is uniform (3.5 x 10'2¢cm~3) over the whole sensor area.
The value of the concentration is slightly higher than the saturation value of
the surface oxide charge produced by irradiation, so that isolation is mantained
regardless of the radiation fluence.

In the other configuration (known as moderated p-spray) the p-doping con-
centration is reduced to 1.5 x 10'2cm~2 in the region surrounding nt implants.
In this way the capacitance between implants and the electric field at the inter-
face from p-type to nT-type are reduced, increasing the breakdown voltage.

The p-stop sensors perform well before irradiation but proved not to be
radiation hard [39, 40, 41] and hence are not suited for operation in the ATLAS
environment. The moderated p-spray concept was selected; it was preferred
against the uniform p-spray isolation because of the higher breakdown voltage
before irradiation [40].

The p-spray technique allows the introduction of a bias grid. The bias grid
is a network of bus lines, one between every other column pair of pixels. In the
final design (Fig. 2.15) an n* dot implant integrated in each pixel is connected
with the bias grid via a metal line. When voltage is applied to the grid, it
reaches each pixel by punchthrough through the corresponding dot. This is
useful for sensor testing prior to connection to front-end electronics through

3The SCT detector uses p strips on an n substrate and collects holes.
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bump-bonding. The bias grid is implemented every 2nd column, providing an
equal potential to every pixel cell during testing; it is inactive during normal
operation, but keeps a pixel close to ground potential in the case that a bump
may be missing.

Various pixel sensor geometries have been fabricated and studied. They will
be described in chapter 3 and their performance discussed all along this thesis.

Figure 2.15: The SMall Dots (SMD) design. This is the design selected for
ATLAS Pixel sensors.

In the final design (Fig. 2.15) each pixel consists of one rectangular n™
implantation of dimensions 30 pm x 382.5 pum. The gap between two adjacent
pixel is 20 pm in the short pitch direction, 15 um in the long pitch direction at
the pixel side with the bump-pad and 20 um at the other pixel side where the
bias grid is located. The bias-grid connection to each pixel is provided using a
round nt-implant integrated in the nt-pixel implant with 10 ym diameter and
5 pm gap. The bias-dots of all pixels within an adjacent pair of columns are
connected via a metal line to the outer nt-implantation which surrounds the
border of the active sensor area.

The ATLAS sensor will use oxygenated substrates. Fig. 2.16 [31] shows
the expected depletion depth of the B-Layer as a function of time since the
beginning of LHC operation, assuming that design luminosity will be reached
after 3 years. It can be seen that the maximum operation voltage of 600 V
would allow to operate standard detectors fully depleted for only 3 years, while
oxygenated detectors could be operated fully depleted for almost the full 10 years
period. However the B-Layer may still need replacement, as the electronics and
the other detector components are only required to resist the dose and fluence
which will be reached after the first 5 years.

The advantage of using oxygenated sensors is less pronounced (but still size-
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Figure 2.16: Depletion voltage of the B-Layer as a function of time, for not
oxygenated and oxygenated sensors [31]. The different curves for each type of
sensors differ for the assumed duration of warm-up periods.

able) for the SCT microstrip detectors, as at large radii a significant contribution
to the total fluence comes from neutrons rather than from charged hadrons from
the interaction point.

2.6 The front-end electronics

The read out integrated circuits provide individual circuits for each sensor pixel
element. The readout chips are positioned on the top of the sensor and each
readout cell is connected to the sensor pixel via bump-bonding [21] (Fig. 2.12).

The bumping process requires the deposition of metals on the aluminum
pads of either the silicon sensor wafers, the integrated circuit wafers or both
types of wafers. Then the integrated circuit die has to be mounted onto the
silicon sensor substrate. This process is called flip-chip and requires few pm
placement precision and the pressure or heat that is needed to form or initiate
the bond.

Two processes of bump-bonding have been investigated. In the first, indium
bumps are deposited on both (sensor and IC) wafer types. The flip-chip is per-
formed with a moderate heating (Fig. 2.17): the bumps are accurately aligned
and then joined under pressure. In the second process, solder bumps are de-
posited on the electronics wafer with the other one having only thin metal pads.
Then the two wafers are joined and electrical connection is obtained reflowing
the solder at the fusion temperature of the PbSn alloy.

Two separate front-end chips were produced in the initial phase of the
electronics demonstrator program, the FE-A [42, 43] and the FE-B [44]. Al-
though conceived with radiation-hard process in mind they were realized at
non-radiation hard foundries. An other difference with the final design was a
limited End of Column (EoC) buffer size which allowed some extra circuitry
for diagnostic purposes which should not be needed in the final design. The
FE-A used some bipolar transistor; a 100% CMOS version, called FE-C was
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later produced.

The next version (FE-D) was radiation-hard but still did not meet ATLAS
specifications. The final design (FE-I), based on deep submicron technology, is
currently being worked out.

The design of the FE-B electronics chips will be discussed in more detail, as
the assemblies whose analysis is presented in this thesis make use of it. Many of
the concepts implemented in FE-A/C and FE-B prototype chips will be present
also in the final design.

The FE-B. Each cell provides amplification and shaping of the input signal.
The need of reducing the B-Layer occupancy at high luminosity lead to a design
which reduces the cross-talk between pixels. The preamplifier was thus chosen
as fast as possible given the available power budget, with a peaking time of
about 20 ns with no external load. It is followed by an AC-coupled differential
amplifier with a slower peaking time; this suppressed the fast signal induced by
the cross-talk. The DC-feedback current determines the return-to-baseline time
of the preamplifier which ranges from 100 ns to several us. This time can be
adjusted by tuning the feedback current to achieve the best dynamic range for
the measurement of the time spent by the signal above the threshold. The Time
Over Threshold (TOT) provides a 7-bit information which allows to measure the
charge collected by the pixel. If more than a pixel collects the charge released in
the sensor by the passing particle, charge interpolation can be used for a better
reconstruction of the pixel cluster position. The ToT is calibrated by injecting
a known charge into every channel, with an accuracy of the order of 10%. An
example of calibration plot of a FE-B chip is shown in Fig. 2.19.

The discriminator has two threshold. The fast and low threshold is used

Flip-chip temperature

0 0 60 a0 120 B0 180 20 240 300 360

time [sec)

Figure 2.17: Temperature monitoring during the indium flip-chip process. The
upper curve is the temperature of the heater, placed on the top of the electronics
chip, as a function of time. The lower curve is the temperature measured on
the edge of the sensor.
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Figure 2.18: Block diagram for the Front End of FEB .
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Figure 2.19: Calibrations plots for an ST2 sensor equipped with a FE-B chip,
with one of the DAC settings used in the test beam .

for the TOT measurement, providing the times of the leading edges (LE) and
trailing edges (TE) of pulses. The slower and higher threshold is used to accept
an hit. A 3-bit current-mode DAC is placed in each pixel cell and operates at the
level of the differential amplifier baseline to optimize the threshold of individual
pixels providing a means of overall threshold dispersion reduction. Figure 2.20
shows an example of threshold and noise distributions of a FE-B chip.

During the operation in the test beam the thresholds of the individual chan-
nels were adjusted achieving a threshold dispersion of 120 e~ rms. Typical
thresholds were around 3000 electrons, lowered to 2000 electrons for the charge
collection studies. Typical noises of the not irradiated assemblies were 110 e~
for ST1 and ST2, 170 e~ for SSG.

Also featured is a global hit-OR (hitbus) which provides for a means of self-
triggering operation. A 2880-bit (the number of pixels in a chip) pixel register
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Figure 2.20: Threshold and noise distributions (left) and as a function of channel
number (right) for an ST2 sensor equipped with a FE-B chip, with one of the
DAC settings used in the test beam .

plus one corresponding latch per channel enable individual pixels to be masked-
off for (independently) calibration-strobing and readout.

In FE-B the global time information is distributed throughout the array
to every pixel as 7-bit Gray code. When a hit is tagged in a pixel cell the
timestamps for the LE and TE are stored locally. Meanwhile a continuous
vertical sparse scan operates along the column pairs seeking tagged hits. As
soon as such an hit is seen, the geographical and timing information is sent
directly to the 20 buffer-sets which are resident at the end of each column pair.
Upon receipt of a level-1 trigger, a two dimensional horizontal sparse scan looks
through the EoC buffers for hits which match in time. Matching hits are then
stacked up in a readout-FIFO for subsequent serial transmission to the Module
Controller Chip. The ToT is calculated for each hit as the LE-TE time difference
prior to this, resulting in a 7-bit charge field in each 26-bit hit word.

The hit word has the following format: 1 header bit, 4 trigger number bits
(these allow to uniquely label up to 16 events stored in the EoC buffer awaiting
readout into the MCC), 8 row number or end-of-event/warning bits, 5 column
number bits and 8 Time Over Threshold bits (of these, only 7 bits are actually
used in the FE-B). For each event, an end-of-event word is always added.

The FE-A/C. The other design has a markedly different readout archi-
tecture implementation. In FE-A/C each column-pair is served by an 80-bit
40 MHz shift register to clock LE and TE hit-information towards the EoC cir-
cuitry. There the timestamps of the hits are determined from the row number
information along with the time of arrival at the EoC. Given the length of the
shift registers only one LE or TE from a 4-pixel cell may be introduced for a
given BCO. If an hit occurs while the shift register is occupied by an address
traveling down, its information is kept until the next available crossing and a
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2-bit late-field is used to indicate the required correction to the hit age at the
EoC.

The FE-I. The 0.25u technology used for the FE-I chips allows to fit the
more circuitry in less space. The FE-I chips have 64 end-of-column buffers
(compared to the 20 buffers of the FE-B) which are enough to cope with the
B-Layer occupancy at the LHC design luminosity. A total of 14 configuration
configuration bits are available at the pixel level, including 5 bits for threshold
tuning and 5 bits for feedback current tuning. One more bit is allocated for the
timestamps. As the time is measured in units of the 25 ns bunch crossing, the
8-bits timestamps allow for a level-1 trigger latency of 6.4 us.
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Chapter 3

Test Beam setup and tested
devices

Prototypes of ATLAS Pixel modules have been developed and tested with a
particle beam in order to assess the performance of different designs in conditions
as close as possible to those of the final experiment. This chapter describes the
test beam setup, the processing of raw data by the event reconstruction program
and the designs of tested devices.

Three kinds of assemblies have been tested:

e Single chips assemblies, consisting of one front-end chip integrated on a
~ 0.6 cm? sensor.

e 16-chip modules, consisting of 16 front-end chips integrated on a ~ 10 cm?
sensor (the same size of ATLAS sensor tiles) and a Module Controller
Circuit (MCC) integrated outside the module.

e ATLAS modules (as the 16-chips modules, but with the MCC integrated
on the module).

This thesis deals with data taken with single chip assemblies in the years
1998-2001.

3.1 Test Beam setup

Test beam studies of ATLAS Pixel detector prototypes have been performed
using the H8 beam facility in the North Area at CERN. At this facility 450 GeV
protons from the SPS accelerator are delivered to a target to produce secondary
beams. Different particles over wide momentum and intensity ranges can be
selected; most of the data of Pixel test beams were taken with pion beams of
180 GeV/c momentum. The beam intensity was ~ 2 x 10* ¢cm~? per burst (2 s
out of 14 s).

The Marseille telescope (1998-2000) The test beam setup of 1998 in-
cluded a telescope of four silicon microstrip detector doublets mounted on a
table, two downstream and two upstream of a central part which can fit up to
three pixel detector under study. A drawing of this setup is shown in Fig. 3.1.
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Figure 3.1: Pixel detector test set-up in the CERN HS8 area (picture from [21]).

Each microstrip doublet consisted of a pair of silicon microstrip sensors with
50 um pitch, 384 strips each and mounted in orthogonal directions. They had
analogue read-out providing a point resolution of ~ 3 um.

The following reference system is used for the test beam data: the z axis
is along the beam, the z axis horizontally and the y axis vertically. A local
reference frame is defined for the pixel detector, with the z;,. axis along the
short pixel dimension, the y;,. axis along the long pixel dimension and the z,.
axis along the normal to the pixel plane.

The pixel detectors were mounted on a rotating platform allowing to select
the angle between the normal to the pixel plane and the beam axis both in the
zz plane and in the yz view. The two angles are called © and ¢ respectively.

sl 2 p2 p3 pl s3 A
1998
o 19 45 61 @ 122 141
z(cm
sl pl 2 3 p2 4 (cm)
1999
setup
0 22 58 77 100 128
z (cm)

SX : microstrip doublets
px : pixel detectors

Figure 3.2: Comparison between 1998 and 1999 setups.

In 1999 the setup was changed to improve the position resolution of tracks
projected onto the tested devices. Fig. 3.2 compares the position of microstrip
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doublets and pixel detectors in 1998 and 1999 setups. In the latter only the
first pixel detector can be tilted allowing selection of incidence angle. The 1999
setup was kept also in 2000.

The Bonn telescope (2001) In the test beam of year 2001 a new telescope
was implemented. This telescope used double-side strip detectors thus introduc-
ing less material than the Marseille telescope which used two orthogonal strip
detectors to measure a point of the track. The strip pitch was the same, 50 pum,
and the spatial resolution was comparable to that of the old telescope. The
new telescope offered a trigger rate capability of 7000 Hz to be compared to the
old telescope rate of about 300 Hz, because of the shorter dead time due to the
faster readout. This was the main motivation to move to the new set-up. The
higher trigger rate was achieved introducing module buffering capability and
reading only the strip data of interest (that is, the strips over threshold and the
nearby ones) instead of reading the signal of all channels as in the old telescope.

Two scintillators and one silicon pin diode (5 mm x 5 mm active area) were
used for triggering purposes. The beam passage time reference was given by the
scintillator, while the diode signal selected tracks known to pass through the
pixel array.

A TDC measured the time difference between the trigger and a free-running
40 MHz clock. The TDC information was used to select those particles in
time coincidence with the clock and allowed simulation of the LHC operating
conditions where all the particles will be synchronized with the 40 MHz clock.
Further, for an accepted trigger of beam particle crossing the detector, up to
16 level-1 triggers continuous in time were sent to the front-end chip and were
subsequently read out to simulate a sequence of 16 bunch crossings; this allowed
to study the timing behaviour of the detector.
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Figure 3.3: Magnetic field profile along the axis of the Morpurgo magnet, when
operated with the maximum current of 5000 A [45].
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The setup was put inside a magnet which provided a magnetic field up
to 1.67 T. The magnetic field was along the long direction of the pixels as it
will be in the barrel part of the ATLAS Pixel detector. Data both with and
without magnetic field were taken. The magnetic field profile along the magnet
axis is reported in Fig. 3.3. In the test beam the first and last strip doublets
were respectively at about 140 ¢cm and 10 cm from the magnet centre, so the
magnetic field varied significantly along the telescope. The determination of the
exact telescope position inside the magnet is described in chapter 6.

Figure 3.4: Photograph of a single chip board. The chip is the square at the
centre of the board.

The single-chip assemblies, 16-chip and ATLAS modules were mounted on
different boards which had a common interface to the read-out system. These
cards also provided mechanical support and heat sinking for the modules, the
bias voltage and power connections, the line decoupling capacitors, and load
resistors. Data transmission used copper lines instead of optical fibers. The
board for single chips is shown in Fig. 3.4.

Pixel assemblies with irradiated sensors were kept at a temperature of -9 °C
to reduce annealing effects (section 2.2).

The read-out chain for all prototypes consisted of three elements, which are
briefly described below:

e A DSP interface: a VME module which provided 32 data lines and 12
address lines and controlled the lower level boards described below.

e A Pixel Low Level Card (PLLC) which provided the interface to DSP for
serial command processing in the front-end and module control chips. It
performed data decoding for the returned serial data stream, hardware his-
togramming capabilities for fast scans of thresholds, timewalk and charge
gain, and strobe/trigger generation capabilities.

e A Pixel Control Card which provided I/V supply and monitoring un-
der external control, 12-bit DAC for front-end chip control, differential
drivers/receivers for digital signals from the PLLC and for LVDS from
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the support card, clock regeneration and re-synchronization of fast signals
with the 40 MHz clock, including strobe delay fine adjustment.

3.2 Data analysis and alignment

Test beam raw data are processed by a program [46] which performs event
reconstruction and alignment.

The reconstruction program looks for and masks strips with too many hits
(hot strips). Then it reconstructs the clusters in the eight strip planes. The po-
sition of the clusters with more than one strip is determined by the two adjacent
strips with the highest charge!. The position of these strips is interpolated us-
ing their charges with an algorithm [47] which corrects the nonlinearities in the
strip response requiring a uniform distribution of the tracks across each strip.

The strip hits are fitted with a parabola (in presence of magnetic field) or
with a straight line (when no field is present). The parabola is a very good
approximation of the circumference followed by the pions in the magnetic field.
The first of the neglected terms is of the order of L*/R?® where L is the telescope
length and R is the curvature radius. With L = 1.4 m and R = p/eB ~ 400 m
(p is the beam momentum) this term is 0.06 pum. For each strip plane the
residuals between the hits and the fitted track extrapolated to that plane are
computed. The strip planes and the pixel detectors are then aligned with an
analytical algorithm which minimizes in both views (zz and yz) the residuals
and their dependence on the track transversal position and angle. The first strip
is used as reference plane; the distance between the first and last strip plane
is also fixed, providing the length scale for the system. First the strip planes
are aligned (and tilt angle determined) with respect to the first plane. The
pixel chips are then aligned relative to the strips. There is a residual unknown
variable: the angle between the = and y strips of the first strip doublet. This is
solved using the pixel detector which by construction measures two orthogonal
coordinates.

The events which have one and only one track reconstructed in both views
are kept.

A number of additional requirements were applied in the analysis presented
in the following chapters. Tracks were required to extrapolate into a fiducial
region inside the pixel sensor. This was defined as the region within 40 ym from
the edge of the pixel sensor for perpendicular tracks or at least 40+t x tan @ um
where t is the sensor thickness and « the incidence angle (such that o = 0° is
normal incidence).

In addition, only events with track reconstruction y2-probability value of
more than 0.02 in both views were kept. Pixel clusters were constructed in the
following way:

e all pixel hits were considered independent of track extrapolations;
e all adjacent hits were clustered together.

For irradiated sensors at large incident angles, the clustering algorithm al-
lowed for the presence of not-hit pixels within a cluster.

LTf the two strips with highest charge are not adjacent only the strip with maximum charge
is considered.
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The cluster position was then evaluated as described in chapter 7.

To associate a cluster to a beam particle track the residual between track
extrapolation and mean cluster position was required to be less than 100 ym in
the short pixel dimension and 800 pm in the long pixel dimension. Clusters and
events that passed all the above requirements were used in the measurements
reported in this thesis?.

3.3 Tested devices

The first test beams at CERN were performed in 1997. The analysis of the
data collected in 1997 and April 1998 is discussed in [21]. This thesis presents
the analysis of most of the data taken with single chip sensors in the years
1998-2001.

Sensor designs

A detailed description of the ATLAS pixel sensors have been made in section 2.5;
here only the differences between the designs of the tested sensors are discussed.
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Figure 3.5: Tested sensor design options [40].

The tested sensors incorporated various geometries ( Fig. 3.5) developed
to study and thus optimize the performance in terms of interpixel capacitance,
cross-talk, noise, efficiency and intrinsic resolution.

The Single Tile 1 (ST1)? design uses p-stop isolation, while all the other
designs use p-spray isolation. The p*-type isolation rings surround the n*-pixel
implants. No bias grid is present.

2In the efficiency measurements also events with no pixel hits or an hit far from extrapo-
lation point are considered.

3The name is because this design was implemented also in some of the sensor tiles, the size
of an ATLAS module, bump-bonded to an array of 8 x 2 FE chips.

45



In the Single Tile 2 (ST2) design p-spray isolation is used, but there are
nt-type ring-like structures around each pixel to reduce inter-pixel capacitance.
A bias gird is also present.

Single Small Gap (SSG) uses p-spray isolation but does not include any
intermediate nT structures. Neighbouring pixels merely have small gaps be-
tween them. A bias grid is implemented.

ST1, ST2 and SSG sensors were tested in 1998. The ST1 design performed
well before irradiation, but the p-stop technique proved not to be radiation-hard
[40, 41], while the p-spray one was. ST2 sensors had a charge collection ineffi-
ciency related to the presence of the nt rings. SSG sensors had performances
similar to those of the ST1 design for what concerns charge collection (chapter
4) and they were also resistant to radiation so they were selected as baseline,
after some modification in the bias grid region (SSGb design, tested in 1999) to
further improve charge collection efficiency (section 4.1). In a subsequent sensor
production this SSGb design was labeled SMD (SMall Dots).

The ATLAS Pixel sensors baseline implement the SMD design [40], which
has been described in some detail in section 2.5 and it is shown in Fig. 2.15.

Two variations of the SMD design, called NOD (NO Dots), and LAD (LArge
Dots) were tested in 2000 and 2001. They are shown in Fig. 3.6 and 3.7 respec-
tively. The NOD design has no integrated dots, and the bias reaches the implant
directly from the neighbouring bus line. The LAD design has dots with a di-
ameter of 15 ym (to be compared with the 10 um dot diameter of the SMD
design).

A bricked design was also studied. In this design the 400 ym long pixel cells
in adjacent columns are staggered by 200 ym in the long direction of the cell.
This design allows to improve the resolution in the long direction of the pixel
cell (section 7.6).

When results on the radiation hardness of oxygenated silicon became avail-
able [31] some SMD, LAD and NOD sensors were fabricated using this technique
to decrease the depletion voltage after irradiation. Oxygenated wafers with con-
centrations ranging from 2 x 1017 cem™2 to 4 x 1017 cm—2 were examined.
The oxygen enhancement was achieved by immersing the wafer for 24 hours in
a 1150 °C oxygen atmosphere prior to processing. Standard and oxygenated
SMD, LAD and NOD sensors were tested in the test beams of 2000 and 2001.

The substrates of all the sensors whose analysis is discussed in this thesis
had < 111 > crystal orientation.

Irradiated sensors

In order to characterize irradiated sensors with pixel readout electronics, indium
bumps were deposited on some single chip sensors which were then exposed
to fluences comparable to those expected at the LHC. The irradiations were
performed using the 300 MeV/c pion beam at PSI and the 55 MeV /¢ proton
beam at LBNL. After irradiating these devices, they were flip chipped to the
front end electronics. Since indium bumps need only a limited heating (Fig. 2.17)
for flip chipping, this process was used to limit the annealing process.

ST1 and ST2 sensors were irradiated to 0.5 x 10'5 and 10'5 neqem=2fluence
and studied in the test beams of 1998 and 1999. ST1 sensors, which had p-stop
isolation produced high noise even at low bias voltages [40, 41], while devices
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with p-spray isolation performed well at voltages of up to 600 V, so the p-spray
technique was chosen and used in all following sensor designs.

In year 2000 and 2001 sensors exploiting the new designs (SMD, NOD and
LAD), with oxygenated and not oxygenated substrates and irradiated to various
fluences were studied. A list of the tested devices is reported in table 3.1.

Data taken in these two years were affected by electronics readout prob-
lems because of a large cross-coupling from the digital circuitry to the analogue
front-end through the detector substrate. This problem was not so severe in
the previous years, when the bump-bonding was made by an other firm. The
problems have been understood and are not expected to be present for devices
with the final rad-hard electronics chip, which will be available for the 2002 test
beam.

Table 3.1 lists the devices whose analysis is presented in the following chap-
ters. A complete list of the devices tested on beam can be found on the web [48].

[ Sensor | Oxy | Fluence (neqem=2) | Thickness (um) |  years ||
ST1 No 0 280 1998
ST2 No 0 280 1998
SSG No 0 280 1998

bricked | No 0 280 1998
ST2 No 0.5 x 101° 280 1998,1999
ST2 | No 1015 280 1998,1999

SSG1b No 0 200 1999
NOD Yes 0.32 x 1015 250 2000
SMD No 0.32 x 101° 250 2000
SMD Yes 0.32 x 101° 250 2000
SMD No 0.56 x 101° 250 2000
SMD Yes 0.56 x 101° 250 2000,2001
SMD Yes 1015 250 2000,2001
LAD | Yes 0.3 x 10%° 250 2001
SMD Yes 0.5 x 101° 250 2001

Table 3.1: Properties of the devices studied. The Ozy column indicates whether
a sensor is fabricated with oxygenated silicon substrate. The ST1 sensor had
p-stop isolation, all the others had p-spray isolation. The crystal orientation is
< 111 > for all the devices.

Most of the irradiated sensors were kept at low temperature to suppress
annealing. The oxygenated sensor irradiated to 0.3 x 10'® n.,cm~2was exposed
for 37 days at room temperature (25 °C) before the test beam measurements.
Similarly, the oxygenated sensor irradiated to 0.5 x 10'° n.qcm~2was exposed
for about 90 days at the same temperature before the test beam.
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Chapter 4

Efficiency and charge
collection studies

4.1 Charge collection

A uniform and efficient collection of the charge released by the passing particles
in the silicon sensors is important to ensure good pixel performances. The
presence of regions of the pixel cell with reduced charge collection results in a
poorer efficiency and spatial resolution [49, 50].

The ability of the front-end electronics to measure the charge collected by
every pixel cell using the Time Over Threshold technique and the tracking of
particles by the microstrip telescope gave the possibility to measure the charge
collected as a function of the impact point of traversing particles relative to the
center of a pair of pixel cells. This analysis allowed to study the charge collection
properties of sensors with different designs (Fig. 3.5), spot the regions with a
lower charge collection and relate them to specific features of the design, which
could then be optimized.

It was also possible to study the effects of radiation damage on the charge
collection properties.

4.1.1 Unirradiated sensors

Data with the beam perpendicular to the sensor plane were considered. For a
particle crossing the detector near the pixel centre all the charge is collected on
a single pixel, otherwise the charge is shared between several adjacent pixels;
in this case the sum of pulse heights is calculated and defined as cluster pulse
height.

The upper part of Fig. 4.1 shows the average cluster charge as a function
of positions z and y inside a pair of pixel cells. For every bin in the x-y plane
the average of the cluster charge is evaluated and plotted. The coordinate axes
are parallel to the short (50 pym) and the long (400 pm) edges of the pixels,
respectively, and are centered in x at the center of a single pixel and in y
between two adjacent pixels belonging to a column pair. The data shown in
Fig. 4.1 are for a 280 pm thick sensor from the first prototype using p-spray
isolation (ST2 sensor). The plot on the middle of the figure show the profile of
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Figure 4.1: Average charge collected as a function of the position inside a pair
of pixel cells for a 280 pm thick ST2 sensor.

the averaged cluster charge along the y axis (long pixel edge) calculated using
only particles crossing the pixel cells within £20 pm from the centre of the
pixel along the short edge. Similarly the bottom plot shows the profile of the
average cluster charge along the z axis (short pixel edge) calculated using only
particles crossing the pixel cells within £150 pm from the center of the pixel
along the long edge.

The average charge collected at the center of the pixel was 28000 electrons,
with an error of a few thousand electrons due to the uncertainty in the abso-
lute scale provided by the calibrations. This indicates a good charge collection
efficiency at the centre of the pixel: the average number of electron/hole pairs
generated by a minimum ionizing particle in 280 pum of silicon is 25000.

Regions with reduced charge collection were observed at the edges of the
pixels in both z and y. A possible explanation [49, 50] of this is that the n™
implant ring that surrounds the main pixel implant (and which was introduced
to minimize inter-pixel capacitance) did not float as it should, due to the pres-
ence of a current path not evident in the two-dimensional simulations used to
optimize the design. It consequently collected signal charge of which part was
then lost due to capacitive coupling to parasitic nodes, as the bias grid. At
the end of each pixel that is directly adjacent to the bias grid, two charge loss
effects combined: the capacitive effect described above and a direct loss to the
implanted bias grid. In this region a relatively large amount of charge loss is vis-
ible, extending approximately =50 pm into the pixel region in the y direction;
this loss profile correspond roughly to the geometry of the bias structure.

Fig. 4.2 reports a similar plot with the charge collection measurement for
a 280 pm thick sensor of the first prototype production using p-stop isolation
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(ST1 design). In this kind of sensor there is no floating n* implant ring and no
bias grid. As can be seen from the figure the charge collected is rather uniform;
only a small loss is visible at the edge of the pixels where the p-stop implants
are located.
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Figure 4.2: Average charge collected as a function of the position inside a pair
of pixel cells for a 280 pum thick ST1 sensor.

Although the p-stop design behaves better at this stage, however it did not
survive to the radiation damage after an exposure to a fluence of 10'® ne,em=2;
in fact it was not possible to operate p-stop sensors after irradiation due to very

high leakage currents already at very low bias voltages [40, 41].

Charge Collection vs. Position
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Figure 4.3: Average charge collected as a function of the position inside a pair
of pixel cells for a 280 pm thick SSG sensor.

Fig. 4.3 shows the charge collection as a function of position for a 280 um

thick sensor using p-spray isolation and the SSG layout. This design is similar to
the ST2 layout, with the same isolation technique, but without the n* floating
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ring implants. It can be seen that the charge loss along the border of the pixel
cells in the short () direction is no longer present. The charge collection is good
also at the borders between columns without the bias grid (y = £400 pum).
There is still a charge loss effect in the region of the bias grid (y = 0), but it is
smaller than in the ST2 sensors.
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Figure 4.4: Average charge collected as a function of the position inside a pair
of pixel cells for a 200 ym thick SSGb sensor.

The SSG design was adopted as a baseline and was further modified [40]
in the region of the bias grid to reduce also charge loss related to the bias
grid. Fig. 4.4 shows the charge collection map for a 200 ym thick SSGb sensor.
Regions with poor charge collection are not seen anymore. In particular no
charge loss is present at the boundaries of the pixel cell and only a very small
effect is still present in the region of the bias grid. The mean value of charge
collected is smaller than in the previous plots because of the reduced thickness
of the sensor.

Fig. 4.5 shows the charge collection for a sensor implementing the final de-
sign (SMD) selected for ATLAS, which is basically the same as the SSGb design.
It was a 250 pm thick sensor with oxygenated substrate. While all other sen-
sors had the size of a single Front-End electronics chip this had the size of an
ATLAS module and was bump-bonded to 16 Front-End B electronics chips. No
calibration of the Time Over Threshold was applied; the average cluster raw
ToT is plotted as a function of position. As expected the charge collection uni-
formity was excellent as for the SSGb sensors, with only a very small deficit in
the region of the bias grid.

4.1.2 Irradiated sensors

Fig. 4.6 shows the mean cluster charge for an ST2 sensor irradiated to the
fluence of 10*® ne,cm~2?and operated at 600 V reverse bias. As will be shown in
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Figure 4.5: Average charge collected as a function of the position inside a pair
of pixel cells for a 250 pm thick oxygenated SMD sensor.
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Figure 4.6: Average charge collected as a function of the position inside a pair
of pixel cells for an irradiated ST2 sensor.

53



CISST2
Thresholds, 2Ke 2.8 Ke 2.2 Ke

35 35

Z 7 FNo Dose 1 2 I Doseix10®
T e S s S = ) - B
S o L A 2
E 25 $ ++++%++ % +++, ;ﬂ.{,,##%ﬂ -g 25
B BT = F ‘
Cwop {8 20 | Viias=-600V.
r © E
15 W\‘rﬁw‘r ﬁ“#"“ ﬁ f Wﬁ*‘ & 15 éﬂ“rﬁwﬂm ﬂ""fﬂ‘ ‘ #M Miﬁﬂ
f ' A
10 *+a;f """ - 10 frstppmtisd st
g W : s '
Dokt 5 i
o P A S B O:Vbiasz\_\s\)op\vw\”\
-04 -02 0 02 04 -04 -02 0 02 04
position (mm) position (mm)
& 30 ¢ ‘
< 1 1
@ 25 [
9 C : : ;
o] r s s
520
15 g
0 fro
st
O :\ T RN N R I
0 200 400 600

Vbias (V)

Figure 4.7: Upper plots: average charge collected as a function of position along
the long pixel side y. The upper left plot compares the charge collected by an
unirradiated ST2 sensor and by an ST2 sensor irradiated to 10'® neqem~2and
operated at 600 V. The upper right plot compares the charge collected by the
irradiated sensor at two different bias voltages. The bottom plots reports the
average charge collected at the center of the pixel as a function of bias voltage
for the irradiated sensor.

section 5.2 in this conditions the depleted depth of the sensor is reduced to about
190 pm. The charge losses at the edge of the pixels cells were similar to the
unirradiated ST2 sensor. Comparing the bottom plots of Fig. 4.1 and Fig. 4.6
we measure an averaged collected charge at the centre of the pixel (far from the
regions where charge losses are large) of 28000 electrons before irradiation and
15000 after irradiation. Most of this difference is due to the different thickness of
the depleted zone. Dividing the charge collected at the centre of the pixel with
the thickness of the depleted region shows that the unirradiated sensor collected
100 e~ /pum while the sensor irradiated to 10'° neqcm?collected 80 e~ /pm.
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Given the uncertainties on the charge calibrations (of the order of 10%) and on
the depletion depth the difference is hardly significant, but it is apparent that
any charge loss due to radiation-induced trapping is not so dramatic to prevent
the operation of irradiated detectors.

The upper left plot of Fig. 4.7 compares directly the charge collected by
the unirradiated and irradiated sensors. The upper right plot shows that if the
bias voltage of the irradiated sensor was reduced from 600 V to 300 V there
was a further decrease of the charge collected. This resulted in a strong loss of
efficiency (section 4.2) and it is the consequence of the reduction of the depletion
depth (section 5.2) to about 110 ym. Finally, the lower plot reports the average
charge collected at the center of the pixel as a function of bias voltage.
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Figure 4.8: Average charge collected as a function of the position inside a pair
of pixel cells for 250 um thick oxygenated irradiated sensors. The upper plot
is for an NOD sensor irradiated to 0.32 x 10'® neq,cm™2, the middle plot for
an SMD sensor irradiated to 0.32 x 10'® neqcm~2and the lower plot for a SMD
sensor irradiated to 0.56 x 10'5 neqcm™2.

SMD and NOD sensors, both oxygenated and not oxygenated, were irradi-
ated to 0.32 x 10" neqem=2(SMD and NOD) and 0.56 x 10*® neqecm™=2(SMD
only) and tested in 2000. The calibrations showed a Time Over Threshold value
which saturates for relatively low charge inputs, so these data were not suited
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Figure 4.9: Average charge collected as a function of the position inside a pair
of pixel cells for 250 pm thick not oxygenated irradiated sensors. The upper
plot is for an SMD sensor irradiated to 0.32 x 10'® neqem ™2, the lower plot for
an SMD sensor irradiated to 0.56 x 10'® neqem 2.

for a precise measurement of the charge trapping; however they provided a test
of the uniformity of charge collection in irradiated sensors using the new lay-
outs. Fig. 4.8 and Fig. 4.9 shows the average Time Over Threshold as a function
of position for these sensors. The SMD design showed the usual good charge
collection uniformity with very small losses near the bias grid, as before irradia-
tion. The NOD sensors (Fig. 3.6) differed from the SMD ones in not having the
integrated dots in the pixel end near the bias grid. They did not show a charge
collection more uniform in the bias grid region, however, so the SMD design was
kept as the production layout for ATLAS pixel sensors. The use of an oxygen
enriched substrate did not appear to affect the charge collection properties.
The following conclusions can be drawn from the charge collection analysis:

1. The p-spray isolation technique is suitable to build sensors that meet the
radiation hardness requirements for ATLAS. In particular it has been
shown that about 15000 electrons were collected by a detector with a
depleted depth of 190 pm.

2. The original design with the floating ring was modified by removing the
nT implant; the resulting design exhibits excellent performances of charge
collection uniformity both before and after irradiation. This last issue will
affect also the efliciency of the sensor, subject of the next section.

4.2 Efficiency

An efficiency of 97% is the goal for the ATLAS Pixel detector specified in the
Technical Design Report [21]. With a 40 MHz bunch crossing rate expected at
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LHC, the charge collected by pixels must be detected in a time window of 25 ns.
Efficiency losses can be due to dead pixels because of bump-bonding failures,
to a pulse height below threshold, or to the time walk. The latter is the time
needed by the signal to reach the discriminator threshold, which is longer for
smaller input charges. If the charge collected by a pixel is just above threshold
it is possible that the time walk is large enough to cause the hit to be assigned
to a bunch crossing different from the correct one.
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Figure 4.10: Timewalk performance of a FEB chip bump bonded to an SSG
sensor . The upper plots show for three different values of injected charge the
integral time distribution of hits. The lower plot show the time distribution of
hits for three values of injected charge.

Fig. 4.10 shows the timewalk performance of a FE-B chip bump-bonded
to an SSG sensor. The lower plot show the time distribution of hits for input
charges of 5 000 electrons (blue histogram), 10 000 electrons (yellow histogram)
and 100 000 electrons! (red histogram). If the trigger time window of 25 ns
width is chosen between 30 ns and 55 ns in order to accept the hits with 100 000
electrons, nearly all the hits resulting from the injection of 5 000 electrons are
lost.

I This is a quite high value compared to the average charge released by minimum ionizing
particles with normal incidence. Large energy losses are however possible, because of the
high energy tail of the Landau distribution, and the time distribution of the hits is not very
sensitive to the charge for high charge values.
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To measure the efficiency, data were taken with the beam perpendicular to
the sensor plane. The intersection of the trajectory of a beam particle with the
plane of the pixel detector was calculated and required to occur in a fiducial
region inside the pixel chip (at least 40 pm from the edges of the detector).
Events were then divided in four classes:

e 1o hit was found (missing hits);

e a hit was found near the extrapolated point (within 150 pym in the z
direction) in the expected bunch crossing (good hits);

e a hit was found near the extrapolated point but not in the expected bunch
crossing (timing losses);

e a hit was found far from the extrapolated point (tracking losses);
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Figure 4.11: Definition of the bunch crossings for the measure of efficiency.

In ATLAS the clock will be synchronized with the bunch crossings in or-
der to achieve the best in-time efficiency. In the H8 beam the particles were
distributed uniformly in time and the pixel assemblies were operated with asyn-
chronous clock (with respect to the particles). Hence the fraction of good hits
was studied [50] as a function of the time between the arrival time of the par-
ticle and the leading edge of the clock. By considering three consecutive bunch
crossings (Fig. 4.11) the time difference spanned 75 ns and by convention it was
plotted between 0 and 75 ns.

The efficiency as a function of time for an unirradiated ST2 sensor is plotted
in Fig. 4.12. The efficiency for each time bin was calculated as the ratio of
the number of measured clusters within the position cut from the expected hit
position (predicted using the silicon strip telescope) and the number of expected
hits. A region of flat efficiency (98.8%) was observed, extending for about 9 ns.
This maximum efficiency is the efficiency which can be obtained with a proper
synchronization between the arrival time of the particles and the clock and
it meets ATLAS specifications. The width of the time window in which the
maximum efficiency is achieved sets the requirements on the synchronization
precision.

58



>\ C T T
e 1 s
S s
508 I ; o
: : .
06 s e
r ¢+ i
04 - . B
i NI R I
02 - e
7\ L L\ 11 lJ:Q’!"\ 11 ‘ Ll ‘ L1l ‘ L1l \..rw
20 30 40 50 60 70
time (ng)

Figure 4.12: Efficiency vs time for an unirradiated ST2 sensor

| Design | ST1 ST2 SSG SSGb | ST2 ST2 ST2* ST2 |
Fluence (negem 2) | 0 0 0 0 | 5x 107 100 100 100
Bias (V) 150 150 150 150 600 600 600 300
Thickness (pm) 280 280 280 200 280 280 280 280
Depletion (um) 280 280 280 200 261 189 189 111
Threshold (ke™) 3.1 31 34 3.0 2.5 3.1 3.1 23
Efficiency (%) 99.6 98.8 99.3 99.1 97.5 95.3 984 87.9
Losses (%)
hit losses 0.1 04 0.2 04 1.3 22 04 6.1
tracking 02 02 0.2 0.1 0.4 0.1 0.0 0.1
timing losses 0.1 06 03 04 0.8 24 1.2 59

* With position cut, see text.

Table 4.1: Efficiencies measurement summary table.

The efficiency losses were mostly due to missing hits and timing losses (ta-
ble 4.1). The positions of the track extrapolation for missing hits were located
at the border of the pixel. The timing losses also occurred when the particle
crossed the sensor near the pixel border and were correlated with low pulse
heights.

It can be concluded that the inefficiency was caused by the combination
of charge sharing between pixel and poor charge collection of the ST2 design
near the pixel edges when the particles crossed the sensor in the region between
two pixel implants. The low pulse height either resulted in a signal which did
not reach the threshold (hit losses) or in a large time walk so that the hit was
associated to the wrong bunch crossing (timing losses).

The efficiency was higher for the pixel assemblies with sensors which showed
little or no charge losses near the pixel borders or the bias grid. The unirradiated
ST1, SSG and SSGb sensors had peak efficiencies in excess of 99%, extending
for 11, 15 and 16 ns respectively. Fig. 4.13 shows the efficiency as a function of
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Figure 4.13: Efficiency vs time for an unirradiated SSGb sensor

time for the SSGb sensor.
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Figure 4.14: Left: efficiency vs time for an ST2 sensor irradiated to
10" neqem 2. Right: position of the missing hits within the pixel cell, for
the same sensor.

The ST2 sensors collected less charge after irradiation to 10! ne,cm~?because
of partial depletion. As a consequence, the efficiency losses near the pixel bor-
ders increased. A peak efficiency of 95.3% was obtained when the sensor was
operated at 600 V. The region of almost constant efficiency was reduced to
approximately 5 ns (Fig. 4.14). The track positions for the missing hits were
clearly correlated with the regions of reduced charge collection efficiency at the
edge of the pixel (Fig. 4.14).

When the bias voltage was reduced to 300 V (this, according to the results
of Chapter 5, corresponds to a depletion depth value of 111 um) the efficiency
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dropped to 87.9%. This demonstrates the need for operating irradiated sensors
at an high enough voltage in order to achieve a depletion depth of the order of
200 pm.

An ST2 sensor irradiated to 5 x 101 n.,cm~2and operated at 600 V had also
been tested. Under these operating conditions the device was nearly fully de-
pleted and it showed an efficiency intermediate between that of the unirradiated
sensor and that of the sensor irradiated to the higher fluence.

An estimate of the efficiency for the irradiated p-spray design without the
charge loss problem was obtained requiring that the beam particles crossed the
pixel in a region within £10 gm and £150 pym from the center of the pixel cell
along the short and the long dimension, respectively. A flat top of approximately
9 ns and an efficiency of 98.4% were obtained. The results are summarized in
the column of table 4.1 marked with the star.

Test beam operation of irradiated devices with the new p-spray designs
(SMD and NOD) occurred in 2000 and 2001. The inefficiency of these as-
semblies was however quite high (from 6% up to 30%) because of the electronics
readout problems described in section 3.3. The final electronics is not expected
to be affected by these problems, and since the charge collection of the final
sensor design is very good (section 4.1) and full depletion is obtained even after
high radiation fluences (section 5.2) we are confident that even after irradiation
the detectors will have a very good efficiency.
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Chapter 5

Measurement of depletion
depth

The choice of nt /n silicon allowed the ATLAS Pixel sensors to operate in partial
depletion mode after the radiation-induced type inversion. The depletion depth
of a pixel silicon sensor as a function of fluence and bias voltage is an important
parameter, as it determines the amount of charge collected, with consequences
on the efficiency and spatial resolution of the devices. The need for an high
efficiency leads to the requirement of a depletion depth well above 100 pum
(chapter 4). Given that the maximum allowed operating voltage is 600 V [21]
this leads to a limit to the fluence the sensors can be exposed to. In order to
achieve the best efficiency and spatial resolution, full depletion is preferred.

A measurement of depletion depth allows a deeper understanding of the
performance of the detectors after irradiation and it determines the bias voltage
needed to achieve full depletion as a function of fluence. It also turned out
that depletion depth and bias voltage are the most important parameters in the
model that explains the measurements of Lorentz angle ( chapter 6). A proper
simulation of the ATLAS detector response needs the knowledge of the Lorentz
angle value, which in turn will depend on depletion depth and bias voltage.

This chapter describes the method which has been developed to measure the
depletion depth and the results of the measurements with test beam data.

5.1 Measurement procedure

A particle crossing the detector produces a cluster of hits consisting of the pixel
cells that collect a significant fraction of the charge released in the subtended
segment of the track (Fig. 5.1). For any given angle of incidence different from
zero, the cluster width depends on the thickness of the depleted zone; a larger
depletion depth results in larger clusters. This offers the possibility of measuring
the depletion depth using the cluster size or some observable related to it.

To perform measurements of the depletion-zone depth, data were taken'

1Usually no magnetic field was present; however for an ST2 sensor irradiated to 0.5 x
1015 neqcm*Qand operated at 150 V only data with magnetic field were available. This
did not affect the measurement, except that the effective angle to be used in the procedure
described below was the incident angle plus the Lorentz angle (see Chapter 6 for a discussion
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Figure 5.1: Schematic view of a sensor crossed by a track. The hatched zone
corresponds to the not-depleted zone.

with particle beam incident on the sensor at an angle of 20° or 30° with respect
to the normal to the pixel plane. These angles were found to offer the best
conditions for a depletion depth measurement. Smaller angles result in a cluster
width smaller and less sensitive to depletion depth. Larger angles result in a
larger cluster size, with a smaller amount of charge collected by each pixel; this
results in some inefficiency (in particular for irradiated ST2 detectors) and the
cluster size value is more affected by energy loss fluctuations and by the value
of electronics threshold.

The observable selected for the measurement of the depth of the depleted
region was the maximum depth of track segment (Fig. 5.1). The distance (depth)
of the track segment subtended by a pixel from the pixel itself is the length of
the red arrows of Fig. 5.1 and it is (x; — ©o)/tan « where z; is the position of
the centre of the pixel, z( is the entrance point of the track in the sensor and «
is the angle of incidence.

Since the entrance points of the tracks are uniformly distributed, all the
depths vary continuously and the maximum observed depth D is a measurement
of the depletion depth within the detector. The distribution of the depths is
shown in Fig. 5.2 for a sensor irradiated with a fluence of 0.5 X 10*® neqcm~2and
four different bias voltages. The observed distribution is a convolution of a uni-
form distribution between 0 and D and a resolution function due to extrapola-
tion error of the beam telescope, energy loss fluctuations (making the cluster
length to fluctuate) etc. D is obtained fitting the distribution with the function
f(z) = atanh[b(z — D)] where a, b, D are the free parameters determined by the
fit. D is the inflection point of the function which is shown superimposed to the
distributions in Fig. 5.2.

Two main corrections to the value of D determined with the above procedure
are needed to correctly estimate the depletion depth d.

Correction for misalignments The correct determination of the track
segment depths and of their maximum value D relies on the knowledge of the
entrance point o of the beam particle in the sensor. Any systematic error Az

of Lorentz angle effects).
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Figure 5.2: Distribution of the track-segment depth for sensors irradiated to a
fluence of 0.5 x 10! neqcm™2for four different bias voltages. The correction for
misalignments (see text) has already been included.

on the position of zg results in a systematic error Az/tana on D.
The entrance position of the track z( is related to the centre of the charge
release in the depleted region by

g = 2. — d/2tan (5.1)

where d is the depleted depth. x. is determined by the alignment procedure
described in section 3.2 by requiring that the mean residual between x, and
the centre of the cluster is zero. We will allow for the existence of a possible
systematic error dz in the alignment and denote with z, the reconstructed
position of the charge release in the silicon (z, — z, = dx). Eq. 5.1 cannot
be used because d is not known a priori. Hence the reconstruction program
compute the entrance point as

1y =1, —t/2tana (5.2)
where t is the nominal thickness. This introduces the systematic error

Az =z, — 19 = 6z + tan o (5.3)

on the position of the entrance point of the beam particle. For a partially
depleted sensor Ax # 0 even if no systematic error affects the reconstruction of
the position of the center of the cluster, that is, if x = 0.
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Figure 5.3: Position of the entry point of tracks that hit pixel n but not pixel
n-1. The expected shape of the Time over Threshold of the first hit pixel as a
function of the incident track position is drafted above.

This residual misalignment Az was determined looking at the charge col-
lected on the first pixel in the cluster. Referring to Fig. 5.3 pixel n is the first
hit pixel only when the true impact position of the track is between the points
A and C. If it is on the right of C, the pixel does not collect enough charge
to reach the electronics threshold. If it is on the left of A, pixel n — 1 collects
enough charge to reach the threshold, so that pixel n is no longer the first hit
pixel. The segment length AB = CD = is related to the electronics threshold.
If the impact position is just on the left of C, the charge collected by pixel n
is quite low, in fact barely above threshold. Moving the impact point to the
left the charge collected by the pixel increases, as sketched in the upper part
of Fig. 5.3, because of the larger pathlength of the particle under the pixel. It
reaches a saturation value as x¢g = zp: moving the impact position further to
the left, toward point A, it does not vary because the pathlength under the pixel
is the same?. The position of the knee is the true position of the edge of the
pixel and allows to calculate the systematic alignment correction Ax.

In Fig. 5.4 the ToT of the first pixel as a function of the distance of the
reconstructed impact point xé) from the pixel center is plotted for an unirradiated
(left) and irradiated (right) sensor. The histogram for the unirradiated sensor
is fitted with the function sketched in the upper part of Fig. 5.3, that is,

y(z) =a+blr —xp)f(x—zp) (5.4)

where # is the step function and a,b, xp are the free parameters. This fit
yields the position of the knee, zp. As positions are measured relative to the
centre of the pixel, zp = —25 pum + Az. For the unirradiated sensor of Fig. 5.4
Az =1.2+1.8 um. This is compatible with zero, which is what expected from
Eq. 5.3 for a fully depleted sensor (d ~ t) if there is no systematic error in the
alignment (0z = 0).

2This assumes that the exit position of the track from the depleted zone is always under
pixel n + 1 or further on the right. This is always true for incidence angles of 20° or 30°.
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Figure 5.4: ToT of the first hit pixel as a function of track position relative
to pixel center for an unirradiated (left) and an irradiated (right) sensor. The
fitting functions are superimposed and the position of the knee is indicated.

The distribution of the Time Over Threshold versus position for the sensor
irradiated to 10'® neqem 2shows a larger smearing (Fig. 5.4) than the same
distribution for the unirradiated sensor. The smearing has two sources: the finite
telescope spatial resolution and the ToT resolution. The telescope resolution is
about the same for the two sensors, but the smearing produced by the ToT
resolution is much larger for the irradiated sensor. This can be understood as
follows. For the unirradiated detectors, an adjustable feedback current is used to
tune the discharge time of the sensor capacitance and optimize ToT resolution
(section 2.6). But for sensors irradiated to 10' ne,cm™2, the leakage current
dominates over the adjustable feedback current, resulting in a short signal and
a worse ToT resolution. Also, the charge collected is smaller (because of partial
depletion) and the electronic threshold is higher. This results in a less drastic
decrease of ToT level than for unirradiated sensors.

For the irradiated sensor a gaussian smearing was added to the function of
eq. 5.4 to improve the convergence of the fit to the distribution of ToT versus
position. The alignment correction is found to be Az = —26.5+ 4 pym. It is
different from zero, as expected for partially depleted sensors. In fact, using
the measured depletion of 189 + 12 um (table 5.1) Eq. 5.3 is satisfied within
errors with dz = 0. For the sensor irradiated to 5 x 10" neqcm?the ToT
distributions behaviour is half way between that of unirradiated sensors and of
sensors irradiated to 10'® neqcm 2. For these sensors the fit can still be made
without the gaussian smearing and the error on Az is between 2 and 3 pm.

Once Az has been determined, the position of the entrance point zy can
be determined correctly (zo — xo — Az) and D can be calculated without this
systematics (D =D — Az/tana if D is the value found before the correction).

Correction for threshold effects. The second correction deals with the
effect of the threshold on the definition of the maximum observed depth, D.
Referring again to Fig. 5.1 it can be seen that the maximum measured value of
D occurs when the charge collected by the last pixel is just above threshold. In
this case the correction to the depth D is
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Figure 5.5: Distribution of track positions relative to the center of the first hit
pixel for an unirradiated (left) and an irradiated (right) sensor. The distribution
is fitted with a 50 pm square convoluted with a gaussian.

D—-d=(p/2—1)/tana (5.5)

where D is the maximum depth of track segments, d is the depletion depth, p
is the pixel size and [, defined above, the projected length of the track segment
corresponding to the threshold. To measure [, the distribution of the hits of
pixel n as a function of the distance of the impact point of the beam particle
xo from its center (Fig. 5.5) was used. The mean value is not zero since pixel n
was hit also when zo was on pixel n — 1 (Fig. 5.3). The measured mean value
is the value of [.

This correction was small. With the thresholds used in the test beam typical
values of ! were between 20 ym and 25 pm, so that the correction D — d was
between 0 and 10 um.

5.2 Results

The consistency of the method was checked with fully depleted unirradiated
sensors, for which the measured depletion depth should be equal to the nominal
thickness. The measured depletion depth value were: 288 + 6 um for an
unirradiated 280 pm thick sensor and 190 + 7 pm for an unirradiated sensor
which was nominally 200 pm thick. The errors are the statistical errors coming
from the fits. The dominant error comes from the fit of the distribution of
the ToT versus position with eq. 5.4 which yields the alignment correction Azx.
For both sensors a depletion depth value consistent with the true thickness was
found, giving confidence that the procedure outlined in the previous section was
able to correctly measure the depletion depth with a systematic error smaller
than 10 pm.

Table 5.1 summarizes the results of the measurements made on ST2 sensors
irradiated with two different fluences. These measurements are also reported in
Fig. 5.6. The table also shows results for unirradiated sensors of the ST2 and
SSGb types. All ST2 sensors were 280 pum thick while the SSGb sensor was

67



Fluence [n/cm®] | Thickness [m] | Bias [V] | Depletion [um] | Nog[102cm—3] |

0 200 150 190 £+ 7

0 280 150 283 £6
0.5 x 1013 280 600 261 £8 11.6 £0.7
0.5 x 1013 280 400 252 4+ 10 8.340.7
0.5 x 1013 280 200 147+ 7 12.24+ 1.2
0.5 x 1013 280 150 123+ 11 13.14+2.3
0.5 x 101 280 100 100 £ 7 13.2+1.8
10%°(1998) 280 600 189 + 12 22.14+2.8
1015(1999) 280 600 217413 16.8 & 2.0
10%%(1999) 280 300 1114 10 32+6

Table 5.1: Depletion depth measurements results for data taken in years 1998
and 1999.

200 pm thick. They were fabricated on standard silicon.
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Figure 5.6: Depletion depth as a function of applied bias voltage for 280 pum
thick sensors with standard silicon substrate, irradiated to two different fluences.

These results show that after a fluence of 1 x 10'® ne,cm~2an ST2 sensor
had a depletion depth of about 200 um at 600 V. The two values reported
in Table 5.1 refer to the same sensor, evaluated at one year distance. The
precision of the data is not sufficient to conclude that the depletion depth had
actually increased. There may have been such an effect however due to annealing
(section 2.2) as detectors were exposed to short periods at room temperature
during handling operations. The same sensor, operated at 300 V, has a much
smaller depletion depth (111410 pm). This results in a strong loss of efficiency
(section 4.2) showing that this sensor must be operated at 600 V to satisfy
ATLAS requirements.

After a fluence of 0.5 X 10'® neqcm ™ ?the same design was almost fully de-
pleted at 600 V. In fact, depletion depth is nearly the same at 400 V and 600 V
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and the value at 600 V is only 19 pm below the nominal thickness value of
280 pm. This discrepancy is hardly significant (slightly more than two standard
deviations) and it may also be due to an actual thickness slightly below the
nominal value, so that it is possible that the sensor reaches full depletion just
above 400 V.

The table also reports the value of effective doping concentration extracted
from measured bias voltage and depletion depth. It was computed in the fol-
lowing way (valid when the bias voltage is below the full depletion voltage):

2e0€5iV}y;
Nep = — (5.6)

This formula gives the average effective doping concentration in the depleted
region. A uniform concentration is expected to yield a value of Nog which does
not depend on the bias voltage, or, equivalently, a depletion depth proportional
to the square root of the bias voltage. The data show some indication of a
violation of this scaling law (Fig. 5.7): the measured value of the effective doping
concentration is higher at low bias bias voltages, when only the region near the
pixels is depleted. For the sensor irradiated to the highest fluence (1999 data)
the effective doping concentration at 600 V is about 2.4 standard deviations
below the value found at 300 V. The bias voltage scan performed on the sensor
irradiated to the lower fluence also shows an effective doping concentration which
is lower at 400 V than at low bias voltages. The difference between the value at
200 V and the value at 400 V is 2.8 standard deviations. The value of Nyg at
600 V should be taken with care, as the sensor may be already fully depleted
and Eq. 5.6 is not valid if 13, is larger than the depletion voltage.
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Figure 5.7: Mean effective doping concentration in the depleted zone, computed
according to eq. 5.6, for 280 um thick sensors with standard silicon substrate,
irradiated to two different fluences.
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It is interesting to compare the results of table 5.1 with the expectations for
standard silicon sensors. For high fluences the stable radiation damage com-
ponent of the effective doping concentration (eq. 2.5) can be approximated as
Ne = ge®. Using the value g¢ = 1.9 x 1072 c¢m™! [31] N¢ is predicted
to be 9.5 x 10'2 cm™3 for the detectors irradiated to 0.5 x 10'® ne,cm~2and
19 x 10'? cm™2 for the detectors irradiated to 10'® neqcm™2. However, the
actual value of N g may be higher as a significant short term radiation damage
component may be present. This contribution from this component depends
on the status of advancement of the annealing processes (Fig. 2.3). The ex-
posure of the sensor to ambient temperature during handling operations or to
higher temperatures during the flip-chip process (Fig. 2.17) is subject to some
uncertainties, but it is not expected to be enough for the long term damage
component to give a significant contribution.

Within these uncertainties the depletion values found and the corresponding
effective doping concentrations are consistent with expectations.
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Figure 5.8: Depletion depth as a function of applied bias voltage for 250 pm
thick sensors with oxygenated substrate, irradiated to various fluences. The
points may be affected by systematic errors and should be considered lower
limits for the depletion depth.

The data from the 2000 and 2001 test beams were affected by electronics
readout problems which produced a high pixel inefficiency (section 3.3). This in-
efficiency reduced the cluster sizes, so that the depletion depth values measured
may be affected by a systematic error which is difficult to evaluate; they should
be considered lower limits on the depletion depth. Fig. 5.8 reports the results
of the measurement of depletion depth made in 2000 and 2001 on 250 pum thick
sensors with oxygenated substrate. The sensor irradiated to the lowest fluence
used the LAD design, while all the other sensors featured the SMD design. The
sensors irradiated to 0.56 x 10'% negem2and 1.0 x 10*® neq,cm ?fluence were al-
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ways kept at low temperature. The sensor exposed to 0.5 x 10*® no,cm ~2fluence
experienced a period of three months at 25°C and the sensor irradiated to the
lowest fluence was stored at 25°C for 37 days.

The device irradiated to the highest fluence shows a depletion depth which
does not depend on bias voltage. This suggests that it is already fully depleted
at 400 V, even if the measured value is smaller than the sensor thickness. Not
oxygenated sensors irradiated to the same fluence did not reach full depletion
even at 600 V.

The oxygenated devices irradiated to the lower fluences ( 0.3, 0.5 and 0.56 x
10" neqem™?) appear to be fully depleted, or almost so, for a bias voltage as
low as 250 V.

The depletion depth measurements with oxygenated sensors confirm that
such devices can be operated fully depleted for the entire detector lifetime.
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Chapter 6

A detailed study of Lorentz
angle effects

6.1 The Lorentz angle

In the presence of an electric field £ and a magnetic field B the charge carriers,
generated by a passing particle within silicon, drift along a direction at an angle
Oy, (Lorentz angle) with respect to the electric field direction (due to the E' x B
effect).

Figure 6.1: Drift of charge carriers under the influence of a magnetic field. The
upper figure shows a perpendicular particle, in the lower the incident particle
crosses the sensor at the Lorentz angle.
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Fig. 6.1 shows schematically how this effect affects the response of a silicon
pixel detector. The mean number of pixels above threshold (cluster size) is a
minimum for an incidence angle equal to the Lorentz angle, instead of for normal
incidence as it would be in absence of magnetic field. The angular response of
the detector is modified. The occupancy and spatial resolution are changed,
the change being a shift of the angular dependence by an amount equal to the
Lorentz angle.

In ATLAS high-pr particles will cross a Pixel layer at a mean angle O,
where O is the tilt angle of the layer ( Fig. 2.7). The response of the detector
will be similar to that in absence of magnetic field for an incidence angle equal
to ©p — ©p. The knowledge of O is needed for a correct simulation of the
detector response during ATLAS operation. In principle it is also needed to
choose the tilt angle in order to get the best performances; however the choice
of Or is strongly constrained by the limited space available.

This chapter describes the measurement of the Lorentz angle with test beam
data and their interpretation in terms of a model for charge drift in silicon. An
unexpected dependence of the Lorentz angle on the electric field inside the sensor
is found. The prediction of the model for the Lorentz angle in ATLAS operating
conditions is discussed in the last section. The effects of Lorentz angle variation
with bias voltage on tracking and b-tagging performances are the argument of
Chapter 8.

6.2 Measurement of magnetic field

Since the Lorentz angle depends on the magnetic field (section 6.4) the value
of B is needed for the measurements of Lorentz angle to have a meaning. The
magnetic field profile along the beam inside the magnet is reported in Fig. 3.3.
As the field value had a strong dependence on the beam axis coordinate z, the
position of the telescope inside the magnet is needed to determine the magnetic
field value for the pixel assemblies under test.

Since the position of the telescope with respect to the magnetic field was
not known with the precision needed for the measurement of the Lorentz angle,
it was measured from the data. Since the momentum of the beam particles is
precisely known, there is a one to one correspondence between beam particle’s
radius of curvature and the telescope position. This function is computed as
follows: for every possible telescope position the expected radius of curvature is
computed tracing the beam particle inside the known magnetic field, evaluating
the intersection points with the strip planes and fitting the coordinates of the
points using a parabola. The results of this calculation are shown in Fig. 6.2
for 2 different telescope setups (1998 and 1999 setups). For every run, the
position of the telescope is then evaluated by measuring the radius of curvature
(Fig. 6.3) and using the function of Fig. 6.2. The reconstructed position for the
3 sets of runs used for the Lorentz angle meausuremnet are pictorially shown
in Fig. 6.4 where the magnetic field profile is also shown. The procedure above
allowed us to know the intensity of the magnetic field at the position of the
pixel detector under test. The error on the telescope position was estimated to
be about 5 cm, arising from the spread of curvature values within each run set
and the uncertainty on the telescope total length (about 1%).

For runs 3700-3777 (August 1998) the magnetic field was 1.48 £ 0.02 T on
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Figure 6.4: Reconstructed telescope position for the three run sets used in the
Lorentz angle measurement. pl and p2 are the pixel detectors. sl, s2, s3 and
s4 are the microstrip doublets. The magnetic field profile is superimposed.

pixel detector 1 (an unirradiated sensor) and 1.01 £ 0.05 T on pixel detector 2
(a sensor irradiated to 10'® neqcm=2). In 1999 only the pixel detector holder
number 1 was used. The magnetic field was 0.95+0.05 T for runs 7050-7153 and
0.74 4 0.05 T for runs 7196-7275!. The errors are derived from the uncertainty
on the telescope position.

6.3 Measurement of Lorentz angle

The Lorentz angle for irradiated and unirradiated sensors was determined by
measuring the mean cluster size as a function of the angle of the incident beam
particles. The cluster size is minimum when the incident angle is equal to the
Lorentz angle, as shown schematically in Fig. 6.1. This allowed to extract the
Lorentz angle value from the data.

For each angle, two measurements were performed in sequence. Data were
taken with magnetic field off and with magnetic field on. The cluster size was
measured using only the minimal cuts described in section 3.2 in order to avoid
biases. The dominant uncertainty on the mean cluster size was systematic.
It was conservatively taken as half of the maximum difference between pairs
of mean cluster sizes measured at opposite angles for data taken without the
magnetic field. This amounted to 0.03. In fact, with no magnetic field any
difference in mean cluster sizes at opposite angles is attributable to alignment
uncertainties.

The mean cluster size as a function of the angle for an unirradiated sensor
operated at 150 V is shown in Fig. 6.5 for B =0 T and B = 1.48 T. The angular
shift in the detector response is evident.

The minimum was extracted by fitting the mean cluster size with a parabola.
A more complicated function of the angle was also investigated to fit the data.

IThe detectors under test were changed between these two sets of runs.
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Figure 6.5: Mean cluster size as a function of the track angle of incidence for an
unirradiated sensor, without magnetic field (left) and with a magnetic field of
1.48 T (right). The solid line corresponds to the parabola fit. Model prediction
is superimposed (dashed line).

It was based on a simple model of charge drift in silicon with five variable
parameters, including the Lorentz angle. The agreement with the data was
improved but the values of Lorentz angle were nearly equal to those obtained
with the parabola fit, hence the simpler parabola function was used. The fit is
shown in the figures as a solid curve, while the dashed curve is the theoretical
prediction obtained with the model described in section 6.4.

Data taken without magnetic field were used to check systematic errors
caused by the angular positioning of the sensor. In this case the minimum
was expected at 0° and any deviation from this value was used to correct the
measurement; the value of the correction was finally quoted as a systematic
€rror.

The Lorentz angle for the unirradiated sensor was measured to be 9.0+0.4+
0.5°, where the former error comes from the fit (containing the statistical and
systematic error on mean cluster size described above) and the latter from the
subtraction of the value found for data without magnetic field.

In Fig. 6.6 data for a sensor irradiated to 0.5 x 10'® neqcm~2are shown. The
left plot report the measurement on data taken with an operating voltage of
600 V and no magnetic field. The central plot is for data with a magnetic field
of 0.95 T and the same operating voltage of 600 V. The Lorentz angle was found
to be 2.6 £ 0.2+ 0.3°.

An angular scan was also made with the same sensor operated at 150 V
but only with the magnetic field. The results are reported in the right plot of
Fig. 6.6. In fact for each value of the tilt angle three measurement were made
in sequence: with a bias voltage of 600 V and no magnetic field, with a bias
voltage of 600 V and a magnetic field of 0.95 T, with a bias voltage of 150 V
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Figure 6.6: Mean cluster size as a function of the track angle of incidence for
a sensor irradiated to 0.5 x 10" neqcm™2. The left plot is for data without
magnetic field and a bias voltage of 600 V, the central plot for B=0.95 T and
Vhias = 600 V, the right plot for B=0.95 T and V};,4 = 600 V. The solid line
corresponds to the parabola fit. Model prediction is superimposed (dashed line).

and a magnetic field of 0.95 T. Data taken at 600 V and no magnetic field were
used to correct the alignment systematics for both the data taken at 600 V
and 150 V. The Lorentz angle value found at 150 V was 5.9 £ 1.0 £ 0.3°. It is
considerably higher than the value found for the same sensor and same magnetic
field when operated at 600 V.

Note also the different vertical scale of the three plots of Fig. 6.6. When the
sensor was operated at 150 V the mean cluster sizes were considerably smaller
than those found for an operating voltage of 600 V, because the depleted depth
was much smaller (section 5.2).

In Fig. 6.7 data for a sensor irradiated to 10'® ne,cm~2and operated at 600 V
bias voltage are reported. The magnetic field was 1.01 T. The Lorentz angle
value was found to be 3.1 + 0.4 £ 0.6°. One year later the measurement was
repeated on the same sensor operated at the same voltage, with a magnetic
field of 0.74 T. A value of 2.7 + 0.4 + 0.4° was found. Using the relation ©; ~
tan @y «x B (eq. 6.4.2 of section 6.4) this value correspond to 3.6 + 0.5 & 0.5°
for B=1.01 T so it is in agreement with the measurement of the previous year.

Results of Lorentz angle measurements are summarized in table 6.1. All the
sensors used standard silicon substrates and implemented the ST2 design. The
measurements show an unexpected variation of the Lorentz angle, even when the
differences of magnetic field were taken into account. A model of charge drift in
silicon was developed to provide an explanation to the measured Lorentz angle
values. It is described in the next section.
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Figure 6.7: Mean cluster size as a function of the track angle of incidence for
a sensor irradiated to 10'® ne,cm™2, without magnetic field (left) and with a
magnetic field of 1.01 T (right). The solid line corresponds to the parabola fit.
Model prediction is superimposed (dashed line).

& [negem 2] 0 0.5 x 10*® 0.5 x 10%® 1x 10 (°98) | 1 x 10 (°99)
Bias [V] 150 150 600 600 600
T [°K] ~ 300 264 264 264 264
d [pm] 288 + 6 123 +11 261 + 8 189 + 12 217 £13
B [T] 1.48 +0.02 0.95 + 0.05 0.95 + 0.05 1.01 £ 0.05 0.74 £ 0.05
©r (meas.) [°] || 9.0+£04405 | 5.94+1.0+£03 | 264+02+0.3 | 3.1£044+0.6 | 2.7+£04+0.4
O (th.) [°] 9.3+0.4 3.7+£0.5 2.740.2 2.140.2 1.8+ 0.2

Table 6.1: Lorentz angle measurement results. The theoretical predictions ob-
tained with the model described in section 6.4 are also reported.

6.4 Interpretation of the measurements of Lorentz
angle

The values of Lorentz angle we measured using test beam data were compared
with the predictions of a model [1] that evaluates the charge drift in silicon
and computes the mean cluster multiplicity as a function of the incidence angle
using the properties of the detectors under study (temperature, magnetic field,
bias voltage, depletion depth, geometry, thresholds).
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6.4.1 Charge drift in silicon

The properties of charge drift in silicon? are important to understand and com-
pute Lorentz effects. The motion of electrons and holes in presence of an electric
field will be discussed first, then the effects produced by the Lorentz force will
be considered.

Drift mobility

For low electric fields, holes and electrons drift with an average velocity propor-
tional to the field strength:

Vd = ,U,dE (61)

The constant of proportionality ug is called drift mobility. It is the most
important parameter which enters the computation of the Lorentz angle, hence
it will be discussed in some detail. The mobility is related to the mean free time
between collisions of the charge carriers with the lattice by the relation

er
Hd = ™ (6.2)

This relation can be derived assuming that the charge carriers move as in
vacuum (with effective mass m*) between collisions and have zero average ve-
locity after each collision; in this conditions the average velocity is ;1n—€7 which
yields the above relation. The collisions are due to deviations of the crystal from
a perfect geometrical lattice. These deviations can occur either because of the
presence of extraneous or misplaced atoms (impurities) or because of the ther-
mal vibrations. The crystal vibration quanta are called phonons. The charge
carriers interacts with charged impurity centers and with phonons. The scat-
tering against phonons increases with temperature, while the scattering against
impurity centers increases with the doping concentration and decreases with
temperature. The ATLAS silicon pixel detectors substrates have a low doping
concentration in order to achieve full depletion at reasonably low bias voltages,
while the operating temperature is of the order of room temperature. In this
conditions the phonon scattering dominates over charged impurity scattering
and it is in fact the only significant scattering mechanism. Hence the mobility
decreases with temperature, but it is independent of doping concentration up
to concentrations much higher than those of our sensors.

The mobility dependence on the impurity concentration and temperature is
shown in Fig. 6.8. The typical doping level of our detectors is of the order of
10'2 cm~3. The irradiation increases the effective doping concentration which
however remains below 4 x 1013 ¢m~2 (Fig. 5.7) even for the sensors irradiated
to 10 ne,cm 2, safely below the level at which the scattering over impurities
begins to play a role and the mobility decreases.

The variation of mobility with temperature, on the contrary, is signifi-
cant. At room temperature there is an 8% change in the mobility for every
10 degrees change in temperature. The room temperature mobility is about
1500 V" tem?2s~! for the electrons and 450 V™ *cm?2s—! for the holes, which have
an higher effective mass.

2For a discussion of the properties of charge carriers in silicon Ref. [23, 51] are useful. For
a review of drift velocity and diffusivity measurements see [52, 53].

79



\ Silicon, room temperature
?1600—
- —— Electrons
Ek ——— —Holes
E C BN
“-‘2/1200:
é‘moo:
'.g C
S 800:
600:
00
200:
07 L L L L L L L L
107 10 10 10%° 10" 10%° 107 J 0%
Doping concentration (cm ")
?2500
P — Electrons
g L
£ —Holes
© 2000
-
> L
>
= 1500
o |-
= \
1000
.
\
500 .
-\‘
0 260 280 300 320 340
Temperature (K)

Figure 6.8: Above: low field mobility as a function of impurity concentration
in silicon at room temperature. Below: low field mobility as a function of
temperature in high purity silicon. The curves are computed according to the
experimental data parametrisations given in [52].

When the fields are sufficiently large the linear relation between drift velocity
and electric field is lost, resulting in a field-dependent mobility. Fig. 6.9 shows
the room-temperature drift velocity versus the electric field for electrons and
holes in high purity silicon. Saturation occurs at high fields. The saturation
velocity is about 107 c¢m/s for both electrons and holes, in contrast to the low
field regime where electrons had a three-fold larger mobility than holes. The
transition from the linear regime to saturation occurs at higher fields for holes
than for electrons.

The electric field in the pixel sensors is of the order of 1 V/um which is
in the intermediate region between the linear regime and saturation. The mo-
bility can thus be significantly smaller than the low-field value. The following
parametrisation [52] describes the drift mobility as a function of temperature
and electric field assuming a low impurity concentration:

. vs/E.
M U+ (BB

This parametrisation should be used for 7" > 250 ° K and it also describes
the drift mobility when the electric field is along the < 111 > crystallographic

(6.3)
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Figure 6.9: Room-temperature drift velocity for electrons and holes in high-
purity silicon. Based on the experimental data parametrisations given in [52].
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direction. This was the case for the sensors used in the measurements of Lorentz
angle. The low-field drift mobility does not depend on the direction but at high
electric fields it is slightly different when Eis along the < 100 > or the < 110 >
direction [52, 53]; this is the consequence of the anisotropy of the silicon crystal
energy bands.

The parameters of the formula have all a simple physical meaning. vy is the
saturation velocity. It decreases with temperature, but less strongly than the
low-field mobility. E. provides the electric field scale at which transition from
the linear regime to saturation occurs. At 273 °K it is 0.6 V/um for electrons
and 1.5 V/um for holes, and it increases with temperature. 3 describes the
rapidity of the transition between the two regimes. An high value of 8 indicates
a sharp transition. It is nearly one, especially for electrons. This is interesting,
as for § = 1 the equation of motion is analytically integrable. The low-field
mobility is po = vs/Ec.

An alternative parametrisation is provided in Ref. [25].

The irradiated sensors have higher electric fields than before irradiation, be-
cause they are operated at higher bias voltages and/or have a smaller depletion
depth. They must also be cooled, and in the test beam they are operated at
lower temperature than unirradiated detectors (see table 6.1). Fig. 6.10 shows
the mobility as a function of electric field for the two temperatures used in the
test beam, T' = 264 °K for irradiated sensors and T' = 300 °K for the unirradi-
ated one. The markers show the electron mobility corresponding to the mean
electric field and the temperature of the tested devices.

In ATLAS the temperature of the Pixel detector will be 273 °K. The bias
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Figure 6.10: Drift mobility of holes and electrons as a function of electric field
for absolute temperatures 264 °K and 300 °K . The points corresponding to the
mean electric field and temperature of the detectors under test are also reported.
On the right scale Lorentz angle at 2 T (foreseen running conditions in ATLAS)
predicted by the model.

voltage will be raised as irradiation will proceed, resulting in a gradually smaller
mobility. In the next section it will be shown that the Lorentz angle is almost
proportional to the drift mobility, and on the right scale of Fig. 6.10 it is shown
the Lorentz angle for a magnetic field of 2 T perpendicular to the electric field
(ATLAS barrel conditions).

Diffusion

As the charge released by a particle drifts toward the electrodes, it experiences
a lateral spread. This is why the mean cluster size is larger than one even when
the incident angle is equal to the Lorentz angle. This effect will also enter in
the spatial resolution discussion of chapter 7. The lateral spread of the charge
is proportional to the square root of the time. The charge profile is a gaussian
whose standard deviation is [23]

o =2Dt (6.4)

D is called diffusivity. When the charge carriers are in thermal equilibrium
with the crystal, which is true for low electric fields, the Einstein relation holds:

kT

When the electric field increases above the region of constant mobility, the
charge carriers are no longer in thermal equilibrium with the crystal, but this
relation still describes the data provided that the field-dependent mobility and
an electron effective temperature corresponding to the mean carrier energy are
used instead of the low-field mobility and the thermal kinetic energy. The
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dependence of diffusivity on the electric field is moderate, as the increase of the
effective electron temperature compensates the decrease of mobility in eq. 6.5.

6.4.2 The Lorentz effect

In presence of magnetic field perpendicular to the electric one the charge carriers
are subject to the Lorentz force ety x B. This results in a mean velocity along

the Lorentz force direction vy, = %T' The resulting Lorentz angle is
v eB
tan @ = L paB
V4 m*

If 7 is not a constant, but it depends on the carrier energy, a bit more care
is needed in dividing factors out and a numerical factor arises

tan@r, = pgB = ru.B (6.6)

where

oo < 72 >2 _ f7(5)2p(5)d52 6.7)
<T > [[ 7(&)p(€)dE]

This result is obtained also with a proper quantum mechanical treatment [51].
pr is called Hall mobility. The ratio r» between Hall and drift mobility depends
on the details of the scattering mechanism. It is called Hall scattering factor, it
is a pure number and its value is about 1.

The charge carrier energy distribution p(€) in a semiconductor is the Boltz-
mann distribution. If the energy dependence on momentum £(p) is isotropic,
T ~ E3/2 for ionized impurity scattering and 7 ~ £-1/2 for phonon scatter-
ing [23]. The latter is dominant for ATLAS Pixel sensors. Using equation 6.7,
r = 3w /8 = 1.18 is found for phonon scattering in isotropic semiconductors.

However, in silicon the carrier energy depends also on the momentum di-
rection relative to the crystal orientation, and the computation of r is much
more difficult. A review of theoretical predictions and experimental data can
be found in Ref. [54] and [53]. The value of r can be measured experimentally
using the Hall effect [23, 54].

For low magnetic fields (uB << 1) r = 1.15 for electrons and r = 0.7 for
holes at room temperature. There is a weak dependence on temperature; the
following parametrisation describes the dependence of r on temperature near
300 ° K

r=1.13+0.0008 - (T —273) for electrons

r = 0.72— 0.0005 - (T — 273) for holes (6.8)

The Hall scattering factor dependence on impurity concentration is negligible
at the doping levels of high energy physics detectors. In the high magnetic field
limit, r = 1. The low field condition is equivalent to a Lorentz angle much less
than unity; the maximum value we measured in the test beam was indeed only
157 mrad.

The Hall scattering factor is nearly constant, but the mobility has a very
significant dependence on both temperature and electric field. The Lorentz
angle is proportional to the mobility (neglecting the small difference between
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Oy, and tan ©y). In the irradiated detectors the bias voltage must be increased
to achieve the same depletion depth, and the mobility strongly decreases in spite
of the smaller temperature (Fig. 6.10). Hence the Lorentz angle is also smaller,
as observed.

In order to obtain a quantitative prediction for the Lorentz angle, two diffi-
culties must be addressed:

e The Lorentz angle is different for holes and electrons, as there is up to
a factor of three between electron and hole mobilities. The next section
discusses the formation of their signal on the pixel electrodes. It shows
that even if the induced current receives contributions from the motion of
both charge carriers inside silicon, only the electron motion needs to be
taken in consideration to compute the signal at the preamplifier output.

e The electric field near a pn junction is not constant (Fig. 2.1). As a
consequence of the electric field variation, the Lorentz angle changes from
point to point inside the detector and the charge carriers drift along curved
paths (Fig. 6.1). In section 6.4.4 the effective Lorentz angle, defined as the
angle at which the cluster size is minimum, is computed and compared to
the test beam measurements.

6.4.3 Signal induced on the pixels
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Figure 6.11: Ramo potential for a 50 pm pitch strip detector.

The contribution of a charge moving inside silicon to the signal on an elec-
trode can be computed as follows [55]. A fictitious potential (Ramo potential)
is computed applying Vp = 1 V on the electrode under investigation and 0 V
on any other electrode. This potential is shown in Fig. 6.11 for 50 pm strips (a
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good approximation for ATLAS pixels). The contribution of a moving charge
to the current on the pixel is

i(t) = qBa(t) - V(V/ Vo) (6.9)

where V' is the Ramo potential and the gradient is computed at the charge
location. Both electrons and holes give a contribution to this current. The
integral of the current (that is, the total charge collected) induced by an electron-
hole pair generated at the point X is

V fV ’l)hdth + Vo fV ﬁedte =

:-";—f d8h+ fX dse—
—e(Vy —Vx +VX —Vz)/Vo

where Y is the arrival point of the hole (which is always the backplane) and
7 the arrival point of the electron. Vx cancels out, Vy = 0 and Vy is 0 if the
electron is collected by another pixel and equal to Vj if the electron is collected
by the pixel under consideration. The result is that the integral of the current
on the pixel is the number of electrons collected by the pixel. Pixels which
collect no charge also have transients but the integral of the current is zero.

The peak amplitude at the output of the preamplifier depends on the integral
of the current if the response time is much larger than the drift time of the
charges. A very fast electronics is sensitive to the transients.

It is apparent from Fig. 6.11 that the contribution of a charge to the signal
on the pixel is significant only for the charges moving in a quite limited region
around the pixel (within ~ 50 wpm). The time needed by an electron to reach
this region can be estimated using a constant drift velocity as d/vg = d/usE =
d?/ taVhiag Where d is the depletion depth. The time needed by holes to exit
the region near the pixels where their contribution to the signal is significant
is 50 pm/vg. Both times are a few nanoseconds. If the electric field profile
and the drift velocity as a function of electric field are used a similar result is
obtained. The peaking time of the preamplifier is about 25 ns, which means
that the pulse height depends on the integral of the signal.

As a result, the charge collected by a pixel can be computed as the number
of electrons collected by the pixel, ignoring the holes, and the response of the
detector can be computed using the drift properties of the electrons only.

6.4.4 Computation of the Lorentz angle in the test beam

Neglecting the electric field variation, the Lorentz angle can be computed di-
rectly with eq. 6.3 and eq. 6.6 using the parametrisations for the electrons and
the mean electric field V};,4/d-

A more sophisticate computation was also developed, which computes the
mean cluster size as function of angle evaluating the charge drift in silicon
and taking in account the electric field profile inside the sensor, diffusion and
threshold effects. The angle at which the cluster size is minimum is the model
prediction of the Lorentz angle value.

To compute the cluster multiplicity the ionization charge was transported
from the track to the pixel plane according to the drift trajectory obtained
integrating numerically
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Z—z =tan O = r(T)pq(T, E(2))B

where z is the coordinate along the short direction of the pixels (the direction
of the Lorentz force) and z is the coordinate perpendicular to the pixel plane
(the direction of the electric force). The parametrisations of r(T') and pq(T, E)
were those presented in section 6.4.1 and 6.4.2.

The electric field profile F(z) near a pn junction is shown in Fig. 2.1. The
electric field is maximum at the pn interface. If the effective doping concen-
tration is assumed to be uniform, the electric field varies linearly with position.
With this assumption the electric field of irradiated sensors, which have a p-type
conductivity and are not completely depleted, varies linearly from 2 - V/d near
the pixel (where the n — p junction is located) to zero at the limit of depleted
zone. In unirradiated devices which are over-depleted, the electric field varies
linearly from (V — V,)/d near the pixels to (V + V;)/d at the junction located
on the backside (where V = 150 V was the applied bias). The full depletion
voltage V; was determined to be 105 V for the not irradiated sensor [39].

Diffusion is also taken into account. For every point of the track, the diffusion
of the generated electrons is related to the time needed to reach the pixels by
eq. 6.4. The time can be computed numerically as

. / dz B / dz
va(T, E(2)) pa(T, E(2))E(2)

Since the diffusivity coefficient of eq. 6.4 has only a weak dependence on the
electric field [52] a value of 25 cm? s~! (independently of E) was used.

Finally, to define hit pixels, a threshold is applied on the charge collected by
every pixel.

The model parameters (bias voltage, depletion voltage, depletion depth, dif-
fusivity, threshold, temperature, magnetic field) were all but one measured quan-
tities. The only fit parameter was the threshold®. This was determined using
data with no magnetic field present.

The model does not take in consideration energy loss fluctuations, the thresh-
old dispersion, or delta rays. The uncertainty on the values obtained for the
predicted Lorentz angle (Table 6.1) was estimated by varying the input de-
pletion depths, the magnetic field and the mobility within their errors. The
uncertainty on the parametrisation of the mobility was about 5% [52]. Other
potential sources of errors proved to be negligible. The results obtained with
the model described were within a fraction of degree of those obtained with
eq. 6.3,6.6 using the mean electric field V/d in the depleted region.

The prediction of the model for the cluster multiplicity are reported in
Fig. 6.5, 6.6, 6.7 as dashed lines. The agreement with experimental data is
satisfactory. The experimental and predicted Lorentz angle were compared in
Fig. 6.12 and in Table 6.1. Taking into account the variation of the magnetic
field, it is apparent that for irradiated sensors the Lorentz angle is smaller mostly
because of the larger electric field.

31t was necessary to fit the threshold instead of using the value obtained by electronic
calibration of the front end electronics because the sensors used for the measurements had
a non uniform charge collection with losses along the edges of the pixel cells (section 4.1).
This necessitated the extraction of an effective threshold from the data (which was about 20%
higher than the real one).
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Figure 6.12: Lorentz angle measurement results. The dots are the experimental
results, triangles are the expected values given by the model as a function of
the mean electric field.

6.4.5 Computation of Lorentz angle in ATLAS

A prediction for the value of Lorentz angle in ATLAS was derived from eq. 6.3
and 6.6 with mean electric field and temperature as input parameters.

The silicon strips of the SCT detector are p-type implants on a n-doped
substrate. Hence they collect the holes. As the hole mobility is much smaller
than the electron one, the resulting Lorentz angle is much smaller . Hence the
variation of Lorentz angle with bias voltage will have a much more significant
impact on the detector response for the Pixel detector than for the SCT.

In fig. 6.13 the predicted Lorentz angle as a function of bias voltage is
reported for Pixel and SCT sensors.

Bias voltages between 80 V and 600 V have been considered for the Pixels,
and between 80 and 350 V for the SCT sensors. The bias will increase with
time for both, to achieve full depletion despite radiation damage. The curves
reported in the figure were computed using an electric field equal to the ratio
between bias voltage and sensor thickness. This is the mean electric field inside
the sensors if they are fully depleted. The thickness values are 200 um for the
Pixel B-Layer, 250 um for Pixel Layers 1 and 2, 260 and 285 um for SCT. Due
to the different thickness, different Pixel layers have not the same Lorentz angle
value for the same bias. The difference between the 260 pym and 285 pm thick
layers of the SCT is negligible.

Finally, a temperature of 273 °K was assumed. An operating temperature
of 264 °K would result in a slightly higher Lorentz angle, the difference being
0.2 ° at 600 V and 0.6 ° at 100 V for the Pixels, and negligible for the SCT.

It is evident that Lorentz angle dependence on bias voltage and thickness for
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the Pixel detector is quite large. Cluster multiplicity will depend on the Lorentz
angle value. All the quantities which depends on cluster multiplicity, as spatial
resolution and pixel occupancy, will be affected as well. As a consequence, the
detector performances are expected to be a function of module bias.

The effect of the bias voltage on tracking and b-tagging performances is

discussed in chapter 8.
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Chapter 7

Spatial resolution analysis

7.1 General consideration

Spatial resolution is a key feature of the Pixel Detector, which has been con-
ceived to provide three high precision track points at small radii. The spatial
resolution it provides strongly contributes to the resolution on the impact pa-
rameter of tracks.

The order of magnitude of the Pixel spatial resolution is determined by the
cell size. The choice between analog and digital readout, and the degree of
charge sharing between adjacent pixels are also very important. The charge
sharing is affected by intrinsic sensor properties (as inter pixel capacitance and
pixel capacitance to the backplane), operational parameters (such as reverse
bias operating voltage and radiation damage) and by parameters related to
electronic readout (threshold, crosstalk, charge resolution etc.). A substantial
role is also played by diffusion, by the incident particle track angle and by the
Lorentz effects.

If there is no charge sharing between adjacent pixels, and all the charge
carriers locally generated around the incident particle are collected on a single
pixel (single hit clusters) then the spatial resolution is ¢ = p/+/12, where p
is the pitch. This is 14 pm in the short pixel direction, and 115 pum in the
long pixel direction (for 400 pm pixels). If the ionization charge is collected on
neighbouring pixels (two or more pixel clusters) charge interpolation becomes
possible, which allows for improved resolution.

Much of the effort of test beam studies was devoted to resolution along the
short (x) pixel direction. This was studied as a function of the incident track
angle in the xz plane. The angle in the yz plane between incident particle tracks
and the normal to the sensor plane was zero, so that only a small fraction of
pixel clusters interested more than a column. The multi-column events were
excluded from the analysis, so that the study of resolution was reduced to a
one-dimensional problem. Unirradiated and irradiated sensors of various designs
were studied.

Most of the results presented in this chapter use data taken without magnetic
field. A study of the spatial resolution made with data taken with magnetic
field is presented in section 7.5.4. As expected, the magnetic field changes the
dependence of the resolution on the incidence angle shifting it by an amount
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equal to the Lorentz angle.

sensor 0° 5° 10° 15° 20° 30°
% 1hit | 76.8 | 64.6 | 36.6 | 6.8 3.2 1.8
ST2 % 2 hits | 20.9 | 33.9 | 61.3 | 85.3 | 49.8 | 3.3

280 pum thick % 3hits | 1.2 | 09 | 1.3 | 7.0 | 44.7 | 39.2
% 4hits | 05 | 03 | 04 | 04 | 1.3 | 53.3
% 1hit | 67.5 | 40.7| 9.6 | 0.2 | 0.0 | 0.2
ST1 % 2 hits | 29.5 | 55.6 | 84.8 | 68.7 | 21.0 | 0.1

280 pum thick % 3hits | 1.7 | 1.9 | 3.3 | 28.1 | 74.3 | 10.8
% 4hits | 06 | 1.0 | 1.2 | 1.7 | 2.8 | 82.2
% 1hit | 66.7 | 41.2] 5.9 [ 1.3 | 0.7 | 0.2
SSG % 2 hits | 30.4 | 55.0 | 87.3 | 61.3 | 21.2 | 0.6

280 pum thick % 3hits | 1.6 | 2.0 | 4.3 | 34.2 | 73.7 | 14.8
% 4hits | 06 | 0.8 | 1.3 | 1.9 | 24 | 78.5
% 1hit | 90.6 | 87.3 | 74.1 | 52.5 | 30.4 | 6.4
ST2 % 2 hits | 8.4 | 11.7 | 25.0 | 46.0 | 66.9 | 65.4

280 um thick % 3 hits | 0.6 0.6 0.4 1.0 2.2 | 26.2
10" neqem™2 %4hits | 0.2 | 02 | 02 | 03 | 04 | 1.1
% 1 hit | 83.6 | 66.6 | 42.7 | 11.0 | 2.4 | 2.0
ST2 % 2 hits | 14.5 | 31.7 | 55.1 | 83.1 | 63.3 | 5.9

280 pum thick % 3 hits | 1.3 | 1.1 14 | 49 | 32.2 | 70.6
0.5 x 10'® nggem™2 | % 4 hits | 04 | 03 | 04 | 06 | 09 | 20.5

% 1hit | 82.5 | 71.3 | 49.5 | 25.8 0.6

SSGb % 2 hits | 15.9 | 27.1 | 48.2 | 71.4 34.7
200 pm thick % 3 hits | 0.8 0.9 1.3 1.7 62.1
% 4 hits | 0.4 0.4 0.5 0.6 1.6

% 1hit | 85.9 | 82.6 | 57.6 | 35.1 | 13.7 | 7.2

SMD % 2 hits | 12.4 | 15.9 | 40.1 | 61.9 | 76.6 | 39.8

250 pm thick % 3 hits | 1.0 0.9 1.1 1.9 8.1 | 49.2
10'% neyem =2 % 4hits | 04 | 04 | 05 | 05 | 09 | 28

Table 7.1: Distribution of cluster sizes in the short pixel direction, as a function
of incident particle track angle and for various sensor designs. The two most
populated cluster sizes were enlightened with bold font for each sensor design
and angle. Applied bias voltage was 150 V for unirradiated sensors, 600 V for
irradiated ones. The SMD sensor was built with oxygenated silicon substrate,
all the other sensors used standard silicon. No data were available for SSGb
sensor at 20°.

In table 7.1 the cluster multiplicity (i.e. cluster size) distribution is reported
for various sensor designs as a function of track incidence angle. This distribu-
tion is important for the spatial resolution because, as noted above, a poorer
resolution is expected for the single pixel clusters for which no charge interpo-
lation is possible. The following observations can be made about the values in
the table:

e At any given angle the mean multiplicity was larger for the sensor with

better charge collection (section 4.1). This is expected to result into a
better spatial resolution.
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The mean cluster size was smaller for the unirradiated 280 pym thick ST2
sensor than for the equivalent ST1 and SSG sensors which had not the
charge collection problem. It was smaller for the 200 pm thick SSGb sensor
because it was thinner. It was smaller for partially depleted irradiated
sensors than for their unirradiated equivalents.

The SMD sensor had the same thickness (250 pym) the same design and
the same type of substrate (oxygenated silicon) of the sensors which will
be used in the ATLAS Pixel barrel layers 1 and 2 and in the disks. It
was irradiated to 10" neqem™2. It had a better charge collection than
the thicker ST2 sensor irradiated to the same fluence, both because of
the larger depletion depth provided by the use of oxygenated silicon and
because of the absence of the charge loss problem. This resulted in a larger

mean cluster size for the SMD sensor.

e The single hit clusters, for which no charge interpolation is possible, were
the most populated class at normal incidence. However a significant frac-
tion of double pixel clusters was also present. This ranged from 8% for
the ST2 sensor irradiated to the higher fluence, up to the 30% for the
280 pm thick unirradiated SSG and ST1 sensors. Increasing the angle
of incidence, the mean cluster size increased and the single pixel clusters
gradually disappeared.

e For any given angle and sensor design there are two cluster sizes (enlight-
ened with bold font) to which nearly all cluster belongs. Higher cluster
sizes occurs because of d-ray production, lower cluster sizes because of
inefficiencies.

Barrel before Barrel after Disks
radiation damage | radiation damage
Average angle of incidence a (°) 20 20 0
Assumed bias voltage 150 600 -
Lorentz angle O, (°) 12 5 0
a—07 (°) 8 15 0

Table 7.2: Average angle of incidence and Lorentz angle in the ATLAS Pixel
detector. Resolution depends on the difference between the two. The Lorentz
angle in the barrel depends on the assumed bias voltage (Fig. 6.13).

As the spatial resolution varies with the angle of incidence (section 7.5) it is
important to keep in mind the average values of this angle in ATLAS (table 7.2).
The incidence angle of the particles will have a spread of several degrees around
the average value, due to the curvature of tracks in the magnetic field (at low
transverse momenta) and the finite module size. The Lorentz angle depends on
the bias voltage (Fig. 6.13) so that the difference between the average incident
angle and the Lorentz angle also depends on the operating voltage.

7.2 Digital and analog reconstruction

The position of single pixel clusters is given by the pixel center position. Two
different algorithms were used to reconstruct the spatial position of two pixels
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clusters. A digital algorithm which uses the center position between the two
pixels and an analog algorithm that corrects the digital position just described
using an interpolation of the charge collected by the two pixels. The variable
used for the correction was n = @, /(Qr + Qi) where @, and @; are the charges
collected by the right hand side and the left hand side pixels in the cluster
respectively.
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Figure 7.1: Difference between position measured by the telescope and by the
pixel detector with digital information alone, plotted against the variable 7
(defined in the text). Data were taken with an ST1 device for an angle of
incidence of 15°.

Fig. 7.1 shows the correlation between this variable and the digital residual
(the difference between the position measured by the pixel detector and the
track extrapolation provided by the telescope). The following interpolation was
adopted [47]:

— | = 1
No Jy a3 (7.1)

7
man:mdig—f—ZA( ! de 1)

where zan and T dig are the spatial positions reconstructed by the analog and
digital algorithms respectively. This formula corrects for the possible nonlinear-
ities in the relation between 1 and the position, by using a position correction
proportional to the integral of the event distribution dN/dn. This assumes that
the Np particles are spread uniformly over an interval 2A. The uniformity is
true because the pixel pitch is much smaller than the beam spot size.

The amplitude of the correction A must be chosen to optimize spatial res-
olution. This is obtained when the analog residual does not depend on 7. The
optimal value of A is the mean digital residual as n approaches its extremal val-
ues 0 and 1. It was evaluated from plots like the one in Fig. 7.1 and parametrized
as a function of the angle for each tested sensor.

An equivalent procedure was adopted for multi-pixel clusters. These occur
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Figure 7.2: Sketch of a sensor traversed by a track at an angle. The sensor has
been sketched as partially depleted, and the hatched zone correspond to the not
depleted region.

when particles traverse the pixel sensor at an angle (Fig. 7.2). For inclined
particle trajectories, the charge is collected over a region approximately given
by d x tan ¢, where d is the sensor depletion depth. Charged particles with large
incident angles produce signals on many pixels and the average charge per pixel
decreases, despite the longer trajectory in the silicon. The digital position is
computed as the mean position of the pixels in the cluster, Tdig = Y;2;/N. For
the analog position only the edge pixels in the cluster are considered. The signal
amplitude on the central pixels does not carry information on the position of
the passing particle because the pathlength under the pixel is p/ sin « and does
not depend on position. Hence 7 is computed using the first and the last pixel
in the clusters [49, 56].

Fig. 7.1 shows that the correction to be applied depends on the number of
pixels in the cluster (i.e. the cluster multiplicity), so it is convenient to treat
different cluster sizes separately. This means that there is a distribution dN/dn
and a value of A for every cluster multiplicity. The figure shows that the optimal
value of A for data taken with ST1 sensors at 15° is 17 um for two pixel clusters
and 7 pum for three pixel clusters.

As the track length under a pixel is geometrically limited by p/ sin « charges
on a pixel exceeding Qcyt = Ap/sina (where X is the number of electrons
generated per unit pathlength) are due to energy loss fluctuations. The impact
of these fluctuations on spatial resolution was reduced by setting pulse heights
exceeding Qcyt t0 Qcut, when computing 7.

Digital and analog spatial resolutions for one of the tested devices are shown
in Fig. 7.3. The device was a 280 um thick unirradiated SSG sensor. At normal
incidence most of the clusters are single pixel clusters (table 7.1) so that there
is little difference between digital and analog resolution. As the angle increased,
the single pixel clusters disappear and analog reconstruction provides a strongly
improved spatial resolution.

The resolution on the extrapolated track position (telescope resolution) has
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Figure 7.3: Spatial resolution with digital and analog reconstruction of pixel
cluster position, for an unirradiated SSG device as a function of the angle of
incidence. The telescope extrapolation uncertainty has not been subtracted.

not been subtracted from the pixel resolutions reported in Fig. 7.3. This is a
conservative choice, due to the difficulty of precisely estimating the telescope res-
olution. The next section discusses how the telescope resolution was evaluated
and improved. A detailed discussion of the spatial resolution of the various pixel
sensor designs at normal incidence and as a function of the angle of incidence
will follow.

7.3 Telescope resolution

Spatial resolution was determined by computing the residuals between the co-
ordinate measured by the pixel detector and that predicted by the silicon mi-
crostrip telescope. The extrapolation uncertainty depends on many parameters,
e.g. the position of the microstrip planes and of the pixel detector under study,
the microstrip intrinsic resolution, the amount of material along the beam path
etc. Telescope resolution was improved applying a tighter selection on track
reconstruction y? probability in the xz view. This operation allowed to im-
prove the resolution of the microstrip telescope, but it decreased the available
statistics and it increased the statistical error on the resolutions.

Keeping 20% of events, the measured detector resolution increased signifi-
cantly (Fig. 7.4) showing that the measured value received indeed an important
contribution from the telescope extrapolation uncertainty. The statistical er-
rors on the measured detector resolutions after this selection were of the order
of 0.3 pm.

In order to study the telescope resolution, data taken at normal incidence
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Figure 7.4: Measured analog spatial resolution for an unirradiated SSG device
as a function of the angle of incidence, before and after the quality cut on the
tracks reconstructed by the silicon microstrip telescope.

were used. At normal incidence mainly single pixel and double pixel clusters
occur. The resolution is determined by their relative abundance. Single pixel
and double pixel clusters were studied separately. Examples of such residuals
distributions are shown for a modified SSGb 200 um thick sensor in Fig. 7.5
and Fig. 7.6. The first figure has been produced with all the cuts used in the
resolution analysis, while the second figure was made without the quality cut on
telescope track described above - only the standard cuts described in section 3.2
were applied.

Single pixel clusters occur when incident particles cross the pixel central
region of width L = p — 2A where A is the charge sharing region. Then for
single pixel cluster the distribution is parametrized with a uniform distribution
of width L, convoluted with a gaussian distribution of width o,,p0.te; that takes
into account the resolution of the silicon microstrip telescope, threshold effects
and d-rays. The result of this fit (Fig. 7.5c) was oo = 3.4+ 0.5 pm and
L =440+ 04 pm for the extension of the region at the centre of the pixel
where the charge is collected by a single pixel. The corresponding value for the
extension of the charge-sharing region is £3 pum around the pixel border. oy
increases to 4.5 + 0.3 pum without the quality cut on the telescope tracks.

The residuals distribution of the double pixel clusters allows an independent
measurement of the telescope resolution. Because of the very limited width of
the region of charge sharing, those residuals allow a very precise determination
of the crossing point of the beam particle. The residuals distribution for a digital
algorithm is expected to be a uniform distribution of width +3 pm convoluted
with a gaussian describing the telescope resolution: the resulting distribution
is shown in Fig. 7.5a and Fig. 7.6a together with gaussian fits giving a sigma
of 5.2 pum before the track quality cut and 3.2 um after it. Since the r.m.s.
of a uniform distribution of width +3 micron is only 1.7 micron, the telescope
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Figure 7.5: Residuals between position measured by the telescope and by pixel
detector for a 200 pm thick SSGb sensor at 0°. The selection on telescope track
quality described in the text has been applied. a) Double hits residuals (digital
algorithm). b) Double hits residuals (analog algorithm). c) Single hits residuals.
d) Total residuals distribution (analog algorithm).
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Figure 7.6: Same as above, but without the x? cut on the track quality (only
the standard cuts described in section 3.2 applied).
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resolution is 4.9 ym before the track quality cut and 2.7 pm after the cut, with
a statistical error of about 0.3 um. These numbers are in agreement within
errors with the telescope resolution as evaluated from the single pixel clusters
distribution.

Similarly, the residuals distribution for the analog algorithm produces a dis-
tribution dominated by the telescope resolution, particularly before the track
quality cuts: Fig. 7.5b and Fig. 7.6b show such distributions with a gaussian fit
giving 4.8 um before the track quality cut and 3.2 pm after it.

The digital residuals distributions of single-pixel and two-pixel clusters have
been used to measure extensively the telescope resolution for the various beam
telescope setups used. Averaging the two determination of the telescope reso-
lution, a value of 2.9 &+ 0.3 is found for the run discussed in detail above after
the track quality cuts. Two not irradiated 200 pm thick devices were under
test and the 1999 telescope setup was in use. This is actually the best value
measured in the test beam. The 1998 telescope setup had a worse resolution,
and worse resolution are measured when thicker or irradiated devices are un-
der test because of the additional material (irradiated devices were kept inside
a cold box to mantain them at low temperature). At 0° telescope resolution
values between 2.9 and 4.6 ym were measured (without the quality cut, values
between 4.5 ym and 6.0 ym were found).

At higher angles slightly worse values were measured, due to the projection
on the pixel detector plane (which yields a telescope resolution proportional to
1/ cos @) and the presence of more material along the beam when detectors were
tilted.

The procedure described to evaluate the telescope resolution assumes that
the smearing of the residual distributions introduced by the telescope extrapola-
tion error is much larger than the smearing introduced by threshold fluctuations,
noise, energy loss fluctuations etc. This assumption may lead to an overestimate
of the telescope resolution. As these systematic effects (in particular the impact
of energy loss fluctuations) are difficult to evaluate for any data taking config-
uration, the pixel resolution figures quoted in this thesis are not corrected for
telescope extrapolation uncertainty. Hence, they are conservative upper limits
for the pixel sensor spatial resolution.

The quoted values are the standard deviations evaluated by fitting the resid-
ual distributions with a Gaussian function.

7.4 x-spatial resolution at normal incidence

At 0° the resolution depends on the relative fraction of single and multi-hit
clusters. Charge sharing occurs when the particles transverse the sensor within
a distance A from the pixel border, while single hit clusters result from par-
ticle which transverse the sensor in a region of width L = p — 2A near the
pixel centre. The widths of the digital residuals distributions of single-pixel
and two-pixel clusters are L and 2A respectively (plus the contribution from
the telescope resolution). The fraction of single-pixel and two-pixel clusters is
L/p and 2A/p respectively. At normal incidence 2A < L and the wider and
more populated single pixel residual distribution dominates the digital spatial
resolution. The analog reconstruction of position makes the two-pixel cluster
residuals distribution narrower, but it leaves unchanged the single-pixel clusters
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Figure 7.7: Spatial resolution residuals for a 280 pm thick unirradiated SSG
sensor, at 0° and 10° incidence angles. Analog and digital reconstruction resid-
uals are shown. Single pixel cluster and double pixel cluster contributions to
the residual distributions are distinguished by different colors.

distribution (Fig. 7.7). As a result, analog resolution is also mostly determined
by the single hits and it is in fact not very different from digital resolution at
normal incidence.

The combined distribution of single and double pixel clusters at normal
incidence for the SSGb 200 um thick sensor is reported in Fig. 7.5d and has a
standard deviation of 12.7 ym (the rms is 14.0 um). Fig. 7.7 reports the analog
and digital residuals distributions for a 280 pum thick SSG sensor. Double-
pixel and single-pixel clusters contributions to the residuals distribution are
distinguished by different colors. The single-pixel cluster residuals distribution
at normal incidence is wider and more populated even for this sensor, which has
the largest fraction of double hits (table 7.1).

The relative weight of single-pixel and double-pixel-clusters are listed in Ta-
ble 7.1 for different sensor designs and irradiation levels. Table 7.3 reports the
width of the charge sharing region digital and analog spatial resolution at nor-
mal incidence. As anticipated, there is not much difference between digital and
analog resolutions at normal incidence, but differences appear between differ-
ent sensor designs. Devices which collected more charge (either due to their
larger thickness, or because they were fully depleted or since the design had
negligible charge loss, as the ST1 and SSG layouts) produced less single pixel
clusters, located in a narrower region (i.e. L was smaller) and therefore had
better resolution. As a consequence unirradiated 280 um thick devices provided
resolutions superior than the not fully depleted irradiated sensors or the 200 ym
thick sensors. The ST2 devices had worse resolution than SSG and ST1 sensors,
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Design ST2 ST1 SSG ST2 ST2 SSGb SMDT
isolation p-spray p-stop p-spray p-spray p-spray p-spray p-spray
Fluence (neqem™ 2) 0 0 0 107® 0.5-10° 0 107®
Bias (V) 150 150 150 600 600 150 600
Depletion depth (pum) 280 280 280 190 260 200 230
Thickness (pum) 280 280 280 280 280 200 250
Normal incidence:

Charge sharing region (pum) 9.2 13.6 14.0 3.5 5.8 6.2 4.3
Digital resolution 12.1 10.7 10.5 13.7 13.1 12.7 12.5
Analog resolution 12.0 10.4 10.1 13.7 12.9 12.6 12.4

Best analog resolution (um) 6.5 5.3 5.8 9.0 7.3 6.2 7.4

Corresponding angle 10° 10° 10° 15° 10° 15° 15°

T Oxygenated silicon substrate and moderated p-spray isolation.

Table 7.3: Measurements of spatial resolution. Telescope extrapolation uncer-
tainty not subtracted.

as a consequence of charge collection inefficiencies.

7.5 x-spatial resolution as a function of the an-
gle of incidence

Finally, the dependence of the resolution on the angle « of the incident particle
with respect to the sensor surface was studied. The standard deviations of the
all-cluster residual distributions are shown in Fig. 7.8 (using a digital algorithm)
and in Fig. 7.9 and 7.10 (analog algorithm). The data were not corrected for
the silicon microstrip telescope extrapolation uncertainty.

7.5.1 Digital resolution

As the tilt angle is increased, the width 2A of the charge-sharing region in-
creased. The single-pixel residuals distribution gets narrower and resolution
improves. The best resolution is obtained when L = 2A = 25 pm, that is, when
the single-pixel and two-pixel distributions are equally populated and with the
same width. In this situation the digital resolution is 25 um//12 = 7.2 pm.
If a telescope resolution of 4 um is added in quadrature, this number becomes
8.2 um. Such a resolution is measured for the SSG and ST1 sensors at 5° in-
cidence angle (Fig. 7.8) which have indeed a similar number of single-pixel and
two-pixel clusters (table 7.1). If the angle is further increased, the two-pixel
clusters become dominant. For an SSG detector at 10° incidence angle 87% of
the clusters are made of two pixels. The digital residuals distribution (Fig. 7.7)
has a width of about 50 m and the resolution is about 50 pm/v/12 = 14.4 pm.
If the telescope resolution is added this becomes 14.9 um which is indeed very
close to the measured value (Fig. 7.8).

At any given angle about 98 % of clusters are formed from only two cluster
sizes (see Table 7.1). When they are equally populated a digital resolution
of the order of 7.2 um is expected. When the angle is such that nearly all
of the events belong to one multiplicity only, the digital resolution is about
14.4 pm. Then the digital resolution as a function of angle shows a structure of
alternating minima and maxima. The angular position of minima and maxima
depends on the charge collection properties of the device which influence the
cluster multiplicity. For example, for 280 pm thick sensor devices with negligible
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Figure 7.8: Measured digital resolution without subtraction of telescope extrap-
olation uncertainty.

charge loss (SSG and ST1), the position of first minimum was obtained at 5°.
This angle is larger for the ST2 design, since it suffers from charge loss and even
larger for an irradiated ST2 operating underdepleted. However the values of
resolution at maxima and minima are determined by the pixel pitch only.

7.5.2 Analog resolution

The spatial resolution obtained with the analog algorithm (Fig. 7.9 and 7.10)
was always better than the corresponding digital resolution once the incidence
angles were larger than 0°. The best resolution value occurs when the propor-
tion of single pixel clusters becomes negligible. This occurred at 10° for the
unirradiated 280 pm thick devices and at 15° for partially depleted or thinned
sensors. As the angle of incidence increases further, the charge collected by
every pixel is reduced. Energy loss fluctuations affect the measurement of 7
and degrade the resolution. Such an angular dependence is observed for all the
designs.

The best resolution for an unirradiated sensor is 5.3 ym (3.2793 um if
telescope error is subtracted!). The best resolution for a device irradiated to
10 neqem=2is 7.4 pm, (6.070% pm after subtraction of telescope extrapolation
error?).

The spatial resolution is related to the amount of collected charge. The de-
vices with the best resolution are those with unirradiated 280 pm thick sensor
(Fig. 7.9). The ST2 sensor, which has the problem of reduced charge collection
efficiency near the pixel borders (Fig. 4.1), has a significantly worse resolution
than the ST1 and SSG sensors. These use p-stop and p-spray isolation respec-

I Statistical error only
2Statistical error only
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Figure 7.9: Measured analog resolution without subtraction of telescope extrap-
olation uncertainty (1998 data).
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tively and have both a good charge collection uniformity. Their resolution is
similar.

The final design has an even better charge collection uniformity, but no
sensor with 280 pm thickness has been produced with the new design. Instead,
a 200 pm sensor has been studied (Fig. 7.10). The best resolution (without
telescope subtraction) is 6.2 pum, to be compared to the 5.8 um resolution of the
thicker SSG sensor.

The spatial resolution is degraded by irradiation. This is true in particu-
lar for the ST2 sensor irradiated to 10' neqcm™2, which has a reduced charge
collection after irradiation because of partial depletion. The ST2 sensor irradi-
ated to 5 x 10'® negem™2, which is almost fully depleted, suffers only a modest
resolution degradation relatively to the unirradiated sensor.

The SMD sensor irradiated to 10'® ne,cm~2demonstrates the superiority of
the new sensor design and of the oxygenated substrate; it has a significantly
better resolution than its ST2 equivalent (7.4 pm instead of 9.0 um the best
value) because of the absence of charge losses and because it is fully depleted.

7.5.3 Analog resolution without ToT calibration

A preliminary study of the importance of the calibrations for the pixel spatial
resolution was performed with the test beam data. The raw Time Over Thresh-
old information was used to compute 71 for position reconstruction with the
analog algorithm and the resulting resolution was compared to that obtained
using calibrated data.
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Figure 7.11: The plot compares digital resolution, analog resolution making
use of calibrated charge and analog resolution making use of raw Time Over
Threshold information, as a function of the beam incidence angle. Data were
taken with a 200 pym thick unirradiated sensor with SSGb design.

The comparison is shown in Fig. 7.11. Data were taken with the 200 pm
thick unirradiated SSGb sensor. At normal incidence resolution is dominated
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by the single-pixel cluster residuals and there is no sensible difference between
the three resolutions.

At 15° incidence angle there are almost no single-pixel clusters left and the
analog resolution with calibrated charge is 6.2 ym. This resolution is degraded
to 6.7 um when raw ToT is used instead of calibrated charge.

A relatively modest degradation of resolution in absence of calibration is
observed because the differences between the response of nearby pixels, which
are taken into account by the calibration, are small compared to the other effects
that provide an intrinsic limit to the analog resolution even after calibrations
(ToT digitization, energy loss fluctuations, threshold dispersion, noise, ...). The
nonlinearities in the pixel response, which are removed by the calibration, do not
affect the spatial resolution because the analog algorithm already takes them
into account by using the integral distribution of n for the correction to the
digital position.

7.5.4 Spatial resolution in the presence of a magnetic field
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Figure 7.12: Measured analog resolution inside a magnetic field as a function of
the difference between the beam incidence angle and the Lorentz angle. Tele-
scope extrapolation uncertainty was not subtracted.

It is expected that the effect of a magnetic field on the resolution is to shift
the angular dependence by a quantity equal to the Lorentz angle. In Fig. 7.12 the
analog resolution for data taken with a magnetic field is shown as function of the
absolute value of the difference between the incidence angle and the measured
Lorentz angle. The pattern is the same of that in Fig. 7.9, but with worse values
of resolution. The difference is consistent however with an observed increase in
the telescope extrapolation error from ~ 4 um to ~ 6 pm. This is due to the
fact that in the presence of a magnetic field the four track points provided by the
strip planes are fitted with a parabola (three free parameters) while when data
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are taken without a magnetic field the fit is made with a straight line (two free
parameters). This results in a bigger uncertainty on the fit parameters when a
magnetic field is present.

7.6 y-spatial resolution

For small incidence angles charge sharing has no influence on the spatial resolu-
tion in the 400 pm long direction of the pixel since it is restricted to a relatively
small region. The corresponding y residuals have a flat distribution extending
from -200 pym to +200 pm giving an rms of 115 ym. In order to achieve en-
hanced y-resolution a bricked structure was designed and tested. The sensor had
400 pm long pixels in adjacent columns staggered by 200 um in the long direc-
tion of the cell. With the bricked design the y-resolution for single hit clusters is
the same as for non-bricked layout, while for clusters with charge sharing (in the
x direction) the residuals should have a flat distribution extending for 200 pm
with an rms of 58 ym. The overall resolution thus depends on the fraction of
clusters with two or more hits. The resolution was measured for angles (in the
xz plane) ranging from 0° to 30° (Fig. 7.13). The fraction of clusters with > 2
pixels varied from 46 % at 0° to 98 % at 30°, yielding values of 62 - 67 um for
resolution between 10° and 30°. No variation of the z resolution was observed
with respect to the not bricked design.
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Figure 7.13: Resolution in the long direction of the pixel for a bricked design
sensor as a function of the track angle with respect to the normal to sensor.
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7.7 Conclusions

The test beam data have been used to study the spatial resolution as a function
of the angle of incidence for unirradiated and irradiated sensors with different
designs and thicknesses. Two strategies for the reconstruction of the cluster
position were examined: one which makes use of the information on the charge
collected by each pixel (analog reconstruction) and one which does not use it
(digital reconstruction).

The dependence of both analog and digital resolution on the amount of
charge sharing between pixels has been put in evidence. The analog reconstruc-
tion offers a much improved performance when multi-hit clusters dominate over
single-pixel clusters. This occurs for not-normal incidence.

The importance of a good charge collection has also been put in evidence.
Devices collecting more charge show better spatial resolution at all angles.

The pixel sensors developed for the ATLAS experiment are able to meet the
desired spatial precision. Sensors with the designs (SSG,SSGb and SMD) close
to the final one show resolutions better than 8 ym at the angles more relevant
for the barrel part of the ATLAS detector. This holds for both the unirradiated
sensors and the sensor irradiated to 10'® ne,cm™?fluence. Resolutions between
10 pm and 12 pm have been obtained at normal incidence, which is relevant for
the ATLAS Pixel disks, both before and after irradiation.
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Chapter 8

ATLAS b/-tagging and
tracking performance

In the simulation of ATLAS detector performance the position of the track hits
in the Pixels had always been reconstructed using the digital information only.
This chapter investigates the effect of using an algorithm which makes use of
the ToT information to determine the pixel clusters position. Test beam studies
have proven that the pixel spatial resolution can be significantly improved for
clusters with more than a pixel. The fraction of multi-pixel clusters depends on
the track incidence angle and the Lorentz angle. The Lorentz angle depends on
the bias voltage, so the Pixel detector spatial resolution for high energy muons
has been investigated for various values of applied bias voltage (section 8.2).
An improvement of analog resolution for larger bias voltages is observed. In
section 8.3 the resolution on the parameters of reconstructed tracks is investi-
gated. Finally, the impact of the improved impact parameter resolution on the
b-tagging performance is discussed in section 8.4.

8.1 Simulation and reconstruction software

8.1.1 ATLAS detector simulation

The current ATLAS simulation program [6] makes use of the GEANT package
(version 3.21) [57]. A FORTRAN-based macro language (AGE, Atlas GEant)
is used to set up detector description banks, to implement the detector geom-
etry and to define hits and digit structures associated with it. The detector
description parameters can be overwritten interactively via datacards, allowing
the user to change the default values.

A new version of the simulation program, based on object-oriented C++
software, is being produced; the FORTRAN-based package will be kept updated
until the new version will be completed.

The ATLAS simulation program can be logically divided into three mod-
ules: event generation, detector simulation and digitization. These three parts
communicate through a set of ZEBRA banks and can be run separately or in
sequence.

The event generation phase is often run separately in order to have a
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consistent input stream which can be used many times. Various event generators
can be used and interfaced with GEANT.

The detector simulation part is the most time-consuming. Most of the
CPU is spent in simulating the showers in the calorimeters. It can be run with
different initial conditions (e.g. geometrical setup) on the same set of physics
events in order to understand the impact of a change in the detector on the
physics performance. The particle four-vectors are tracked through the various
detector systems. For those parts of the detector which have been declared
sensitive, informations on the energy deposition (hits) are recorded. The infor-
mation collected in the hits banks, although dependent on the geometry used
by GEANT for event tracking, is nevertheless very general and does not con-
tain any assumption on the detector readout structure. It generally consists of
hits positions and energy losses and provides the basis for the simulation of the
detector response, which takes place at the digitization step.

| Parameter | B-Layer | Layers 1,2 | Disks |
pitch long direction (pm) 300 400 400
pitch short direction (pm) 50 50 50
Temperature (°C) -6 -6 not used
Bias Voltage (V) r 98 not used
Lorentz angle (°) -15.6 -15.6 0
Cross talk (within columns) 9% 9% 9%
Cross talk (within rows) 1.5% 1.5% 1.5%
Pixel efficiency 97% 97% 97%
Threshold (e™) 3000 3750 3750
Threshold dispersion (e™) 200 200 200
Noise (e™) 200 200 200

Table 8.1: Some of the default values for the parameters used in the pixel
digitization (June 2001 software release).

The digitization simulates the readout. The segmentation of the detectors,
the drift of the charge liberated in the active volumes and its collection on
the electrodes are simulated in this phase. The output from the digitization is
obtained in a form similar to that which might be expected from the readout
electronics in the actual experiment.

In the Pixel detector, the charge associated with an hit located at a depth z
in the silicon is transported to the surface of the sensor, where it is collected by
the pixels, taking into account diffusion and the Lorentz effect. The diffusion is
computed as o = 094/2/300 pum. The default value of o¢ is 7 pm. In the old
versions of the code the Lorentz effect was simulated as a constant drift angle,
with default value 15.6° in the barrel and 0° in the disks. In the most recent
versions the results presented in chapter 6 have been taken into account and the
Lorentz angle is computed from temperature, bias voltage and sensor thickness
according to the parametrisations given in chapter 6. The bias voltage default
values (table 8.1) are 77 V for the B-Layer and 98 V for Layers 1,2 and they are
quite low (but not unrealistic, as the depletion voltage of unirradiated sensors
should be of the order of 50 V). They have been chosen for reason of stability
of the software, as they give a Lorentz angle equal to the previous default value
of 15.6° for all barrel layers.

The segmentation of the sensor in pixels includes the ganged and long pixels
on the chip border. The collection of the charge on the pixels simulates the
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noise, the threshold and threshold dispersion, and the cross talk between pixels.
The default values for these parameters are listed in table 8.1. An inefficiency
of 3% is added (that is, the pixel hit is lost with 3% probability). This is the
value indicated in the specifications and takes into account both sensor and
electronics inefficiencies. The final front-end electronics is not yet ready. Hence
the default values of the parameters related to the electronics (noise, cross talk,
threshold dispersion, efficiency) are conservative estimates. The user can change
the default values of all parameters.

Pile-up can be simulated by adding minimum bias events. The results pre-
sented in this chapter do not include simulation of pile-up. They are suited
for low-luminosity operation. They also assume a uniform magnetic field in
the Inner Detector. The use of a detailed magnetic field map has only minor
effects [6], mainly on the track momentum resolution.

8.1.2 Reconstruction

The event reconstruction is performed by a program called ATRECON. It is
mostly written in Fortran77, although some parts have already been rewritten
in C++. It will be substituted in coming years by object-oriented software.

In a first phase, data from each subdetector is reconstructed in a stand-alone
mode. Then the information from all subdetectors is combined. The complete
reconstruction is seldom needed for any particular analysis. The various items
are split into different packages that can be activated or not to save CPU time.

In the stand-alone reconstruction, matrices containing the energies in all
calorimeter cells are filled. The position and energy of jets and electromagnetic
clusters is found. The vector ESS is computed. Muon tracks are reconstructed

in the muon spectrometer.

Hit coordinates are reconstructed in the precision tracker and the TRT. The
pixel cluster position is determined with a digital algorithm, and a (geometry
version dependent) error is associated. The error is derived from pixel point
resolution simulation studies. This is the part of the code that has been modified
to implement analog reconstruction of position.

Three algorithms (iPatRec, PixlRec and xKalman) have been developed to
reconstruct tracks in the Inner Detector [20]. They start the search for track
candidates with different strategies, but as they all use pattern recognition in
the silicon layers to resolve ambiguities, they have comparable performances.
A C++ package for track reconstruction also exists and it can be used within
ATRECON. It is called xKalman++ and it is the one used for the studies of
this chapter. Nonlinear Kalman filtering techniques [58, 59, 60] are used to
extrapolate tracks and remove wrong hits.

In a second phase, if requested, the informations from several detectors can
be combined. Combined reconstruction includes matching Muon System and
Inner Detector tracks, tagging photon conversions and K? decays by pairing
Inner Detector tracks, discriminate electrons and photons using Inner Detector
tracks, TRT hits, and electromagnetic calorimetry.
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8.2 Pixel point resolution

The resolution on the position of the Pixel Detector hits (point resolution) was
studied using events with a single high-pr (200 GeV/¢) muon. The muon was
generated with a flat distribution in pseudorapidity within an interval covering
the full geometrical acceptance of the Pixel Detector, and with the standard
vertex spread (15 pm in & — y, 5.6 cm in z). Only clusters not including the
pixels on chip border (big and ganged pixels) have been considered for the study
of resolution.

The geometry of the Lund release (June 2001) was used for the detector.
Some of the parameters of the Lund pixel geometry are reported in table 8.2
(digitization default parameters are in table 8.1).

| Parameter | B-Layer | Layers 1,2 | Disks |
Sensor thickness (um) 200 250 250
Tilt angle barrel (°) -20 -20 -
Radius barrel (cm) 5.05 8.85, 12.25 -
Z position disks (cm) 49.5, 58, 65

Table 8.2: Some of the parameters of the Lund geometry layout (June 2001).

The difference between analog and digital reconstruction of cluster position
depends critically on the number of pixels in the cluster. Hence a discussion of
the incidence angles and the resulting cluster sizes in the ATLAS Pixel detector
will be made before presenting the spatial resolution obtained with the simulated
data.

8.2.1 Angles of incidence and cluster sizes

The tilt angle of the barrel modules (table 8.2) is the angle between the radial
direction and the normal to the module surface. It is 20° for all three layers in
the Lund layout. High-p; particles traversing a barrel module near its centre
have an angle of incidence in the R¢ plane which is equal to the module tilt
angle. The short direction of the pixels lays in the R¢ plane, hence in the pixel
reference frame used in test beam data this angle corresponds to the incidence
angle in the zx plane. The resolution studies with test beam data were made
as a function of it. Modules are flat and a significant spread of incidence angles
is introduced by the finite module size. The spread is maximum for the B-layer
(of the order of 10°), because the module size is the same for all the layers and
the B-layer is the nearest to the interaction point, hence it has the largest solid
angle.

The sign of the tilt angle is equal to the Lorentz angle sign then the Lorentz
effect partially compensate for the tilt. The default value of the difference be-
tween Lorentz angle and tilt angle is small (4.4°) so that limited charge sharing
between pixels is expected. Increasing the bias voltage, the Lorentz angle de-
creases (fig. 6.13) increasing charge sharing. Two scenarios have been studied
in detail: one with a bias voltage of 100 V and one with a bias voltage of 300 V.
The same value was chosen for all the barrel layers. The corresponding val-
ues for the difference between the tilt angle and the Lorentz angle are listed in
table 8.3.
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[ Biasvoltage | ©y, [ Or [ [0 —O7] ]

B-Layer 77 V -15.6 | -20 4.4
Layers 1,298 V| -15.6 | -20 4.4
B-Layer 100 V -14.1 | -20 5.9
Layers 1,2 100 V | -15.4 | -20 4.6
B-Layer 300 V -7.4 | -20 12.6
Layers 1,2 300 V | -8.6 -20 11.4

Table 8.3: Values of the Lorentz angle O (signed according to the ATLAS
reference frame conventions) and of the difference between the Lorentz angle
and the tilt angle O for the default bias voltage values and for bias voltages of
100 V and 300 V.

The angle of incidence in the zR plane depends on the pseudorapidity n'.
The relation between n and the angle with the beam axis # is given by eq. 1.1;
the angle of incidence in the zR plane is

a=7/2—60=mn/2—2xarctan[e”"] (8.1)

and it is 0 for n = 0 and 82° for n = 2.7.
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Figure 8.1: Mean cluster width in the z direction (left plots) and in the R¢
direction (right plots) as a function of pseudorapidity. Pixels on chip borders
are excluded.

The cluster width is a very important parameter for the spatial resolution.
If the cluster width along a direction (R¢ or z) is only one pixel, charge inter-

1In this chapter pseudorapidity is indicated, as is standard, with the letter 7. It should
not be confused with the » variable defined in chapter 7
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polation cannot be used and the only possible estimate for the cluster position
is the centre of the pixel. The analog reconstruction offers an improvement over
the digital algorithm only when at least two pixels are over threshold.

Fig. 8.1 shows the mean cluster widths in the barrel in the z and R¢ direction
as a function of pseudorapidity. The increase of the z cluster multiplicity with
pseudorapidity, i.e. the angle of incidence in Rz plane, is easy to understand. An
analog algorithm is expected to improve significantly the resolution for n > 1.2,
when the mean cluster size is > 2 columns. There is no dependence on the bias
voltage, as Lorentz effects occur in the R¢ direction. At n = 0 the R¢ cluster
width is about 1.5 at 100 V, which is good for digital resolution (section 7.5)
but it is not enough for optimal analog resolution. Raising the voltage to 300 V,
the cluster width approaches the ideal value of 2.

an

~40
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O

Figure 8.2: Collected charge of the pixels of a typical cluster at intermediate 7.

The increase of cluster mean size with pseudorapidity is not obvious to un-
derstand, as the incidence angle in the R¢ plane does not depend on 7. Fig. 8.2
shows a typical cluster at intermediate 1. The two pixels on the central row
collect most of the charge. This is quite large (70 000 electrons per pixel) due
to the large track pathlength under a pixel for tracks tilted in the long pitch
direction. The pixels of adjacent rows also fire, but collect only about 9% of
the charge of the central row pixels. This is the cross talk value (table 8.1).
Hence the R¢ multiplicity increases with 1 because as the charge on the pixels
crossed by the track increases, the pixels of adjacent rows come over threshold
due to crosstalk. This effect however does not improve analog resolution. If no
charge sharing occurs because of Lorentz and diffusion effects, but only because
of cross-talk, the charge of the external pixels is merely proportional to that of
the central row pixels and it is not correlated to the particle position.

In the disks the incidence direction of the particles is nearly normal to the
sensor surface (in both views), and the Lorentz angle is zero because the electric
field in the sensors is parallel to the magnetic field. Therefore the single-pixel
clusters are dominant (Fig. 8.3).
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Figure 8.3: Mean cluster sizes for the disks, without pixels on chip borders, as
a function of pseudorapidity.

8.2.2 Barrel R¢ spatial resolution

Cluster position was reconstructed using a digital and an analog algorithm. The
latter was used only for the barrel and it was simpler than the algorithm used
for test beam studies. It is a center of gravity algorithm (each pixel position was
weighted with its charge). It has been used to evaluate the potential for ATLAS
physics performance of the analog reconstruction of pixel cluster position. The
implementation of a more sophisticate reconstruction algorithm, similar to the
one used for the test beam studies, will require the optimization of the amplitude
A of the correction to digital position (section 7.4). This should be parametrized
as a function of R¢ and z cluster sizes, pseudorapidity, position in the module
reference frame (because the angle of incidence depends on it) and bias voltage
(because the Lorentz angle depends on it).

The R¢ residuals between reconstructed and true hit positions in the barrel
layers 1 and 2 are reported in Fig. 8.4 for a bias voltage of 100 V and Fig. 8.5 for
a bias voltage of 300 V. The upper plot in each figure is for the digital algorithm
and the lower one is for the analog one. The red histograms include all clusters
(without pixels on chip borders) while the green ones include only the single-row
clusters (that is, the clusters with width one in the R¢ direction).

With a bias voltage of 100 V, there is a sizeable fraction of single-row clusters.
Many of the multi-row clusters are due to crosstalk and not to genuine charge
sharing. Consequently, only a limited advantage is provided by the center-
of-gravity algorithm. The r.m.s. of the residual distribution is 9.4 ym with
digital reconstruction and 8.4 pum with analog reconstruction. The widths of
the gaussian fits show a similar difference.

If the bias voltage is raised to 300 V, the difference between mean incidence
angle and Lorentz angle increases, and the single-row clusters reduce to a small
fraction of the total. The digital residuals width is slightly worse while the
analog residuals greatly improve. The r.m.s of the residuals is now 10.9 um
with the digital reconstruction and 6.4 um with the analog reconstruction. The
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Figure 8.4: Residuals between true and reconstructed cluster position in pixel
barrel layers 1 and 2, operated at 100 V bias voltage. The upper plot is for
digital reconstructed position, the lower one for the analog one. Cluster with
pixels on chip borders are excluded. The red histogram includes only single
pixel clusters.
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Figure 8.6: Point resolution of the barrel of the pixel detector in the R¢ direc-
tion, as a function of pseudorapidity. Clusters with pixels on chip borders are
excluded.

widths of the gaussian fits show an even larger difference between digital and
analog reconstruction, being 10.1 pm with the former and 4.0 pm with the
latter.

Fig. 8.6 reports the digital (at 100 V) and analog (at 100 V and 300 V) reso-
lutions? as a function of pseudorapidity. The upper plot is for the B-Layer, the
lower one for layers 1,2. The improvement from the use of analog reconstruction
is seen at all pseudorapidites. The resolution is not a flat function of pseudora-
pidity, as it may be expected since the incidence angle and the Lorentz angle in
the R¢ plane do not change with pseudorapidity. A significant improvement is

2In the chapter 7 resolutions are expressed as the width of the gaussian fit, while in this
chapter the rms of residual distributions are reported. These are slightly larger than the gaus-
sian fit widths, but they are more representative for highly not-gaussian residual distributions,
such as the z residuals.
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observed for large values of 7. This is related to the fact that when the angle
of incidence in the long direction of the pixels is very large, the clusters extend
over more than a column, and each column provides a separate measurement of
the R¢ coordinate.
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Figure 8.7: Point resolution of the barrel of the pixel detector in the R¢ direc-
tion, averaged over a flat distribution of pseudorapidities, as a function of bias
voltage. The upper plot reports the root mean square of residuals distributions,
the lower one the width of the gaussian fits.

Finally, Fig. 8.7 shows the R¢ resolution ( averaged over a flat distribution
of pseudorapidities) as function of bias voltage. The upper plot uses the root
mean square of the residuals. The lower one uses the width of the gaussian fits.
Most of the improvement in the resolution is already reached with a bias voltage
of 200 V. The analog resolution is not much affected by a further increase in
the bias voltage, both because the dependence of the Lorentz angle on the bias
flattens (Fig. 6.13) and because the fraction of single-column clusters is already
low at 200 V.

8.2.3 Barrel z resolution

Fig. 8.8 shows the pixel point resolution for the z direction as a function of . As
7 is related to the angle of incidence in the zR plane (eq. 1.1) the z resolution
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Figure 8.8: Point resolution of the barrel of the pixel detector in the z direc-
tion, as a function of pseudorapidity. Clusters with pixels on chip borders are
excluded.

as a function of n has some features which are similar to the resolution as a
function of the angle of incidence studied in the test beam (Fig. 7.3). There
are also some differences because the test beam study was made for the other
coordinate, along the short dimension of the pixel cell and because the other
incidence angle was zero, resulting in one-dimensional clusters.

At normal incidence in the zR plane (n = 0) the fraction of two-column
clusters is very small (Fig. 8.1). The resolution is determined by the distribu-
tion of residuals for single-column clusters, for which no charge interpolation
is possible; hence there is no difference between analog and digital resolution.
Single-column clusters have a flat residuals distribution extending between —p/2
and p/2, where p is the long dimension of the pixels. The r.m.s. of this distribu-
tion is p/ V/12 which is 115 pm for the outer layers and 87 um for the B-Layer,
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in agreement with the results of Fig. 8.8.

Increasing the pseudorapidity, the mean cluster size increases and the res-
olution improves. As discussed in section 7.5 the best digital resolution is
achieved when the fraction of single-column clusters is equal to the fraction
of two-column clusters; when this occurs, at n ~ 0.8 (Fig. 8.1) the resolution is
about (p/2)/v/12, half of the n = 0 value. This is also observed in Fig. 8.8.

For 1 < |n| < 2 the mean cluster width is about 2. Charge interpolation is
now possible and the analog resolution reaches the best value. For the B-Layer
digital and analog resolutions are about 60 pym and 35 um respectively. For
layers 1,2 they are 70 pym and 40 pm respectively.

At very large values of ||, reached by the B-Layer, both resolutions get
worse, but the analog reconstruction provides always a better position than the
digital reconstruction. A value of pseudorapidity of 2.7 corresponds to an angle
of incidence of 82°.

8.2.4 Disk resolution

The purpose of the study of this chapter is to evaluate the difference between
analog and digital reconstruction and the dependence on the bias voltage of the
ATLAS performances. In the disk little improvement in the spatial resolution is
possible with the use of charge interpolation, because most of the hits are single-
pixel clusters, and there is no dependence of the response on the bias voltage,
because the magnetic and electric field are parallel and there is no Lorentz force
acting on the charge carriers in the silicon.

Fig. 8.9 show the analog and digital resolution as a function of pseudorapidity
for the disks. The disks are located between absolute pseudorapidities 1.5 and
3. The resolution is constant and it is 11 um in the R¢ direction and 100 pm
in the radial direction®.

8.3 Tracking performance

The reconstruction routines which compute the coordinates and the errors on
the coordinates of the pixel clusters in the barrel were modified to implement
the analog center-of-gravity algorithm. The errors on cluster coordinates are
read from values tabulated as a function of 7 and cluster R¢ and z widths; the
new values for the analog algorithm, found from the pixel point resolution study
were inserted.

Tracks were reconstructed using the xKalman++ package. The same set of
events used for the pixel point resolution study was used. The following quality
selections on tracks were made:

31t can be observed that the resolution is in fact slightly worse with analog reconstruction.
This occurs because the two-pixel clusters occur only when the track is located near the edge
between two pixels. However when one of the two pixels collects much more charge than the
other the centre of gravity algorithm reconstructs the track position near the centre of the pixel
with the larger pulse height. Hence the very narrow two-pixel digital residual distribution is
wider with the analog algorithm, while the single-pixel residuals (which give by far the greater
contribution to the resolution) are the same. The test beam results at normal incidence show
that a tuned analog algorithm can do better than the digital reconstruction, but the difference
is only a few tenths of micron (table 7.3). In the following, the analog reconstruction is used
only for the barrel hits, while the disk clusters position is always reconstructed with the digital
algorithm.
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Figure 8.9: Point resolution of the disks of the pixel detector in the R¢ direction
(above) and in the radial direction (below) as a function of pseudorapidity and
with digital and analog reconstruction. Clusters with pixels on chip borders are
excluded.

¢ A minimum of 9 hits in the pixels + SCT (out of a maximum of 11,
ignoring overlaps).

e A minimum of 2 pixel hits (out of a maximum of 3, ignoring overlaps).
e At least one associated hit in the B-layer.

e Transverse impact parameter less than 1 mm.

Fig. 8.10 shows the transverse impact parameter residuals distributions, for
a flat distribution of pseudorapidities. The upper plot is obtained with digital
reconstruction and a bias voltage of 100 V. The root mean square of the dis-
tribution is 11.0 ym and the width of the gaussian fit is 10.2 ym. The central
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Figure 8.10: Transversal impact parameter residuals with digital reconstruction
of pixel barrel clusters position and 100 V bias voltage (upper plot), with analog
reconstruction and 100 V bias voltage (central plot), with analog reconstruction
and 300 V bias voltage (lower plot).

plot shows the same with the analog reconstruction of the pixel barrel clusters
position, and with the same bias voltage of 100 V. Both the r.m.s. and the
width of the gaussian fit shows a 6% improvement over the impact parameter
determination with digital reconstruction. The lower plot shows the transverse
impact parameter residuals distribution with the analog reconstruction and a
bias voltage of 300 V. An additional improvement of the 12% in the r.m.s. and
of the 20% in the width of the gaussian fit is observed with the change in the
bias voltage.

Fig. 8.11 shows the r.m.s. of the transverse impact parameter residuals dis-
tributions as a function of pseudorapidity. The resolution is almost constant up
to |n| = 2. Little difference is found between analog and digital reconstruction
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Figure 8.11: Transversal impact parameter resolution as a function of pseudo-
rapidity.

for |n| > 1.7 because the analog reconstruction is used only for the barrel part of
the pixel detector and at large 7 a significant contribution to the determination
of the impact parameter comes from the disks (see Fig. 2.6 for a plot of the
number of barrel and disk hits as a function of pseudorapidity). For |n| < 1.7
the difference between the analog and the digital reconstruction and between
100 V and 300 V is almost flat in pseudorapidity. Resolution is about 10.5 pym
with digital reconstruction and 100 V bias voltage, 9.5 um with analog recon-
struction and 100 V bias voltage, 8.0 pm with analog reconstruction and 300 V
bias voltage.

Fig. 8.12 shows the longitudinal impact parameter resolution as a function
of 1. Some improvement, which slightly increases with bias voltage, is observed
for 1 < |n| < 2. For lower value of pseudorapidity the impact parameter reso-
lution does not depend on the reconstruction strategy because the pixel point
resolution is determined by the single-column clusters residuals which does not
benefit from charge interpolation. For |n| > 2 the resolution receives an im-
portant contribution from the disks which also do not benefit from the use of
analog reconstruction, and again there is little difference between the three sets
of results.

The efficiency of a reconstruction routine is an important issue. There is little
value in a reconstruction which improves resolution, if it has also a much poorer
efficiency. A low tracking efficiency affects most physics analyses. Fig. 8.13
shows the track efficiency as a function of pseudorapidity. It does not depend
either on the reconstruction strategy or on the bias voltage value. There are
other three track parameters: the reconstructed momentum, the azimuthal angle
and the pseudorapidity. The contribution of the pixel detector resolution to the

121



T.Lari
/—\BOO INFN and University of Milan

m Digital 100 VvV
'« Analag 100 V -
150 * nalag. 3000 ==

r —-
7*7
100 = —-——x—
—_—— aa——
r ==,
—x—
50
=Ne) 0.5 1 5 > 5

3N
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Figure 8.13: Tracking efficiency as a function of pseudorapidity.

determination of these parameters is less important, and no sensible dependence
on the pixel cluster reconstruction algorithm or on the bias voltage has been
found.
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8.4 b-tagging performance

The discrimination of beauty jets against those originating from lighter flavor
quark is an essential tool for accomplishing many of ATLAS physics goals. As
an example, the detection a Standard Model Higgs boson of the mass suggested
by LEP searches and the detection of the lightest SUSY Higgs boson over most
of the MSSM parameter space (section 1.2) rely on a good flavor tagging per-
formance.

The most powerful b-tagging method is based on the fact that for jets orig-
inating from lighter quarks most of the particles reconstructed by the Inner
Detector derive from the decay of very short-lived objects and hence appear to
originate from the primary vertex. In jets produced by b-quark some particles
come from the decay of B hadrons, which have a lifetime of the order of 1 ps.
This gives rise to tracks with a significant impact parameter. As the b-tagging
relies on a good impact parameter measurement, it is sensible to the pixel per-
formance. Then b-tagging was used to evaluate the impact of the use of pixel
charge information on ATLAS physics performance.

8.4.1 Jets used for O-tagging studies

The study of u-jets rejection against b-jets was performed using a sample of 2500
H — bb and 10 000 H — wuii decays. The Higgs had a mass of 400 GeV and
was produced in association with a W — pv or a Z — u*tpu~. The PYTHIA
generator [61] was used. Such events are not a realistic channel to search for an
Higgs boson of this mass; however they are usually used as a factory of b-jets
and u-jets for evaluating the b-tagging performance over a broad jet kinematic
range. b-tagging performance using jets from lighter Higgs decays or from top
decays has been proven to be similar or better [6].

| Parameter || B-Layer | Layer 1 [ Layer 2 | Disks |
Sensor thickness (um) 200 250 250 250
Tilt angle barrel (°) -21 -17.5 -19 -
Radius barrel (cm) 5.05 8.75 12.25 -
7, position disks (cm) 49.5, 58, 65

Table 8.4: Some of the parameters of the old insertable geometry layout (De-
cember 2000).

Only the Inner Detector has been simulated, as the simulation of the calorime-
ter requires a much larger CPU time. The pixels are described according to the
December 2000 layout (old insertable layout). The parameters of this layout are
reported in table 8.4. The other components of the Inner Detector are described
by an older layout, the same used for the Physics TDR studies [6].

The impact parameter resolutions with this geometry description are similar
to those obtained for the Lund layout and described in the previous section. The
simulation of an high statistic data sample for b-tagging studies with the Lund
layout is under way.

The b-tagging performance without charge interpolation in the pixels has
been studied for the default value of Lorentz angle (table 8.1), while the perfor-
mance using charge interpolation has been studied for the default Lorentz angle
and for a Lorentz angle equal to 8 degrees. Such an angle is expected in the
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B-Layer for a bias voltage of 270 V and in layers 1,2 for a bias of 340 V. We
will refer to the results obtained with the default value of the Lorentz angle as
low-voltage results, and to the results obtained with a Lorentz angle of 8° as
high-voltage results.
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Figure 8.14: Transversal impact parameter resolution as a function of transverse
momentum, for the tracks of H — wu@ events which come from the primary
vertex.

Fig. 8.14 shows the resolution on the transverse impact parameter for the
tracks of the H — uu events which come from the primary vertex. The res-
olution is the r.m.s. of the residual distribution and it has been plotted as
a function of the transverse momentum of tracks. The standard quality cuts
described in the previous section have been applied. For high transverse momen-
tum tracks the resolution is about 12 ym with the default value of the Lorentz
angle and 10 ym with analog pixel cluster reconstruction and at high-voltage.
These resolutions were worse than those obtained for p, = 200 GeV/c muons,
because

e Muon tracks are easier to reconstruct than those of other particles. Elec-
trons present a particularly difficult task for the tracking algorithms, as
they loose a significant fraction of their energy through bremsstrahlung
and consequently change their transverse momentum and radius of curva-
ture. Hadrons may suffer elastic hadronic scattering.

e Near the jet axis there is an high density of tracks, which give rise to
ambiguities and to merged hits. A few tracks badly tracked (but not so
badly reconstructed to be rejected by the the track quality cuts) can give
a significant contribution to the r.m.s. of distributions.
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e The pseudorapidity of the charged particles coming from the decay of the
Higgs is not flat. Fig. 8.15 shows the pseudorapidity distribution for the
particles coming from the decay of a 400 GeV Higgs and those in minimum
bias events. The minimum bias distribution is almost flat in the range of
|n| covered by the pixel detector, while the distribution of particles in the
Higgs decay is peaked at low values of |7|.

The resolution on the transverse impact parameter of tracks is far worse at
low p; where it is dominated by multiple scattering rather than by the intrinsic
resolution of pixels. Consequently, little difference is found at low pr between
analog and digital reconstruction strategies or between low-voltage or high-
voltage operation. Unfortunately the distribution of transverse momentum of
the tracks in the jets is peaked at low pr (Fig. 8.16). This limits the expected
advantage from the use of charge interpolation in the pixels. The degradation
of the impact parameter resolution at low pT' is less severe in the zR view
(Fig. 8.17).

As calorimeter information is not available, the jets were defined using Mon-
teCarlo truth information. The quarks coming from the Higgs decay which after
final state radiation have |n| < 2.5 and p; > 10 GeV/c are selected. The tracks
within the cone |A¢ x An| < 0.4 centered on the quark direction are used to
tag the jet flavor.

The effect of selecting jets using MonteCarlo truth information instead of the
calorimeters information was evaluated by performing the analysis of simulated
data produced for the Physics TDR studies [6]. These data have the entire
detector simulated with an old (1998) geometry layout?. A sample of 14 000
H — uu and 8 000 H — bb has been used. Table 8.5 shows that the use
of MonteCarlo truth information increases the background rejection at fixed
tagged efficiency by a small amount.

| e (%) | 50 | 60 |
Jets from calorimeter | 208 =23 | 87+ 6
Jets from MC truth | 255 +£29 | 111+ 8

Table 8.5: Effect of using MC truth information instead of calorimeter data on
the b-tagging performance. The values of u-jets rejections for a b-jet efficiency
of 50% and 60% are reported. The comparison is made using data simulated
with the 1998 geometry.

The aim of the b-tagging study was to study the relative performances of
the tracking algorithms at different bias voltages, hence the use of MonteCarlo
rather than calorimeter information was considered acceptable.

8.4.2 b-tagging methodology

The discrimination of b-jets against u-jets is made using the impact parameter
of tracks which pass a number of quality cuts:

e the standard quality cuts described in the previous section;

4This layout cannot be used for a reliable comparison between analog and digital pixel
clusters reconstruction, as the thickness of the silicon sensors and the tilt angle are quite
different from those of the last designs, resulting in very different charge collection properties.
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Figure 8.15: Pseudorapidity distribution of charged particles (no pr cut). The
solid line corresponds to all particles in events containing the decay of a 400 GeV
Higgs to b-jets, the dashed line to all particles in minimum bias events
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Figure 8.16: Transverse momentum distribution for the tracks of H — uu
events.
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Figure 8.17: Longitudinal impact parameter resolution as a function of pseudo-
rapidity for the tracks of H — uu events which come from the primary vertex.

The three plots correspond to different bins of transverse momentum.

e impact parameter in the Rz plane relative to the reconstructed primary
interaction point < 1.5/ sin(#) mm;

e track fit x%/n.o.f. < 3;

e at least seven hits in the precision layer not shared with any other track

The cuts which are made in addition to the standard quality cuts are in-
tended to remove secondary tracks, i.e. tracks originating from interactions of
primary tracks with the detector material. These are the main limitation to the
b-tagging performance.
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The second cut requires the reconstruction of the z coordinate of the primary
interaction vertex. This is made taking the weighted average of the longitudinal
impact parameters of all well-reconstructed tracks in the event which have a
transverse impact parameter dy < 20(dp) (to exclude tracks from decays of
long-lived particles). The resolution achieved with this method is shown is
Fig. 8.18. It can be seen that the analog algorithm allows a 10% improvement
in resolution at low bias voltages. A bias voltage of order 300 V allows a further
3% gain.
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Figure 8.18: z-vertex resolution

The R¢ coordinate of jets is not reconstructed. The transverse impact pa-
rameter has been computed with respect to the nominal beam position (z =
0,y = 0 in this simulation) which is anticipated to be measured with high accu-
racy as a function of time. Therefore the uncertainty on the impact parameter
is given by the measurement error and the spread of the beam spot (15 pm)
taken in quadrature. The effect of this is small since the spread of the beam
spot is small compared to the resolution on the impact parameter of most tracks
(Fig. 8.14). The results obtained will be conservative, an explicit reconstruction
of the primary vertex may allow to put in evidence a greater difference between
the two reconstruction strategies because the use of analog pixel position should
allow a better reconstruction of the primary vertex also in the transverse plane.

A last cut is introduced to remove electrons from photon conversions. Tracks
were rejected if they had at least 5% high-threshold hits in the TRT (or no TRT
hits at all, which happens in case of hard bremsstrahlung) and formed a good
conversion candidate with an other track in the same jet.

Fig. 8.19 shows the distribution of the significance S (impact parameter di-
vided by its error) for b-jets and u-jets in the transverse plane. The significance
is positive if the track crosses the jet axis in front of the primary vertex, it is
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negative if it appears to originate from behind the primary vertex. Both dis-
tributions have significant cores which represent correctly reconstructed tracks
coming from the primary vertex. These cores can be described by gaussians of
width close to one. The b-jets have tracks with large positive significance, cor-
responding to a genuine lifetime content. By contrast u-jets have only a small
excess of tracks which appear to contain lifetime content; they are due either
to the decay of neutral strange particles or to interactions with material. There
are also tails on the negative side of the significance distribution. For the b-jets,
these come mainly from an incorrect determination of the sign or to the decay
of charmed states. For the u-jets, the tail is dominated by secondaries from
interactions.

Fig. 8.20 shows the same plot for the longitudinal impact parameter. The
sign is the sign of the impact parameter (z position of the track at the point of
closest approach) which has no reason to be positive rather than negative, so
the distributions are symmetric.

The method used to decide if a jet is more b-like or wu-like is the likelihood
ratio method:

1. For each selected track 7 in a jet, the significance S; was calculated.

2. The ratio of the values of the significance probability distribution functions
for b-jets and u-jets was computed: r; = f5(S;)/ fu(Si)-

3. A jet weight was constructed from the sum of the logarithms of the ratios:
W = Xlogr;.

4. By keeping jets above some value of W (a value which can be varied), the
efficiency for different jet samples can be obtained.

By varying the cut on the jet weights (Fig. 8.21) it is possible to draw a
curve of u-jet rejection (the reciprocal of efficiency) against b-jet efficiency. By
using the significance distribution f,(S;) for u-jets, the method was optimized
for the rejection of u-jets. In the case of real data, since the jet type will not
be a priori known, the rejection will have to be optimized for each specific
background under study.

8.4.3 Results

The curves of rejection against efficiency for the different algorithms and bias
voltages used in the simulation are shown in Fig. 8.22 for the b-tagging in the
transverse plane, and in Fig. 8.23 for the less powerful b-tagging in the Zr plane.
The u-jet rejection for b-tagging efficiencies of 0.5 and 0.6 (values which are
suitable for an Higgs search in the bb channel [6]) are reported also in table 8.6.

No statistically significant improvement® in the transversal b-tagging is seen
from the use of the charge interpolation algorithm. However statistical errors
are quite large; at 90% confidence level an improvement of up to 40% is possible
for the analog b-tagging at high bias voltage over the digital b-tagging at low

5The numbers of u-jets surviving b-tagging cuts in the three scenarios are expected to
be correlated, as the data are the same. A correlation analysis may increase the statistical
significance of the difference found between the analog performance at high bias voltages
and the other two scenarios, which is slightly more than a standard deviation assuming no
correlation.
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Figure 8.19: Significance distribution: signed transverse impact parameter di-
vided by its error (digital algorithm). Histograms for u-jets (yellow) and b-jets
(dotted) are normalized to the same area.
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Figure 8.20: Significance distribution: longitudinal impact parameter divided by
its error (digital algorithm). Histograms for u-jets (yellow) and b-jets (dotted)
are normalized to the same area.
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Figure 8.21: Weights from likelihood ratio for u-jets (yellow) and b-jets (dotted),
in the transversal plane (left plot) and in the longitudinal one (right plot). The
plots are for the digital algorithm.

pixel cluster position digital analog analog
pixel B-Layer bias voltage TV A 270V
pixel layers 1,2 bias voltage 98 V 98V 340V
R, (R¢ plane, ¢, = 0.5) 147+13 | 142413 | 173+ 17
R, (R¢ plane, ¢, = 0.6) 67 +4 62+4 6+5
R, (zR plane, ¢ = 0.5) 206+£0.7 | 22.1+0.8 | 25.8+1.0
R, (zR plane, ¢, = 0.6) 11.0+0.3 | 124+ 03 | 13.5+04

Table 8.6: u-jet rejection values R, reported for two selected b-tagging efficien-
cies (0.5 and 0.6).

bias voltage. More simulated data for b-tagging are being generated with the
Lund layout, and they will allow to reduce the statistical errors.

In the Zr view the rejections are smaller, due to the poorer precision on
the longitudinal impact parameter. This means that the vertex b-tagging in
this view gives a smaller contribution to the overall discrimination power of the
detector. It also means that the statistical errors are smaller. A significant
improvement, which increases with bias voltage, is seen with the use of charge
interpolation.
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Figure 8.22: u-jet rejection against b-jet efficiency in the transverse plane.
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Figure 8.23: u-jet rejection against b-jet efficiency in the longitudinal plane.
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Conclusions

Test beam data have been used to characterize silicon pixel sensors developed
to meet ATLAS Pixel detector specifications. The tested devices implemented
different designs options; some were irradiated to the radiation fluences expected
at the LHC.

The charge collection efficiency as a function of the impact point of in-
cident particles on the sensor surface, the spatial resolution as a function of
incidence angle and the detection efficiency were measured. Spatial resolution
was studied using different algorithms to reconstruct pixel clusters position. An
optimal algorithm which makes use of charge interpolation was developed. AT-
LAS specifications are a 97% detection efficiency for high energy particles in a
time window of 25 ns, and a spatial resolution better than 15 pym in the short
pixel direction. These performances must be obtained also after irradiation.
The measurement of charge collection efficiency is important to optimize the
sensor design, as a poor charge collection results in a bad detection efficiency
and spatial resolution.

Sensor designs, based on p-spray and p-stop isolation techniques respectively,
were tested in 1998. The p-stop sensors were found to have good performances
before irradiation, but they produced too an high noise after being exposed to
high radiation fluences, so they were not suited for ATLAS operating conditions.
The p-spray sensors were radiation-hard but the baseline design showed a sig-
nificant suppression of charge collection efficiency at the border between pixels.
This resulted in a too low detection efficiency, and in a spatial resolution slightly
worse than the p-stop one. The design of the p-spray sensor was consequently
modified. The new sensors were tested in 1999-2001 showing performances sim-
ilar to those of the p-stops before irradiation, with a spatial resolution between
6 pm and 13 pym and an efficiency in excess of 99%. After irradiation they had
a spatial resolution between 7 and 13 um, depending on the incidence angle.
The detection efficiency after irradiation, could not be measured, due to readout
electronics problems. An efficiency in excess of 98% was measured after irra-
diation for the old p-spray sensors excluding the region with charge collection
inefficiencies; a similar performance is expected for the new sensors in the 2002
test beam, when the final electronics will be available.

After irradiation the active depth of the sensors (depletion depth) may be
smaller than the full thickness even at the maximum operating voltage of 600 V.
A method to measure the depletion depth from test-beam data was developed.
A value of about 200 pum, out of a full thickness of 280 um, was found for
standard substrate sensors irradiated to 10'® neqem~?fluence and operated at
600 V. 250 um thick oxygen-enriched sensors, exposed to the same fluence, were
found to be completely depleted for bias voltages larger than 400 V confirming
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the superior radiation hardness of oxygen-enriched silicon.

In ATLAS the pixel detector will operate in a magnetic field of 2 T. This
will alter the charge collection properties. The electron drift in silicon will occur
along a direction which forms an angle ©; # 0 with the normal to the sensor
surface, due to the Lorentz force eE x B. The Lorentz angle O was measured
and found to be a function of the operating voltage. This was explained as due to
the dependence of electron mobility in silicon on the electric field. From silicon
electric properties, the Lorentz angle is expected to vary in ATLAS conditions
from about 15° at 100 V voltage to 5° at 600 V. This will make ATLAS Pixel
performance voltage-dependent.

To evaluate the effect of pixel operating voltage and different pixel cluster
position reconstruction strategies on the ATLAS performance, a study with
ATLAS GEANTS3 simulation was made. Two position reconstruction strategies
were examined: one which uses only the position of the pixels which give a
signal (digital algorithm) and one which makes use also of the information on
the charge collected by each pixel (analog algorithm).

The resolution on the impact parameter in the R¢ plane of muons with
200 GeV/c transverse momentum was found to be 11.0 pgm with digital recon-
struction, 10.4 um with analog reconstruction and 100 V pixel voltage, 9.2 ym
with analog reconstruction and 300 V voltage.

The resolution on the longitudinal position of the primary interaction vertex
for all particles in jets with a track mean transverse momentum of 8 GeV/c
was found to be 44.1 ym with digital reconstruction, 41.4 ym with analog re-
construction and 100 V pixel voltage, 39.9 pm with analog reconstruction and
300 V voltage.

The discrimination of b-quark jets against u-quark jets improves with analog
reconstruction by 10% and 20% at low voltage and high voltage respectively,
when the longitudinal impact parameter of tracks is used to tag the jet flavor.
No difference is observed using the transverse impact parameter. However dif-
ferences of order 20% are possible within the statistical uncertainties. Larger
statistics samples of simulated data will be available in the near future to reduce
such uncertainties.
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