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Chapter 1

Introduction

The CMS detector has been designed to detect cleanly the diverse signatures of new physics at the
Large Hadron Collider. It will do so by identifying and precisely measuring muons, electrons,
photons, and jets over a large energy range [1-1],[1-2],[1-3],[1-4]. Experience has shown that
robust tracking and detailed vertex reconstruction within a strong magnetic field are powerful
tools to reach these objectives.

The overall layout of the CMS detector is illustrated in Colour Figs. 1.i, 1.ii and 1.iii. In this
chapter an overview of the tracking system is given, together with a discussion of the physics
goals and the design considerations which motivate our basic approach and technological choices.

The subsequent chapters discuss in detail the three main sub-detector elements of the
Tracker: the Pixel vertex detector system is described in Chapter 2, while the Silicon Strip
(SST) and the Micro Strip Gas Chamber (MSGC) trackers are described in Chapters 3 and 4
respectively. Chapter 5 discusses the readout electronics of the Silicon Strip and MSGC de-
tectors, the control and monitoring electronics and the low and high voltage power supplies.
Chapter 6 describes the Tracker support structure, alignment, general engineering, services,
beam pipe, installation and maintenance procedures. The safety aspects are also discussed in
Chapter 6. In Chapters 7, 8 and 9 we discuss the detector simulation, the track and vertex re-
construction algorithms, and finally the performance of the Tracker in its important aspects. In
Chapter 10 cost, funding, institutional responsibilities and management of the Tracker project
are described. Chapter 10 ends with the construction schedule and planning. The radiation
environment and the simulation methods to evaluate it are described in Appendix A.

1.1 Physics Objectives

Robust tracking and detailed vertex reconstruction are expected to play an essential role for an
experiment designed to address the full range of physics which can plausibly be accessed at the
LHC. The following considerations are illustrative of the performance requirements which the
Tracker must satisfy.

The characterisation of events involving Gauge bosons, W and Z, will certainly be of primary
importance at the LHC. In particular, their leptonic decays provide especially clean experimental
signals. Indeed, possible heavier W’ and Z' bosons in the TeV range are also best evidenced
through leptonic decays. To fully exploit these signatures, the Tracker must be able to provide
as good a momentum measurement for energetic leptons as can reasonably be achieved. Both
the efficiency and resolution for isolated electrons are affected by the material in the Tracker,
because of bremsstrahlung. This degradation in performance must be kept to a minimum.
In CMS, Tracker measurements are combined with track segments reconstructed in the outer
muon system to further extend the kinematic region over which a precise muon momentum
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measurement can be performed. This latter requirement will place stringent constraints on the
alignment of the Tracker relative to the muon chambers.

Efficient isolated lepton reconstruction is also both necessary and sufficient to fulfil another
of the important tasks for the Tracker, namely electron and photon identification for isolated
electromagnetic clusters. However, not only must the Tracker be able to reconstruct and identify
isolated leptons and photons efficiently, it must also establish that they are in fact isolated. For
example, lepton isolation is required to suppress tf and Zbb backgrounds to a level which allows
observation of H — ZZ* — 41* and H — ZZ — 4I* for the full mass range 120 < mpg <
800 GeV. Lepton isolation criteria also play an important role in SUSY particle searches, in
particular for sleptons, charginos and neutralinos. The sensitivity to Higgs decay in the ~yvy
channel is also greatly enhanced by Tracker isolation criteria applied to suppress the v — 7% (jet)
and 70 — ¥ (jet—jet) backgrounds to a level significantly below the irreducible vy background.
Effective isolation criteria rely on the efficient reconstruction of all hadronic tracks down to
transverse momenta of approximately 2 GeV, and may be further improved by the reconstruction
of tracks as low as 1 GeV in pr.

The ability both to tag and to reconstruct in detail b jets, and B-hadrons within these jets,
is also of fundamental importance. Indeed, not only are b jets particularly useful signatures for
a broad spectrum of new physics, and essential tags for top quark physics, their detailed study
may also yield fundamental insight into the question of CP violation. The latter requires the
ability to identify unambiguously tracks coming from multiple vertices, the ability to reconstruct
a variety of decay chains and the accurate determination of the b decay proper time, based on
the characterisation of displaced vertices and the kinematics of the associated tracks.

As signals for new physics, b jets may result either from the decays of a new particle,
or in associated production via gluon—gluon fusion mediated by b quark exchange. In the
first case, sensitivity to heavy particles requires efficient b tagging for high momentum jets,
resulting in severe constraints on two-track separation capability, while for the second case good
b tagging efficiency is required over the full Tracker acceptance up to = 2.5. In order to ensure
satisfactory performance of b tagging algorithms based on displaced vertices, it is mandatory to
control tails in the impact parameter measurement due to errors in pattern recognition, as well
as hadronic interactions within the active volume of the Tracker.

In addition, a variety of plausible new physics channels including, for example, decay chains
pertinent to a possible SUSY Higgs sector, result in 7 leptons in the final state. Tau lepton
identification requires the application of isolation criteria, and may also benefit substantially
from displaced vertex information. Achieving the tracking performance required for b tagging
and b physics studies will also ensure useful 7 recognition capability.

Many of the most interesting physics questions require the highest luminosities achievable
at LHC and therefore the stringent demands placed on the tracking system must continue to
be satisfied for luminosities up to 10>* cm=2s~!. At the LHC, this implies the superposition of
typically 20 to 30 unrelated minimum bias events within each bunch crossing, and puts a major
additional burden on the task of correct pattern recognition.

Moreover, the ability of the Tracker to characterise in detail these multiple event vertices
may also play a crucially important role in CMS for the Higgs to -y search. Indeed, the
spectrum of charged particles recoiling against the Higgs provides a useful signature with which
to differentiate the Higgs production vertex from the multitude of minimum bias event vertices.
This will allow the required 7y mass resolution to be preserved at high luminosity.

In order to avoid significant loss of sensitivity in the Higgs to vy channel, the fraction of
such decays where neither photon converts should be close to 50%. This requirement, together
with the need to minimise the effects on tracking performance of electron bremsstrahlung and
hadronic interactions, impose severe constraints on the material budget allowed and are an
important criterion for for the Tracker design.
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As well as proton—proton collisions, the LHC will provide a unique opportunity to explore the
physics of heavy-ion collisions at very high energy. These collisions give rise to extremely large
charged particle multiplicites: up to 25 000 in the case of a central lead—lead collision. Although
the CMS Tracker was not explicitly designed with such physics in mind, in conjunction with
the CMS muon system it actually provides a useful tool for the reconstruction of muon-pair
invariant masses even in this environment. This, in turn, is a powerful probe for the study of
quark—gluon plasma physics which may be evidenced in heavy-ion collisions at the LHC.

1.2 CMS Tracker Performance

The requirements described in the previous section have led to the design of a Tracker for CMS
with the following performance:

— As shown in Fig. 1.1, high pr isolated tracks are reconstructed with a transverse momen-
tum resolution of better than dpr/pr =~ (15 - pr & 0.5) %, with pr in TeV, in the central
region of |n| < 1.6, gradually degrading to dpr/pr =~ (60 - pr @ 0.5) %, with pr in TeV,
as 7 approaches 2.5. This resolution is well suited to the reconstruction of narrow states
decaying into charged particles, and is sufficient to ensure reliable charge assignment for
muons and electrons up to the highest kinematically accessible momenta.

From Fig. 1.2 it can be seen that, in combination with the outer muon chamber system,
the muon momentum resolution above approximately 100 GeV can be parametrised as
op/p =~ (4.5-/p)%, with p in TeV, for rapidities extending up to at least n = 2 [1-4]. This
results in a momentum resolution better than 10% even at 4 TeV.
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Fig. 1.1: CMS Tracker stand-alone transverse Fig. 1.2: Combined CMS Tracker and Muon
momentum resolution as a function 7, for muons Chamber momentum resolution as a function of
of pr = 1, 10 and 100 GeV, without beam con- momentum, in the central and forward rapidity
straint. regions.

— In dense jet environments, charged hadrons with pr above 10 GeV are reconstructed with
an efficiency approaching 95%, and even hadrons with pr as low as 1 GeV are reconstructed
with an efficiency better than 85%. The reconstruction efficiency for muons is better than
98% over the full n range, even for values of pr as low as 1 GeV. High energy electrons
are reconstructed with an efficiency above 90%.
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— The impact parameter resolution in the plane perpendicular to the beams, shown in
Fig. 1.3, is better than 35 pm over the full |n| < 2.5 range for particles with pr above
10 GeV. The longitudinal impact parameter resolution, shown in Fig. 1.4, is significantly
better than 75 pm over most of the rapidity range. At low luminosity it is possible to
place the innermost Pixel layer closer to the beam line. This results in an appreciable
improvement in impact parameter resolution, as can be seen from Figs. 1.5 and 1.6. These
estimates do not take into account any degradation due to detector misalignement. Tails
due to errors in track reconstruction are at a level well below the rate of displaced vertices
due to long-lived particles.

— In the central rapidity region tagging efficiencies of 50% or better can be obtained for b
jets ranging from 50 GeV to 200 GeV Er, with a mistagging probability of around 1% to
2%. In the forward rapidity region, for equal mistagging probability, the tagging efficiency
remains around 40%.

The pattern recognition performance and track reconstruction quality listed above are achieved
at the highest luminosity foreseen for LHC operation.
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tion as a function of 7, for muons of pr = 1, 10 tion as a function of 7, for muons of pr = 1, 10
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1.3 Overview and Layout of the CMS Tracking System

Momentum analysis in CMS makes use of a 4 T magnetic field, provided by a super-conducting
solenoidal magnet around which the entire experiment is built [1-1]. The active envelope of the
CMS Tracker extends to a radius of 115 c¢m, over a length of approximately 270 ¢cm on each side
of the interaction point. Momentum measurements of charged particles in the region |n| < 1.6
therefore benefit from the full momentum analysing power. In this region, a charged particle
with pr of 1000 GeV has a sagitta of 195 pm. The Tracker acceptance extends further to |n| of
2.5, with a reduced radial lever arm of approximately 50 cm.

The very high magnetic field of CMS affects event topologies, by confining low pr charged
particles to small radius helical trajectories. Coupled with the steeply falling pr spectrum
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characteristic of minimum bias events, this results in a track density which rapidly decreases
with increasing radius.

This is illustrated in Fig. 1.7, where typical primary charged particle densities are shown for
several different radii with 0 and 4 T solenoidal field, at = 0. In the absence of a magnetic
field, the charged track density simply falls off as 1/r2. Under the effect of the 4 T field, the
decrease in charged track density with radius is initially more gradual, and then significantly
more pronounced than 1/r2. It can be seen that, as a result, the charged particle rate at 20 cm
is almost twice the value with no field, that at about 65 cm the rates are the same for both
cases, and that the 4 T field reduces the charged particle rate at the outermost radius of the
tracker by as much a factor of four. This has important implications for the architecture of the
CMS Tracker.

2.25
e O Tesla 2
4 4 Tesla 1.75
v pt gt 1 GeV 15

e ratio4T /0T

Nep/cm?

1.25
1
0.75
0.5
0.25

/‘O I ‘ I | ‘ L1 O I | ‘ I ‘ L1
0 50 100 50 100

O

r/cm r/cm

Fig. 1.7: Primary charged particle density per cm? at 1 = 0, for 20 minimum bias events superimposed
(in units of %).
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To satisfy the performance requirements and constraints outlined in the previous sections,
we have adopted a strategy aimed at providing a set of coordinate measurements of sufficient
precision and robustness so that track reconstruction can be reliably performed based on a
relatively small number of measurements per track. To do this, we rely on sufficiently fine
granularity such that typical single channel occupancy at high luminosity, for detectors with at
least one hit in them, is kept between 1% and 3% everywhere in the Tracker. The required hit
resolutions, at least in the transverse plane, are in the range of 15 ym to 40 pm at the inner
and outer radii of the Tracker respectively.

We have chosen three detector technologies, each best matched to the task of satisfying our
stringent resolution and granularity requirements in the high, medium and lower particle density
regions. These are Pixels, Silicon Strip, and Micro Strip Gas Chambers (MSGCs) respectively.
They are arranged in concentric cylindrical volumes, each corresponding to three occupancy
regimes: the region below =~ 20 cm, between ~ 20 and ~ 60 cm, and from =~ 70 to 120 cm. The
three detector types chosen are all fast on the scale of 25 ns, allowing event pile-up to be limited
to a single bunch crossing for Pixels and Silicon and, for the MSGCs, to two bunch crossings.

The presence of a very large irreducible background due to minimum bias event pile-up at
high luminosity challenges the pattern recognition capability of the Tracker. Therefore, strong
emphasis is put on robust pattern recognition within each of the three sub-detectors. The
unambiguous three-dimensional space points provided by the Pixels are essential for correct
pattern recognition at these small radii. Each of the SST and MSGC volumes provides sufficient
information to allow independent verification of the overall pattern recognition results, yielding
a powerful measure of redundancy. This feature of the CMS Tracker is an essential tool to ensure
tracking which is both efficient and ghost-free in the very high luminosity environment.

In the central rapidity region detectors are arranged in a barrel geometry, while at higher
values of rapidity they are deployed as disks, organised into end-caps. In total there are 13
barrel layers, and the CMS Tracker geometry, shown in Fig. 1.8, has been defined so as to
provide typically 13 distinct high resolution measurement planes for stiff tracks up to |n| of
about 2.0, gradually falling off to a minimum of 8 planes at |n| of 2.5. This is shown in Fig. 1.9.
The CMS tracker layout, as well as the overall mechanical structure, are also illustrated in
Colour Figs. 1.iv and 1.v.

At the smallest radii (from 4 cm up to 7 cm at low luminosity and from 7 cm up to 11 cm
at high luminosity) the interaction region is surrounded by two barrel layers of silicon Pixel
detectors. Two end-cap disks cover radii from 6 cm to 15 cm. The cell size in the Pixel detectors
is 150 pm by 150 pm. The CMS Pixel detectors are n-on-n devices so that, in the barrel,
their response is strongly affected by the 32° Lorentz angle of the electrons. The barrel Pixel
geometry is deliberately arranged such that this large Lorentz angle induces significant charge
sharing across neighbouring cells and this results in expected hit resolutions of approximately
10 pm and 15 pm in the ¢ and z coordinates respectively. Similar resolutions, between 15 pm
to 20 pm, are obtained in the end-cap Pixels, by rotating the sensors 20° around their central
radial axis. In the high luminosity configuration, the Pixel detector will have an active surface
of close to one square metre, instrumented with approximately 40 x 10° channels.

The intermediate region, from 22 ¢cm up to 60 cm, is instrumented with a 5-layer Silicon Strip
Barrel detector, complemented by 10 disks in each end-cap. Layers 3 to 5 of the Silicon Barrel
are approximately 170 ¢m long. To avoid unfavourably shallow crossing angles, the length of
the inner two layers is limited to 90 cm. The rest of the coverage is provided by incorporating
3 mini end-cap disks on each side. Barrel layers 1, 2 and 5 are double-sided layers, with stereo
geometry for the longitudinal coordinate measurement. Correspondingly, the inner and outer
radii of the end-cap disks are also instrumented with double-sided layers, where a stereo geometry
is employed to measure the radial coordinate. The mini end-cap disks, closer to the interaction
region, are fully double-sided.
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Fig. 1.9: Average number of measurement planes intersected by infinite momentum tracks, as a function
of rapidity.

The outer volume of the Tracker, from 70 cm up to 120 cm, is instrumented with a 240 cm
long barrel with 6 cylindrical layers of MSGCs, and by 11 discs of MSGCs for each end-cap.
Layers 1, 4 and 6 of the barrel MSGC detector are double-sided, with a stereo geometry for the
longitudinal coordinate measurement. Double-sided detectors with a stereo geometry are used
at the inner and outer radii of the end-cap MSGC disks to provide measurements of the radial
coordinate.

In addition to benefiting from an intrinsic response time shorter than the 25 ns bunch
crossing interval, silicon sensors are especially well suited to the high and medium occupancy
environment thanks to an active substrate thickness of only 300 pm and the very fine pitch
which can thus be put to use. For the silicon detectors the typical strip length is 12.5 cm, and
the pitch ranges from 61 pm to 122 ym and from 81 pm to 244 pm for the primary and stereo
views, respectively. The hit resolution is around 15 pm for the 61 pm pitch, and approaches
the digital limit (pitch/v/12) for the larger pitches, where most of the charge is deposited on a
single strip.

In the lower occupancy region of the Tracker, excellent resolution can be obtained with
MSGCs with a significantly lower channel density. Here strip length ranges from 10 cm for
the inner layers to 25 cm for the outer ones, and the pitches are around 200 pm and 400 pm
for the primary and stereo views. The corresponding resolution is approximately 35 pm and
100 pm respectively. This lower channel density in the outer region of the Tracker is used to
keep under control the overall cost of the Tracker, as well as to reduce the material in front of
the electromagnetic calorimeter.

Overall, the CMS Silicon and MSGC trackers cover approximately 300 m? of active surface,
consisting of more than ten thousand independent detector modules instrumented with 12 x
10% channels. The total active surface of the Silicon tracker is close to 75 m? and the total
number of channels is 5.4 x 109, about equally distributed between barrel and end-caps. The
total active area of the MSGC tracker is about 225 m? and the total number of channels 6.6 x 106,
again approximately equally distributed between barrel and end-caps.

Silicon and MSGC detectors are not only natural complements in terms of their performance
in the LHC environment, they also share basic technical characteristics. In particular, the same
front-end electronics chain can be used for both, with only minor adaptations to best match the
different pulse shapes of the two types of detector. This has proven to be a key advantage in
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the development of the electronics chain and is also expected to be an important factor in the
production phase.

The readout of all the Tracker sub-detectors is analog. Analog information allows a better
optimisation of the coordinate reconstruction, resulting in an improved resolution and more
Gaussian error distributions, with respect to a digital scheme. Furthermore, analog information
can be used to verify the pattern recognition in instances where clusters from distinct tracks
appear to have been merged. Finally, analog readout lends robustness to the overall system, in
particular by providing the means for efficient online common mode noise subtraction.

1.4 Progress Since the Technical Proposal

On account of its high centre of mass energy and unprecedented luminosity, the LHC will create
a very hostile radiation environment for the Tracker (Section 1.7). Radiation damage will set a
limit to the operational lifetime of detectors and requires the use of radiation-hard electronics
everywhere in the Tracker volume. A vigorous R&D programme has been carried out on both
the detectors and the front-end electronics chain, to ensure full functionality of the Tracker after
exposure to 10 years of LHC operation or more.

The readout architecture has changed conceptually very little since the Technical Pro-
posal [1-5] but has progressed considerably in design and implementation. The detailed im-
plementation of the key components of our front-end analog readout chain, in radiation-hard
technologies, is well advanced. The control system, involving a small number of ASICs which
distribute clock, triggers and commands internally in the tracker, has been fully specified. The
analog optical link, a cornerstone of the system, is now based on edge-emitting semiconductor
lasers of the type extensively used for TELECOM and DATACOM applications.

Radiation effects on silicon Pixel and strip detectors are now much better understood. For
Pixel detectors, the viability of silicon for the sensor material has been demonstrated, so that this
is chosen instead of other more exotic materials. In the very extreme environment in which they
must operate, the n-on-n architecture works best. The expected lifetime of the Pixel detectors
and electronics is compatible with reasonable maintenance and upgrade scenarios.

For silicon strip detectors, both the sophistication of the devices and the quality of the
technologies used in producing them have significantly advanced with respect to the state of the
art as of a few years ago. The behaviour under irradiation of a broad spectrum of devices has
been characterised in detail. It has been confirmed that both double-sided detectors as well as
simple p-on-n truly single-sided sensors are viable at the LHC, provided they are of good quality.
The latter devices, in particular, make use of essentially standard micro-electronics technologies,
and can therefore be produced in large quantities and at relatively low cost. We have chosen to
use single-sided devices throughout the SST, with double sided modules obtained by coupling
two such sensors back-to-back.

The advances made in silicon strip detector technology, and the cost reductions these have
resulted in, have made possible a far more extensive use of these devices than previously envis-
aged. At the time of the Technical Proposal, the SST provided only three detector layers, and
was limited in radius to below 40 cm and in length to only £150 cm. In the present configuration
the full region up to 60 cm in radius, where typical primary track densities are above 1 cm™2,
is covered by the SST.

An important milestone for the CMS Tracker has been the successful development of MSGC
detectors with the demonstrated capability of stable and efficient operation in the LHC environ-
ment. To this end a new technique of ‘advanced passivation’ has been developed within CMS,
which extends the safe operating regime of the MSGC to a range of gains well above the mini-
mum required for efficient track finding. The effectiveness of this technique has been thoroughly
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studied in laboratory measurements and demonstrated in extremely high-intensity low-energy
hadron beams (PSI) this past summer.

In addition, a great deal of progress has been made in both the mechanical engineering and
system aspects of the Tracker. In the past year a series of large scale ‘milestone’ prototypes have
been completed for each of the barrel and end-cap SST and MSGC sub-detectors, which have
allowed detailed tests of the important aspects of their designs. The overall mechanical support
structure, as well as the integration of services, has also been studied extensively. Comparisons
between several alternative schemes resulted in the choice of a central cylindrical structure,
which supports both the SST and MSGC trackers, on which our design is based.

1.5 Tracker Material Budget

Great care has been taken throughout the design of the Tracker to ensure that it meets stringent
material budget constraints. Indeed this consideration limits the total number of active layers
which can be usefully deployed and motivates the choice of materials used.

In some respects, however, we have been forced to accept inevitable compromises. In par-
ticular, for stable long term operation in the LHC environment, the Silicon tracker and Pixel
vertex detectors must be operated at —10 °C, whereas the MSGC Tracker will be operated at
18 °C. This requirement for a thermal separation and screening of the SST and MSGC volumes
has important consequences on the mechanics of the Tracker, and especially on the organisation
and routing of services within it. Indeed, all services for the Silicon tracker must be removed
axially to the Tracker end-flanges at a radius of 60 cm, not an optimum configuration in terms
of the effect on material budget. Similarly, the constraints imposed on the installation of the
Pixel detector require their services to be removed axially to the end-flanges at a radius below
20 cm.

This situation clearly results in an undesirable local peak in the material density, in particular
between the SST and MSGC volumes. The ability of each of the Pixel + Silicon and MSGC
Trackers to verify independently the pattern recognition results provides a powerful means with
which to address this problem.

We have performed a thorough analysis of the material budget of the CMS Tracker design.
A detailed accounting has been made of all the Tracker components and implemented within a
GEANT simulation. This tool allows us both a general overview of the situation, as well as a
detailed breakdown of the effect of individual components on the material budget. Figure 1.10
summarises the situation.

In Chapter 9 it is shown that pattern recognition even for low pr hadrons remains very
good, and the effects of bremsstrahlung on electrons can be controlled at a satisfactory level. A
Monte Carlo study of Higgs to vy decays propagated through the detailed detector geometry
shows that in 46% of such decays both photons leave the Tracker volume without converting.
Most of the events where photon conversions do take place are still well reconstructed. It has
been shown that, with this rate of conversions, the loss of efficiency in CMS for the Higgs to vy
search does not exceed other irreducible inefficiencies [1-2].

We consider that, as our detailed understanding of the critical engineering issues continues
to improve, we will be able to further reduce the overall material budget without compromising
the integrity of the detector.
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Fig. 1.10: Tracker material in units of radiation length as a function of pseudorapidity.

1.6 Staged Deployment of the CMS Tracker

The extremely high rate of interactions (up to 10° Hz) and the 25 ns bunch crossing frequency
characteristic of the LHC environment greatly complicate the task of achieving the required level
of performance. As discussed above, this mandates a certain level of redundancy in the detector
design and sets the scale for the number of precision measurements required to define tracks, as
well as their organisation in Pixel, Silicon and MSGC volumes. Together with considerations of
two track resolution required to reconstruct tracks in high energy jets, this also basically defines
the total number of readout channels.

At low luminosity, the performance requirements in terms of two-track resolving power,
momentum and impact parameter resolution remain as stringent as in the high luminosity
environment. The absence of minimum bias event pile-up, however, allows to relax significantly
the redundancy which is an essential feature of the high luminosity layout. Because the highest
luminosities will be attained only after several years of LHC running, and due to a shortage of
currently available financial resources, we propose to install the detector in two stages.

We have identified an initial ‘Phase I’ configuration, consisting of a subset of the fully in-
strumented detector, which is well matched to the much cleaner environment expected for the
low luminosity operation of the LHC. For the Phase I Silicon tracker we omit the fourth, single-
sided, Silicon Barrel layer as well as two complete disks in each end-cap. For the MSGC tracker
we omit the fourth, double-sided, barrel layer and, once again, two complete disks in each end-
cap. The position of the end-cap disks is modified so that, on average, 11 distinct measurement
points are ensured for |n| less than about 2.0, falling off to 6 points at |n| of 2.5. This reduced
configuration still preserves the required performance of the Tracker at low luminosity and is
matched to the currently available funding for the Tracker project.

Full deployment of the Tracker will follow as ‘Phase IT’, to be completed in time for the high
luminosity LHC running. The support mechanics are designed so as to allow the later installation
of the missing barrel layers and end-cap disks. Furthermore, we plan to include all services for
these detectors in the initial installation phase, from the counting rooms to the Tracker patch
panel inside the magnet coil. The transition from the Phase I to the Phase II configuration,
which ensures full functionality of the Tracker to the high luminosity LHC conditions, should
thus be possible within a regular LHC shutdown period.
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1.7 The LHC Radiation Environment

The radiation field within the Tracker is characterised by two distinct sources. Secondaries from
the pp interaction, the products of their interactions in the Tracker structures and some decay
products, give the dominating contribution to the fluences at the inner layers of the Tracker.
This component of the fluence is almost independent of the z-coordinate and behaves roughly
as 1/r?, where r is the distance from the beam-line. Almost all of the charged hadron fluence
originates from the vertex. On the other hand, most of the neutrons observed in the Tracker
region are due to albedo from the surrounding electromagnetic calorimeter. The most intense
source of albedo neutrons is the end-cap ECAL. While the fluence originating from the vertex is
irreducible, a neutron moderator lining of the ECAL is shown to efficiently reduce the neutron
albedo, which is particularly intense for the heavy PbWOy crystals.

Figure 1.11 shows approximate values for the absorbed dose, which is to some extent material
dependent, as well as the fast neutron and charged hadron (and neutral kaon) fluences at different
radii in the Tracker region. A more detailed analysis, as well as a thorough discussion of the
methods used for estimating the radiation levels, can be found in Appendix A.
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Fig. 1.11: Radiation levels at selected radii in the CMS Tracker region. All values correspond to an
integrated luminosity of 5x 10° pb~!. The error bars indicate only the statistics of the simulations. The
neutron fluences include only the part of the spectrum above 100 keV.




Chapter 2

The Pixel Detector System

2.1 Overview and Requirements

The most interesting events at the LHC are likely to contain several b-jets originating from
the decay of heavy particles. In order to allow an efficient tagging of these jets as well as of
other objects (¢, 7) the tracking must extend as closely as possible towards the reaction vertex.
Owing the extremely high particle fluxes at these small distances pattern recognition arguments
require the innermost tracking layers to be composed of pixel devices delivering true space
point information with high resolution. Over the full acceptance of the CMS detector the pixel
system should provide two or more hits per track, which allow secondary vertices to be found
for tagging long-lived objects, like b or ¢ quarks and 7-leptons, and to distinguish them against
a large background of light quark- and gluon jets. For detecting Higgs or SUSY particles b-
tagging in particular will play an important role. Conventional B-hadron physics, including
CP-violation, Bg- oscillations and rare B-decays, and top quark physics will begin immediately
after LHC startup, making it imperative that the pixel system be ready on the first day of LHC
operation. With increasing luminosities the pixels will help greatly in pattern recognition of
the many tracks present in one bunch crossing. The pixel detectors will confirm or reject track
segments proposed by the outer Tracker layers. Once a track has been successfully followed to
the pixel layers, the two pixel hits will be crucial to extrapolate this track to the vertex with
high precision. For heavy-ion operation the pixels will have small enough occupancy values to
single out particular tracks in the very high multiplicity environment.

The CMS pixel system will have two barrel layers and two end layers (end disks) on each
side of the barrel. The layers are composed of modular detector units. These modules consist of
a thin, segmented sensor plate with highly integrated readout chips connected to them using the
bump bonding technique (see Fig. 2.1). The chips are connected through bond wires to hybrid
circuits, which distribute the readout control and clock signals and where the data signals are
collected. Kapton cables connected to the hybrids transmit the signals to and from a periphery
situated at the outer region of the pixel system frame where detector control chips and electro-
optical converters for optical signal transmission are located. The modules are attached to
cooling frames, with the cooling tubes being an integral part of the mechanical structure.

The minimal pixel size is dictated by the readout circuit area needed to accommodate each
pixel. In finding and localising secondary decay vertices, both r¢ and z(r) hit coordinates will
be important in the barrel (end disks), respectively. Therefore a square pixel shape is preferred,
combined with analog signal readout to profit from position interpolation, where effects of charge
sharing among pixels are present. In the barrel charge sharing in the ry-direction will be large
due to the very high magnetic field in CMS (Lorentz drift angle = 32° for e in silicon at 4 T).
With a sensitive detector thickness of between 200 and 250 pym and by deliberately not tilting
the detectors in the barrel, the natural pixel size will be around (150 um)? giving favourable
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Fig. 2.1: Schematic view of a pixel detector element. Each sensor pixel is connected via a solder bump
to a pixel unit cell on the readout chip, where the signal is amplified. The hit data are stored on the edge
of the chip where they wait for trigger confirmation.

resolution and cluster size conditions. Charge sharing along the z-direction is also present in
the barrel for inclined tracks. The end disks have been completely redesigned since the CMS
Technical Proposal, in which the rectangular end cap pixels had good resolution in the r¢
direction only. The detectors will be rotated by 20° about a radial axis such that the tilt angle
and induced E x B effects increase the charge sharing among neighbouring pixels in both r and
ro directions. The square pixels will have 50% greater area, whilst retaining good resolution
in r¢ and achieving comparable resolution in r, a factor of 5 improvement over the Technical
Proposal design.

At radii smaller than 10 cm the hostile radiation environment will reduce the lifetime of both
sensors and readout chips below the expected lifetime of the experiment. Therefore the pixel
detectors placed closest to the beam must be replaced at least once during the experiment.

To profit from the improved secondary vertex resolution at very small radii, it is proposed
to build the pixel barrel system in two stages. For the initial low luminosity period of the LHC,
radial positions down to 4 cm will be covered. When the luminosity reaches the design value
the innermost sensors will be removed and modules added at larger radii.

The greatest challenges in the design of the pixel system are the radiation hardness of all
components and the extremely large number of pixels to be handled in a high rate environment.
Both sensor material and readout chips must be robust enough to survive the first six years
of LHC running (goal for a radius of 7 cm from the beam axes), without an unacceptable
degradation of their performance. The large number of pixel channels requires autonomous hit
detection at the detector level and storing of hits during the first level trigger latency time.
This must be accomplished in the very limited chip area available, with rather coarse feature
electronics structures of a radiation-hard process.

In the last three years the CMS pixel community has performed feasibility studies on three
important topics, which have been defined as milestones to be met before proceeding further in
the design phase:

1. Specification of detector material
The detector material must survive the fluences of up to 6 x 10 hadrons per cm? an-
ticipated in the first six years of LHC running at a radius of 7 cm, and provide sufficient
signal charge throughout this period.
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2. Specification of analog readout block suitable for LHC
The analog block must be able to deal with increased leakage currents, reduced charge
collection and other changes in the detector that are induced by radiation damage, as
well as with damage to the circuit itself. With a low power budget, good signal to noise
performance and small time walk to ensure safe bunch crossing identification are required.
3. Specification of front-end readout architecture
The front-end readout architecture must operate with good efficiency in spite of high hit
and trigger rates. Adequate buffering must minimise the loss of data corresponding to
triggered bunch crossings. The chosen design must be robust against device changes due
to radiation damage.

This chapter describes mainly the results obtained for these three milestones, and the concep-
tual design derived for a pixel system which performs adequately under the difficult conditions
at the LHC. Some technical design choices still remain to be made in the coming years. Since
the pixel system is small compared to the rest of the Tracker, mass production and assembly of
the pixel system need not start before mid 2002. Where appropriate, alternative solutions are
mentioned, which must be selected at suitable times to match the prototyping and construction
schedule.

2.2 Experimental Constraints and Layout

2.2.1 Design constraints

The impact parameter resolution depends crucially on three design parameters of the pixel
vertex detector:

— The distances of the layers from the interaction region

— The hit resolution

— The material budget

When optimising these parameters important design constraints must be taken into account:
— The pixel size is influenced by the area needed on the readout chip for the pixel analog
front-end and readout circuitry.
— The extremely high power density, requiring efficient cooling, and the necessary mechanical
stability of the sensor frames will dictate the material budget.
— The radiation environment close to the interaction region limits the lifetime of sensor and
readout chip.

Other design constraints are imposed by the chosen insertion scheme of the pixel system. The
novelty and complexity of the pixel detectors suggest that yearly access to the detectors will
be required, at least in the first years of LHC operation. Removal and insertion of the pixel
system must be possible without strongly affecting other subdetectors and without taking too
much time. Hence it is envisaged to insert the pixel system together with all its services along
the z-axes, with the beam pipe installed and baked-out prior to the pixel system installation.
The vertical beam pipe suspensions and the increasing beam pipe diameter with increasing |z|
require building the pixel system separable into a left and a right half with respect to the beam
axis. During insertion the two halves, initially separated, move on converging rails bringing
them together to form a hermetic structure in the final position.

2.2.2 Pixel size and shape

The choice of pixel size and shape is influenced by a number of partially conflicting arguments.
Besides obvious parameters like resolution, hit cluster size, occupancy, pixel rate etc., other
arguments must be taken into consideration:
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— The choice between analog or digital readout

— The area needed to accommodate the individual pixel electronics

— The dependence of the pixel capacitance on the pixel shapes considered
— The power density of the pixel array

— The expected sensitive detector thickness

— The total available signal charge

— The Lorentz drift angle of the charge

— The mean track incident angle

Conventionally the coordinate perpendicular to the magnetic field is favoured in tracking de-
tectors and efforts to measure the parallel coordinate well are relaxed. While this is justified
for optimal momentum resolution, it is not obvious for the pixel system whose main task is to
measure track impact parameters. Here either coordinate can be important, depending on the
topology of the vertex. Our approach is therefore to optimise the resolutions in both coordi-
nates simultaneously, which suggests a square pixel shape. This also gives the smallest pixel
capacitance.

The minimum pixel area needed for the readout circuitry is believed to be around 0.015 mm?,
resulting in a side length of around 120 pm. Without charge sharing a resolution of 35 pm would
result. This can be much improved by the consistent use of charge sharing effects together with
analog readout for interpolation between pixels sharing the hit signal. Consequently charge
sharing effects will be deliberately favoured in the layout of the CMS pixel detector. In this
respect a large Lorentz drift angle is of great interest. As outlined in Section 2.3.1 the baseline
sensor material is silicon, where the electron drift angle (32° in a 4 T magnetic field) is three
times larger than for holes. Therefore n-pixels which collect the electrons will be used. When
the electrons arrive at the pixel surface, they are spread in the barrel over an r¢ distance of
sensitive detector thickness x tan(32°), see Fig. 2.2. So that this distance extends over no more
than two pixels, a natural pixel dimension in 7 for the barrel can be deduced from the sensitive
detector depth. With a sensor thickness chosen to be 250 pm a pixel dimension of about 160 pym
is suggested. However, in order also to accommodate running with partial depletion, the pixel
dimension is chosen to be 150 ym where, due to threshold effects in the readout, three-pixel
clusters will still be negligible.
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Fig. 2.2: Charge sharing induced by Lorentz drift. After type inversion the detector depletes from the
n-pixel side. With increasing radiation dose the detector cannot be fully depleted and the charge sharing
effect is reduced.

The fraction of single pixel hits will increase with decreasing depletion depth. As outlined in
Section 2.3.2 the depletion depth in silicon can be expected to be greater than 200 pm until the
specified radiation fluence of 6 x 10'* hadrons/cm? is reached. Consequently up to 20% of hits
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will be single pixels, occuring in a small, a priori known sub-area of the pixel. Therefore, in spite
of using a pixel dimension of 150 pm in the ry-direction for the barrel, intrinsic hit resolutions
at the 10-15 pm level can be obtained for the entire range of depletion depths expected during
the required lifetime of the sensors.

In the z-direction, with an identical pixel width of 150 pm, similar resolutions can be obtained
for inclined tracks. The hit cluster length will be indicative for the polar angle of the track,
which can be used e.g. to distinguish hits of steep looper tracks from direct tracks [2-1].

The choice of pixel size and shape outlined above is driven by the barrel design. In the end
disks, there would be little charge sharing, since the electric and magnetic fields are parallel, and
most tracks are close to normal incidence. Therefore geometric and E x B charge sharing effects
are induced by rotating the detector blades by 20° around their central radial axes. Although
the amount of charge sharing is still less than in the barrel, good resolutions at the level of
15 pm are expected for both r and r¢ coordinates at the start of LHC, degrading to around
20 pm as the depletion depth falls towards 200 pm.

In summary, a square pixel of (150 um)? is now proposed, in contrast to (125 pm)? in the
Technical Proposal. This change is mainly motivated by the larger achievable depletion depth
in silicon, even after considerable radiation fluences, than expected earlier. The increase in pixel
area will allow a more complex readout electronics if required, or a more conservative design
with a higher chip yield reducing the costs. The increased occupancy is readily acceptable.
The hit resolution can essentially be maintained and cluster multiplicities are reduced. The
power budget per unit area will decrease by 30%. The leakage current per pixel and the pixel
capacitance will, however, increase.

2.2.3 Pixel system layout

LHC vacuum conditions require a minimal beam pipe radius of 25-30 mm at the vertex. In-
cluding the necessary clearance the first pixel layer can be positioned at a radius of roughly
40 mm. With a postulated radiation hardness of up to 6 x 10'* hadrons per cm?, sensors and
readout chips would survive here during the first four years of LHC operation (assuming that
the first three years of LHC operation will represent roughly one year of full luminosity, and full
luminosity operation starts in year 4). During the low-luminosity phase the barrel will have two
layers at approximately 4 cm and 7 cm (low-luminosity barrel configuration). When reasonable
operation of the innermost layer is no longer provided, it will be removed and a new layer will
be installed at 11.5 cm. Together with the layer at 7 cm it forms the high-luminosity barrel
configuration. While the layer at 11.5 cm will remain operational at least until year 10 after
LHC startup, the layer at 7 cm must be replaced in year 6 or 7. By this means it is possible to
take advantage of an improved impact parameter resolution during the first years.

Two end disks will be placed on each end of the barrel in order to complement the 7-coverage
for two pixel hits. Rapidities up to n = 2.4 (2.2) are covered for tracks originating from the centre
(1 o from the centre) of the interaction region. It is also anticipated to replace the innermost
modules of the end disks once during the experiment. Figure 2.3 shows a perspective view of
the CMS pixel system in the high-luminosity configuration. The pixel system envelope extends
from 3.7 <r < 21 cm and for —50 < z < 50 cm.

2.2.3.1 Pixel barrel layout

Table 2.1 summarises the main parameters of the barrel.

Layer 1 and 2 form the low luminosity configuration, layer 2 and 3 will be used at high
luminosity. Each layer consists of two half-cylinders with half-faces at the azimuthal edges (see
Fig. 2.4).
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Fig. 2.3: Perspective view of the CMS pixel system in the high-luminosity configuration.

Table 2.1: Parameters of CMS pixel barrel

Configuration Radius | Faces | full/half | Chips Pixels Area

[mm] (*) Modules [m?]

Layer 1 | low luminos. 41-45 18 128/32 2304 | 6.35 x 10° | 0.15
Layer 2 | low & high luminos. 70-74 30 224/32 3840 | 10.6 x 10° | 0.25
Layer 3 | high lumi 107-112 | 46 | 352/32 | 5888 | 16.2 x 10° | 0.38

(*) Two half-faces are counted as one face

—i—

Fig. 2.4: Radial cut of the mechanical frame of barrel layer 1. Trapezoidal cooling tubes are connected
through thin cross pieces. Left and right halves are separable.
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The number of faces is arranged such that a smooth joining of the two halves is guaranteed
when inserting the barrel (note that the two halves are not mirrored). The regular shape of
each half-cylinder is given by trapezoidal cooling tubes held in place by two end-flanges and
cross-connected through thin carbon fibre blades glued to the tubes. The shape of the cooling
tubes is different for each layer. All cooling tubes have the same thermal load. The three
layers are identical in length, each face consisting of 8 sensors of 65.9 mm length and 17.45 mm
width. The modules, mounted onto the carbon-fibre blades, are not tilted. No overlap in z is
foreseen in the present design, while the overlap in ¢ is 6%. The distance between the sensitive
regions of two adjacent sensors in the z-direction will be 1.5 mm, representing a loss of 2.3%
per layer. However, at a cost of increasing the material budget the sensors could be tilted to
provide overlap in z. Full modules have 2 rows of 8 readout chips with 53 (ry) x 52 (z) square
pixel unit cells, half-modules have one row.

2.2.3.2 End disk layout

Table 2.2 summarises the main parameters of the pixel end disks. Each of the four disks includes
24 wedge-shaped blades. Figure 2.5 displays the configuration of the blades arranged in a
‘turbine’ geometry. The blades are each rotated by 20° around their radial symmetry axis.
The disks located at +z and -z share charge along the same directions only if they have point
symmetry relative to the interaction region. This requirement is incorporated in the support of
the blades.

Table 2.2: Parameters of CMS pixel end disks

z Radius | Blades Sensor Chips Pixels Area
cm mm Modules m?
+ 32.5 | 60-150 24 7 1080 | 3.0 x 10° | 0.07
+ 46.5 | 60-150 24 7 1080 | 3.0 x 10° | 0.07

Fig. 2.5: The turbine blade geometry to one disk of forward pixels.
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The insert in Fig. 2.5 shows the concept of a blade. It is a low-mass trapezoidal structure
made with two panels of carbon-fibre. Between the two panels runs a U-shaped cooling tube.
Sensors on different sides of the blades overlap radially by 5% to allow for the alignment of the
detectors on the blade. Detectors on adjacent blades have an additional overlap of 4% to ensure
the alignment with particles of all the blades on a disk. The outside dimensions of the sensors
can only have discrete values dictated by the size of the readout chip (see Section 2.3.4.2). To
ensure maximal coverage of the solid angle and also to keep the material budget to a minimum
the dimensions of the sensors have been chosen such that the loss in coverage is at the 2% level.
Each blade has 7 sensor arrays with sizes that accommodate between 2 and 10 readout chips.
The two detectors at the innermost and at the outermost radius on a blade are read out by a
single row of chips, while the other sensors have two. For installation purposes the 24 blades
of one disk are configured in two half-disks. The disks on each side of the interaction region
will then be installed on a cylindrical space frame split along a vertical axis. Insertion will take
place using the same approach as for the barrel.

2.3 Pixel Sensors

2.3.1 Choice of detector material

The radiation environment close to the interaction region will cause damage to the pixel sensors
and hence limit their lifetime. At the time of the CMS Technical Proposal three candidates
for the sensor material were singled out to be evaluated for sufficient radiation hardness: Sili-
con, gallium arsenide and diamond. While silicon was known at that time to suffer significant
performance changes induced by non-ionising energy loss, GaAs and diamond, though perform-
ing worse than silicon before irradiation, were believed to keep their performance after intense
neutron irradiation. They were therefore claimed to be radiation-hard.

Meanwhile many detailed irradiation studies have been performed, in particular with low-
energy pions which at LHC will represent the bulk of hadronic radiation. In summary, these
studies have delivered the following results: In spite of the radiation hardness of GaAs to
moderate fluences of neutrons the material is quite susceptible to charged hadrons, resulting
in a significant and unacceptable signal loss (see Ref. [2-2] and Section 2.9.1). Diamond was
shown to be resistant to at least 10'° pions/cm? (see Section 2.9.2). Up to 250 pm charge
collection depth has been reached [2-3] and further improvements can be expected. Therefore
diamond might become a candidate again at a later time, provided it can be mass produced at
an affordable price. However, the radiation sensitivity of the readout chips will likely be a more
limiting factor. In this case it would be necessary to find a procedure to replace the damaged
readout chips on the diamond detectors in order to really profit from the radiation hardness of
diamond. A possible solution could be to reprocess the diamond detectors and bump bond new
chips.

As outlined in the next section, silicon is a viable detector material and has been chosen as
the baseline material.

2.3.2 Performance of irradiated silicon pixel detectors
The consequences of non-ionising energy loss in silicon are well known:

— Increase of the bulk leakage current leading to increased noise and power dissipation.

Build-up of an effective p-doping, which requires ever increasing depletion voltages.

Charge trapping in the depleted region.

— After initial annealing a reverse annealing occurs where initially electrically inactive defects
become active during several months after irradiation, thereby increasing the effective
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doping still more. This effect is temperature dependent and can be controlled by keeping
the detectors at appropriate temperatures below 0 °C all the time once operation of the
LHC has started. This also helps in reducing the leakage currents.

In order to increase the useful operational lifetime of the silicon detectors, running with par-
tial depletion must be anticipated. This is more suitable for n-pixel readout, because after type
inversion the depleted region will be on the pixel side. The choice of n-pixels is also motivated
by the large Lorentz angle of 32° for electrons in the 4 T field, which leads to appreciable charge
sharing among pixels and thus improves the spatial resolution.

To obtain a detailed picture of the signal loss effects after irradiation, silicon pixel detectors
were irradiated with pions of 300 MeV /c. The pixel arrays consisted of 8 x 32 squared n-pixels
of 125 pm side length. All 256 pixels were routed to the edge of the 5 x 8 mm? test structure
and connected to readout chips. In order to sense the response of the irradiated detector at
various depths of the pixels, pions penetrating the test structure at an extremely small angle
were used (grazing angle method [2-4], see Fig. 2.6). With this method charge-trapping effects
can be separated from charge lost due to a reduced depletion depth.

Signal height before irradiation

i<~ Signal deficit due .
' « to charge trapping

This part iost after
irradiation due;to
reduced depletion
depth

Signal per Pixel

Pixel Number -

‘pixel row (n-pixels) . . . . .

depleted

undepléted

bulk: p-type after irradiation 450 MeV/c h\

Fig. 2.6: Minimum ionising pions of 450 MeV /c graze the pixel array at an angle of 8° (bottom). The
signals from the hit pixel row exhibit the response of pixels at various depths (top). Each pixel senses a
depth layer of 17.5 pum.

After a pre-irradiation measurement with grazing angle pions three pixel arrays were irra-
diated with 3, 6 and 9 x 10'* pions/cm?, respectively. During and after the irradiation, the
detectors were kept at temperatures below 3 °C. Twenty days after irradiation the measurement
was repeated. In Fig. 2.7 the depth profile of the signals obtained for various bias voltages for
one detector is compared with the pre-irradiation result. A rather sharp separation between de-
pleted and undepleted region is visible. However some charge also emerges from the undepleted
region which could be shown to be collected over longer times than charge from the depleted
region. A decreasing signal at increasing depth is seen due to charge trapping in the depleted
region, but at high bias voltage the charge trapping can be kept below the 10% level.

Figure 2.8 shows the depletion depths as a function of the bias voltage as deduced from the
profile of hit pixels. For the maximum specified fluence of 6 x 10'* pions/cm? a depletion depth
of 150 pm is obtained for —300 V.




22 2. The Pixel Detector System

45

40

35

30

signal height (arb.units)

25

20

|

-3-2-10 12 3 456 7 8 91011121314151617 18192021
pixel number

Fig. 2.7: Depth profiles of charge collected from a pixel array irradiated with 6 x 10** pions/cm?. The
dotted histogram is for the unirradiated array.

200
® = 3.6 x 18 ii'fem?
20 Days after Irradiation
=z 150 t @ = 6.1 x 18" 1i'/cm?
£
oy ® =9.0 x 18 fem?
© 100 -
o
S
°
[=%
[9]
[a] 50 |
0
0 5 10 15 20

Square Root of Bias Voltage (V. *?)

Fig. 2.8: Depletion depth vs. bias voltage. The linear behaviour with V'/? suggests a homogeneous
distribution of the radiation-induced p-doping.
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The irradiated detectors were measured again 6 and 12 months after irradiation and stor-
age at 3 °C. Figure 2.9 demonstrates beneficial annealing for the pixel array irradiated to
6 x 104 pions/cm?. The depletion depth at —300 V has increased to almost 200 pm. The
signal charge for perpendicular tracks, as obtained from a comparison with pre-irradiation data,
increased from 10 000 electrons (20 days after irradiation) to 14 000 electrons (one year after
irradiation).

The average leakage current per (125 um)? pixel was measured at a temperature of —5 °C
by integrating the preamplifier output over a fixed time and comparing the output level to that
obtained from minimum ionising pions prior to irradiation. For a fluence of 6 x 10'* pions/cm?
and —300 V bias it decreased from initially 11 nA (20 days after irradiation) to 7 nA (one year
after irradiation), in spite of the increased depletion depth. For (150 pm)? pixels the leakage
current is expected to be 44% higher.

Depletion Depth [ um] at -300 V MIP Signal [electrons] at -300 V
250 20000

200 + { 15000 + {
150 { 10000+ E

100 + + + + 5000 + + + +
0 80 160 240 320 400 0 80 160 240 320 400

days after irradiation days after irradiation

Fig. 2.9: Depletion depth and minimum ionising pion signal for perpendicular tracks for the pixel array
irradiated with 6 x 10'* pions/cm?.

In summary, a larger depletion depth than anticipated at the time of the Technical Proposal
was found at acceptable bias voltages. This has allowed the pixel size to be increased from
(125 pm)? to (150 pm)? as described in Section 2.2.2. At high bias voltages the charge trapping
in the depleted region is below the 10% level. The signal charge from minimum ionising particles
is expected to exceed 12 000 electrons during the specified lifetime of the detectors. To profit from
analog interpolation, the readout should have a hit threshold not larger than 2000-3000 electrons.
With the threshold at 5 ¢ noise, the equivalent noise charge should remain below about 400-
600 electrons. Leakage currents of up to 100 nA must be absorbed by the preamplifiers. In
order to limit the noise induced by this leakage current, the sensor temperature during running
should be below —5 °C.

2.3.3 Specification of sensors

Silicon sensors having n-pixels on an n-type substrate have been chosen. This leads to double-
sided processing, which for very thin wafers reduces the yield considerably. In the material
budget the sensor material amounts to less than 20% of a pixel layer (see Tables 2.9 and 2.10).
Hence reducing the thickness at the cost of a reduced yield is not worthwhile. The sensor
thickness will be 250 ym and wafers are thinned to this thickness before processing.

On the n-side of the wafer, the charge collecting pixels are defined by n-implants surrounded
by isolating p-stop rings. Figure 2.10 shows the detailed mask layout. The width of the n-
implants is foreseen to be 78 pm, resulting in a pixel-to-pixel gap similar to the test pixels
used in the pion irradiation study (Section 2.3.2). The n-implants are covered by a standard
metallisation, followed by a passivation layer with bump pad windows of ~ 13 ym diameter.
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In each pair of pixel columns the bump pads are shifted by 25 pm to the outside, in order to
fit the double column layout on the readout chip. This gives an alternating 100 pm/200 pm
bump pad pattern. In the other direction the bump pad windows are shifted down in order
to allow butting of the readout chips (see 2.3.4.1). Around the n-implant of each pixel, two
concentric p-stop rings are foreseen. Spacing and width of the floating rings is on the order
of 8 pm and will be subject to further optimisation. The use of two p-stop rings is a change
to the current prototype pixel structures where only one floating p-stop ring was used. With
multiple p-rings we expect a reduction of the nearest-neighbour capacitance that dominates the
total pixel capacitance. The p-stop rings both have a small opening opposite each other (see
Fig. 2.10). This creates a high-resistive surface path between neighbouring pixels of several
hundred k€ [2-5]. This resistive inter-pixel network has little effect on the fast signals, but
keeps the n-implants for those pixels, where a bump bond connection to the readout amplifier
has failed to form, at appropriate potential. With this measure we expect to solve problems of
stochastic discharges in non-connected pixels, which have been observed in the pion irradiated
prototype sensors and which are visible in the readout of neighbouring pixels.
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Fig. 2.10: Layout of 150 ym x 150 pum pixel sensor. The double p-stop rings around each n-pixel are
floating and allow a high resistive path to neighbours.

On the p-side of the wafer, a diode is implanted with appropriate metallisation, followed by
a thick passivation (several microns). Special precautions will be taken for the guard rings on
the p-side, where the whole potential drop between the bias voltage and the readout chips will
occur. This is required since the cutting edge of silicon must be at the potential of the n-side
and especially of the readout chips. Without this measure, a potential difference between sensor
edge and overlapping readout chip (typically 15-20 um above the sensor surface) could result in
discharges across the gap. The use of p-doped wafers as a starting material has been dropped
because of this problem although it would allow single-sided processing [2-6].

The need to operate the detectors at bias voltages up to 300 V influences the sensor design.
The breakdown voltage must be in excess of 500 V for detectors irradiated finally with up to
6 x 10'* hadrons/cm? in order to avoid micro-discharges. Although our 256 pixels prototype
sensors [2-7] have demonstrated safe operation at 300 V and more, even after irradiation, we
will continue our development of improving high voltage operation, especially to achieve the
best possible yield for larger sensors. A comprehensive study on guard ring structures has been
initiated [2-8] to optimise the geometry of the guard rings. Several wafers were produced with a
variety of test structures and a selection of pixel arrays with 1 to 15 guard rings. They have been
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characterised before and after irradiation with fast neutrons of a fluence up to 6 x 10'* n/cm?.
Designs with seven or more guard rings were shown to be appropriate for operating the test
structures at bias voltages of 500 V even after irradiation. The guard rings take a total of
500 pm width. This is important since the inactive sensor area should be kept at a minimum.

For the final depletion depth after several years of operation, the initial resistivity of the
starting n-material is not important, since type inversion will occur very early in the experiment.
Based on the good charge collection results from the pion irradiated prototype sensors, the use of
high resistivity n-material is foreseen. However, we will continue to follow the ongoing research
activities on radiation hardness of silicon [2-9]. The initial leakage current requirement is not a
critical item, since after a few days of LHC operation it will be dominated by the irradiation-
induced contribution. The leakage current for new devices at full bias voltage (500 V) will be
required to be less than 100 nA/cm?. The high resistive network between the pixels will allow
testing of the overall leakage current of a complete pixel module before bump bonding.

2.3.4 Layout of sensors

2.3.4.1 Barrel sensors

The active area of the full barrel sensors will be 6.450 cm (z) x 1.605 cm (r¢), that of the
half-sensors 6.450 cm (z) x 0.795 cm (rp). Full sensors will accommodate two mirrored rows of
eight readout chips each; half-sensors are covered by one row of eight chips. Each readout chip
will house 53 (r¢) x 52 (z) pixel unit cells of (150 um)? area.

Table 2.3: Number of pixels on a barrel module

Pixel size [pm)] Full module | Half-module
150 (r) x 150 (2) 41808 21306
225 (ry) x 150 (z) 804 -

150 (rp) x 300 (2) 1456 742
225 (ry) x 300 (2) 28 -

Between the chips some part of the sensor cannot be covered by active chip area. From the
edge of a pixel unit cell, located at the rim of one chip, to the edge of the neighbouring unit cell,
situated on the rim of the adjacent chip, a distance of about 300 pym must be left for the chip
borders and the gap between the chips (see Fig. 2.11). This requires pixel rows and columns
situated between chips that are larger in size than the majority of ordinary pixels. In order to
maintain a square grid of 150 ym x 150 pm on the entire sensor, two pixel rows of 225 ym height
(re) are introduced along the symmetry line between the two rows of eight chips (Fig. 2.11).
Between two neighbouring chips within a chip row two pixel columns will be twice as wide as
the ordinary pixels. Table 2.3 gives the list of pixels on a full and on a half-module.

Around the pixel array a border of 700 pm is foreseen for guard rings on the p-side. The
overall dimensions of the full barrel sensors will be 6.590 cm (z) x 1.745 cm (rp), and 6.590 cm
(z) x 0.935 cm (ryp) for a half-sensor.

2.3.4.2 The end disk sensors

The pixel detectors covering the forward region are read out by the same chip used for the
barrel. To optimise the coverage, while keeping material to a minimum, the disk geometry
requires sensors with five different sizes.

Figure 2.12 shows the layout of the sensors on the two panels that form a blade. Table 2.4
lists the outside dimensions of the five different types of sensors required and how many of each
are needed to assemble one blade. The detectors are 250 ym thick. The clearance space between
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Fig. 2.12: The dimensions of the blades and the sensor arrays.
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neighbouring chips (100 pm) and the space for guard rings (700 pm) is the same as for the barrel
detectors. The number of chips per sensors is shown in Table 2.5.

Table 2.4: Outside dimensions of sensors

Columns | Sensors/ | (ry) r
X rOws blade [cm] | [cm]
2x1 1 1.730 | 0.935
3 x 2 2 2.540 | 1.745
4 x 2 2 3.350 | 1.745
5 X 2 1 4.160 | 1.745
5x1 1 4.160 | 0.935

Table 2.5: Number and sizes of pixel cells on a blade

Pixel size [pm] Chips/sensor unit Pixels/
(Units needed for one blade) blade
2 chips | 5 chips | 6 chips | 8 chips | 10 chips
Ol o |l e | o | o
150 (r) x 150 (r¢p) 5406 13356 15808 21008 26208 118602
225 (r) x 150 (re) | - - 304 404 504 1920
150 (r) x 300 (r¢) | 106 424 416 624 832 3442
225 (1) x 300 (r) - - 8 12 16 56

Table 2.5 summarises the number of pixels of each size located on one blade (see Fig. 2.12).
An advantage of choosing sensors with segmentation along r is the ability to separately bias
sensors that have suffered different radiation doses. There is an order of magnitude difference
between the amount of radiation received by the pixels at the innermost radius as compared to
the outermost ones. Detectors at the inner radius will have a faster reduction of their depletion
depth compared to the outer sensors and consequently will have smaller signals. By biasing
sensors separately the drop in signal can be avoided by increasing the bias voltage only where
needed.

2.4 Pixel Readout Electronics

2.4.1 Overview

As outlined in Section 2.2.2 an analog readout scheme is implied by the choice of a pixel size of
150 pm x 150 pym. Analog information is extremely valuable in the off-line reconstruction, in
order to distinguish small noise pulses from real single pixel hits, or to separate low-momentum
looper hits from high-momentum tracks due to their difference in the observed dE/dz pattern.
The implementation of an analog readout scheme does not lead to a significant increase in
complexity of the readout chip.

A schematic view of the pixel readout is shown in Fig. 2.13. Each sensor pixel is connected
via a bump bond to its own readout circuit on the readout chip (Pixel Unit Cell, PUC). Two
PUC columns form a double column, which represents an independent readout unit controlled
by a circuit sitting in the column periphery (see Fig. 2.13). Local bus lines connect all PUCs of
a double column with the column periphery, one of them being the Column OR which combines
all PUCs in the double column into a global OR.

The circuit of each PUC can naturally be separated into two functional blocks. The analog
block amplifies the tiny signal charge from the sensor. If the signal is above a tunable threshold,
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Fig. 2.13: A schematic view of the pixel readout system.

the periphery is notified via the Column OR. The column periphery registers the associated
bunch-crossing number (time stamping) and sends a token signal up and down the double
column, bypassing empty pixels. In the readout block of the hit pixels the token signal initiates
the transfer of pixel address and analog signal, which are stored in a data buffer located in
the periphery, waiting for the first level trigger (1LT). The confirmed time-stamps with their
associated signals and addresses are transmitted directly from the periphery through analog
optical links to the front-end driver in the counting room, where digitization is performed.

The design of the readout electronics has been guided by a detailed simulation of the be-
haviour of the sensor and the readout chain at the expected particle rates. Typical hit rates and
pixel multiplicities, and the performance of the pixel detector as a function of the hit threshold
and the quality of the analog readout are detailed in Section 2.4.2. Section 2.4.3 describes some
selection criteria for the radiation-hard processes used for prototype chips.

Two early milestones have been set for developing the pixel readout scheme suitable for LHC.
The first concerns the analog front-end that must cope with very high bunch-crossing rates and
deal with increased radiation damage of both sensor and chip. The work on this milestone
is described in Section 2.4.4. The second milestone is the choice of the readout architecture
(Section 2.4.5). Here extensive time domain simulation studies have been performed quantifying
data losses for different column-based architecture variants (Section 2.4.5.2).

A complete precursor chip in radiation-hard technology with 22 by 30 pixels having a
stripped-down readout architecture, but incorporating many of the required functions, has been
constructed and operated. Some important building blocks for the full readout architecture have
also been designed and tested (Section 2.4.5.5).

2.4.2 Simulation of experimental conditions

In order to understand the performance and the various rates under which a pixel readout
system has to operate, a detailed simulation of the pixel detector was carried out. This Monte
Carlo simulation has been the basis for estimating data rates and readout inefficiencies of various
sensor and readout scenarios. The simulation includes not only the generation of track hits in the
sensor, but also the data flow inside the readout chip. Signal and pile-up events were generated
with PYTHIA and traced through a precise model of the pixel detector using the CMSIM
program. Low-momentum tracks (down to 40 MeV/c) were included in order to account for
all looping tracks. In the GEANT simulation all reaction mechanisms were enabled including
generation of delta rays. Detector hits were digitised to produce a list of pixel hits together
with the charge from each pixel. The procedure for generating pixel hits from GEANT tracks is
described in detail in Section 7.8. As signal events we used ¢t jets with a transverse momentum
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pr of typically 100 GeV/c. For high luminosity conditions a Poisson distributed sample of
pile-up events was also generated in the same bunch crossing. The average number of pile-up
events (minimum bias) per bunch crossing is set to 25. After a Gaussian noise contribution
of 300 electrons added to each pixel, the pixel pulse heights are digitised and stored. For hit
discrimination a pixel threshold of 4 ¢ is normally used, unless stated otherwise. In this section
more general simulation results concerning rates, multiplicities and the effects of analog readout
are presented, whereas results dealing with the specific problems of data flow, data buffering
and the overall readout architecture are treated in Section 2.4.5.2.

2.4.2.1 Expected hit rates

The average data rates for a (150 pum)? pixel size are summarised for the different barrel layers
in Table 2.6.

Table 2.6: Average data rates for the barrel

Radius [cm] 4 7 11

Luminosity [10°*] 01 | 1.0 | 1.0
Pixel hit rate [kHz] 76 | 13.0 | 6.9
Double column hit rate (2 x 53 pixels) [MHz] 0.47 | 0.77 | 0.44
Average number of hit pixels in a hit column 1.9 1.9 1.7
Readout chip hit rate (26 double columns) [MHz] | 6.5 11 7.6
Average number of hit pixels in a hit chip 3.3 3.5 2.6
Barrel module hit rate (16 chips) [MHz] 36 40 38

Average number of hit pixels in a hit module 9.3 15 8.1
Pixel occupancy [10™%] 1.9 | 33 1.7

These rates, simulated with an assumed threshold of 1000 electrons, have different contribu-
tions coming from noise tail hits, ¢£ events and minimum bias events. The average pixel hit rate
of 13 kHz at a radius of 7 cm translates into an occupancy of 0.00033 per bunch crossing. Here
noise hits and hits from ¢ events each contribute 10%, and the rest comes from minimum bias
events. There will be occupancy fluctuations due to jets. For 100 GeV b-jets the local occupancy
in a chip hit by the jet is 0.0017. This is 5 times the average occupancy. The pixel rates in the
barrel are almost constant with rapidity. The pixel rates in the end disks are lower than for the
7 cm barrel layer. Therefore most of the following simulation studies have been performed for
the 7 cm barrel layer which represents the most critical case.

The r¢ position resolution in the barrel is based on charge sharing between pixels induced
by the Lorentz effect. The ratio of pixel pitch to depletion depth is one of the parameters that
defines over how many pixels the charge is distributed. The average number of pixels per track in
the rp direction is shown in the left part of Fig. 2.14 as a function of rapidity. With a pixel size
of (150 pm)? the signal charge is distributed on average over about two pixels for the irradiated
detector with reduced depletion depth. As expected, there is no significant n dependence of the
ro charge sharing for the barrel. For the cluster size in the z-direction on the other hand (right
part of Fig. 2.14) the expected geometrical dependence is observed. This can be used to extract
information on the polar angle of the track.

A crucial parameter for the conceptual design of the readout scheme is the pixel column
data rate. By this we refer to the rate in a double column of pixels, which will be dealt with
by a single column periphery. We split this rate into a column hit rate (average rate at which a
double column gets hits) and an average number of pixels above threshold in this column (see
Table 2.6). The column hit rate is relevant for the number of time-stamp registers required in
the column periphery, while the number of hit pixels in a column affects the size of the column
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data buffer. More detailed results and their implications for the readout architecture are given
in Section 2.4.5.2.
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Fig. 2.14: Average number of pixels hit in the barrel layer at 7 cm (pixel size (150 um)?) versus rapidity
for a single 100 GeV muon track. The solid line (triangles) is for a fully depleted detector (250 pm) and
the dashed line (squares) is for a detector with partial depletion of 200 ym. The pixel threshold has been
raised by 50% from the default value to 1600 electrons. All tracks are assumed to come from the detector
centre (no primary vertex smearing).

2.4.2.2 Analog readout and threshold effects

The question of how accurately the analog pulse height needs to be read out is presented in
Fig. 2.15. The position resolution has been calculated as a function of analog pulse height
granularity (number of ADC-bits) with a detailed Monte Carlo simulation (see Section 7.8).
The results of this study indicate that a four bit digitisation of the analog signal is sufficient to
obtain most of the resolution that is possible. A moderate pulse-height accuracy of 4 bits will
certainly also be sufficient for various off-line studies of noise hits and track hit patterns used in
the track reconstruction.
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Fig. 2.15: Pixel barrel position resolution as a
function of the number of ADC bits used in the
conversion of the analog signals. The simulation
was done for (150 pm)? pixels, 250 pm thick,
in the 7 cm barrel layer. Single muon tracks of
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Fig. 2.16: The position resolution versus thresh-
old in the r¢ (circles) and z (crosses) directions
in the 7 cm barrel layer. For all data points the
amount of noise was scaled to 1/4 of the thresh-
old value. The simulation was done for 100 GeV
single muon tracks.
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The possibility of precisely setting each pixel threshold, giving uniform response, is indis-
pensable for controlling the pixel readout system. We are planning to set a threshold that is
5 o above the amplifier noise. The random count rate due to noise is a very steep function of
the discriminator threshold of each pixel. The non-uniformity and the threshold variation of the
discriminators, due to variations in the CMOS integrated circuit (especially after irradiation),
is potentially a problem. Since the number of pixels in the system is large, it would be almost
fatal if the discriminator thresholds would be below 4 times the r.m.s. noise. In this case the
readout system would be flooded with a high rate of noise pulses and as a consequence would
cause significant dead time and data losses. With this consideration in mind one would like to
keep the pixel threshold as high as possible. However, this would counteract a precise position
interpolation by charge sharing since it will suppress pixels with low pulse height. We have stud-
ied the degradation of the position resolution in the barrel for different pixel thresholds. The
results have been obtained from a detailed Monte Carlo simulation where the energy deposition
in the silicon detector is calculated every 10 um along the ionising particle track (see Section 7.8
and Ref. [2-10]). As can be seen in Fig. 2.16, there is a rather weak dependence of the position
resolution with increasing pixel threshold. A pixel threshold of 2500 electrons would still allow
an overall tracking precision of 15 pm in the ¢ direction if an overall alignment error of 10 ym
is assumed. After several years of operation the detector signal charge will degrade but the pixel
thresholds must stay or will even have to be raised due to increasing noise. For the position
resolution this acts like an effective threshold increase, but with a rather gentle slope.

Although precision measurements from the pixel detector are crucial for good impact pa-
rameter resolution, the most basic task of the Tracker is to find all the hits in each layer and
correctly reconstruct the tracks. The cluster identification must stay intact even under severe
threshold changes. Figure 2.17 shows the efficiency to find a cluster per track as a function of
the threshold. It can be seen that for thresholds above 9000 electrons the detector becomes
inefficient. The curve (diamonds) is calculated for a fully depleted 250 pm thick silicon sensor.
As the depleted zone is expected to degrade to 200 pm after several years of running we expect
that the maximal threshold for full efficiency is scaled proportional to the reduction of the sig-
nal charge. We estimate according to our present knowledge on sensor degradation a maximum
threshold of about 7000 electrons.

In summary we can expect a rather robust readout scheme with slowly degrading performance
that can be tolerated. The basic functionality of providing unambiguous 3-D hits for track
reconstruction will remain intact even after several years of running.
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Fig. 2.17: Fraction of found tracks as a function of pixel threshold for the barrel layer at 7 cm. The
pixels are of size (150 pum)? and 250 pm thick. The solid line (diamonds) is for a fully depleted detector
(250 pum) and the triangles are for a detector with partial depletion of 200 pm.
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2.4.3 Radiation-hard processes

Most of our prototype chips are designed in radiation-hard CMOS processes. This ensures that
the development of the final readout chip uses realistic assumptions on the design area and
the performance before, as well as after, irradiation. So far the DMILL (Temic) process was
used exclusively. However, recently we have also translated some designs into the RICMOS TV
(Honeywell) process. Both processes are based on SOI technology (Silicon On Insulator) which
is known to have good crosstalk properties. This is crucial for our mixed digital/analog readout
chip. The SOI processes have an intrinsic device isolation and are immune to charge collection
on high impedance nodes through carrier diffusion in the CMOS bulk substrate. This is not
only of concern for charge injected into the substrate by nearby active digital nodes but also
for charge carriers generated in the substrate by ionising energy depositions from particle tracks
(e.g. stopping or shallow tracks).

The SOI processes tend to have an excessive noise performance compared to bulk CMOS
technologies. Although the transistor noise requirement for a pixel readout chip is not so severe
as for a microstrip detector readout, we demand from the process that the observed excess noise
factors be not too large. Another rather important issue for a pixel chip, however, is the question
of transistor matching after irradiation, since it is a crucial factor for reliable and uniform hit
discrimination.

At the innermost part of the tracking system of CMS the pixel detector is exposed to the
highest particle rates. The question of certified radiation hardness of a specific CMOS process is
therefore of high importance to our application. The DMILL process is certified to 100 kGy and
the RICMOS 1V to 10 kGy. However, chips from both processes have been successfully tested
to much higher radiation levels. More details about other specific properties of these CMOS
processes are given elsewhere [2-11].

2.4.4 Analog front-end
2.4.4.1 Design considerations

The design of the analog front-end block depends very much on the choice of the sensor material
as the signal charge generated by the sensor is one of the most important parameters. After
several years of running under LHC conditions the low noise performance of the front-end will
be degraded, as well as the signal charge from the sensor. With our choice of silicon as a detector
material we base our design on an initial signal charge of 3 fC for an undamaged detector reduced
to about 2.3 fC after the equivalent of four years of full luminosity LHC running at 7 cm radius.
The choice of silicon implies typical leakage currents of 10 nA per pixel. For the analog design
this has two consequences: It leads to additional noise contributions that increase with shaping
time, and the sensor leakage current must be absorbed by the preamplifier circuit, since we use a
DC connected readout scheme. For 10 nA leakage current and shaping times comparable to the
LHC bunch crossing time, only a small noise contribution is expected (<50 e). However, after
irradiation the distribution of pixel leakage currents may have tails extending to much higher
values [2-1]. We therefore require that leakage currents of up to 100 nA can be absorbed.

A low noise performance is extremely important since the signal-to-noise ratio is the basis
for a robust hit discrimination. Since the pixel capacitance can be kept small and the equivalent
noise charge (ENC) is directly proportional to this capacitance connected to the input node, a
good low noise performance can be expected. Given the pixel area, one expects the capacitance
to be minimal for square pixels, estimated in the range of 80 fF [2-12]. The equivalent noise
charge of the analog front-end block with all capacitances included (pixel sensor, bump pad etc.)
should not exceed 500 electrons, even after several years of LHC running.
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As the rate of noise hits is a very steep function of the pixel threshold, it is vital to have
a precise control of the applied thresholds. Pixel-to-pixel variations are expected that could
become even more severe with increasing irradiation levels. Therefore, in addition to a common
pixel threshold for each chip a trim mechanism for individual pixels should be implemented.
An individual trim mechanism can be used to set an infinite threshold for noisy pixels, which
effectively will blank them out if needed.

Pixel hits must be correctly associated to the LHC bunch crossing. However, precise deter-
mination of the hit time is often limited by pulse-height-dependent delay effects (time-walk).
One strategy to minimise the time-walk is to keep the peaking time of the amplifier smaller than
the LHC bunch crossing time of 25 nsec. This implies a high bandwidth circuit at the limits of
CMOS technology and therefore becomes excessively power consuming, with an impact on the
material budget from enlarged cooling and power lines. We intend to keep the total dissipated
power for the analog block below 40 W per pixel. An alternative strategy, which we shall rely
on, is the use of a pulse-height-independent timing circuit based on a ‘zero’-level threshold for
timing, which is activated when a hit discrimination threshold is crossed. Since we have adopted
analog readout we have an additional possibility to perform a pulse-height-dependent time-walk
correction at the VME level or even offline. However, this requires also the readout of the bunch
crossing following the one which generated the level-1 trigger and therefore doubles the data
flow for the optical links. Since the CMS data acquisition system will not generate a first-level
trigger at subsequent bunch crossings this would not result in additional data losses. Although
we are not relying on this scheme, it could serve as a fall-back solution if the robustness of the
time-walk performance is degraded due to severe irradiation.

The pixel readout system must have simultaneous readout and data taking capability that
is almost dead-time-free (below the 1% level). The potential interference of digital readout
circuits with the sensitive analog block is the main worry. Unlike in a strip detector readout
chip where a geographical separation of analog inputs to digital control and readout circuits
can be achieved, the pixel readout chip is much more congested favouring a CMOS process that
provides maximal device isolation properties like the Silicon On Insulator (SOTI) technology. The
most sensitive node of the analog block is the preamplifier input with the bump-pad attached.
The bump-pad has a rather big parasitic capacitance and is therefore vulnerable to pick-up
from the nearby digital readout block. We try to minimise the bump-pad capacitance in order
to reduce any undesired pick-up, which improves the equivalent noise charge performance of the
analog block since it represents a significant part (= 15 fF) of the total input node capacitance
(= 100 fF). Compared to this, the estimated capacitance (= 3-4 fF) of the bump itself appears
to be negligible.

The power distribution within the chip, especially along a double column, requires special
attention. A voltage surge on the analog power rail can inject a fake signal charge that is
proportional to the input node capacitance. We have considered amplifier concepts that suppress
such power/ground surges. For different functional blocks (analog, digital etc.) in the pixel unit
cell separate power rails are used.

The analog block of the pixel unit cell has to provide a signal tap that allows analog pulse
information to be extracted and stored, e.g. by a switched capacitor, together with the necessary
circuitry for readout to the column periphery.

2.4.4.2 Conceptual design of the pixel analog block

Figure 2.18 shows a pixel unit cell (PUC) with separate analog block and digital readout block.
As a general strategy we try to keep the number of transistors in the PUC as small as possible.
This can be achieved in transferring many tasks of the readout to the column periphery.
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Fig. 2.18: Schematic block diagram of the pixel unit cell on the readout chip.

For signal amplification we use a charge sensitive preamplifier and shaper configuration.
The feedback capacitor of the preamplifier stage has a value of about 30 fF. The leakage current
from the DC coupled silicon pixel is automatically absorbed through an additional resistor in the
feedback path of the preamplifier. Results on the current sink capability in a DMILL prototype
chip are shown in Section 2.4.4.3.

Since the shaper is capacitively coupled to the preamplifier its working point will not be
affected by slow leakage current variations. This coupling capacitance also defines the gain of
the shaper by the ratio to the shaper feedback capacitance. At the shaper output we have a total
gain of about 20-30 e/mV. If this gain would have to be obtained in a single stage, a very small
feedback capacitance of 3-5 fF would be required. Although such an approach is not excluded,
such tiny feedback capacitances present a set of problems (leakage current compensation, cross-
coupling to neighbours, stability under irradiation etc.) which would have to be solved with
additional transistor circuits.

The shaper output signal is brought to the hit discriminating comparator. A common thresh-
old for all pixels can be set for each chip. For pixel-to-pixel variations a threshold trim mechanism
is foreseen using a static memory cell (SRAM) on each pixel for storing the trim data. This has
the advantage that, once a trim pattern has been programmed and down-loaded into the pixels,
it remains stable as long as power stays on the chips. This keeps the system aspects during
data taking rather simple. A trim system based on dynamic memory cells (capacitors) was also
considered. This would need less transistors, but would cause considerable system complications
due to the required refresh mechanism and radiation-dependent droop rates. We foresee a 3-bit
trim circuit which allows to set eight trim states. In order to allow pixel masking, one of the
eight trim states is reserved to set an infinite threshold. In Fig. 2.18 this is indicated as binary
111 and effectively kills a pixel. The need for such a pixel masking capability already requires
a 1-bit memory cell per pixel with the corresponding programming mechanism.
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The basic principle of the programming and calibration mechanism is also shown in Fig. 2.18.
In order to keep the transistor count per pixel to a minimum a column and row addressing scheme
is used. Only complete rows can be programmed at a time. When changing the settings of an
individual pixel the memories in all the other pixels in the same row are simply overwritten
with their previous settings. This system keeps the pixel circuits very simple, but requires a
row selection circuitry which is placed on one side of the chip. Although this takes about 40 pm
of space, it does not have significant impact on the butting capability of the chips in a module
assembly. Reading back the written trim data for verification will be possible without any
additional transistors in the PUC.

In data taking mode the same column-row addressing mechanism can be used to inject a
calibration test charge into selected pixels. This scheme allows to choose any pixel pattern that
can be addressed by a projective column-row selection (single pixels, fraction of rows or columns,
multiple column—row areas of any size).

The output signal of the comparator sets a hit flip-flop, which in Fig. 2.18 is drawn as part
of the digital readout block. The output node (@) of the flip-flop acts on the comparator and
disables any further operations. Through this digital hysteresis mechanism we ensure that a
pixel stays quiet after having been hit.

The hit flip-flop also activates the sample command to store the analog pulse height on a
switched capacitor. Based on the sampled voltage a current is then modulated onto the analog
readout bus upon a token signal from the digital readout block. Figure 2.18 shows the analog
readout bus only in schematic form; the circuit is not very complicated and requires only one
transistor to perform the current modulation.

2.4.4.3 Radiation-hard prototype analog chips

We have designed a number of prototype chips that explore the performance limits and design
constraints for realistic pixel layouts. The results from these chips have been crucial for the con-
cept of the readout system. In an early phase (1994) of the project several prototype pixel chips
were designed in a non-radhard CMOS process (SACMOS 1.2 pm). The first chip (SAC1_PSI24)
contained a 3 by 3 pixel matrix exploring many of the functions described in the previous section.
Further chips followed for column periphery circuits like content addressable memory cells and
complete time-stamp circuits. However, we soon realized that the translation of a pixel unit cell
into a radiation-hard technology (DMILL 0.8 pm) was not guaranteed. Comparative layouts
showed that specific features of a radiation-hard process like DMILL allow certain tasks to be
realised efficiently whereas one-to-one layout translations from the SACMOS process sometimes
required up to 60% more area.

In order to ensure that the radiation-hard readout chip would maintain a realistic integration
density and have sufficient performance even after irradiation, prototype work was continued
using a radiation-hard technology. Most designs were done in the DMILL process but some
designs were also translated into the RICMOS IV process. More details about the two processes
are given in Section 2.4.3. In the following subsections some of our analog block developments
and results are described.

DM _PSI26 (DMILL) This early prototype chip in DMILL contains a mini column of nine
pixels and has been used to study the performance of a preamplifier /shaper system as described
in Section 2.4.4.2.

The analog block included a comparator circuit for hit discrimination but no pixel trim
mechanism. The minimal readout block consisted of a simple shiftregister for multiplexed read-
out of the analog pulse height and the comparator status. The chips were irradiated with pion
fluences of 1,3,6,9 x 10'* pions/cm?. Although the circuits seemed to stay operational even up
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to the highest fluences we concluded that our final readout chip should be designed to withstand
a maximal integrated fluence of 6 x 10'* pions/cm?. For the barrel layer at 7 cm this fluence is
expected after the first six years of LHC operation. At this level the leakage currents of silicon
pixel sensors will have increased by several orders of magnitude. The current sink capability of
the analog block was therefore tested by bleeding a well-defined DC current onto the bump-pad
and at the same time injecting a signal test charge into the amplifier input. Figure 2.19 shows
the signal pulse height at the shaper output as a function of the imposed leakage current. The
curve shows that the analog block can absorb at least 10 times the expected pixel leakage current
of 10 nA. The injection of the test signal charge is done through the tiny (1-2 fF) calibration
capacitor at the amplifier input (see Fig. 2.18).
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Fig. 2.19: Pulse-height variation with absorbed leakage current.

In order to calibrate this capacitor the pulse-height spectrum from an americium source has
been used. The capacitance of the pixel sensor that was attached for these measurements was
about 400 fF.

We have also measured [2-13] the input referred noise spectrum of the complete preamplifier
before and after irradiation with 6 x 104 pions /ecm?. The increase in the noise spectrum can be
seen as a function of the frequency in Fig. 2.20. The spectrum has a strong 1/f component and
in the relevant frequency region of 6-10 MHz a noise increase by a factor of 3 is observed. With
the total input node capacitance amounting to 160 fF (without input FET gate capacitance),
this results in an equivalent noise charge of 650 electrons after irradiation. At present there
is unfortunately no measurement of the pixel capacitance for 150 pm x 150 pm pixels after
irradiation. We estimate the total pixel capacitance (including bump-pad) to be of order of
100 fF which would result in about 400 electrons of noise after irradiation. Further studies of new
preamplifier designs, which are expected to show improved noise performance after irradiation,
were implemented in a new prototype chip DM_PSI32 and first results are shown below.

DM_PSI30 (DMILL) Figure 2.21 shows a SEM-picture of pixel unit cells from a 22 by
30 pixel chip (DM_PSI30) that was realised in the DMILL technology. A more detailed de-
scription of the readout architecture of this chip is given below in Section 2.4.5.5. Here we
concentrate on the pixel unit cell and the analog block. The main purpose of this chip is to
implement and test a complete analog block with all the realistic complications of a system like
power surges, crosstalk and device variations in a larger pixel array. The analog block has all
functions implemented that are shown in Fig. 2.18. It uses 47 transistors out of a total of 75 in
the complete pixel cell (125 pm x 125 pm). The remaining 28 are used for the readout block,
including the hit flip-flop and the analog pulse-height readout. This readout block has a reduced
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circuit architecture and needs to be changed for full luminosity operation at the LHC. For this
purpose an empty region of about 15% of the pixel area has been kept open in our design. More
details about the realisation and first results from pixels with a full luminosity readout block
are given in Section 2.4.5.5.
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Fig. 2.20: Input referred noise spectrum of DMILL pixel amplifier before and after irradiation with
6 x 10" pions/cm?.

Fig. 2.21: SEM scan of pixel unit cells on the DM_PSI30 chip (DMILL).

Compared to the simplified schematics in Fig. 2.18 a few points have to be added. For the
threshold trim mechanism a range has to be specified over which the three trim bits can be
used for adjustment. This trim range can be set by a voltage which at the moment is adjusted
externally. In the final pixel chip this will be done by an on-chip DAC and a control register
that is programmed through the slow control bus (I?C). The complete trim and mask circuit
uses 28 transistors out of the 47 in the analog block. The programming mechanism for the
pixel trims allows complete rows to be programmed at a time and works exactly as described in
Section 2.4.4.2. The down-load into the chip is done through the transfer of a 104 bit long serial
bit-stream. To completely program the whole 22 by 30 pixel matrix a series of 60 transfers is
needed.
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We have measured the variations of the pixel threshold before and after trimming. The dis-
tribution of the untrimmed pixel thresholds in a complete double column is shown in Fig. 2.22(a)
while the same distribution after a trimming procedure is shown in Fig. 2.22(b). For this mea-
surement the chip was running in its regular mode, using the time-stamp mechanism. The
threshold distribution was obtained by measuring the minimal calibration test pulse that is
required to trigger a pixel. Figure 2.22 shows that after individual pixel trimming the width
of the threshold distribution has significantly decreased. The global pixel threshold was set
to 1900 electrons. This measurement was done on a non-irradiated readout chip where the
distribution even before trimming was quite good, but it should be kept in mind that after irra-
diation the pixel variations could become considerably worse and a trimming capability becomes
indispensable.

a) Pixel column before trimming b) Pixel column after trimming
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Fig. 2.22: Pixel threshold distributions before and after trimming.

Our present experience indicates that a certain trim pattern is rather stable in time, unless
the transistor parameters are changed due to irradiation. During LHC operation we are planning
to use a simple feedback algorithm in order to control the trimming of the 4 x 107 pixels in the
complete system. The procedure is based on a pixel hit map (e.g. at the VME-level) that allows
of identification of single high rate or low rate pixels. For these pixels the trim levels are then
increased or decreased respectively by one step at a time and, after a new pixel hit map has
been accumulated, the procedure is iterated. This leads to uniform pixel rates within a chip.
The average chip rates can be adjusted by setting the overall chip thresholds.

The pulse-height sampling and analog readout mechanism uses five transistors and one small
capacitor and thus represents only a small fraction of the overall pixel circuit.

The layout of the pixel unit cell is done by placing two pixels back to back with a common
signal bus in the middle (see Fig. 2.21). The clocking bus lines are placed in metal 1 and occupy
about 8.3% of the total pixel area. They are screened from the very sensitive pixel electrodes
of the bump-bonded silicon detector by the metal 2 lines which are used for ground and power.
We have studied internal crosstalk from the bus lines to the amplifier input. A surprisingly
small effect was found which is attributed to the excellent properties of the SOI chip technology
and to precautions taken in the layout. Crosstalk problems due to voltage surges on the supply
rails (power/ground) have to be considered by using tolerant circuit concepts (e.g. symmetric
amplifier design) and by having strictly separated supplies for different functional blocks.
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The signal pulse at the shaper output is shown in Fig. 2.23. The peaking time is about 32 ns
for a power dissipation of 35 yW. The picture is taken with a picoprobe attached to the shaper
output which represents an additional capacitive load of ~ 100 fF.

The noise of the bare chip has been measured to be 130 electrons before irradiation, again
calibrated with an ?*! Am spectrum. More details are given in Section 2.4.5.5 where the overall
architecture of this chip is described.
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Fig. 2.23: Signal pulse at shaper output of Fig. 2.24: Bipolar shaped amplifier pulses for

DM_PSI30 (DMILL). The horizontal scale is in different injected pixel signal charges in the

units of 50 ns. DMILL chip (DM_PSI26) after being irradiated
with 10** pions/cm?2. The horizontal scale is in
units of 25 ns.

DM _PSI31 (DMILL) The problem of the pulse-height-dependent time-walk of the compara-
tor hit signal has already been explained in Section 2.4.4.1. For small pulses the main problem
is that small amplifier signals reach the comparator threshold later and thus may fall into the
next bunch crossing. With the prototype chip DM_PSI31 we extract a pulse-height-independent
timing signal, allowing amplifier rise times slower than the bunch crossing time.

The basic idea can be seen in Fig. 2.24, which was measured with pixels from the chip
DM_PSI26 after irradiation with 104 pions/cm?. The picture shows superimposed amplifier
pulses at the level of the comparator input for different injected signal charges (1200, 2400,
4800, 9600 and 30 000 electrons). The bipolar pulse shape exhibits a common ‘zero-crossing’
point that is remarkably stable in time. This can be exploited for a pulse-height-independent
timing signal, as is shown in Fig. 2.25. After the normal hit comparator has triggered, a second
‘zero-crossing’ comparator is activated, giving the required timing information. The schematic
diagram of the analog block with ‘zero-crossing’ circuit is shown in Fig. 2.26. Compared to the
standard analog block it requires a second comparator with a disable/enable function. We have
tested pixels equipped with this additional circuit block.

The time-walk behaviour of the normal hit discriminator and the ‘zero-crossing’ discrimina-
tor is shown in Fig. 2.27 for different injected signal charges. Although the results look rather
promising, there could be pixel to pixel variations (threshold variations of ‘zero-crossing’ dis-
criminator, ‘zero-crossing’ spread of bipolar pulse), that, especially after irradiation, need to be
studied further before final conclusions can be drawn.
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DM _PSI32 (DMILL) The most recent DMILL prototype chip (received Dec. 1997) explores
a number of functional blocks that are crucial for the final pixel readout chip. The DM_PSI32
chip contains unit cells with the complete readout blocks for high-luminosity LHC operation as
well as a number of new circuits (preamplifiers, comparators) that are especially designed for
robustness and better performance after irradiation. Figure 2.28 shows the layout of a double
pixel cell with the complete readout block for high-luminosity operation. The analog block is
basically the same as in the 22 x 30 pixel chip described before but the readout block contains
the fast skipping mechanism that is the basis of the column drain architecture described in
Section 2.4.5.1. The double pixel in Fig. 2.28 is still based on the old pixel size of (125 pum)?.
For the new pixel size of (150 zm)? an additional 44% area allows us to relax the layout density
which could result in considerable yield benefits. This area could, however, also be invested
into additional transistors for circuits like the zero-crossing comparator or more complicated
amplifier designs.
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Fig. 2.27: Measured time-walk behaviour of hit comparator (dots) and zero-crossing comparator (dia-
monds).

A number of different preamplifier circuits have been implemented in order to study their
speed and noise performance before and after irradiation. The designs explore a variety of circuit
options, including the bipolar transistor capability of DMILL or different low capacitance layouts
in order to reduce amplifier peaking times. Figure 2.29 shows the pulse shape at the comparator
input with a cascode circuit used for the preamplifier. A systematic evaluation of the different
circuits is under way.
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Fig. 2.28: Double pixel unit cell implemented in the prototype chip DM_PSI32. Back-to-back layout of
two pixels (125 pym x 125 pm) with common signal bus in middle.

T AREY
o M. &its
- 3dnuy

WM R S SEAmU

Fig. 2.29: Pulse shape of pixel analog block with cascode preamplifier in DMILL technology (DM_PSI32).
The horizontal scale is in units of 20 ns. The peaking time is 25 ns.

One of the most critical elements in the pixel analog block is the comparator stage which must
be as robust as possible against irradiation effects. Figure 2.30 shows the simplified schematics
of such a comparator stage. The basic idea is to stabilise its working point through a forward
diode characteristics expected to be rather invariant under irradiation. Since the comparator
is AC-coupled a constant output offset is fixed by the forward voltage drop of the diode used
as a feedback element. This voltage drop is generated by bleeding a small bias current into
the input node. On account of the very steep diode characteristics, one expects only small
changes in the comparator output offset even for rather large irradiation induced variations of
the bias current. A small set of nine diode stabilised comparators has been implemented in the
DM _PSI32 chip and irradiated to 100 kGy. Operating at a threshold of = 1950 electrons we
observed a r.m.s. spread of about 200 electrons after irradiation. Further studies with a larger
number of irradiated chips will be done soon. A time-walk curve of this comparator with the
preamplifier and shaper chain explained above is shown in Fig. 2.31.

Honeywell (RICMOS IV) The suitability of the Honeywell SOI CMOS technology for
front-end electronics in LHC experiments is under investigation. The process has an 0.8 pym
minimal feature size, offers a third metal layer and is certified for a maximal dose of 10 kGy. In
order to explore its potential for the analog block at anticipated irradiation levels a number of
measurements of the DC, AC and noise parameters of different transistors before and after 5°Co
irradiation have been carried out [2-14]. All devices remained fully functional after irradiation,
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Fig. 2.30: Basic schematics of a diode stabilised Fig. 2.31: Time-walk curve of the complete ana-
comparator circuit. log block with diode.

with no anomalous behaviour. Recent process developments have led to improved stability of
the analog transistor parameters even well beyond the certified irradiation levels. For a new
submission (Jan. 1998) a number of prototype pixel circuits [2-15] have been designed. The test
chip contains the central analog and digital functional blocks of the pixel readout architecture. In
addition, several devices were included to evaluate precisely the noise behaviour of the improved
process technology. The submission also contains a translation of the 22 x 30 pixel chip. A
number of pixel unit cells with the zero-crossing mechanism have been implemented as well.

For the 40 MHz analog data transmission of the chip output signals through Kapton cables
to the optical transmitters, a transmission line driver circuit has been developed and included.
First result are expected in mid 1998.

2.4.4.4 Conclusions

The results obtained from the radiation-hard prototype chips indicate that we are well within
reach of the performance required at the LHC. In particular the studies of crosstalk from the
digital block to the analog block show that this problem is less severe than previously feared.
This is attributed to the excellent properties of the SOI CMOS process and to special precautions
taken in the layout and circuit concept.

A pixel threshold of 2500 electrons will be used which is far above the crosstalk level. With
a minimal 5 ¢ requirement this implies a maximal allowed noise level of 500 electrons after
irradiation. Although a considerable increase of the noise level is observed after irradiation
(= 200 kGy of hadronic particles) it is possible to stay within the required limits unless there
are unexpected high pixel capacitances way beyond 100 fF.

The time-walk should stay below 25 ns for the same pixel threshold in order to have a correct
bunch-crossing identification. At this time the question of whether a zero crossing scheme in the
comparator stage will be appropriate is not settled. In any case the analog pixel readout offers
a backup solution in case an unexpected system degradation (e.g. by heavy irradiation) would
shift the small pixel hits into the next bunch crossing. They could be recovered by an offline
time-walk correction, provided the next bunch crossing is read out as well. With the foreseen
number of fibre links this extra data transfer rate could be handled.
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The adjustment of the pixel thresholds or the masking of very noisy pixels is indispensable
for a large pixel system. If the variation after irradiation of the analog block can be kept small
(e.g. by the diode stabilised comparator) a reduction from 3 trim-bits to 2 bits (3 trim steps and
pixel mask) could be envisaged.

All prototype results shown in the previous section have been obtained with a power dissi-
pation that is within the analog power budget of 40 yW per pixel.

2.4.5 Readout architecture
2.4.5.1 Column drain architecture

The level-1 trigger latency time in CMS will be 3.2 us (128 bunch crossings). When discussing
different readout schemes, a key question is whether the information of a hit pixel, including the
associated bunch crossing number information and the analog pixel signal, should be kept on the
pixel itself during this time. With the hit frequencies summarised in Table 2.6 the probability
of a pixel being hit again at another bunch crossing within 3.2 us will be 2-4%. This is not
readily acceptable and therefore an additional data buffer would be desirable on each pixel. The
association of a hit stored in the pixel with the bunch-crossing information located in the column
periphery would be quite complicated. Although this architecture variant has been dropped it
is still mentioned in the next section for comparison.

In the architecture chosen for the CMS pixel readout, the basic idea is to copy all pixel hits
occuring in a pixel double column into the column periphery as soon and as fast as possible in
order to free the pixels for the next hit (Column Drain Architecture). If this can be accomplished
within typically 7-8 bunch crossings following the hit, then the probability of having a second
hit in the pixel reduces to 0.14% (see the simulation results in Section 2.4.5.2). The bunch-
crossing number association to the pixel hits (time-stamping) can be done much more simply in
the column periphery through a hard-wired link.

Each double column is equiped with a Column OR which informs the column periphery
immediately of any hits that occur in the double column. This OR must be fast enough to
associate the hits uniquely to the correct bunch-crossing. The column periphery hosts a circular
buffer for time-stamping the hits with an 8-bit bunch-crossing number from a local bunch-
crossing counter running at 40 MHz (Write Counter). Monte Carlo simulations show that a
buffer depth of 8 is sufficient for storing most events from a double column occuring during the
first-level trigger latency.

Upon a hit registered by the Column OR, a token-bit runs up and down the double column
and initiates the transfer of the hit information from the hit pixels to the periphery. The hit
pixels route the token-bit such that it stops and initiates the readout, while empty pixels are
bypassed. The hit information is stored in the column periphery until the trigger decision time
has passed.

Without any extra measures the double column will suffer a dead time of about 10% during
the draining of the hits down to the periphery. With relatively little increase in complexity the
column drain mechanism can be made doubly buffered, i.e. during a token-bit scan, which on
average will take several bunch-crossing cycles, an additional time-stamp can be recorded. Its
associated pixel hits are read out immediately after the readout of the previous hit is finished.
This reduces the dead time to the 0.5% level (for details see Section 2.4.5.2).

The pixel drain concept is economical in pixel area; however, the required column periphery
area is enlarged by the data buffer necessary to store all information of hit pixels (address and
analog signal) for 3.2 us. For each double column a common set of data buffer cells is planned.
More details about the time-stamp and data buffer management are given in the section on
the column periphery design (see Section 2.4.5.4). Pixel hits belonging to different time-stamps
share this common data buffer with the use of pointers. Monte Carlo calculations suggest that
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the data buffer in the double column must be able to accept 24 pixel hits in order to limit the
data loss to an acceptable minimum (jets in particular can lead to large hit multiplicities in a
double column).

The verification of all active time-stamps in each column is based on a second bunch-crossing
counter (Search Counter) at the chip periphery. This counter is running concurrently with the
actual time-stamp counter (Write Counter) but delayed by the trigger latency time of 128 bunch
crossings (3.2 us). For each bunch crossing the search counter value is compared with the stored
time-stamps in each column. If a coincidence is detected, this time-stamp is eliminated from the
list. However, if in addition a first-level trigger is present for this bunch crossing this time-stamp
and the corresponding data buffer content is transferred to the CMS data acquisition system.
Any trigger latency time can be adopted by the programmable delay between Write Counter
and Search Counter.

2.4.5.2 Simulations of architecture performance

Introduction The simulations concerning average data rates in the barrel was described in
Section 2.4.2. For each simulated event the information of the hit pixels was stored in a file.
These files were used as input to a stand-alone program which performed the readout simulations.
Results of such simulations depend on the average data rates but are also influenced by the data
size fluctuations (e.g. local track density) and the fluctuations in the trigger rate.

In the readout simulation for each clock pulse (at 40 MHz) a number of operations are
done autonomously in each double column (all double columns within a detector module are
considered):

— new pixels are populated from the input file,

— the time-stamping mechanism is initiated, the time-stamp is stored in the column buffer,

— the pixel readout is started if the readout mechanism is not busy,

— the readout of the previous events, if any, is continued,

— the read out pixel information is stored in the column data buffer,

— the data buffer and the time-stamp buffer is monitored, overflows are flagged,

— time-stamps and pixels corresponding to bunch crossings older than the trigger delay,
which were not confirmed by the first level trigger, are erased,

— time-stamps and pixels confirmed by the trigger are not allowed to be overwritten until
they are read out by the data link.

As a result of this simulation various classes of data losses can be identified. All results presented
here are for the barrel layer at 7 cm which, at high luminosity, will have the largest occupancies
in the pixel system.

Required buffer sizes Each double column periphery has two buffers. One is used for storing
the time-stamps associated with the bunch crossing which produced hits in the column. The
second stores amplitudes and coordinates of the hit pixels. Because of the small area available
on the readout chip these two buffers cannot be very large, but should prevent significant data
losses.

Figure 2.32 shows the distribution of the number of time-stamps stored in the column buffer
for a few event types. A buffer size of about 4 is required when storing noise events only. For
pure tt events the required buffer size is about the same. Full luminosity events need a buffer
of size 8. It does not seem to matter whether the event includes the ¢t tracks or contains only
the minimum-bias pile-up. There is almost no difference between the required buffer size for
(125 pm)? and (150 pm)? pixels. The distributions are normalised to one event; therefore the
integral under each distribution is equal to the number of double-columns in the barrel layer at
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7 cm (99 840). In this way the average number of columns (vertical axis) having a given number
of time-stamps (horizontal axes) can be extracted.

If, at any given time, the time-stamp buffer happens to be full, the next time-stamp will be
lost, resulting in the loss of all data in the column for this particular bunch crossing. This is
shown in the right part of Fig. 2.32 as a function of the time-stamp buffer size. The size of the
time-stamp buffer needs to be at least 8 in order to avoid losses greater than 10~3. This result
does not depend on the readout architecture and is valid for any column-oriented readout which
uses the time-stamp method.
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Fig. 2.32: a) Distribution of the number of time-stamps stored in the column buffer. Several types of
events are plotted: full luminosity ¢ event with (150 pum)? pixels (stars), same with (125 pm)? pixels
(crosses), and without the ¢ event (triangles), pure tf events (circles), noise at 4 o (squares). b) Data
loss by time-stamp buffer overflow as a function of the buffer size for two different pixel sizes.

Figure 2.33 shows the distribution of the number of pixel hits stored in the column data
buffer. The same classes of events as in Fig. 2.32 are shown, using the same normalisation.
With the buffer set to 24 locations one covers most data. Whenever the data buffer is full, the
next pixel will be lost. The data loss is shown in Fig. 2.33. Any buffer size equal or larger than
24 gives data losses below 1073. This is independent of the readout architecture and almost
independent of the pixel size.

Evaluation of readout architectures The main difference between the readout architec-
tures considered is the amount of time the pixel information stays on the pixel before it is read
out. The longer this time, the higher is the chance that the next hit on the same pixel will
be lost. Another source of loss is related to the column readout busy time. During the time
a set of hit pixels in a column is being read out, more hits will occur in the same column. In
our readout scheme using the Column Drain Architecture one subsequent time-stamp can be
stored and associated hits will not be lost; however, a second time-stamp occurring during the
column readout busy time cannot be handled and will be lost. To minimise the probability that
the same column will be hit more than once within a column readout time, the column readout
speed should be maximised.
We have considered various column readout configurations:

— 1LT-8TS. Time-stamps are stored in a column buffer 8 deep, but the pixel information
stays on the pixel until the first level trigger (1LT) arrives. With the trigger delay of 3.2 us
and the expected hit rate the loss amounts to 2-4%.

— 110. Time-stamp is stored and pixel readout is started immediately without waiting for
a 1LT signal. One clock pulse (at 40 MHz) is used to set up the readout, one clock pulse
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Fig. 2.33: a) Distribution of the number of pixel hits stored in the data buffer. The same labels as in
Fig. 2.32 are used. b) Data loss caused by the column data buffer overflows as a function of the buffer
size for two different pixel sizes.

is needed per hit pixel and no time is needed for skipping empty pixels. This gives the
highest possible readout speed using a column drain architecture.

— 211-32. As 110, but with two clock pulses for readout setup, one clock pulse for each hit
pixel and one clock pulse for each group of 32 empty pixels.

— 211-16. As previous, but one clock pulse is used for skipping a group of 16 empty pixels.

— 211-16W. As previous, but if the column is hit while the previous hits have not yet been
drained out, the data of the second time-stamp are lost.

Except for the first configuration 1LT-8TS all readout methods considered here are variations
of the Column Drain Architecture with different drain speed assumptions.

The loss of columns due to the readout being busy is shown in Fig. 2.34A. It shows that a
readout scheme where a column cannot accept a second hit, while it is busy reading an earlier
hit (211-16W), is unacceptable. The best result is given by the fastest readout (110). In general,
this ‘dead-time’ related data loss is very sensitive to the column readout speed. The 1LT-8TS
produces no loss of this kind since pixels are read only after 1LT confirmation, which results in
a much lower data traffic and therefore negligible dead time.

Figure 2.34B shows the data loss due to the pixel information being overwritten before
the pixel signal is moved to the column periphery. Except for the 1LT-8TS readout all other
architectures give losses equal to or less than 2 x 1073.

In Fig. 2.35 the four readout-related data losses discussed in the text are added together and
plotted as a function of luminosity. Four readout schemes are shown. The data losses for the
architecture (211-32), which is the chosen design variant, remain below 1% for an average of
25 minimum bias events per bunch crossing, which corresponds to the design luminosity of the
LHC.

For this case Table 2.7 summarises the data losses for the barrel layer at 7 cm. Other data
losses not related to the readout, but due to the finite size of the pixels, are also listed in
Table 2.7. They concern tracks overlapping in one single pixel, and merging clusters.
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Fig. 2.34: (A) Fraction of data lost by the column readout being busy (column dead-time). The loss
is shown for several readout architectures as a function of luminosity (average number of minimum-bias
interactions per bunch-crossing). The abbreviated notation for the readout architectures is described in
the text. (B) Fraction of data lost by pixels being overwritten before they are read out and stored in the

column periphery.
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the average number of minimum-bias events per bunch-crossing), for the barrel layer at 7 cm. The
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chosen is the variant 211-32

The design architecture

Table 2.7: Summary of fractional data losses for the design readout architecture 211-32

Time-stamp buffer overflow (8-deep) | 0.0020
Data buffer overflow (24-deep) 0.0010
Column readout busy (dead time) 0.0053
Pixel overwrite 0.0014
Total 0.0097
Overlapping tracks 0.00035
Merging clusters 0.0013




48 2. The Pixel Detector System

2.4.5.3 Pixel unit cell design

The design of the pixel unit cell for the column drain architecture [2-16] is based on the idea
to transmit a pixel hit as soon as possible to the column periphery and to perform on the pixel
unit cell only the tasks of signal amplification, hit detection and temporary single-hit storage.
The tasks of time-stamp identification, multiple hit storage and readout buffering are shifted to
the column periphery. There they can be performed more efficiently, minimising the number of
transistors in each pixel unit cell.

The mechanism to drain a double column containing a few hit pixels is based on a token-bit
running up and down the double column, stopping at hit pixels and bypassing the pixels without
a hit. The block diagram of such a bypassing mechanism is shown in Fig. 2.36. The output
signal of the comparator C, indicating a pixel hit above threshold, pulls the Column OR line
from its original high state to the low state by a switch connecting the Column OR to ground.
This transition is detected at the column periphery, where the current status of the local time-
stamp counter is copied into the time-stamp buffer. The Column OR line is kept low by the
periphery, beyond the duration of the comparator pulse, and is only lifted by the periphery to
its high state just before a token-bit is sent on its way through the double column.
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Fig. 2.36: Pixel unit cell for column drain architecture

The output @ of the hit flip-flop is slightly delayed with respect to the comparator output
signal. It is used on the one hand to disconnect the sampling capacitor from the amplifier /shaper
output, thereby freezing the analog amplitude on this capacitor. On the other hand, the states
Q@ and Q control the bypass mechanism for the token-bit through a line that can be blocked by
the Column OR being in its low state (open switch, see Fig. 2.36). The shift register cell of
the pixel is normally bypassed (no hit, Column OR and @ high). Once the hit flip-flop is set
by a comparator pulse and the switch controlled by the Column OR is opened, the parasitic
capacitance on the inverter input ensures that the bypass condition remains unchanged (Q
changes its state only after the internal delay of the flip-flop). Only when the column periphery
starts a readout cycle it lifts up the Column OR line and thereby imposes the hit flip-flop
status @ of each pixel in the column on the bypass mechanism, thus defining the path of the
token-bit through the double column. The token-bit is passed from hit pixel to hit pixel, where
it is routed through the shift register cell, while it skips empty pixels, until it returns to the
periphery indicating the end of the readout cycle.

When the token-bit enters the shift register cell of a hit pixel (T'BI in Fig. 2.36), it connects
the switched capacitor, where the analog pulse height is stored, to a readout line and routes the
octal coded address currents onto the two address lines A0 and A8 (see Fig. 2.36). The token-bit
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clears the hit flip-flop as it leaves the shift register cell (T'BO), putting it into sensitive mode
ready for a new hit.

During a column drain only a few pixels are normally involved, whereas most of them (typ-
ically 98%) are in standby mode and waiting for a hit. If they are hit during an ongoing drain
cycle the Column OR line goes from high to low again, allowing the periphery to record the
next time-stamp. Since the Column OR line stays low, the current pattern of bypasses is not
modified and the readout cycle continues as normal. However, after the periphery has registered
the returning token-bit, it immediately starts a new readout cycle for the latest time-stamp.
By setting the C'olumn OR to the high state before the token-bit is sent again to the column,
the switch in the output line @ of each pixel flip-flop in the column is closed, and the new
bypass pattern belonging to the new time-stamp is imposed. The capability to pre-record a new
time-stamp during an ongoing column drain effectively gives a double buffering at the column
level and reduces the dead time to a range of 0.5%, as shown in the simulation Section 2.4.5.2.

Without any refresh mechanism the delay time of the token-bit on its way through the
double column has a parabolic dependence on the number of pixels skipped. For long skips
this leads to unacceptably long delays. In the design of the prototype pixel cell (see Fig. 2.28)
we have therefore implemented an active bypass mechanism, ensuring a very high speed of the
token-bit when skipping empty pixels. Results on this active bypass mechanism are given in
Section 2.4.5.5. Furthermore, the clocked shift register cell has been replaced with a token-bit
mechanism based on a handshake protocol. However, the basic concept outlined in Fig. 2.36
remains the same.

With the hit rates expected for high luminosity at a radius of 7 cm, the column drain mecha-
nism is typically running 10% of the time. This is favourable for the digital power dissipation of
the readout chip, since apart from the pixel analog block, the column drain circuit is the highest
contributor to the overall power budget of the chip.

2.4.5.4 Column periphery design

The concept of the column drain architecture is based on immediate data transfer from the pixel
unit cells to the column periphery. The pixel unit cells and the column periphery interactively
control the data transfer along the columns. The column periphery performs the following basic
tasks of:

— recording the time-stamps,

— organising the readout of the hit pixel cells,

— receiving pixel hits and their addresses and storing them in the data buffer,
— managing the time-stamp buffer and the associated hits in the data buffer,
— marking confirmed time-stamps and clearing unconfirmed ones,

— preparing and buffering confirmed hit data for chip readout.

In addition, the periphery allows pre-recording of one new time-stamp during a column drain
cycle.

A design of the column periphery exists at the gate level. It has been tested by logical
simulation [2-17]. In contrast to a fixed association of data buffer cells with each time-stamp,
we have adopted a scheme using a pool buffer for all pixel hits. This allows a variable number
of pixel hits to be stored for each time-stamp and ensures that large variations in the pixel
multiplicity can be accepted. This is very important for events where the pixel chips are hit by
a high-pr jet or in the case of heavy-ion collisions.

Figure 2.37 shows schematically the column periphery design (generalised version of the col-
umn periphery implemented in the 22 x 30 pixels prototype chip DM_PSI30; see Section 2.4.5.5).
For each clock cycle (at 40 MHz) the value of a bunch crossing counter (Write BC in Fig. 2.37,
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Fig. 2.37: Schematics of the column periphery mechanism with multiple time-stamp and data buffer
management.

8 bit) is presented to all double columns across the whole chip. In case a Column Or signal in-
dicates pixel hits in a column the Write BC value is stored in the next free time-stamp register.
The time-stamp registers are 8 bit wide with one extra bit to keep track of the free registers.
The write/read control is performed by an extra circuit organising the time-stamp buffer in a
FIFO structure of variable length. From the simulation studies described in Section 2.4.5.2 we
conclude that 8 time-stamp registers are needed in order to keep the probability of data losses
below 1073.

After the Write BC number has been latched the readout control block starts a column
drain cycle which is terminated by registering the return of the token-bit. For each clock pulse
during the readout cycle the analog pixel data (pulse-height and octal coded addresses) are
received and stored in a cell of three switched capacitors in the data buffer. The octal coded
addresses are treated identically to the analog pixel pulse height, a distinction is only done after
digitisation in the Front-End Driver (FED), where the signals are interpreted according to their
position in the data stream. The method of using octal coded addresses has been implemented
and tested in the 22 x 30 pixel prototype chip DM_PSI30 (see Section 2.4.5.5 and Fig. 2.40). The
number of data buffer cells has been set to 24, based on the simulation results in Section 2.4.5.2.
The partitioning of the data buffer and the association to the different time-stamp registers is
managed by the two w/r control blocks shown in Fig. 2.37.

The content of the time-stamp register is now waiting for comparison with the value of
the Search BC counter running behind the Write BC counter by the (programmable) trigger
latency time. When the value of the Search BC counter has reached the time-stamp register
value, identity is detected and a coincidence with the 1LT signal is checked. If the 1LT signal
is absent the time-stamp register and its associated data buffer cells are cleared and given free.
However, if a coincidence occurred, the chip readout control is activated. The chip readout
control block latches the confirming trigger number (6 bit) into two DAC registers (3 bit). The
octal coded values of the trigger number, the chip number and the column address are enabled
to leave the chip as a sequential analog signal stream, followed by the octal coded pixel address
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and pulse height. More details of how the chips are daisy chained and read out are given in
Section 2.4.5.6.

Based on the design of the column periphery at the gate level we conclude that the layout
should fit into the foreseen area of 300 pm by 1500 pm. Some functional blocks, e.g. the data
overflow handling, are not shown in Fig. 2.37. In the current design a column reset is generated
when a time-stamp or data buffer overflow is detected. However, this can be changed to a
different procedure without too many complications.

The column periphery described in Fig. 2.37 should also be compatible with running condi-
tions in heavy-ion collisions. In such events the system will be confronted with very high pixel
multiplicities (8000 tracks/unit of rapidity) but at a rather low rate (typically 60 Hz). A typical
occupancy of 2% is expected at the layer of 4 cm radius. Since the low rate will need only one
time-stamp buffer all pool buffers (24) are available for pixel hits corresponding to 23% of all
pixels.

2.4.5.5 Radiation-hard prototype readout chips

DM _PSI30 This readout chip contains a 22 by 30 pixel array realised in the radiation-hard
DMILL process. The size of the pixel unit cell is 125 pm x 125 pm. Details of the design and
the observed performance of the pixel analog block have been given in Section 2.4.4.3. The
layout of the pixels is a back-to-back configuration with a common signal bus for the 250 pm
wide double column. This results in a readout organisation of 11 double columns with 60 pixels
each. The chip has been designed as a complete system with all necessary periphery circuits
like pixel trim programming, time-stamp counter and trigger mechanism, as required in a real
experiment. The lower right corner of the chip is shown in Fig. 2.38.
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Fig. 2.38: Lower right corner of 22 x 30 pixel chip (DM_PSI30) with column periphery and first pixel
rows visible. The column periphery contains the time-stamp mechanism with trigger coincidence, octal
coded header generation of time-stamp and column number, programming circuits for pixel threshold
trims, mask and calibration signals.
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The first three pixel rows are visible at the top of the picture with the column periphery
underneath. One of the goals for this design was to confront in a realistic way all the problems
encountered in a complete chip, for instance the power and clock distribution to the outermost
double columns while still ensuring chip butting. On the right side of the chip the distance
between the bump pad centre and the cutting edge is 120 ym and on the top side 100 pm,
whereas on the left side an extra space of 40 pum is required for the pixel programming and test
pulse mechanism.

The time-stamp and trigger verification mechanism in the column periphery is based on the
principle described in Section 2.4.5.4. The basic schematic of the time-stamp verification for
each column is shown in Fig. 2.39. In comparison to Fig. 2.37 there is only one time-stamp
register available compared to eight registers in the generalised column periphery. This means
that a time-stamp from a pixel hit in a double column will block further hits until the trigger
arrives. The value of the bunch-crossing counter (12 bit wide) is distributed to the time-stamp
registers in all columns by an 8 + 4 bit wide bus (WriteBC'). In case of a hit the bus value will
be latched into the time-stamp register (8 bit). The other 4 bits (not shown in Fig. 2.39) serve
as an extended time identification in case of a readout. The time-stamp verification counter
(8 bit) that follows the bunch-crossing counter by a fixed delay (trigger latency) is distributed
over an 8 bit wide bus (SearchBC) to all columns. The trigger latency is programmable up to
255 bunch crossings. Both counter mechanisms have been tested up to 50 MHz. Although we
have not observed any real problems with our currently used binary code, we may eventually
switch to a Gray Code counter in the future. If a trigger pulse validates the coincidence between
the time-stamp register and the SearchBC bus, a readout flag is set which prepares the whole
column for readout. The different columns operate completely independently and therefore allow
simultaneous data taking and readout activity in the same chip. We have tested this feature
and found very little crosstalk in nearby columns with pixels waiting to be hit (< 690 electrons,
no detector attached).

The chip has one output for the analog pixel signals with an address header attached and a
second output for a digital hit signal including an octal coded pixel addressing scheme for study
purposes. This feature allows the testing of the uniformity and reproducibility of such a discrete
coded current addressing scheme planned for future chips. Figure 2.40a shows the measured
output signals from the octal coded pixel addresses of a complete double column (60 pixels).
The histogram in Fig. 2.40b represents the same data but sorted according to the observed pixel
address value. Although the spacing is not completely uniform the different address values are
clearly separated (= 20 o) and allow a safe address recognition in the FED. For a final answer,
however, the same measurements are in preparation for irradiated chips (100 kGy).

For the readout of a complete column an additional time-stamp and column address header
is added which appears like four special pixels, resulting in a transfer 64 clock-pulses long. The
first three pulses contain the DAC (4 bit) modulated time-stamp (12 bit) and the fourth pulse
the column address level. A readout speed of 20 MHz seems feasible, but for a future 40 MHz
readout a number of improvements on the readout amplifier chain and the off-chip driver are
needed. In our planning for the number of optical links we assume the more pessimistic scenario
of 20 MHz. The DM _PSI30 chip contains the complete serial programming mechanism to down-
load the different trim values for the pixel thresholds. The results on threshold variations before
and after trimming, shown in Fig. 2.22, were measured with the complete time-stamp verification
mechanism in operation and a pixel threshold of about 1900 electrons. More details about the
implemented pixel trim/masking mechanism and the programming circuit for test pulse injection
into selected pixels can be found in Section 2.4.4.3.

The calibration of the test pulse capacitance has been done with 60 keV X-rays from an 24! Am
source. The pulse-height spectrum shown in Fig. 2.41 has been obtained with the chip running
in regular time-stamp verification mode and from the normal analog chip output signal brought
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Fig. 2.39: Simplified schematics of the column periphery with time-stamp mechanism in DMILL proto-
type pixel chip (22 x 30 pixels).
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to a VME-based ADC board. As a sensor we have used a silicon pixel diode of approximately
400 fF capacitance.
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Fig. 2.41: Pulse-height spectrum with 60 keV peak from 24! Am source measured with the 22 x 30 pixel
chip (DM_PSI30).

DM_PSI32 The test of a high-speed bypass mechanism is crucial for the Column Drain Archi-
tecture operation. In the DM_PSI32 chip we realised a pixel unit cell with the full architecture
that was used in various column configurations for tests of speed and crosstalk behaviour to the
analog block. The crucial part in the pixel readout block is an active bypass circuit that allows a
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Fig. 2.42: (a) Basic transistor schematics of the active pixel bypass circuit for skipping column drain
readout. Transistors used for load operation in grey. (b) Reduced circuit drawing in load condition, ready
for column drain readout.

fast token bit transfer skipping empty pixels. Figure 2.42a shows the transistor schematic of the
basic circuit idea. For empty pixels the hit flip-flop leaves the bypass switch of the token bit line
closed. The circuit is based on a precharge logic with positive feedback for speed acceleration.
The transistors used for load operation are shown in grey. In the stand-by mode, the token bit
line and the load line are high, waiting for the skipping readout procedure to start. Just before
the column drain readout begins, the load line goes low. In Fig. 2.42b a reduced circuit drawing
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shows the crucial elements taking part in the token bit propagation. The bypass transistor is
closed, representing a serial resistance that for long skips quickly becomes the speed limiting
factor in a purely passive token bit bypass mechanism. As the token line (n-1) from the pre-
vious pixel goes low, the two transistors become conducting, discharge their node capacitances
and therefore further accelerate the high to low transition for the next pixel. The discharge
current of the token line capacitance during this very fast wave transition flows locally to the
capacitance ground. The wave will propagate through all empty pixels at maximum speed until
it reaches a hit pixel where the bypass switch has been opened. The running up wave is sensed
and used to put the pixel data onto the column readout bus. After acknowledgement by the
column periphery the bypass switch is closed, allowing the token wave to continue to the next
pixel hit. We have measured the token wave delay time for different long pixel skips. The result
is shown in Fig. 2.43a. A pixel delay time of 620 ps has been measured for a digital supply
voltage of 4.5 V. The dependence of the skip frequency on different supply voltages is shown in
Fig. 2.43b. The precise propagation speed is not critical, since the whole column drain system
is based on a handshake mechanism. With the measured 1.6 GHz skipping speed a full column
skip takes 65 ns, which is better than the 75 ns assumed in the simulation of the architecture
variant 211-32 (see Section 2.4.5.2).
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Fig. 2.43: (a) Measured delay time versus number of pixels skipped for the DM_PSI32 chip at VDD =
4.5 V. (b) Skipping frequency for empty pixels in the column drain readout for different digital supply
voltages. ( DM_PSI32 (DMILL))

Great care has been taken to measure the crosstalk of the token wave mechanism onto the
analog pixel block. By lowering the comparator threshold of pixels while a token wave was
propagated through these pixels a column internal crosstalk of 700-750 electrons was measured.
Between columns an upper limit of < 450 electrons could be measured [2-18]. With a foreseen
pixel threshold of 2500 electrons there should be enough margin to tolerate this crosstalk. These
results were obtained with a pixel size of 125 ym x 125 ym. For the future pixel size of 150 pm
by 150 pum the distances to the column bus lines will be larger and thanks to the additional
pixel area, more elaborate trench separations can be implemented, reducing the crosstalk even
further.

2.4.5.6 Data transmission

Introduction Data from bunch crossings accepted by the first level trigger (1LT) must be
transmitted from the column buffers on the readout chips to the Front-End Driver (FED) mod-
ules located in the counting room. Figure 2.44 shows schematically the pixel readout scheme.
Several readout chips are connected sequentially to a readout bus (analog out) which proceeds
as an analog optical link to a FED. No intermediate data buffering is foreseen; the data are
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held in the column buffers until they can be transmitted. A group of readout chips connected
to the bus looks just like a continuous series of independent columns. All pixel addresses and
time-stamps will be sent in an octal coded analog form.
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Fig. 2.44: A schematic diagram of the pixel readout front-end system. The FED and FEC modules are
located in the counting room. A single set of CCU&DCU chips (see Section 2.4.5.7) services a number
of readout links. The token-bit manger chip is placed on the module hybrids for the barrel and on the
port cards for the end disks.

Token-bit manager chip The token-bit manager chip, sitting close to the front-end readout
chips, plays a central role in the readout scheme. It has several functions:

1. It distributes the clock to a group of readout chips;

2. After receiving the 1LT signal from the PLL module it passes it to the readout chips,
sends the readout header on the data link (Analog Out), increments the event counter,
increments the ‘queue’ stack and sends the readout token-bit signal to the first chip;

3. After the readout token-bit comes back from the last chip it sends the readout trailer label
and decrements the ‘queue’ stack;

4. If a ‘queue’ stack overflow occurs, the token-bit manager inhibits the 1LT signals from
being transmitted to the readout chips and just sends an empty readout frame. The stack
overflow value will be set between 4 and 8.

5. It provides the event number to the readout chips;

6. It sends the reset signal or any other control function to the readout chips whenever this
is requested by the front-end control unit (FEC).

When a 1LT signal is present, the token-bit manager puts a readout header signal on the
Analog-Out bus, and sends the readout token bit (RT'B) on its way. Upon entry of the RT'B
into the first chip, a ‘black’ (very high) level is sent onto the Analog-Out bus. Then the RTB
arrives in the first column periphery which either transmits its data or if it is empty passes the
RTB on to the next column. This is repeated until the RT B has passed the last column of
the chip, when a ‘white’ (very low) level is sent, indicating the end of the chip. The ‘black’
and ‘white’ levels are useful as distinctive marks for the data stream pattern recognition and
are already incorporated in the DM_PSI30 chip (see Section 2.4.5.5). They are chosen such that
they are outside the range of the octal coded address levels. When the RT' B has passed through
all chips and returns to the token-bit manager chip, a readout trailer signal is sent.
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An important feature of the pixel readout system is that data from different time-stamps
can be mixed in one readout frame. As the RT B traverses the columns, any 1LT confirmed data
will be sent, including all pixels from triggers coming after the one which initiated the readout
sequence. The token-bit manager does not know if all hit data from a trigger have been swept
together with the previous trigger. Therefore it will always issue another RT'B cycle, even if
this results in an empty readout frame.

The functionality of the ‘queue’ stack mentioned above is to control the data traffic on the
link. If for any reason there is a large backlog of triggers (4-8) to be sent to the FED the
token-bit manager will stop sending 1LT signals to readout chips.

Data format In addition to the analog pixel signal a number of digital address and time-
stamp data have to be sent to the FED. In order to save bandwidth a compressed data format
for the digital signals will be used. Each group of three digital bits will be transmitted as an
octal coded analog signal. For each hit pixel the following signals are transmitted:

~ time-stamp (event number), 6 bits coded in 2 analog signals.

— chip number, 3 bits coded in 1 analog signal;

— pixel column index, 5 bits coded in 2 analog signals;

— pixel row index, 7 bits coded in 2 analog signals (7th bit combined with the pixel column
index);

— pixel amplitude, 1 analog signal;

A data packet for a single pixel is therefore eight signals long. For one readout frame the data
packets are arranged sequentially with a header at the beginning and a trailer at the end. For
events containing no data in a set of pixel readout chips a frame with only the header, ‘black’
and ‘white’ levels marking the chips, and the readout trailer is sent. Error flags are encoded
into the header.

Data rates At high luminosity a single readout chip in the barrel layer 2 (at 7 cm) will have
on average one hit pixel per bunch crossing. Note that the distribution is very correlated; some
chips will have 4-8 hit pixels while others will be empty.

Figure 2.45 shows for the three barrel layers the simulated readout data rate from one readout
chip as a function of the luminosity. This data rate was calculated assuming that 10 signals per
pixel are transmitted and that the 1LT rate is 100 kHz.
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Fig. 2.45: Data rate sent by one readout chip as a function of luminosity measured by the average
number of minimum-bias events per bunch crossing. Rates at three detector radii are compared. The
data rate is calculated assuming a 100 kHz 1LT rate and 10 signals per pixel.
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The number of pixel chips read by one link has to be chosen in such a way that the link
does not saturate even for data bursts exceeding the average rates. A chip hit by a jet can have
a data rate which is 3—4 times higher than the average. A safety factor of 5 seems therefore
appropriate. A realistic assumption is made that the analog links will run at least at 20 MHz.

Table 2.8: Pixel data rates

Layer 1 | Layer 2 | Layer 3 | 4 Disks
(4cm) | (7cm) | (11 cm)
Number of readout chips 2304 3840 5888 4320
Luminosity £ = 10** cm™?s™" 0.1 1.0 1.0 1.0
Average number of 0.52 0.94 0.47 0.52
hit pixels per chip
Number of transmitted 10 10 10 10
signals per hit pixel
Average number of signals 5.2 94 4.7 5.2
per chip per event
Chips per link 4 4 8 3-9
Average data rate 2.0 3.8 3.8 2.1
per link [MHz]
Number of links 576 960 736 768
Number of FEDs 9 15 12 12

Based on these arguments four readout chips per link were chosen for pixel layer 2 (at 7 cm),
eight chips per link for layer 3 (at 11 cm) and four chips per link for layer 1 (4 cm at low
luminosity). For the end disks, each blade has eight links (only seven are used), with an average
of seven chips per link. Table 2.8 summarises the numbers of links required and the expected
average data rate transmitted per link, assuming a 100 kHz 1LT rate. The data rates for layers
2 and 3 and for the end-cap disks are calculated for high luminosity, the numbers for layer 1 are
for low luminosity.

Performance From Table 2.8 the average time delay needed to transmit one event can be
estimated. For example a layer 2 link has to transmit an average of 40 signals per event which,
for a 20 MHz link, gives 2 ps in addition to the 3.2 us 1LT delay. This is well below the average
time gap between two subsequent triggers (10 us). However, because of data length fluctuations
and of the non-uniformity of the 1LT distribution the event transmission delay can vary. The
simulated delay time distribution for 40, 20 and 10 MHz is shown in the left part of Fig. 2.46.

If, due to these delays, a confirmed time-stamp must wait to be read out, and since such
registers are not allowed to be overwritten, further time-stamps cannot be recorded in the buffer
until the confirmed time-stamp register is read out and released. This leads to an additional
data loss on top of the losses discussed in Section 2.4.5.2. Simulation results for the total data
loss as a function of the 1LT rate are shown in the right part of Fig. 2.46 for 40, 20 and 10 MHz
links. For very low trigger rates the loss is identical to the one given in Table 2.7. The additional
loss due to increasing trigger rates is very small for link frequencies > 20 MHz.

FED functionality for the pixel detector The standard CMS design will be adopted for the
pixel FED [2-19]. This design will include standard components like the timing chip (TTC), data
gathering and data monitoring units and the bus interfaces. The pixel detector dependent unit
(DDU) will follow closely the silicon-strip and MSGC design made by the Tracker Electronics
group (see Chapter 5).

The main functionality of the Tracker DDU is to perform the analog-to-digital conversion,
process hits, build event fragments and present them to DAQ buffers.
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Fig. 2.46: a) Distribution of simulated delay times between the bunch crossing which generated the 1LT
confirmed events and the time, when the complete event has been received in the FED. The simulation
is at high luminosity for the barrel layer at 7 cm and with a 100 kHz 1LT rate. The data shown are for
different link frequencies. b) Total data loss in the readout as a function of the 1LT rate.

The pixel specific hit processing includes the following steps:

Decode the octal packed digital signals;

Subtract the pixel pedestals;

Sort the pixel hits according to the event number;

Build event fragments from pixels with the same event number;
Monitor the synchronisation of the incoming events.

Ol W

The hit processing algorithm will be implemented either in FPGA technology or, if speed is
a problem, as an ASIC. Prototyping and simulation work related to the pixel hit processing has
been started using ALTERA FPGAs.

Pixel data sent from the FED to the DAQ (DPM) will have the following format:

1. One header per FED with event number (4 bytes) and the number of modules with hits
(1 byte);
2. For each module a header will include the detector ID (2 bytes), number of hit pixels
(1 byte);
3. Each hit pixel will have 3 bytes of data:
— digitised amplitude 4/6 bits,
— chip number 4 bits,
— column number 5 bits,
— row number 7 bits.

It is possible that the FED data buffers will become full. In such a case the FED has to
signal this condition to the DAQ and to the corresponding FEC module, which will inhibit
the 1LT signal sent to part of the front-end system. Any error conditions signaled from the
front-end system (typically included in the data packet header) will be transmitted further to
the control system. The FED will monitor the event synchronisation by comparing the event
number counted by the TTC system with the event number received from the front-end system
(counted by the token-bit manager chip). The number of arriving data packets will also be
counted and has to agree with the T'TC event number. The FED has to signal any disagreement
to the corresponding FEC in order to initiate a front-end system reset procedure.
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2.4.5.7 Front-end system set-up, control and monitoring

Overview: This section briefly describes the initialisation of the front-end chips and column
peripheries in order to process events or to test/debug procedures. The embedded electronics
used for this purpose are, in addition, able to perform the controlling and monitoring of environ-
mental parameters. It can also initiate recovery from readout errors. However, the detection of
readout errors (e.g. bad event data format) is the responsibility of the Front-End Driver (FED),
because the sparsified pixel data are directly transmitted without intermediate buffering.

Requirements: The front-end chips and column peripheries require only LHC clock and first-
level trigger signals to store and transmit pixel amplitudes and addresses. Initialisation of the
front-end logics is performed by activating registers embedded in the front-end chips and their
peripheries, respectively. This requires a bus connection to a supervisor and an appropriate
communication protocol. In contrast to the clock and trigger signals no synchronous operation
of these registers is needed, therefore allowing an asynchronous communication architecture.
Environmental parameters at the front-end must be continuously monitored and checked. If they
exceed preset limits an alarm must be issued and, in few specific cases (e.g. cooling interruption),
actions have to follow immediately (e.g. switching off the power).

Conceptual design: The requirements given above are met by the control system developed
for the CMS Tracker (see Chapter 5) and will be adopted for use with the pixel detector too. It
consists of three functional blocks:

1. An external Front-End Controller (FEC) located in a VME crate to provide the connection
with the CMS slow control system DCS (Detector Control System) and to deliver clock
and trigger signal to the front-end.

2. A radiation-hard local slow control master embedded in the pixel detector system. This
master is made up of three different ASICs: a Communication Control Unit CCU, a De-
tector Control Unit DCU and a Phase Locked Loop delay chip PLL (see Section 5.6.6).
The PLL receives the combined clock and level-1 trigger signal from the FEC and regen-
erates individual clock and trigger signals which are transmitted to the front-ends with
programmable phase delays.

The DCU receives various environmental signals (e.g. temperature, supply voltages etc.)
which after digitisation are compared with preset limits and transmitted to the CCU. This
enables the monitoring of slow control signals and interruptions in case of alarm condi-
tions.

The CCU serves as an interface between the communication network and various busses,
the I?C-bus being of particular importance. The I?C-bus will be used to set the front-end
chips into the required state by addressing their control registers. The parallel port of the
CCU can be used to connect with the DCU. Another I?C-port is utilised to adjust the
phase delay of the PLL ASIC.

It is foreseen to mount all three ASICs together with the necessary line drivers and receivers
on one multi-chip module named CCUM.

3. An optical link between 1) and 2) maintaining a simple token-ring protocol at 40 Mbits/s.
The link consists of four lines. T'wo of them are used to send data signals and the combined
clock and level-1 trigger signal, the other two lines are required for the corresponding return
signals.

Arrangement: The CCU modules (CCUM) will be mounted at the largest possible radii
within the pixel system volume on the barrel end-flanges and the port cards of the end disks.
From there, electrical links to the front-end are made by flat Kapton cables to exchange signals
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and monitoring voltages respectively. Signals from the pixel modules are passed directly to the
electro-optical converters placed on the service tube (see Fig. 2.53 for the barrel). In addition,
at least four lines between each CCUM and the corresponding optical links must be maintained
(twice as many, if redundancy on the links is requested). Soldered twisted-pair cables will provide
the connection with the service tube.

In the following a tentative list of signals assigned to the front-end Kapton cable (HDI for

the end-disks) is given:

— Pixel hit data (amplitude, analog coded pixel address, time-stamp and control data-bits)
transmitted with at least 20 MHz from the front-end chips to the optical links (differential
signals). A driver chip on the hybrids will be necessary to transmit these signals over a
distance of up to 50 cm.

— LHC clock and Level-1 trigger (both are differential signals occupying in total four lines)
provided by the PLL-delay chip with correctly adjusted phase. Note that because of
the small dimensions of the pixel detector no PLL chip needs to be embedded into the
front-end.

~ An I2C bus connection with only two electrical lines for the digital communication with
the front-end modules. The various registers needed on the front-end are not yet specified

in detail, but there are several tasks which can be already identified:
— The selection of any specific pixel element.

— The setting of the comparator threshold of each pixel element (3 bits), used also to
completely switch off noisy pixels.
— The enabling/disabling of a calibration signal on individual pixel elements used to
inject a well-determined amount of charge into the preamplifier.
— The setting of the level-1 trigger delay to assure correct association of pixel hits with
bunch crossings.
— The setting of various DACs and executable registers to assist test and debug proce-
dures.
For the addressing of these registers we shall adopt an extended addressing mode. The
destination is an individual readout chip of one detector module and the subaddress is
pointing towards an individual register.
— The detector bias voltage and its ground return path (two lines).
— The remaining lines are available to transfer steady-state signals to a DCU for digitisation.

Given the current design of the CCU supporting up to 16 I?C ports and a single parallel
bus (PBUS), one CCUM can for example supervise eight detector modules. On each end of
the barrel a total amount of 40 CCUMs must be implemented to serve 320 modules of the high
luminosity barrel. For the end-disks one CCUM per blade is foreseen. The DCU (which is not
yet designed) must then be capable of monitoring up to about 50-steady state signals.

2.4.6 Conceptual design of full pixel readout chip

A schematic view of the readout chip is shown in Fig. 2.47. The chip has an array of 52 x 53 pixels
of 150 pum by 150 pm size organised in 26 double columns.

One chip allows to be read out a sensor area of 8.025 mm along the columns and 8.100 mm
in the other direction. This requires on the sensor special pixel sizes along the edge of the chip.
The total chip height, including column periphery and the Control & Interface Block, is planned
as 10.450 mm. The width of the readout chip is 8.000 mm, leaving 100 pm space for butting
the chips. On the chip this includes an extra area of 40 pum on the left side required to host the
pixel programming and calibration mechanism (see Section 2.4.5.5, DM_PSI30).

Two columns of 53 Pixel Unit Cells each are laid out in a mirrored configuration, forming
a 300 pym wide double column, which has a common signal bus running along its middle. When
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Fig. 2.47: Conceptual layout of the pixel readout chip.

making a scan for hit pixels, the token signal must traverse all 106 pixels on its way up and
down the double column.

The pixel unit cells are subdivided geometrically into an analog block and a digital readout
block. The analog block and its performance requirements has been described in Section 2.4.4.2.
The anticipated power dissipation is around 40 uW per pixel and is likely to increase somewhat
after irradiation. In order to guarantee a clear and uniform pixel hit discrimination, a common
pixel threshold on the chip can be set by a DAC register in the Control & Interface Block, and a
3 bit trim for individual threshold adjustment will be available on each pixel, which also allows
the masking of unstable pixels. The trim values are stored in SRAM bit cells in the pixels and can
be programmed and re-read for verification by the I2C serial bus interface. Calibration signals
sent to selected pixels can be programmed as well. The chip will be run with a pixel threshold
of 2500 electrons which implies a noise requirement of 500 electrons or less after irradiation.
Details about the rather low observed crosstalk coming from the digital readout block in the
PUC are given in Section 2.4.5.5. For the complete analog block (see Section 2.4.4.2) a total of
~ 50 transistors is foreseen.

The digital readout block performs the skipping readout of the hit pixels in a double column
as described in Section 2.4.5.3. The measured skipping speed of 1.6 GHz for empty pixels
and the crosstalk of ~ 750 electrons observed for skipped pixels (see 2.4.5.5) form the basis
for a successful realisation of the complete readout chip. For this functional block a total of
~ 50 transistors are used. The readout of the analog pixel signals requires about 6% of the total
number of transistors in the PUC. Given the PUC area, a transistor can occupy an average area
of up to 160 pm?2.

The Column Periphery organises the skipping pixel hit readout and takes care of time-
stamp and trigger verification (see Fig. 2.37). This circuit should manage up to 8 time-stamps
and store up to 24 pixel hits which have been copied down into the periphery data buffer.

The Time-stamp & Readout Bus block (see Fig. 2.47) contains two bunch-crossing coun-
ters (WriteBC and SearchBC), and the necessary buses for the distribution of their codes to
the time-stamp buffers in all columns. It also contains the readout logic for collecting all hits
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in a chip readout cycle, i.e. the octal coded pixel address data (trigger, chip, column and row
number), and the analog pulse height from the pixel hits. Upon entering and leaving the chip,
the readout token bit passes two synchronising shift register cells, which modulate a ‘black’ and
‘white’ mark, respectively, on the analog output bus.

In the Control & Interface Block (see Fig. 2.47) all control voltages and currents required
for proper chip operation are generated by digital-to-analog converters (DAC). The digital reg-
isters for the DACs are programmable through the serial communication block (I2C). This
interface is also used for programming the individual pixel thresholds and the calibration signals
of selected pixels. The trigger latency time can be set in a register as well. A read-back option
for verification purposes will be implemented. All input and output circuits and the wire bond
pads for power and clocking lines are placed at the rim of this block. Special care will be taken
for the realisation of the high bandwidth readout amplifier with a differential transmission line
driver needed to send the high speed analog data off-chip. The number of supply and control
pads is expected to be in the order of 30. These include also the chip identity pads (3 bit) used
to set a certain chip number by wire bonding. All clocking signals will be differential for inputs
as well as outputs. With a chip width of 8 mm there will be sufficient space per supply pad to
allow reserve pads for testing and repair.

The total number of transistors in the final readout chip is estimated to amount to 380 000.
The realisation of the readout chip will proceed in steps, where blocks are designed and tested
for performance before and after irradiation. In a first iteration the column periphery with time-
stamp and data buffer management will be realized and then merged with a double column of
pixels. In a next step this will be integrated with the Time-stamp & Readout Bus block and
finally the Control & Interface block will be added. Some of these blocks can be developed
in parallel, e.g. the Control & Interface block. The definition of signals and controls between
different blocks will be done at the appropriate time.

2.4.7 Low voltage power and bias voltage distribution

The front-end readout chips must be supplied with an analog voltage V, (—2.0 to —2.5 V) and a
digital voltage V4 (—4.5 to —5.0 V), with separate return lines. The detector bias voltage supply
should have a range of at least 500 V. Its ground will be referenced on the module to the analog
ground.

Modular voltage supply channels delivering both V, and Vy will provide power to a group
of pixel modules. The same group of modules will be served by one bias voltage channel. In
the barrel a natural group of modules to be supplied by one channel would be a half-ladder
(4 modules). The radiation dose within such a group is expected to be quite uniform, allowing
the use of one common bias voltage. This results in 96 (152) channels of each low voltage power
and bias voltage for the low (high) luminosity barrel. For the end disks the grouping should be
done in radial rings, since the radiation dose will have a strong radial dependence. Therefore all
members of one detector variant within a half-disk will form one group. For the largest detector
variant with 10 readout chips two groups will be formed. The total number of channels for the
end disks will thus be 64 of each low voltage power and bias voltage. With this grouping each
analog (digital) power channel must deliver a current of up to 5 A (1 A).

2.5 Modules

The modules for the barrel and the blades for the end disks are the basic building blocks of
the pixel detector system. They consist of one or more sensor tiles each, equipped with several
front-end readout chips and a hybrid circuit or port card for the distribution of power and
signals.
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2.5.1 Barrel module

The barrel module, as shown in Fig. 2.48, consists of one sensor substrate with the front-end
readout chips bump-bonded to it, and a hybrid circuit mounted on top of the sensor. A thin
carbon fibre plate glued to the readout chips serves as the module base which can be attached
to the cooling frame. The readout chips are wire-bonded to the hybrid circuit. On the hybrid,
clock and control signals arriving via a copper-on-Kapton cable are distributed to the readout
chips, involving the Token-bit manager chip, and the hit signals from triggered events are sent
by a driver chip through the same Kapton cable to the barrel periphery mounted at the ends
of the barrel. This Kapton cable also carries the bias voltage. Power is brought from the barrel
periphery to the hybrid via a Kapton-aluminium sandwich. Both Kapton cables are glued and
wire bonded to the hybrid.

power cable

token bit § alignment
manager chip

2 filter
capacitors

cable

carbon fibre
base plate
signal

driver chip

alignment
mark

Kapton
sensor hybrid
[ | |
[ 1]
bumps readout carbon fibre
chips base plate

Fig. 2.48: View of a pixel barrel module. In the insert the vertical scale is raised by a factor of 5.

Two rows of eight front-end readout chips with 53 (r¢) x 52 (z) pixel unit cells of (150 ym)?
area are bump-bonded to the sensor of 250 pym thickness. The chip thickness will be 180 pm.
The overall chip dimension in the z-direction is 0.800 cm, leaving a gap of 100 um between two
adjacent chips, therefore very precise cutting of the chips will be required. In the ry-direction
the chips are extended to incorporate the column peripheries of 0.23 cm width at the end of
the pixel columns, where also the connection pads of the chips are situated. The overall chip
dimension in the r¢-direction is 1.045 cm. Between the two chip rows a gap of 100 pym is left.

The hybrid will be a three-layer, high-density polymer flex-print glued onto the p-side of
the sensor. It is 6.4 cm long, 1.6 cm wide and its thickness will be about 50 ym. Connection
pads for wire-bonding at the long rims face the ones on the front-end readout chips. A control
chip (Token-bit manager) and a driver chip for the analog pixel signals are among a few active
elements wire bonded onto the hybrid. Slow control sensors (temperature, guard ring current)
will also be placed on the hybrid. These active elements must be radiation hard to the required
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level. Two indentations in the hybrid allow the marks on the p-side of the sensor to be used for
alignment purposes.

The signal /bias Kapton cable will be 1.1 cm wide accommodating 22 copper traces of 250 ym
width and 4 pm thickness. The Kapton substrate will be 50 pym thick. The power cable will have
a 40 pm thick Al foil glued on a 50 pm thick Kapton film with gaps between the conductors.

A carbon fibre base plate of 270 pym thickness, 24.3 mm width and 65.9 mm length will be
glued onto the readout chip array. On the long sides, exceeding the chips, precision holes will be
drilled for screwing the module onto the mechanical/cooling frame. Glass substrate capacitances
of a few mm? area placed between the screws, are used to filter the low voltage power for the

readout chips.

2.5.2 The end disk blades

Twenty four blades make up one of the disks, and the blade is the basic component of the end
disk system. Modules are glued to a thin carbon panel after bump-bonding of the front-end
chips. The panel facing the interaction region has four sensors and the downstream panel has
three. The chips are glued onto the panels while the bias plate of the sensors face away from the
blade. Pairs of panels, with a cooling tube in between, form a blade. The chips are configured
to exhibit the wire bonding pads along lines running in the ry-direction. The signals from the
chips are collected by a four layer hybrid (HDI). On the panel with four sensors, the HDI are
glued to the panel in the space between neighbouring sensors. On the panel with three sensors
(all read out by a double row of chips), the HDI are also mounted on the outside of the sensors
at the inner and outer radius. Dimensions of the HDI are tailored to the rp-size of the sensors
and the space between them along r. Each layer of the HDI is a single-sided printed circuit flex
of 50 pm Kapton with copper lines. The chips’ outputs are wire bonded to the HDI. These wires
are protected by encapsulating them in a low mass radiation hard wax. Each HDI is connected
to an interface board, the port card, with a 2 cm wide single-sided flex cable (pigtail) made of
50 pm Kapton. Pigtail cables vary in length from 6 to 15 cm. These cables are glued to the top
of the sensors, for strain release, and connected to the HDI through wire bonding. (One design
option considers the pigtail as being an integral part of the HDI.) The HDI will distribute the
power to the chips, and one of its layers is a ground plane collecting also the current of the
guard rings. Other components located on the HDI include filtering capacitors for the power,
temperature monitors and Radiation Sensing Field Effect Transistors (RADFET) to keep track
of the level of radiation. The bias voltage to the sensors and the monitoring signals are carried
by one additional pigtail on each side of the blade.

The Port Card is a low-mass PC board. It houses the electronics needed to interface the
front-end chips with the power supplies and the VME electronics located in counting room.
Two port cards (one for each panel) are required for a blade. They are physically installed on
the space-frame supporting the disks and are located at the largest possible radius to reduce
the damage from radiation. The pigtails are connected to the port card using sub-miniature
connectors. The port card transmits the clock signal, the L1 trigger and the slow control signals
to the front-end electronics. It distributes low voltages to the chip and the bias voltage to the
sensors. It also monitors currents and voltages on the sensors, as well as the temperature and
the level of radiation on each panel of the blade. These functions are carried out by ASICs that
are common to the CMS tracking electronics (see Section 5.6.6). Such units are the Detector
Control Unit (DCU) for monitoring functions, the Phase Locked Loop (PLL) for timing and the
Communication Control Unit (CCU). An additional chip, the token-bit manager, is required to
organise the readout.
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2.5.3 Bump bonding
2.5.3.1 Introduction

The construction of a hybrid pixel detector is fraught with a large number of complex processing
tasks. No task is without its technical challenges. Selecting and implementing an appropriate
process to connect the pixel readout electronics chips to the PIN diode sensor arrays is no
exception.

The mating of two pieces of silicon with a bond that allows for electrical connections between
the substrates, along with the requisite mechanical strength, is relatively straightforward. Com-
mercial vendors have been studying this problem for over 30 years and there are a number of
acceptable solutions that have been developed for industrial markets. For ‘bump’ technologies,
the basic process flow that has evolved includes a substrate preparation step, a ‘bumping’ or
electrode fabrication step, and finally a ‘bonding’ or flip chip attachment step. These steps are
fairly universal, but may be combined, hidden, or dropped depending on the technology chosen.

Given the pervasiveness of Al in CMOS processing foundries, a substrate preparation step is
invariably performed to obviate the insulating properties of aluminium oxide which develops on
bare Al. Typically this under-bump metallisation (UBM) step includes removal of the aluminium
oxide layer followed by deposition of conductive material which does not oxidise. This step is
critical for ensuring good performance of the final interconnect. The electrode growth step
typically involves plating or evaporation of metal onto one or both of the substrates to be
mated. For industrial markets, the trend is toward electroless plating processes which do not
require masking of the substrate to define the electrode regions. Such maskless processes are
typically not compatible with the small electrode requirements of pixel detectors used in particle
physics. Once the electrodes have been fabricated, the two substrates may be mated. This
usually requires special machines which provide the necessary alignment accuracy to place the
substrates in their proper relative locations, and then to apply the necessary heat and pressure
to form the mechanical bond. Such equipment is fairly specialised, costly, and requires some
level of expertise and maintenance to ensure reliable processing.

2.5.3.2 Technology considerations

For the CMS pixel detector, the constraints placed on a bump bond technology are fairly signif-
icant. From a practical standpoint, the cost and availability of a given technology is a driving
consideration. Since there is currently no readily available commercial technology that is ideally
suited, the technology chosen must be adapted.

Since the signal path between the PIN diode array and the readout electronics passes through
the interconnect, a primary consideration will be the stray capacitance added to the input of
the electronics by the interconnect. This should be minimised by employing a technology with
a minimum interconnect area. Also important to the electrical performance is the minimisation
of the interconnect resistance. Typically, this is not constrained by the actual conductors used
in the interconnect, but by the preparation of the Al pad below. The mechanical strength of the
bond is also a very important consideration. Once attachment of the diode and electronics chips
has been made, the multi-chip module will need to be robust enough to survive the subsequent
handling during the many remaining stages of assembly, testing, transportation, and insertion.
Along with this, the bond should also perform reliably after it is cooled. Since the detector will
operate at near zero degrees Celsius, the bond should not present a significant thermal mismatch
between itself and the substrates. Also of importance is the reliability of the bond as it ages
during operation for 5 to 10 years in the collider hall. Finally, the interconnect yield during the
attachment process is very important since the interconnect density for the CMS pixel detector
is close to 4500/cm?.
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2.5.3.3 Current research

Indium solders A number of different technologies have been investigated at PSI, Aachen and
UC Davis. The UC Dayvis effort has focused on materials useful in cold pressure welding, such as
indium and indium alloys. Indium is attractive for several reasons. It is widely employed as the
technology of choice by manufacturers of infrared focal plane arrays and emerging medical X-ray
devices, so expertise exists in the implementation of this technology in systems very similar to
our pixel detector. It is also well suited for use in fine pitch or ‘small’ feature size applications
and where thermal mismatch between the interconnect and the substrate may be of concern as
in the CMS pixel detector.

Indium is deposited on both substrates using photolithography and evaporative techniques.
Some form of UBM processing is required, and this is often accomplished by performing an
in situ sputter etch of the Al interconnect pads, followed by sputtering of a layer of Ti/W or
Ti/Ni. The interconnection is usually made at room temperature utilising pressure to force
the cold weld. Since no reflow is performed, there is no increase of the thermal budget during
the detector production. The two substrates being attached must be aligned with a degree of
accuracy which is a fraction of the interconnect size. This implies a need for ~ 2—3 pm or better
placement accuracy, which necessitates the specialised bonding equipment. Once the cold weld
has been made, the electrical/mechanical bond may be used as is, or the mechanical bond may
be augmented by wicking an epoxy between the substrates. In the case of CMS, it would be
necessary to identify an appropriate radiation-hard epoxy with the correct fluid characteristics
to wick.

To date, studies involving approximately 100 flip-chip attachments of dummy electronics
and sensor die, and measurements of over 10 000 indium bump interconnects have provided the
following preliminary data on pure indium:

Bond pressure 1.5-3.0 mg/pum?
Bond temperature 25-40 °C

Bond time: ~ 60 s

Die attach cycle ~ 5 min.

Interconnect yield (99.78 + 0.06)% > 99.7% @ 95 % CL
Tensile strength > 144 pg/pm?.

As an alternative to pure indium, an In/Sn/Ag alloy has also been investigated. This alloy is
applied to the substrates in the same manner as pure indium, with the same UBM processing re-
quired. This material is also amenable to cold pressure weld. Approximately 10 die attachments
have been made with this alloy, and over 5400 interconnects have been measured, providing the
following data:

Bond pressure 15-20 mg/pm?
Bond temperature 25-40 °C
Bond time ~ 60 s

Die attach cycle ~ 5 min.
Interconnect yield > 99.9%

Failure rate @ —20 °C & 100 g’s @ 2 kHz < 0.2%

Preliminary tensile strength measurements have shown the In/Sn/Ag alloy to have superior
strength to the pure indium alloy, but the bond pressures require machinery with significant
bonding capability as the typical CMS readout attachment would need in excess of ~ 50 kg of
bonding force.

There are several commercial sources of indium and indium alloys available at the time of
this writing. Indium bumps from Boeing North America and Advanced Interconnect Technology
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have been studied to date. To ensure quality control and a cost-effective means for prototype
development, UC Davis and PSI have developed indium deposition facilities.

Pb/Sn solders Pb/Sn solders are also of interest for use in assembling the CMS pixel detector.
As with the other processes, the solder process requires an UBM processing step, which is either
accomplished through chemical plating using a zinc-ate solution or through techniques similar
to those used for In. After the UBM step is complete, Pb/Sn solder bumps are usually electro-
plated onto the substrates. Attachment is made by performing a tack of the solder onto the
mating bond pad, and then temperature cycling the die to the melting point of the solder, to
reflow the solder bump and to cause it to wet the bond pad it was tacked to. Once cooled, a single
interconnect is formed. Pb/Sn solder has already been successfully used by the DELPHI and
the Omega Spectrometer pixel detectors. Given its use in particle physics detectors already, the
main area of research that remains is the qualification of vendors who can provide an appropriate
service. Effort at UC Davis is underway to characterise such vendors.

2.5.3.4 Conclusion and future direction

From the work accomplished to date, we conclude that two candidate technologies are suitable
for assembling the CMS pixel detector hybrid arrays. Pure In and Pb/Sn solder both appear to
meet all the requirements for providing adequate electrical and mechanical bonds. While this
does not prevent continued investigation of emerging technologies which may provide simpler or
more cost-effective techniques, it is clearly necessary to start qualifying vendors of either of these
materials in preparation for the final assembly. This involves identifying vendors with facilities
to provide the appropriate services and demonstrating these services by providing bumps and
bonding of dummy pixel detectors. To date, several vendors of Pb/Sn solder and In have been
identified, and initial negotiations are in progress.

2.5.4 Assembly and tests

Prior to the assembly of the modules all major components (sensors, readout chips) must undergo
tests and fulfil a number of specifications set by the pixel collaboration. While the vendors will
be requested to perform a minimum set of global tests using various special structures or circuits
implemented on the wafers, the pixel collaboration will have to carry out extensive electrical
and visual tests of the actual components at their home institutions.

After delivery of the sensor and readout chip wafers, and some preliminary tests, the alu-
minium bump pads will be provided with a metal layer which does not oxidize (under-bump
metallization), and bumps must be grown on the bump pads (‘bumping’). These steps are
preferably performed at industrial firms. For this, a suitable procedure for mass production
must be developed together with potential vendors. After the wafers have been ‘bumped’, they
are distributed to the home institutes of the pixel collaboration for extensive on-wafer tests.

The number of sensor wafers needed is limited, and the tests can be performed at a manual
probe station. Contacting the backside will be required. Due to the large number of pixels, it
is impractical to test them individually. Therefore the tests will concentrate on special baby-
detectors of typically 1 cm? area implemented at two or three locations on the wafer. These
baby-detectors consist of typically ten various size groups of (150 ym)? pixels connected together
on the metal layer, each group having a pad for placing a probe needle. From the behaviour
of these pixel groups a fairly reliable extrapolation of the quality of the wafer can be obtained.
Visual scans of the metal pattern will also be performed. After dicing of the wafers the leakage
current and breakdown voltage of the sensors must be measured.

For the complete pixel system, about 50 000 readout chips must be tested, assuming a yield
of 30%. Rather sophisticated test routines must be performed, and the chips sorted in three or
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four classes of quality. Depending on the yield, one or more classes will be accepted for use in
the pixel system. We anticipate to perform the tests of the chips on the 400 6” wafers with the
help of an automatic probe station. After dicing, the selected chips will be tested again just
before bump bonding them to the sensors. This second test may be dropped if experience shows
that the cutting of the chips very close to the outermost pixels does not cause any damage.

The bump bonding of the readout chips onto the sensors is likely done within the pixel
collaboration. Bump bonding facilities exist at UCD and PSI. The quality of the bump bonding
can be tested by pulsing the backplane of the sensor.

As outlined above, the readout chips will be tested during the assembly of the modules at
various stages using probe cards, which could damage the wire bond pads. Therefore the chips
will be equipped with a duplicate set of connection pads which will be used exclusively for wire
bonding.

2.6 Mechanics

2.6.1 Requirements

In the design of the mechanical frame which hosts the pixel modules the following criteria are
important:

— Its material budget must be kept to a minimum.

— Its structural stiffness must guarantee positional stability within 10 gm during time periods
of a few days.

— It must provide sufficient cooling to keep the sensor temperature at —10 °C during oper-
ation.

— Its distortion due to operation temperature variations must be kept below 10 pm for
periods lasting a few days.

— It must be built in two halves separated along a vertical line in order to accommodate the
pixel insertion scheme.

Less emphasis is given to the a priori knowledge of pixel positions within the basic CMS
coordinate system. This information will be regularly extracted using tracking data on a time
scale of a few days. Distortions induced by cooling the detector from room temperature down to
operation temperature are thus dealt with automatically, as are imprecisions in absolute position
after pixel installation.

The choice of material must mainly be driven by minimising the radiation length. Aluminium
for the cooling tubes and carbon fibre composites as structural material are among a rather
narrow choice of realistic material candidates. These materials exhibit quite different thermal
expansion coefficients. Epoxy cured at room temperature is therefore used to limit stresses
induced in the glue layers when cooling from room temperature down to operation temperature

(AT = 30 °C).

2.6.2 Barrel mechanical frame

The barrel mechanical frame is shown in Fig. 2.49. Parallel trapezoidal Al cooling tubes arranged
in a half-cylinder are cross-connected by carbon fibre blades (cross pieces) glued alternately onto
two inner or outer faces of two adjacent tubes (see Fig. 2.4). The distance between the tubes is
11 mm at the face of the cross pieces. The cooling tubes are 56 cm long, have a wall thickness
of 0.2 mm, and the faces glued to the cross pieces are 4 mm wide. The inner cross section of the
tubes is 9 mm?. Prototypes with acceptable straightness and twist have been obtained [2-20].
The cross pieces will be made from unidirectional high modulus carbon fibre composite arranged
in four layers (0°/90°/90°/0°) of 270 pm total thickness. They will be 52.65 cm long and 24.3 cm
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wide to accommodate eight modules in a row. Threads for screwing the modules onto the cross
pieces will be glued into prepared holes. Rectangular holes are cut into the cross pieces in order
to reduce material. All four half-cylinders of the 2-layer barrel must be manufactured in separate
pieces, because modules must be mounted inside and outside of the half-cylinders, and the layer
configuration will be changed after the low luminosity period. Half-ring-shaped end pieces of
carbon fibre/honeycomb material are glued onto short round cooling pipe extensions on both
sides, which combine into manifolds on the outside of the end-flanges (4 or 5 cooling tubes into
one manifold, see Fig. 2.49).

Fig. 2.49: Perspective view of a pixel half-barrel mechanical/cooling frame (high-luminosity configura-
tion). The structure is compatible with leaving the low-luminosity layer in place (r = 4 cm).

Onto the end-flanges of the outer barrel layer an extension from the same material and
thickness will be fixed which reaches out to a radius of 18 cm. PCBs attached on both sides of
the end-flanges will house Kapton cable connectors and detector control chips (CCU modules,
see Section 2.4.5.7). At the outer rim of the PCBs, short twisted-pair cables with miniature
connectors at their ends are soldered which will establish the connection to the service tube (see
Section 2.7). Ball bearings are fixed to the end-flanges for inserting the barrel on a rail system.
Table 2.9 lists the material used in a pixel barrel layer. All contributions are smeared over r¢
and overlaps are included.

2.6.3 The mechanical concept of the end disks
2.6.3.1 The blade

Figure 2.50 is an expanded view of a blade. It is assembled with three components: a cooling
pipe, two A-frames, and two panels made of carbon fibre on which the detectors are mounted.
The cooling pipe forms with the two A-frames the mechanical structure of the blade: the panel
support structure (PSS). This unit must supply mechanical rigidity, transfer the heat generated
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Table 2.9: Material budget of a pixel barrel layer

Module component

X/Xo smeared
(overlap included)

Base of module, carbon fibre, 270 pm 0.00166
Glue, 50 pm, base to chips, Xo = 25 cm 0.00025
Readout chips, 180 pm 0.00252
Solder bumps, indium 0.00007
Sensors, 250 pm 0.00280
Glue, 50 pm, hybrid to sensor, Xo = 25 cm 0.00020
Hybrid, 50 pm Kapton, Cu equivalent to 6 ym with 100% coverage 0.00063
Components on hybrid, Si/Si-oxide, 0.07 cm® per module 0.00065
Wire bonds, 400 per module 0.00005
Mean of 2 signal Kapton cables, 50 pm Kapton, Cu equivalent to 2 pm with 0.00044
100% coverage
Mean of 2 power Kapton cables, 50 um Kapton, 40 ym Al with 100% coverage 0.00078
Total module 0.0101
Cooling frame
Cooling tubes, aluminium, 200 pm wall thickness 0.00198
Coolant, Hydrofluoroether, Xo = 23 cm 0.00268
Glue, 50 pm, tubes to cross pieces, Xo = 25 cm 0.00010
Cross pieces, carbon fibre, 270 pm 0.00075
Conductive grease, 50 pm, cross pieces to modules, Xo = 25 cm 0.00030
Fixation of modules onto cross pieces (8 screws/nuts) 0.00059
Total cooling frame 0.0064
Total radiation length per pixel barrel layer 0.0165

N
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Fig. 2.50: An exploded view of the blade showing the parts and assembly.
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by the electronics to the coolant, and at the same time have a mass as small as possible. In
addition the detectors are operated at —10 °C and in the presence of a very large flux of particles.
The design of the PSS presents the largest challenge to the mechanical part of the end disks.

The cooling pipe will be a U-shaped aluminium tube with a 4 mm outer diameter and a wall
thickness of 0.2 mm. After the bending and before the A-frames are mounted to the tube, the
section covered by the two panels is flattened to a 2.5 mm thickness. Short, thin tubes are used
for connections between the blades or to the lines from the refrigerator. The amount of material
in a blade is listed in Table 2.10.

The base material considered for the A-frame is a thin (400 pm) sheet of carbon-fibre or an
aluminium plate. The two A-frames are shaped in order to form a rigid trapezoidal box with the
pipe. One of the frames is flat and the other is cut from a U-shaped channel. At the locations
where the sheets are mounted to the PSS and where the PSS are fastened to rings to form the
disk, nuts (positioned with alignment jigs) are glued on the inside walls. They are accessible
from the outside through holes in the A-frames. The positioning of the cooling pipe within the
PSS structure is not critical, but the precise positions of the nuts and of the two alignment
pins for each panel are important. The carbon sheets are formed in molds using thermoplastic
prepregs and cyanite resins and then cut to size using a water jet saw. These panels are then
glued to the flattened aluminium pipe. The design with the A-frames made of aluminium sheets
uses the aluminium tube in its cylindrical shape. Both the tube and the frames are first gold
plated and then connected by dip brazing. It is expected that for this design the PSS will
be more rigid, and the thermal coupling between frame and tube is superior to the one with
carbon-fibre sheets. The increase in mass is negligible.

The third component of a blade is a set of two panels. They are plates of carbon-fibre,
250 pm thick, on which the sensors with chips, the HDIs, and the monitoring devices are glued,
using a by-stage epoxy.

The panels carry the sensors and the associated front-end electronics. They are assembled
and tested individually and then anchored to the PSS after configuring them into half-disks. It
is very important to be able to propagate the alignment of the sensors relative to the panels to
their final position within the CMS Tracker. To achieve this goal, three reference marks (the
monuments) are mounted on each panel (see Section 2.8).

2.6.3.2 The disk

Twelve panel support structures (PSS) are mounted between two half-rings (with small rims to
add rigidity) made of PEEK (Fig. 2.51).

The 20° rotation along the radial symmetry axis of the blade is introduced in this assembly.
The direction of this rotation is opposite for disks on different sides of the interaction region.
Two disks of each kind will be assembled. Each PSS is anchored to the inner ring at one point,
and to the outer ring at two points. The connections between cooling pipes are made with short
(1.5 cm) union tubes of 4.5 mm inner diameter aluminium. The ends of the two lines to be
connected are glued into the union tube. Depending on the choice of the coolant, it is expected
that groups of either 3 or 4 blades will be supplied in series. The supply and return lines are
tubes of 5 mm outer diameter with 0.2 mm walls. These lines are an integral part of the space
frame supporting the disks and the service cylinder.

After the mechanical structure for each half-disk is assembled, the cooling lines are tested
for leaks and the full loaded and tested panels are mounted on the PSS. Two pins for each panel
ensure the alignment between the panels and the PSS. The thermal contact between the panels
and the PSS is made with thermal grease.
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Fig. 2.51: The end-cap pixel disk structure, including service connections.

Table 2.10 compiles the material used in the pixel end disk wheels. All contributions are
smeared over the area of a blade, with the overlaps included. With a water based coolant the
material budget could be decreased by 0.13%.

Table 2.10: Material budget of end disk blade

Blade components X/Xo
(overlap included)
Sensors, 250 pm silicon (7 per blade) 0.00316
Readout chips, 180 pm silicon (45 per blade) 0.00199
Bump bonds, indium 0.00003
HDI/pigtails, multi layer cables, Cu on Kapton 0.00411
Components on HDI, silicon-oxide, 105 mm?® per blade 0.00064
Wire bonds, aluminium, 20 per readout chip 0.00004
Panels, 250 pum carbon fibre (2 per blade) 0.00352
Glue, 50 pm thick, readout chips to panels 0.00033
Total panel 0.01382
Support structure and cooling

A-frames, 400 pm thick aluminium 0.00316
Conductive grease, 50 pm thick between panels and A-frame 0.00014
Screws to secure panels to A-frame 0.00001
Cooling pipes, 200 pm thick Al walls 0.00258
Coolant (HFE-7100), Xo = 23 cm 0.00373
Total support structure and cooling 0.00962
Total radiation length per wheel 0.02344

2.6.3.3 The space frame

The half-disks are mounted on space frames (see Fig. 2.52). This structure is a light shell made
with two skins of carbon sheets (0.3 mm thick) spaced by ribs of annular shape and 0.5 mm thick.
The sheets are connected with light, high strength composite material bars along the height of
the cylinder. The ribs have holes distributed around the half-circle to allow the passage of the
cooling lines, the power cables, and the optical fibres. Structural reinforcements are inserted in
the shell where the disks are attached to the space frame and where the space frame is connected
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Fig. 2.52: Half-disks mounted in space frame. The service tube is also shown.

to the rails for installation. The skin on the inside has apertures to permit access to the shell’s
volume, facilitating the insertion of the different lines. A thin sheet of aluminium is glued on the
outside of the space frame shell, serving as an electrostatic shield. In addition to the half-disks,
the space frame holds the port cards along with the electronics interfacing the front-end chips
to the counting room.

2.6.4 Cooling

Present estimates indicate a power consumption per pixel of around 60 yW, including about
3 uW from the sensor leakage current and an equivalent 3 yW per pixel from various signal
driver chips sitting on the modules (barrel). For the total of &~ 39 million pixels this adds up to
2.3 kW (high luminosity version). The power load on the cooling tubes is therefore expected to
be about 40 W/m. Additional power will be consumed at other places, e.g. on the pixel system
peripheries by control chips and in the service tubes due to the optical drivers and the minimised
cross sections of the voltage supply lines. The total power to be removed by the cooling system
is estimated to be about 3 kW.

The sensor temperature must be maintained at —10 °C. To cope with expected temperature
differences due to thermal resistances and limited heat transfer a coolant inlet temperature
of —15 to —20 °C is required. Since the coolant must be supplied through long tubes with
the smallest possible radii, a liquid having a low viscosity at this temperature must be found.
For safety reasons it is desirable that the coolant be electrically isolating, non-flammable and
non-toxic.

The heat transfer liquid HFE-7100 from 3M is a possible candidate having the required
properties. However, it has a relatively short radiation length of 23 cm. Because of its poor
thermal conductivity, turbulent flow must be used with relatively high flow velocities, producing
appreciable pressure drops. To limit this effect the tube diameters and modularities of the
various supply tube sections must be carefully chosen, with space limitations and the material
budget in mind. For the barrel, the coolant enters at +z and exits at —z. Four or five cooling
tubes of the barrel cooling frame are combined into one 6 mm inner diameter aluminium tube
following an axial path out to |z| =3 m / r = 0.2 m. Here two tubes merge into one supply
tube of 10 mm inner diameter, leaving (entering) the CMS magnet on a 15 m long path. Eight
supply tubes and eight return tubes are needed for the barrel (high-luminosity version). The
flow in one barrel cooling circuit will be around 70 cm?/s.

The following pressure drop Ap and coolant temperature rise AT is estimated:

— Barrel supply tube length = 2 x 15 m, inner diameter = 10 mm, Ap = 550 mbar.
— Barrel supply tube length = 2 x 3 m, inner diameter = 6 mm, Ap = 367 mbar.
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— Barrel cooling tube length = 0.55 m, inner cross section = 9 mm?, Ap = 33 mbar,
AT = 1.8 °C.

The total pressure drop is below 1 bar. A temperature difference of about 3 °C between
coolant and cooling tube due to the limited heat transfer is estimated. Between cooling tube
and barrel sensor a temperature drop of about 3 °C is expected.

The coolant for the two disks on each side of the interaction region is supplied and reclaimed
from the same z side. A cooling loop similar to the one for the barrel supplies coolant to each
set of disks at +2z and —z. The supply tube feeds at z = 3 m into a manifold that distributes
the liquid for the two disks through 8 aluminium tubes of 5 mm diameter and 0.2 mm thick
wall. A similar system of 8 tubes collect the return flow. Based on measurements of the pressure
drop on a single blade we estimate the pressure drop in a loop to be only slightly above 1 bar.
The layout of the cooling system on the disk, as well as the routing of the supply lines, strongly
influences the amount of material encountered by the particles. A compromise must be found
between the minimum tube cross-section and a safe operating pressure.

2.7 Pixel Services and Installation

The insertion scheme for the pixel detectors is strongly affected by maintenance of the beam
pipe. In-situ bake-out will be necessary which is not possible with the pixel detectors already
installed. The insertion will therefore take place on a rail system installed parallel to the beam
pipe after bake-out. On account of the beam pipe suspensions and the increasing diameter
of the beam pipe at large distances from the centre of the experiment, the pixel system must
be constructed in two halves, separated along a vertical line. In case the pixel system needs
maintenance it can be extracted without disconnecting the beam pipe and with the rest of the
Tracker untouched. The access time is mainly determined by the time required to open the
CMS endcaps.

The closest point of access to the beam pipe region with the endcaps retracted is at z = +3 m.
Therefore all pixel services (service tubes, see below) attached to barrel and end disks and
extending out to z = £3 m must be inserted or retracted together with the detectors. This
complicates the installation of the pixel barrel since it will have services leaving in both directions,
while the end disk systems are confined to a single side. Hence it is planned to first insert the
barrel from the +2z side, with the service tube for the —z side put at the head of the train,
followed by the barrel, with the service tube for the 4z side at the end. Afterwards the end disk
systems with their service tubes will be installed from both sides.

All services including cooling tubes, power lines, optical fibres etc. will be integrated into
light carbon-fibre space frames (service tubes) forming half-cylinders. The barrel service tubes
extend from |z| = 0.3 m to |z| =3 m and cover a radial width between 18.1 cm and 18.9 cm in
order to leave space for the end disk insertion. The end disk service tubes start at |2| = 0.55 m
with their radial extension limited to 17.9 cm. Cooling tubes and power lines will be grouped in
the service tubes in order to remove ohmic heat from the relatively thin aluminium conductors.
The first = 30 cm of the service tube close to the pixel detector will be covered with cylindrical
PCBs. These will have miniature electrical connectors which receive short thin twisted-pair
cables from the pixel system peripheries facing the service tube (see Fig. 2.53). The PCB routes
the pixel signals to electro-optical converters with the fibres attached to them. The fibres run
along the service tube and leave it, combined into groups of fibres, having at their end multi-fibre
optical connectors which are plugged to patch panels located at |z| =3 m / r = 25 cm. With
this arrangement only electrical connections have to be established between pixel detectors and
service tubes, when inserting the pixel system. The fibres are safely integrated into the service
tube, leaving it as robust bundles.




76 2. The Pixel Detector System

twisted pair cables optical fibres

service tube

Layer 2

PCB
e cable connectors

Layer 1

electro-optical converters

Fig. 2.53: Connection scheme of the pixel barrel. Kapton cables from the modules are plugged into
PCBs sitting on the barrel end-flanges. Twisted-pair cables establish the connection to the service tube,
where the electro-optical converters are placed

There will be a large number of short connecting services between pixel detectors and service
tubes which, although individually flexible, will as an ensemble provide considerable stiffness.
Relative radial movements between both attachment ends of these connections must be avoided,
and bending angles between pixel system and service tube during insertion must be restricted to
a minimum. Figure 2.54 shows the proposed layout of the insertion rails. The outer rails provide
a radial movement (in a horizontal plane) of 5 cm between z = 3.7 m (where the elements of
the train will be sequentially put onto the rails and interconnected) and the end position. This
is necessary in order to remain clear from the beam pipe for the most critical case of the low
luminosity barrel. At z = 488 cm vertical beam pipe suspensions must be passed. Other vertical
and horizontal beam pipe suspensions are located around z = +2.3 m. The latter suspensions
can be reached from outside. During insertion the horizontal parts of this suspension must be
temporarily removed. Openings in the service tubes will allow the horizontal suspensions to
re-established at the end of the installation.

z=-300 z=+300

z=180
volume of Si strip detectors

— r=21

Fig. 2.54: Layout of the proposed rail system for the pixel insertion (top view). The course of the rails is
given at various positions in centimetres. The outermost contour of the barrel service tube (—z) is shown
at different positions. The positions of the innermost vertical beam pipe suspensions are indicated.

In Fig. 2.54 two pairs of rails are shown. The inner straight rails will be used by the very
ends of the barrel train, which after insertion will be at z = £3 m. This is necessary in order to
pass the long stiff barrel service tubes through the available insertion opening. Various positions
of the service tube for the —z side during insertion are shown in Fig. 2.54 (horizontal cut). Once
in the final position, the barrel service tubes must be rotated outwards by 1.5 degrees in order
to give room for the subsequent insertion of the end disks.
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Because of this pixel insertion scheme there must be a separating skin between the volume of
the pixel system, extending out to |z| = 3 m, and the volume housing the silicon strip Tracker.
During operation, both volumes must be kept at —10 °C. During insertion/retraction of the pixel
system, with the silicon strip detector in place and cooled, the power to the silicon strip detector
must be switched off, with the cooling system remaining in operation in order to absorb heat
entering the silicon strip volume from the open pixel volume. During this time the temperature
of the silicon strip detector should be raised to a few degrees centigrade and its volume should
be flushed with dry, cold nitrogen in order to avoid condensation humidity.

2.8 Alignment

The pixel system consists of three components (the barrel and two end-disk systems) loosely
connected by the same system of insertion rails which also serves as a fixture of the three
components. The relative alignment between the subsystems will be achieved by a relatively
simple analysis of isolated tracks going through more than one subsystem. Similarly the pixel
system will be related to the overall CMS coordinate frame.

The final internal alignment of the pixel subsystems will also be achieved by using track-
ing data; however, these systems will be measured individually prior to installation using a
3-dimensional survey machine. These survey data serve as starting points to the alignment
algorithm which will use isolated tracks. The alignment process must be repeated periodically
or after a change in position has been detected. For this the internal alignment system of the
Tracker will be used to detect any movements of the detectors.

In the barrel each module will have two cross marks on the visible p-side of the sensor
which is very accurately related to the pixel array, due to the double-sided processing of the
sensors. With a 3-dimensional survey machine, these marks allow determination of the relative
positions of the modules within a half-layer of the barrel. After assembling of two half-layers
in a half-barrel, these two layers can be related to each other and to common reference marks
on the end-flanges, which will be visible to an external survey system. After the insertion of
the pixel barrel, but prior to the insertion of the end disks, the positions of the two half-barrels
can be surveyed through a line of sight along the beam pipe, using the reference marks on the
end-flanges.

The relative alignment of the two half-barrels can also proceed with the help of event vertices
having tracks in both halves. Using an algorithm which optimises the quality of individual
vertices in a large number of events simultaneously, the six parameters relating one half-barrel
to the other can be determined (vertex constraint method). This method has been successfully
used for the internal alignment of the H1 vertex detector.

For the end disks, reference marks, called monuments, are first glued to the panels using a
precision gluing jig. A monument is a thin, small piece of silicon with a cross mark engraved
on one surface. This fiducial mark can be referenced optically by a microscope as well as
mechanically by a touch probe (to a few microns). The next step in the assembly of the panels
is the gluing of the sensors with readout chips followed by gluing the HDIs and the Kapton
pigtails. All these steps are carried out using Zeiss500 UMM units, which have an accuracy of
~ 1 pm. During the assembly of the sensors on the panel, the position of the pixels relative to
the monuments will be optically measured with high precision by using alignment marks on the
p-side of the sensors, which can be related very accurately to the pixels due to the double-sided
processing of the sensors. After the panels have been mounted on the panel support structure
and the half-wheels have been installed into the space frame, the position of the monuments
will be surveyed with a touch probe. These measurements will interconnect three components,
the two half-disks relative to each other and each one relative to the space frame. Reference
marks on the space frame and on the side of the half-disk visible from large z are located such
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that they can be surveyed optically after the units are installed. These fiducial marks have been
referenced to the monuments on the blades. After installation these marks allow the forward
disks to be related to the rest of the tracking system. In addition, after both space cylinders
are installed, the same marks will allow the two visible half-disks to be related to each other.
Additional alignment will be done using tracks.

In summary, the final alignment with an accuracy of around 10 pym in all three dimensions
will be achieved using alignment algorithms based on tracking data. The survey data will serve
as starting points in these algorithms.

2.9 Appendix

2.9.1 Radiation hardness of gallium arsenide

Detectors made of semi-insulating gallium arsenide (GaAs) have been developed and investigated
for use as pixel sensors in the CMS experiment. The detectors have been processed with Schottky
contacts (Ti/Pt/Au or Ni/Cr/Au). The typical thickness of the GaAs detectors is 250 pm.
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Fig. 2.55: (a) I —V characteristics of GaAs detectors before and after proton irradiation; (b) The most
probable signal for MIPs as a function of fluence of different particle species.

To study their radiation hardness, GaAs detectors have been systematically irradiated [2-2]
by neutrons (peak energy 1 MeV), protons (23 GeV), pions (191 MeV) and photons (®°Co
source). Figure 2.55a shows the I — V' characteristic curves of GaAs detectors at 20 °C before
and after exposure to protons. Before irradiation the detectors show an initial sharp turn-on
of the current density followed by a slow increase with increasing voltage up to an eventual
breakdown. After irradiation the general form of the I — V' curves is similar for all irradiation
levels: The current density rises continuously with the voltage, showing a clear increase of the
slope at the full activation voltage.

The most probable signal for MIPs, measured at room temperature with a bias voltage of
190 V and a peaking time of 40 ns, is shown in Fig. 2.55b as a function of neutron, proton
and pion fluence for detectors made of two different GaAs ingots. For all particle species, the
MIP signals show a reduction with increasing fluence. The signal loss is most pronounced for
low-energy pions, which will represent the bulk of radiation at the LHC.
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2.9.2 Radiation hardness of diamond

The use of diamond as detector material for tracking at low radii has been studied by RD42
since 1994. The material is produced by the diamond manufacturers St. Gobain/Norton and
De Beers by chemical vapour deposition (CVD). More details can be found in Ref. [2-3].

Irradiation studies with CVD diamond samples have been carried out at the ISIS spallation
source (mainly 10 keV/c and 1 MeV/c neutrons) and at the Paul Scherrer Institute (300 MeV/c
positive pions). Up to a fluence of about 5 x 10'* neutrons/cm? no degradation of the charge
collection distance is observed and only at a fluence of 8 x 10'* neutrons/cm? a decrease of
about 15% is detected. For the irradiation with pions the samples with a charge collection
distance of about 50 pm showed no reduction of the charge collection distance up to a fluence
of 1.8 x 10'% pions/cm?. These results prove the expected radiation hardness for the material
tested so far.

Irradiation studies with protons, photons, electrons and alpha particles were also performed.
CVD diamond samples with the best charge collection properties have been irradiated up to a
fluence of about 1.9 x 10'® pions/cm?. The measurements are under scrutiny and the preliminary
analysis gives further evidence that diamond detectors would survive ten years of operation at
the smallest envisaged radii.
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Chapter 3

The Silicon Strip Tracker

3.1 Introduction

The Silicon Strip Tracker (SST) is a sub-detector, based on micro-strip silicon devices, in-
strumenting the intermediate radial region of the Central Tracker of CMS. In combination
with the Pixel Detector in the inner part and with an outer Tracker based on Micro-Strip Gas
Chambers (MSGCs) the SST aims at performing pattern recognition, track reconstruction and
momentum measurement for all tracks above 2 GeV/c transverse momentum originating from
high-luminosity interactions at /s = 14 TeV. The advantages and the physics potential of the
precise tracking performance provided by micro-strip silicon detectors have been extensively
demonstrated both by LEP experiments [3-1] and by CDF [3-2]. In CMS we aim at a similarly
sophisticated performance on a larger scale of apparatus and in a much more difficult environ-
ment. This chapter of the TDR is intended to describe the design, the construction procedure of
the SST and its various components. The document is subdivided into nine sections organized
as described below.

General overview and requirements are described in Sections 3.2 and 3.3. The technical
design of the different elements (silicon sensors, read-out system, DAQ, detector modules and
support structures) are covered in Sections 3.4 to 3.7. The alignment system is described in
Section 3.8. Section 3.9 summarizes the system prototyping work performed so far.

3.2 Overview and Requirements

3.2.1 Overview

The SST consists of approximately 70 m? of instrumented silicon micro-strip detectors. It is
composed of a barrel region and two end-cap regions (see Fig. 3.1). The barrel region consists
of five cylindrical layers and of six mini-disks. The end-cap regions are each composed of ten
disks.

The barrel part instruments the radial region between 22 and 60 cm. All cylindrical layers
are equipped with rectangular detectors and provide r — ¢ information; in addition layers 1-
2 and 5 deliver also small-angle stereo measurements for reconstruction of the z-co-ordinate.
The mini-disks are equipped with wedge-shaped detectors and provide a z — ¢ and a radial
measurement.

In the end-cap tracks are reconstructed in the radial region between 22 and 60 cm. Each of
the twenty disks is made out of concentric rings of wedge-shaped detectors. On each side, disks
1 to 6 are fully instrumented with four rings. Disks 7-8 are equipped with three outer rings and
disks 9-10 with two outer rings only. Rings 1 and 4 provide double-sided information while rings
2 and 3 are single-sided.



3. The Silicon Strip Tracker

82

deo-pu3 W

plreg

Sogy || 209

-

~

Fig. 3.1: Longitudinal view of the SST.
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The SST extends longitudinally for about 5.6 m and covers the pseudo-rapidity region to
|n| = 2.5. Each silicon detector is 300 pm thick and is read out by front-end electronics on a pitch,
varying for different layers and disks, between 60 and 270 pm. The silicon sensors are organized
in detector modules formed by one or two detectors for an overall strip length between 7 and
12.5 cm. Detectors and on-board electronics are assembled on low mass supporting elements.
The detector modules are mounted on very light and stiff supporting structures incorporating
cables, cooling system and all other services.

With respect to the Technical Proposal [3-3], the most relevant changes are:

— An extended radial and longitudinal coverage.
— The use of single-sided detectors for the whole system.

These changes, made possible by the excellent results of our R&D programme, yielded a
substantial cost reduction by using p™ on n devices, improved the robustness of pattern recog-
nition and allowed the reconstruction of tracks to be extended down to transverse momenta as
low as 1 GeV/ec.

We are confident that the proposed layout will provide excellent tracking performance for
the CMS detector.

3.2.2 Requirements

The CMS Central Tracker is designed to ensure high quality momentum resolution, precise e/y
separation and excellent isolation of calorimeter showers. In particular, isolated high pr muons
and electrons should be reconstructed with efficiencies greater than 98%, the fake track rate
should be lower than 1% and the momentum resolution should be better than Apr/pr = 0.15 pr
(in TeV /c) over the full rapidity range of || < 2.5. Once the tracks have been correctly identified,
the measurement of the momentum becomes a relatively easy task within the 4 T magnetic field
and the large lever arm of the tracking system.

In the case of non-isolated tracks inside jets of transverse energy up to a few hundred GeV,
the Central Tracker is required to reach a track finding efficiency of better than 90% for tracks
of pr > 2 GeV/c and ghosts at the level of 1%. The SST will extend the pp limit down to
values of around 1 GeV/c.

These requirements for the full tracking system translate in the case of the SST as described
in the following sections.

3.2.2.1 Pattern recognition and momentum measurement

The SST, in combination with the Pixel Detector and with the outer MSGC Tracker, is a key
element for pattern recognition within the tracking system. The approach is based on very high
granularity, adequate segmentation in z, high hit efficiency and single-cell occupancy at the level
of a per cent.

For the SST these requirements become really stringent since the radial region occupied
by the silicon layers is the most congested one due to the combined effect of the very strong
magnetic field of CMS and the average pr of the tracks produced in minimum bias events.

The fast charge collection time of silicon allows single bunch-crossing identification, while
in a standard thickness of about 300 pm of silicon the average cluster size, even for tracks at
low incidence angle, is small. All this contributes to limit the number of fired channels to a
manageable level.

Previous running experience of silicon vertex detectors [3-4] and a lot of test beam data show
that with a signal-to-noise ratio around 10:1 it is possible to obtain a single hit efficiency close
to 100% (see Section 3.4.6.2).
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Extensive simulation work (see Chapter 7) shows that 13 precise hits in the bending plane,
typical of each high pr track in the full tracking system, allows us to perform good pattern
recognition. The five precise points provided by the SST in the intermediate radial region allow
good efficiency in linking the hits produced by the Pixel Detector in the vertex region and the
hits reconstructed by the MSGC Tracker outside.

A single hit resolution of better than 20 pm and a two-track resolution in the inner layers of
better than 200 pym are required from the SST to allow an efficient overall pattern recognition.
These requirements determine the read-out pitch while a maximum strip length of about 12 cm
is necessary to maintain the cell occupancy at the per cent level. The combined effect of the
requirements on resolution and segmentation leads to many thousands of detector modules and
several million electronic channels.

The need to reconstruct helices in space requires at least eight tracking layers providing
space points in the full Tracker. Three double-sided layers will be needed in the SST to link in
space the two pixel points with the three space points provided by the MSGC Tracker.

With five layers of silicon we foresee also the possibility of performing track segment recon-
struction and momentum measurement within the SST alone. An independent measurement
of the momentum, eventually extended to the pixel points, may be used to match the track
segment reconstructed in the less congested region of the outer MSGC Tracker. This handle
can be used as an additional powerful tool to reduce further ambiguities and resolve ghosts in
congested events.

In addition, this option will allow internal alignment and facilitate the alignment among the
different sub-detectors of the Central Tracker.

3.2.2.2 Tracking efficiency and vertex capability

The ability to reconstruct the vertex of a hard collision and to distinguish it from the additional
vertices produced by multiple interactions in the same bunch crossing is a key element for the
physics programme of CMS. The major role in this exercise is played by the combined use of
the Pixel Detector and of the SST.

The presence of b-hadrons can be tagged with reasonable efficiency by displaced vertices
produced in their weak decays. Impact parameter measurements play an essential role in B-
physics and in tagging b-jets in high pr events. The system of pixel and micro-strip silicon
detectors may provide vertexing capability in both co-ordinates not only to distinguish among
different interaction vertices at full luminosity but also to provide a precise measurement of
the impact parameter of tracks in both co-ordinates and over a large range of momenta. We
aim at 3D vertex reconstruction, at a tagging efficiency for b-jets above 20% with a mistag
probability below 1%. Further constraints come from the requirement of K° reconstruction at
low luminosity with good mass resolution. For tracks with pr > 10 GeV /c we require an impact
parameter resolution in the transverse plane better than 40 pm over the full n-region while the
corresponding impact parameter resolution in the r—z plane is required to be better than 100 pm
in the central region.

These requirements on vertexing demand the accuracy for the z measurements provided by
the silicon layers to be better than 500 pm.

3.2.2.3 Lifetime

The lifetime of the Silicon Strip Tracker is required to be 10 years of LHC running. Given
standard LHC operating conditions and taking into account a low luminosity start-up phase [see
Appendix A], an integrated luminosity of 5 x 10° pb™! is expected over ten years of operation
corresponding to 5 x 107 seconds of running at the LHC peak luminosity of 103 cm—2s L.
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3.3 Experimental Constraints and Layout

3.3.1 Experimental constraints

Several experimental constraints must be taken into account in the definition of the design. The
most relevant ones are the radiation environment, the limits on the material budget, and the
size and complexity of the system.

3.3.1.1 The radiation environment

The most critical issue of the SST is the long-term survival after heavy irradiation. The system
must be designed to guarantee stable operating conditions for several years of running at the
highest luminosity.

The levels of radiation due to primary interactions will be very high around the collision
region. In addition, a high flux of neutrons will be present in the tracking volume due to
backscattering of neutrons evaporated from nuclear interactions in the material of the electro-
magnetic calorimeter.

In 10 years of LHC running the most irradiated detector of the SST will be subject to an
average fluence of 1.6 x 10'* 1-MeV-equivalent neutrons per cm?.

This value is considered as design value for the radiation resistance of the full system. In
addition we consider a safety factor of 1.5 to take into account unexpected higher fluxes or
uncertainties in the damage constants (see Section 3.4).

The design of the micro-strip devices for the SST will be based on the use of single-sided p*
segmented implants in an initially n-type bulk silicon [3-5]. This option implies the coupling of
two single-sided detectors back-to-back to equip the double-sided layers. Since p* on n detectors
are the simplest devices that can be manufactured, they offer a great advantage in terms of
both cost and industrial production capacity. This choice does, however, present a significant
challenge in that, after the type-inversion of the bulk induced by radiation, the detectors must
be substantially over-depleted in order to maintain satisfactory performance. Since the expected
depletion voltage after type-inversion increases rapidly as a function of the fluence, the single
detector elements and the system as a whole must be designed to allow for high voltage operation
of the silicon devices.

To survive the high radiation environment of the LHC, the silicon wafers will need to be
kept cold. The silicon operating temperature becomes increasingly important as the effect of
the radiation becomes more pronounced. The entire volume of the SST will be permanently
kept at —10 °C during running and only for limited periods of time will it be allowed to reach
temperatures above 0 °C for maintenance purposes.

3.3.1.2 Low mass and high mechanical stability

The amount of material within the Tracker volume will affect the Tracker performance in various
ways, i.e. multiple scattering, delta rays, photon conversions and strong interactions. Even more
critical is the effect of the Tracker material on the ECAL performance. Strong emphasis has
been put in the CMS design to allow efficient reconstruction of the H — vy decay mode. This
places stringent requirements on the performance of ECAL, which in turn seriously constrains
the material of the Tracker. It leads to a design goal of 40% of a radiation length for the SST
over the full 5 range.

On the other hand, in order to maintain the tracking performance achievable with micro-
strip devices, the modules and their supporting structures must be sufficiently stiff to ensure
manageable and well-controlled distortions under the various conditions foreseen.
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3.3.1.3 Size and complexity

The size and complexity of the system are such that an easy assembly and disassembly procedure
of the detector as a whole and of the individual modules should be envisaged. High modularity is
foreseen to guarantee a manageable construction procedure with the entire system made out of
several independent subsystems which may be independently assembled, surveyed and tested. A
realistic disassembly procedure is needed to allow maintenance of the system in between running
periods in case of need. Simple operations should allow the metrology of the detector elements
and of the system as a whole. Furthermore the layout should be such as to accommodate
naturally all required services, allowing sufficient latitude for the uncertainties still surrounding
them.

3.3.2 Design choices
3.3.2.1 Detectors

The choice of AC coupled, poly-biased, single-sided p* on n-bulk devices as baseline sensors
allows very high voltage operation, achievable in simplified technologies [3-6]. The radiation
resistance of these devices has been proven to be above the expected fluence in CMS. They
are relatively simple and low cost devices since their production is compatible with standard
micro-electronics technology. For the same reason they can be produced in large quantities with
high yield by several manufacturers.

For the double-sided layers we plan to use two single-sided back-to-back sensors, one of which
will have small angle stereo strips. To avoid dead regions the use of double metal connections
is envisaged. This choice simplifies high voltage operation since the electronics can be operated
without an offset ground which is necessary when truly double-sided devices are used. Radiation
resistant double-sided devices have also been produced and tested within our R&D activities
but they are intrinsically more expensive because of the special handling they require during
production and because of yield problems. Furthermore, the need to use a floating ground for the
electronics introduces severe problems at the system level. The n™ on n-bulk devices, although
interesting, do not seem to offer definite advantages in our system. They are more expensive than
truly single-sided devices since their technology is not compatible with the standard production
lines because of the pattern needed on the front side. Finally, optimization of the performance
of these devices in the 4 T field of CMS would be highly problematic due to the higher Lorentz
angle of the electrons.

3.3.2.2 Read-out electronics

We have chosen a fully analog architecture based on a fast amplifier followed by an analog
pipeline and a deconvolution circuit. The analog read-out allows efficient common mode noise
subtraction. In addition, it allows better control of the behaviour of the detectors, giving us a
powerful tool for understanding and following the change of the system performance induced by
irradiation. Diagnostics of faults will be easier and fine tuning of the on-line and off-line thresh-
olds will be possible to obtain the best performance for different running conditions in different
layers. Multi-layer aluminized Kapton hybrids will be used to reduce the overall material budget.

High speed optical links, based on laser technology, will feature radiation hardness, small
size, low power dissipation and high analog transmission quality. The use of a system very much
in line with the current and emerging telecommunication standards will allow us to benefit
from technology improvements, multiple source availability and cost reductions expected in the
coming years.
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A fully parallel power supply scheme is chosen. Aluminum conductors on thin Kapton
ribbons will be used as cables within the tracking volume to minimize the impact of the power
cables on the material budget. High voltage lines will independently supply the bias voltage of
each module.

3.3.2.3 Modules

Simple module design allows mass production in several independent centers with an efficient
use of equipment and manpower distributed in various institutions. With 12.5 cm as maximum
strip length both for the barrel and end-cap modules we expect to have a signal-to-noise ratio
of 12:1 on average at the end of the detector lifetime (10 years of LHC running).

By assembling a few hundred modules into independent sub-units (disks or half-cylinders),
one can organize parallel assembly and test lines of the different parts of the final system with
advantages in terms of time and reliability.

3.3.2.4 Mechanical structure

Low mass supporting structures are foreseen. The mechanics will incorporate the cooling system,
cables and optical links and all other services (alignment, monitoring and survey systems).
High performance carbon fiber composites are foreseen as the basic material of the mechanical
structure. Since a temperature variation of about 40 °C is expected between the assembly
and running temperature of the most critical parts the structure will be fabricated with the
constraint of having a thermal expansion coefficient (CTE) close to zero. Symmetric structures
will be used for all mechanical elements incorporating materials with CTE different from zero
(i.e. the detector modules) to avoid bi-metallic effects. The adhesives will be selected in such a
way that mechanical stress is released in them.

Low cost fabrication procedures have been selected. Easy assembly and disassembly proce-
dures for the different sub-units will be possible.

3.3.2.5 Cooling

The operating temperature of the SST will be —10 °C. The cooling system will be based on
fluids used to cool by direct conduction all elements producing power (electronics, optical links
and service cards; cables and silicon detectors) and on cold dry nitrogen circulated through the
system. A thermal shield will isolate the volume occupied by SST and pixel detectors from the
volume of the MSGC running at +18 °C. Small, thin walled metal pipes will be used for the
cooling system.

3.3.2.6 Alignment and mechanical stability

The final position of each detector strip in space will be determined by using tracks. Survey data
will be used to constrain the initial information on position to speed up the iterative procedure.
A monitoring system will be used to control the stability of the detector with time.

The individual detector modules will be fabricated with an internal precision of 5 pm in
the detector plane and of about 30 pm in the co-ordinate perpendicular to the plane. The
mechanical structure will allow a survey procedure during the assembly of the modules to know
the absolute initial position of each strip in space with an accuracy better than 10 gm. Maximum
displacements from the nominal positions due to the combined effects of machining precisions,
gravity and thermal deformations will be kept below 100 pm. Stability with time under stable
operating conditions will be at the level of 10 pym.
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3.3.3 Layout
3.3.3.1 The barrel detector

The barrel system contains five equally spaced cylindrical layers instrumenting the radial region
between 7y, = 210 mm and 7,4, = 635 mm (see Fig. 3.2). The length of the entire system is
1730 mm. The last active element of layers 3, 4 and 5 is positioned at |z| = 822 mm while the
first two cylindrical layers end at |z| = 446 mm. All cylindrical layers contain modules based on
rectangular detectors. The average radius of the first active element is 235 mm while 583 mm
is the average radius of the outermost active layer. Layers 1, 2 and 5 are double-sided; layers 3
and 4 are single-sided.

LAYER-1

LAYER-2 LAYER-4
LAYER-3 R496. 0

Fig. 3.2: Transverse view of the silicon barrel detector.

A mini end-cap is included in the barrel system: three small disks on each side complement
the first two barrel layers with wedge shaped detectors. The use of this geometry reduces the
number of detector modules while optimizing the detector performance for very inclined tracks.

Tracks at |n| < 1.2 are fully contained in the barrel detector and cross only cylindrical
layers. For |n| > 1.2 tracks cross both the cylindrical layers and the mini end-cap disks. The
pseudo-rapidity coverage of the last disk of the mini end-cap extends to |n| = 2.

Two (four) detectors per module are used in all cylindrical single-sided (double-sided) layers.
The dimensions of the silicon detectors are 64 x 64 mm?, the active area being 62.5 x 62.5 mm?.
Table 3.1 lists the pitch-size and the number of channels per module in each layer. The strips in
the stereo view are tilted by 100 mrad with respect to the beam line, thus allowing a measurement
of the z-co-ordinate.

The detectors are tilted by 9° to compensate for the Lorentz angle and are arranged to allow
¢ and z overlap to avoid dead regions. The 0.6 mm overlap in z also takes into account the
spread of the primary vertex. No dead region is allowed in each layer apart from the 1.7 mm
wide z region in the middle of each detector module. The acceptance of each detector layer is
listed in Table 3.2 (due to the overlap, acceptance numbers > 100% are listed).

To allow for an easy assembly and disassembly procedure the detector modules are positioned
on both sides of each supporting cylindrical element. This option frees space for handling and
connections while keeping the full coverage. Positioning pins are incorporated in the structure
which also houses cables, optical links, optical fibers and control and service cards. Optical
links are located in the empty space between two detector modules for optimal matching of the
modularity of the read-out channels and the optical system. Control cards are positioned for
each layer close to the end flanges. All these elements, and in particular all of them dissipating
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power, are in good thermal contact with the cooling pipes incorporated in the structure itself.
Cooling ledges made out of very high conductivity carbon fiber are inserted to house and cool
down the most critical elements (electronics, detectors, optical links).

Table 3.1: Read-out pitch and number of channels per module in the barrel detector

layer # | r-¢ read-out # of stereo read-out # of
pitch channels pitch channels
[pm] per module [pm] per module

1 61 1024 122 512

2 81 768 122 512

3 81 768 - -

4 122 512 - -

5 122 512 244 256

Table 3.2: Radial positions and relevant numbers of the barrel detectors

layer 1 layer 2 layer 3 layer 4 layer 5 total
Tin [mm] 217 304.5 391.5 479 566
Tout [MM] 249 336.5 423.5 511 598
Noioda(d) 26 + 26 36 + 36 44 + 44 54 + 54 62 + 62
Niod (%) 4+ 4 4+ 4 8+ 6 8+ 6 8+ 6
Nimod 208 (d.s.) | 288 (d.s.) | 616 (s.s.) | 756 (s.s.) 868 (d.s.) 1364 (d.s.)
1372 (s.s.)
Nua s /mod 4 4 2 2 4
Nuar 416 (ax.) | 576 (ax.) | 1232 (ax.) | 1512 (ax.) | 1736 (ax.) | 5472 (ax.)
416 (ster.) | 576 (ster.) - - 1736 (ster.) | 2728 (ster.)
Nehip(¢p)/mod 8 6 6 4 4
Nenip () /tot 1664 1728 3696 3024 3472 13584
Nehip(z)/mod 4 4 - - 2
Nenip(2) 832 1152 - - 1736 3720
Nehann (@) 212608 221184 473088 387072 444416 1738368
Nehann (2) 106496 147456 - - 222208 476160
acc. (in-r) (¢)[%] 116 115 110 110 107
acc. (out-r)(¢)[%] 101 104 101 103 101
z-overl. [mm)] 0.6 0.6 0.6 0.6 0.6

Cables, optical fibers and cooling pipes run parallel to the supporting cylinders until they
reach the end-flanges where they are brought to the outermost radius. From there they run
parallel to the beam line along the external supporting cylinder to the outer flange of the SST
around |z| = 2.8 m.

To maintain a high level of modularity each cylindrical layer is made as two independent parts
(half-cylinders) which may be independently assembled, surveyed and tested before being rigidly
connected together for the final survey and for the test operation of each layer. The system as a
whole is built by assembling together first the two inner layers with the mini end-cap and then
the three external layers.

The number of modules, detectors and electronic channels of each layer is listed in Tables 3.2
and 3.3 together with the most relevant information on the geometry of the system.

A total of 1372 single-sided and 1364 double-sided modules will be used to equip the cylin-
drical layers of the barrel detector. Eight thousand two hundred silicon detectors will be needed
(5472 with axial strips and 2728 with stereo strips and double-metal connections). In total, an
area of 33.59 m? of silicon sensors and 2 214 528 analog channels have to be produced.
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Table 3.3: Longitudinal positions of the detector edges in the barrel detector
Layer z-position 1 | z-position 2 | z-position 3 | z-position 4 | z-position 5 | z-position 6 | z-position 7
number [mm] [mm] [mm] [mm] [mm] [mm] [mm]
1 —2.00 94.17 232.45 301.97
2 —2.00 101.90 241.00 321.12
3 —2.00 123.79 222.43 369.05 448.62 613.94 678.46
4 —2.00 125.59 228.79 371.31 458.66 616.06 689.79
5 —2.00 125.34 231.86 372.00 464.93 617.84 697.22

Mini end-cap

The layout of one disk of the mini end-cap detector is shown in Fig. 3.3. Each disk is an
independent unit containing two rings of detectors housing 36 modules each. Ring 1 covers
the radial region between r = 218 mm and r = 285 mm, ring 2 between r = 285 mm and
r = 354 mm. The sensitive area of adjacent detectors overlaps, with criteria similar to the ones
used in the cylindrical layers.

40.0

Fig. 3.3: Radial coverage of the mini end-caps.

In each disk the two rings of detectors are positioned on the two sides of the supporting
structure. This allows free space for the optical links, services and connections. The supporting
structures are held in place by a cylindrical element connected to the two inner layers. Cables,
optical fibers and services run radially along the disks up to the cylindrical structure where they
join the services of the two inner layers to reach the barrel end flanges.

The basic detector element of the mini-disks is a pair of wedge-shaped detectors, coupled
back-to-back. In the front device, radial strips point to the beam line (¢-view). In the device on
the back, the strips are tilted by 100 mrad (stereo-view), thus pointing to a point on a concentric
ring around the beam line (see Fig. 3.4). This point moves on the concentric ring when moving
from module to module.

The most important parameters of the mini end-cap detectors are listed in Tables 3.4 and 3.5.

The 6 disks of the mini end-cap contain 864 silicon detectors (432 with radial strips and the
other half with stereo strips and double-metal connections) resulting in a total area of 1.7 m?
and 552 960 analog channels.

The grand total for the barrel detector amounts to 9928 silicon sensors (36 m?) and 2 767 488
electronic channels.
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¢ — side stereo-side Wmagz

~—Wmin—»

Fig. 3.4: The layout of the strips on the wedge-shaped detector, ¢-side and stereo-side. Definition of
the dimensions of the wedge-shaped detectors.

Table 3.4: Dimensions and channel numbers of the detectors in the barrel mini end-caps

ring # | Wmin | Wmae h ¢ # of channels | stereo | # of channels
average per module average per module
pitch pitch
[mm] | [mm] | [mm] [pm] radial view [pm] stereo view
1 40.4 54.3 78.2 60 768 89 512
2 52.4 64.9 70.2 74 768 111 512

Table 3.5: Radial positions and relevant numbers of the barrel mini end-cap detectors

disk £1 | disk +£ 2 | disk £ 3 total
Tin [mm] 218 218 218
Tout [Mm)] 354 354 354
z-position [mm)] + 518 + 634 + 750
Niod 72 72 72 432
Nuyaf/mod 2 2 2
Nua s /tot 144 144 144 | 864 (432 ¢), (432 stereo)
Nonip()/mod 6 6 6
Nonip()/tot 432 432 432 2592
Nehip(stereo)/mod 4 4 4
Nehip(stereo)/tot 288 288 288 1728
Nehann (@) 55296 55296 55296 331776
Nehann (stereo) 36864 36864 36864 221184
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3.3.3.2 The end-cap detector

The end-cap detector complements the barrel detector at both ends with detector planes perpen-
dicular to the beam. Each end-cap consists of 10 disks occupying the radial region 210 mm <
r < 635 mm (see Fig. 3.5). The z positions of the disks have been adjusted to obtain full
coverage and to optimize the track reconstruction performance over the pseudo-rapidity region
1.2 <|n| < 2.5. Beyond |n| ~ 2.5 the radiation level and the track density become too high to
operate silicon micro-strip detectors reliably. This implies that the inner radius of the active
detector area on the disks has to increase with increasing z-position of the disk. Therefore three
different types of disks will be installed on which the active area will start at » = 218 mm,
r = 285 mm and r = 390 mm respectively (see Table 3.6 and Fig. 3.6). On all disks the active
area extends up to » = 608 mm. This leaves enough space for cables and services of both the
barrel and the end-cap detector to be routed along the outer radius of the end-cap detector to
the end-flange of the SST at |z| = 2.7 m.
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Fig. 3.5: Perspective view of one side of the end-cap detector.

Table 3.6: Description of the three types of disks in the end-cap Tracker

disk | number z-position radial acceptance | ring

type | of disks [mm)] [mm)] types

A 2x6 +952, £1042 £ 1147, 218-608 1-4
+1293, £1441, £1630

B 2x2 +1823, £2068 285-608 2-4

C 2x2 +2319, £2638 390-608 34

[ I I I [
900 1000 1500 2000 2500 2700
mm

Fig. 3.6: Side view of one quarter of the end-cap detector.
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Each disk carries up to four rings of wedge-shaped detector modules. They are mounted
alternately on the two sub-disks, of which each disk is composed. In this way they overlap in
r. Within each ring the detector modules are mounted alternately on both sides of a pair of
support rings, which allows overlap in ¢. Each of these support rings houses two cooling pipes
which will be operated with a liquid in counter flow. This ensures effective and uniform cooling
of both the electronics and the detectors.

The detector modules are made of wedge-shaped silicon detectors which are glued on a U-
shaped carbon fiber frame that also carries the front-end hybrid. Each module contains two
(one for the innermost ring) silicon detectors with radial strips to measure the ¢ position of a
hit. The modules of rings 1 and 4 are complemented with a second set of silicon detectors in
stereo geometry which is attached on the back side of the module and allows a measurement
of both r and ¢ with these modules. Table 3.7 summarizes the layout of the silicon detectors
used in each ring. On the outermost disk, ring 3 is also equipped with r¢-modules (the mean
stereo-side pitch being 206 pm), which increases the number of chips in this ring to 324.

Table 3.7: Description of the rings of detector modules on the end-cap Tracker disks

ring | type radial number mean pitch number
acceptance of ¢-side | stereo-side of
[mm] modules | [pm] [pm)] chips
1 ro 218-295 36 60 89 360
2 ) 285-386 36 78 216
3 ) 390-499 54 103 216
4 r$ 484-608 54 127 254 324

The structure of each sub-disk incorporates cables, electronics, optical links and cooling
pipes necessary to operate the detectors it carries. Therefore, the sub-disks can be assembled
and tested independently. This provides a high degree of modularity and easy (dis)mounting of
the detector modules which can all be accessed directly without any modification of the services.

In summary, the silicon end-cap Tracker consists of 3168 detector modules (1548 ¢-type and
1620 stereo-type) carrying 8712 silicon detectors with a total surface of 32.03 m?. The total
number of read-out channels is 2 405 376.

3.4 The Silicon Detectors

3.4.1 Radiation resistance

The survival of silicon detectors in the LHC radiation environment depends strongly on careful
detector design and wise choice of the material. The design value for the radiation resistance of
the system is set by the flux of neutral and charged particles received by the innermost barrel
layer. Already mentioned in Section 3.3 a total fluence of 1.6 x 10'* cm~2 1-MeV neutrons is
the prediction at this radius. Broadly speaking, the radiation damage suffered by the detectors
can be divided into two classes: effects which are due to surface damage and those which are
due to bulk damage. As will be shown in the following sections, the effects of bulk damage are
considered to be the greatest source of concern and it is here that every effort must be made to
guarantee reliable performance for the lifetime of the experiment.

3.4.1.1 Surface damage

Surface damage occurs when the holes produced by ionizing radiation in the surface oxide layer
either become trapped in the oxide or interact with atoms at the silicon-oxide interface to form




94 3. The Silicon Strip Tracker

interface states. Fixed positive charge in the oxide layer modifies the oxide field, while interface
states give rise to new energy levels in the forbidden gap which can modify device behavior.
These changes can lead to a decrease in inter-strip isolation, causing unwanted signal charge
sharing, and an increase in inter-strip capacitance, which is a major factor in determining the
electronic noise of the system.

However, it has been demonstrated that a careful choice of fabrication technology and geom-
etry can minimize the changes in device behavior to an acceptable level. The capacitive coupling
between each strip and its neighbors is dominated by the quality of the oxide at the interface
(which is process-dependent) and by the ratio of strip width to strip pitch. After irradiation, the
value of the coupling can be increased by as much as a factor of ~ 3, when the trapped charge
in the oxide saturates. It is possible to reduce the damage-induced coupling by substantially
over-depleting the device. This produces high fields on the strip side and confines the oxide
charge in the region between the strips, thus reducing the capacitance. Hence a technology
which allows high voltage operation of irradiated devices will keep the impact of these changes
on system performance under control.

The use of AC coupling is not believed to present any particular problems with regard to
radiation damage. Poly-silicon bias resistors have been shown to be relatively insensitive to
ionizing radiation [3-6], while the use of high quality dielectric layers for the coupling capacitors
should guarantee stable operation for the duration of the experiment.

3.4.1.2 Bulk damage

Leakage current

The bulk leakage current in detectors is described in terms of the quantity J,, which is
the leakage current per unit volume. It is well established [3-7] that the increase in .J, during
irradiation is directly proportional to received fluence:

Ay, = ad (3.1)

where the proportionality constant, a, is known as the ‘damage constant’.

The bulk current exhibits temperature-dependent annealing effects which must be taken into
account. The usual quantity for measuring the leakage current increase is a, the value of «
after all annealing has ceased. At room temperature, o, is achieved ~ 20 days after the end of
the irradiation. At the projected operating temperature (—10 °C), the current will fall to
within three years. The annealing effect will be considered in the following.

The current itself is strongly dependent on temperature. The data are found to fit the form:

—-E
I xT? ——a 2
X T2 exp ( . T) (3.2)

The average value of E, from the various measurements taken [3-8, 3-9, 3-10] is (0.62 £+
0.03) eV. The value of ay for irradiation with 1 MeV neutrons at 20 °C is (2.9 + 0.2) x
10717 Aem™! [3-11]. At -10 °C, o falls to (1.440.2) x 107 A cm~!. Hence, for the innermost
micro-strip layer in the barrel region, a current density of ~ 6uA/cm? is expected after 10 years
of operation (see Fig. 3.8).

We have chosen AC coupling between strips and amplifiers which avoids baseline shifts in the
amplifier. The fast shaping time of the front-end amplifiers (50 ns or less, with deconvolution)
minimizes the noise contribution of the leakage current.
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It should be noted that, with heavily irradiated silicon detectors, one must take into ac-
count the possibility of thermal runaway. This is reflected in the requirements imposed on the
mechanical structure and cooling system discussed in Section 3.7.

Charge collection efficiency

The signal-to-noise ratio is also affected by decrease in charge collection efficiency, which are
caused by the trapping of charge carriers at radiation-induced defects in the silicon bulk. It
has been shown by several groups that the resulting signal loss is moderate and has a value of
< 10% after a fluence of 1 x 10'* n cm™2 (see, for example, Ref. [3-12]). Recent results [3-13]
demonstrate that ~ 40% of the signal remains after 1 x 10’ n cm™2. On the basis of the
references quoted there, it is estimated that the ballistic deficit suffered by the innermost micro-
strip layers — for an effective shaping time of 25 ns — will not exceed 15%, which is considered
tolerable.

Effective doping concentration

The depletion voltage of a silicon detector depends upon the effective doping concentration

of the substrate material: )
ed
Vitepl = 5—— Neyy (3.3)
€Si

where d is the depth of the diode. The value of N,y is determined by the concentration of space
charge in the depletion region. In an un-irradiated device, the space charge arises predominantly
from the phosphorus dopant.

[rradiation results in an accumulation of negative space charge in the depletion region due
to the introduction of acceptor defects which have energy levels deep within the forbidden gap.
n-type detectors therefore become progressively less n- type with increasing hadron fluence until
they invert to effectively p-type and then continue to become more p-type beyond this point,
apparently without limit [3-7, 3-14, 3-8]. The inversion fluence, ®;,,, depends strongly on the
initial resistivity of the substrate material and has been parametrized for 24 GeV protons as
[3-15],[3-16]:

Dy ~ (18.0 + 0.6) Neg o (3.4)

Detectors still work beyond the inversion fluence as the junction moves from the p™ strips
to the n™ back-plane contact. At high fluences, however, N, 7f can be such that the depletion
voltage exceeds the breakdown voltage of the device and efficient operation is no longer possible.

In the period after irradiation, the annealing behavior of N, s displays two distinct phases.
There is an initial reduction in negative space charge (beneficial annealing), which is later
dominated by a slower, but much larger, increase in acceptor concentration [3-7, 3-14, 3-17].
This second phase is known as ‘reverse annealing’. The rate at which reverse annealing proceeds
is highly temperature dependent; the changes, up to saturation, can take many years at —10 °C
but are accelerated to a matter of weeks at room temperature. Consequently, reverse annealing
imposes strict limits on the operation temperature of the SST and requires that maintenance
and warm-up periods be kept to a minimum.

It follows that the changes in Ny can be written as the sum of three components:

A Ny = Nepro — Nepr = No+ Ne+ Ny (3.5)

where

No =ga © exp (_ka t) (36)

corresponds to the beneficial annealing,

Ne= N (1 — €Xxp (_C (I))) + gc @ (37)
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to the stable damage and
Ny =gy @ (1= (1L +ky1t)™") (3.8)

to the reverse annealing. The most recent and accurate parametrization of these three terms
has been carried out by Feick et al. [3-18]. The parameter values are shown in Table 3.8.
The predicted evolution of Ve, with time is shown in Fig. 3.7.

Table 3.8: Measured values of the relevant parameters for bulk damage

Parameter Value or expression
Neo (0.3 x N.fpo)+ 10" cm™?
Netro 1 x 10" cm™3(p = 4 kQcm); 4 x 10" cm™3(p = 1 kQcm)
c 2 x 107" ¢m?
Je 1.77 x 1072 cm ™!
gy 4.6 x 1072 cm™*
Ja 1.54 x 1072 ¢cm ™!
ka koo exp(—Eqaa/k T)
Eao 2.3 x 10" 57!
E,, 1.08 eV
ky1 kyio exp(—Eu.y [k T)
ky 1o 8.74 x 10" 7!
E.y 1.31 eV
E [
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Fig. 3.7: Predicted evolution of Vg, with time for barrel layer 1 for two different initial resistivities.
The worst-case scenario of a total fluence of 2.4 x 10'* n/cm? is also shown for each initial resistivity.

A conservative scenario comprising running operation at —10 °C and stand-by at —15 °C
apart for periods of 21 days at 10 °C and 7 days at 20 °C per annum for repairs and mainte-
nance has been assumed. Results have been calculated for two different values of initial resistivity
(4 kQcm and 1 kQcm). A worst-case scenario using our safety factor of 1.5 is also shown. It is
clear that efficient operation can be guaranteed for the duration of the experiment if the break-
down voltage is high enough. From these calculations and from signal-to-noise considerations
which are discussed in Section 3.4.6, we require that the detector be safely operated up to 500 V.

Figures 3.8 and 3.9 show the leakage current and the corresponding dissipated power. The
worst-case scenario including the safety factor of 1.5 is shown as well. The same maintenance
scenario as for Fig. 3.7 has been assumed. The power dissipation has been calculated with
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an operating voltage which is 1.5 x Vgep. From these figures we conclude that safe operation
conditions can be obtained.

12 -

Power (mW/cm?2)

Leakage Current (LA/cm?2)
5
T
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6 7 8 9 10 0 1 2 7 8 9 10
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Fig. 3.8: I; . versus time for the most irradiated Fig. 3.9: Power density dissipated on a silicon
detectors (dotted line). The simulation was done module (dotted line). The simulation was done
for a 4 kQdcm substrate. The solid line shows Ij.,;  for a 4 kQ2cm substrate. The solid line shows the
for a maximal fluence of 2.4 x 10** n/cm?2. power dissipated for a maximal fluence of 2.4 x

10 n/cm?.

3.4.2 Detector design considerations

As discussed above, the central issue for reliable performance of the detectors during the life-
time of the experiment is the need for high voltage operation. We consider here the critical
technological steps to produce high breakdown devices:

Selection of substrates of good quality is needed to avoid excessive radial resistivity varia-
tions and local mechanical defects. Double-sided polishing will assure higher process yield
and will keep surface effects under control.

Carefully controlled dose and doping profile will limit the occurrence of critical fields at
the junction edge.

Good ohmic contact is needed to avoid charge injection from the back contact.

Edge stabilization will avoid high fields in the area damaged by the cutting procedure. We
foresee the use of an n-well on top of the cutting area on the junction side.

Multi-guard structures between the detector active area and the n'™ edge implant are
important to distribute the voltage drop on the junction side over a larger region, enhancing
the breakdown performances of the device.

With regard to AC coupling, the following considerations apply. Concerning the signal-to-
noise ratio and tracking performance the design is guided by the following considerations:

Thin multiple dielectric layers for the coupling capacitors will minimize the fraction of
pinholes, allowing high enough specific capacitance to guarantee efficient charge collection.
Quality control of the oxides and nitrides is needed to minimize both the interface states
and the inter-strip coupling, assuring stability of electrical performances in time.

The read-out pitch being defined by the requirements on spatial accuracy and two-track
resolution, the strip width will be determined by a compromise between wider implants
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and safety in terms of field gradients close to the implants. It will also help to increase
the coupling to the metal electrodes. Narrower implants which minimize the coupling to
the adjacent implants will reduce the system noise too.

— The value of the poly-silicon resistor needed to bias the implants is a compromise guaran-
teeing good uniformity and a negligible voltage drop, minimizing the contribution to the
thermal noise.

— The thickness of all metal electrodes is chosen as high as possible to reduce the total series
resistance of the read-out strips.

Lastly detectors which imply a minimal number of masks must be adopted to reduce the
technological steps and consequently the costs. Design and process are compatible with the
most common 4", 5" and 6” technologies and compatible with large production volumes in the
limited time available for sensor production. The most efficient use of the wafer surface as active
area of the devices is envisaged to reduce the detector cost per unit area.

3.4.3 General detector specifications

The starting material will be 300 pm thick, high resistivity, n-type phosphorus doped silicon. A
standard thickness of 300420 pm is chosen as compromise between signal-to-noise and depletion
voltage after irradiation. This thickness assures also very good mechanical properties and thus
very good production yield. The precision required in thickness and bending allows little spread
in depletion voltage throughout the wafer and easiness of testing and assembly.

A resistivity of ~ 2 kQ2cm is envisaged. The high voltage necessary to deplete the silicon bulk
in the first and last LHC operation periods has implications both in the design and technology
of the detectors.

The high purity, as well as the excellent uniformity in doping concentration, suggest the
use of silicon grown following the Float-Zone technique. A < 111 > crystal orientation allows
excellent quality thermal oxides and lowers the probability of aluminum pitting into the silicon
(thus causing pinholes in the decoupling oxides and weakening the junction on the p-side) while
keeping the fabrication process simpler. The technology is a derivation of the standard planar
process usually employed in the IC industry. A p™ implantation is performed on the front side
in order to define the strip-shaped diodes. On the back side an n™ implantation is necessary
in order to allow excellent ohmic contact between the bulk and the metal contact. Moreover,
the presence of this highly doped n™ layer acts as a barrier for minority carriers coming from
the depleted bulk and for majority carriers injected from the metal contacts, keeping the overall
leakage current, and thus the shot noise, very low. The implantations and the following thermal
diffusion are tuned in order to:

— allow junctions to be deep and smooth, enhancing breakdown and noise features;

— keep lateral dimensions under control;

— activate as much dopant as possible;

keep the overall thermal budget of the fabrication process as low as possible, the latter
being an important cause of dark current.

An n™ implantation is required on the front side along the edges of the devices in order to
prevent the space charge region from reaching the cutting edge, thus protecting the active area
from injection of charge originated in this heavily damaged region.

Arrays of integrated capacitors are produced on the detector by using a multi-layer of thin
dielectrics. An arrangement of grown and deposited oxides and nitrides is chosen in order to:

— exploit the excellent properties of thermally grown oxide by means of its high density, low
trapped charge, homogeneous coverage and low intrinsic pinhole distribution;
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— decouple layer-intrinsic defects by means of a dielectric multi-layer structure, strongly
reducing the overall number of metal-implantation short circuits (pinholes);

— allow good precision and stability of decoupling capacitances. The high dielectric constant
of silicon nitride allows an easier control of the thickness;

— enhance the breakdown performance of the decoupling capacitor.

This choice allows integrated capacitors of (20 £ 3 )pF/cm and rated to more than 100 V of
applied bias. The overall percentage of defective capacitors for each detector should be strictly
lower than 1%. The effective coupling of each strip to the neighboring ones (measured at 100 kHz
and at full depletion) should not exceed 1.3 pF/cm before irradiation.

A structure of multiple p™ guard rings is used in all detectors around the active area in
order to prevent breakdowns caused by high voltage drops between the detector and the guard
ring. The innermost ring is used to bias the implants through arrays of poly-silicon resistors
distributed one every second strip on each side of the detector.

The choice of poly-silicon from among other biasing techniques such as punch-through or
FOXFET is mainly due to its higher radiation resistance, and relies on the very much enhanced
ability of producers in defining the resistance value by means of controlled dopant implantation
or diffusion. The choice of a value of (2.0 £ 0.6) MQ for the resistors is driven by the need of
keeping the Johnson parallel noise as low as possible, as well as the voltage drop between the
strips and the bias guard ring. Moreover the lower the poly-silicon specific resistance, the higher
the precision and the stability in the nominal values.

The detectors are required to operate in a stable way at above 500 V bias, both before
and after radiation-induced type-inversion on the bulk (Ijeqx (500 V) < 0.5 pA at 21 °C before
irradiation). The leakage current in itself is not a crucial parameter for our application but it
is nevertheless considered an important indicator of the quality and operational stability of the
detectors. Before irradiation we require that the leakage current does not significantly exceed
50 nA /cm? at full depletion at 21 °C.

Given an aluminum resistivity of 27 m{2 - ym, and to cope with the foreseen strip metal
width, we require the metal thickness of all metal lines to be (1.5 £+ 0.3) um) in order to keep
as low as possible the series resistance contribution to the detector noise.

The strip pitch varies from the inner to the outer layers. The pitch is tuned in order to match
the electronic modularity of 256 channels and to allow the maximum detector width compatible
with a given technology. Both width and pitch geometrical dimensions are defined by means
of the photolithographic precision attainable with these technologies, which is of the order of
1 pm.

The detectors used to provide the second co-ordinate read-out in the double-sided layers
will have strips arranged in a stereo geometry. They will therefore require additional inter-
strip connections to achieve full read-out coverage. We envisage the use of a double metal layer
separated from the electrode plane by at least 4 pm of SiO» in order to keep the stray capacitance
lower than 0.2 + 0.3 pF/cm. The same comments made on the first metal layer resistance apply
to the second metal layer. The inter-metallic contacts will feature a large area (at least 16 pm?)
which means safe contact holes. The thickness of the second metal layer will be at least 1.5 ym
in order to reduce series resistance, and its width will be kept close to the layout rules dimension
in order to reduce the capacitive coupling to the metal layer underneath.

A low-temperature silicon-dioxide passivation layer will protect both sides from accidental
scratches and will considerably weaken the influence of ambient conditions (like humidity) or
other pollutants (like alkaline metals) on the detector performances. Moreover the passivation
both simplifies the handling and enhances the stability in time of the electrical performance.
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3.4.4 Sensor design

Eighteen different sensor designs are needed for the SST. All designs share several characteristics:
the minimal distance of the active area from the cutting edge has been fixed as 750 pm (see
Fig. 3.10). The n-well at the edges extends for 150 pm; the multi-guard structure starts with
the first p* guard-ring at 350 pum from the edge and extends for 200 pym to 550 pm from the
detector edge. The main guard and bias rings are positioned in the remaining 200 pm wide
region. T'wo double rows of pads are used at the edges of the strips on each side of the detectors
to allow for micro-bonding on a pitch which is a factor 2 wider than the read-out pitch. Bonding
pads are 70 pm wide and 250 pm long to allow repair in case of failures during micro-bonding.
A row of test pads is used to contact each implant for testing purposes (see Fig. 3.11).

750 pm
Acti <= =
ctive area
< 200 um =
B H <« 350 um =
Strip ias Large
Guard  Guard n-well
< f

Multi-guards 150um
BH B M
Al n+ p+

Fig. 3.10: Layout of the multi-guard structure for the microstrip detector. The scribe line is on the
right while the active area (strips) is on the left side. Distances are in microns.

Fig. 3.11: Sensor design: corner view of a full size detector.

Series of poly-silicon resistors are foreseen in the empty area between the multi-guard struc-
ture and the n-well for testing purposes. In the same area, close to the corners, a series of
reference marks is foreseen for positioning and mechanical survey purposes. All strips are num-
bered and all devices are passivated with at least 1 pym of silicon dioxide.
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For each sensor we require also that the wafer surface not used by the main detector will be
used for several test structures developed to measure and control the stability of the technology
and the main critical characteristics of the device.

Single-sided barrel sensors

Because a different read-out pitch is used in the inner and outer cylindrical layers, three
different designs are needed for the single-sided detectors of the barrel. All devices have rectan-
gular geometry and r-¢ strips. The physical area of the devices is 64 x 64 mm?, the active area
is 62.5 x 62.5 mm?. Table 3.9 displays the dimensions of the three different designs.

For the single-sided detectors of the mini-disks two other designs are required. Trapezoidal
detectors are used for both cases. Table 3.10 lists the implant and metal width of the detectors
in each ring.

Table 3.9: Details of the regular sensors in the barrel

layer # r-¢ | implant | electrode | read-out total
pitch | width width pitch # of
[pm)] [um)] [pm)] [um)] detectors
1 61 14 11 61 416
2,3 81 20 17 81 1808
4,5 122 20 17 244 3248

Table 3.10: Details of the wedge-shaped detectors in the barrel

ring width height | mean | implant | metal total

number | min max pitch width width | number of
[mm] | [mm] | [mm] | [pm] [pm)] [um] | detectors

1 404 | 54.3 78.2 60 14 11 216
52.4 | 64.9 70.2 74 20 17 216

Double-sided stereo sensors for the barrel

Two detector designs are used for the rectangular stereo detectors which have the same physi-
cal and active dimensions as the r-¢ devices (respectively 64 x 64 mm? and 62.5 x 62.5 mm?). The
implementation of the double-metal read-out is illustrated in Fig. 3.12. Table 3.11 summarizes
the details of the stereo detectors in the barrel.

In Table 3.12 the main features of each ring of the barrel mini-disks are displayed.

Table 3.11: Details of the rectangular stereo detectors in the barrel. The strips are tilted by 100 mrad

layer # r-¢ | implant | electrode | read-out # of
pitch width width pitch
[pm] [pm] [pm] [pm] detectors
1,2 122 25 22 122 992
5 122 25 22 244 1736

End-cap sensors

The silicon detectors of the end-cap Tracker are wedge-shaped. Their dimensions (see Ta-
ble 3.13) have been chosen in order to make best use of the surface available on a 4-inch wafer.
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strip metallization strip metallization
in first metal layer| in first metal layer|

cross connection
in second metal layer

cross connection
in second metal layer

Fig. 3.12: Schematic layout of the stereo detectors in the barrel (left) and end-cap (right) region. They
are made in the double-metal technique (not to scale). Only three strips are shown in each case.

Table 3.12: Details of the detectors in the barrel mini-disks

ring width height | mean | implant | metal total

number | min max pitch width width | number of
[mm] | [mm] | [mm] | [pm] [pm)] [pm)] detectors

1 404 | 54.3 78.2 89 20 17 216

2 52.4 | 64.9 70.2 111 20 17 216

A pair of the detectors used in rings 2b and 3b fits on a single wafer, while each of the other
detectors occupies its own wafer.

The single-sided modules contain two (one for the innermost ring) detectors with radial
strips to measure the ¢-co-ordinate of a particle track. The double-sided modules contain in
addition a set of detectors with stereo geometry which allows to measure both the r- and ¢-co-
ordinate. The stereo geometry is implemented by moving the location to which all strips on a
detector point slightly away from the center of the ring (see Fig. 3.4). Strips which, due to this
inclination, do not fit on the wedge over their full length are connected using lines in a second
metal layer in order to avoid dead regions on the detector (see Fig. 3.12). The implant width
on the end-cap detectors will vary with 7, being typically 20% of the pitch.

Table 3.13: Description of the wedge-shaped silicon detectors used in the end-cap Tracker. Rings of
modules carrying two daisy-chained detectors are split into a and b. The modules in rings 1 and 4 are
double-sided and the mean pitch on the detectors on both sides is given. On the outermost disk, ring 3
is also equipped with double-sided modules

ring width height mean pitch
min max ¢-side | stereo-side
mm] | [mm] | [mm] | [pm] | [um]

1 40.4 | 54.3 78.2 60 89

2a 52.4 64.9 70.2 74
2b 65.0 70.7 32.2 86

3a | 47.8 | 56.8 | 75.3 99 (199)
3 | 56.8 | 61.0 | 359 | 112 (224)
40 | 59.1 | 67.0 | 66.6 | 120 240

4b 67.0 74.0 58.7 135 270
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3.4.5 Results on prototypes

In this paragraph we report on the results of measurements on test structures or detector pro-
totypes. These results were used to validate the design choices and processing technologies for
our detectors.

Poly-silicon bias resistors

We have tested several series of prototypes to check the reproducibility of the poly-silicon
bias resistors and their radiation resistance.

In general the resistivity of the poly-silicon layer depends mainly on the implant dose which
is used to tune the conduction properties of the layer. Because of this strong dependence, a
careful tuning of this phase of the process is required. Figure 3.13 displays the poly-silicon
resistance as a function of doping dose.

Within a given technology several parameters may seriously affect the final results: the type
of poly-silicon (i.e. the grain size), the thermal cycle of the process, the thickness and uniformity
of the deposition. We have checked results obtained from different technologies. Figure 3.13 also
shows the effect of different thermal budgets within a given technology and for a fixed implant
dose. Figure 3.14 shows how the obtainable uniformity is higher for lower resistivities.
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Fig. 3.13: Poly-silicon resistor values () as a Fig. 3.14: A distribution of resistance values for
function of poly-silicon doping dose. Different different doping values. The mean value of R2 is
curves are displayed for thermal budgets (77 = (860 £ 20) k2. Rl has a mean value of (1800 +
900 °C, T» = 1000 °C and T3 = 1050 °C) 150) kQ.

Differences at the level of 5% related to radial non-uniformities or up-down asymmetries in
the deposition phase or in the lithographic steps have also been measured within the same wafer.

By using a large number of squares (50-60) and a standard poly-silicon thickness of 300 nm
it is possible to obtain a uniformity better than 10% for resistivities in the range of 30-40 kQ/0.
The requirement of an average value of resistance of (2.0 £ 0.6) M2 can be fulfilled in several
technologies from different manufacturers.
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The stability with radiation of the poly-silicon resistors has been directly tested in CMS
prototypes up to fluences of 3.6 x 10'* neutrons/cm? and we observed variations within 10%.

Coupling capacitors

Several options for the multi-layer of dielectrics used for the coupling capacitors have been
investigated: two thin layers of SiO,, different combinations of SiOy and SizNy (oxide+nitride
-ON-, oxide+nitride4-oxide -ONO-), different processes (thermal growth or low temperature
deposition), different thicknesses. When nitride was used we have also tested the effect of
patterning the nitride layer by removing it from the inter-strip region compared to the simple
case where the dielectric layer is left all over the surface.

We consider the use of nitride as a second dielectric to be important since the higher dielec-
tric constant increases the coupling of the signal to the read-out electrodes for a given overall
thickness.

The specific capacitance obtained for a given design depends on the control of the thickness
and on the uniformity of the insulating layers. On test structures and full size devices we have
tested the reproducibility of the coupling capacitors for different technologies. We measured the
coupling capacity of the various strips within the same wafer and observed uniformity within a
few percent.

In general the deposition of the oxide layers is better controlled (thickness variations < 5%)
with respect to the nitride layers (< 10%). Good control of the process is needed since variations
in thickness may appear from batch to batch within the same process, from wafer to wafer within
the same batch and also from strip to strip within the same wafer.

A good yield in coupling capacitors is one of the most challenging production goals. The
quality of the dielectric layers and the many technological steps used to deposit and pattern oxide
and nitride may greatly affect this yield. We have measured the fraction of broken capacitors in
many series of prototypes fabricated with several technological variants. As a conclusion of this
R&D work, we have reached a control of the process with a few manufacturers which guarantees
a yield higher than 99%. Figure 3.15 shows how in a pilot production of several tens of full-sized
detectors featuring the CMS design an average yield better than 99.5% was obtained.
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Fig. 3.15: Fraction of defective capacitors. The average is 0.34%.

Although in the final detector modules, for normal running conditions, the potential differ-
ence across the coupling capacitors will be negligible, we require good breakdown characteristics.
The reason for this is the possible risk of irreversible damage to the detectors in case of a severe
radiation accident. If a fraction of the beam is lost in one detector the accumulated charge
may discharge the detector with a time constant depending on the total capacitance of the
bias circuit. Under these extreme conditions we estimate that a potential difference as high as
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100 V may appear across the coupling capacitors. For this reason we require a good breakdown
performance of the coupling capacitors. We have tested several series of prototypes in different
conditions: Figure 3.16 shows the results obtained for the multi-layer of oxide and nitride that
we plan to use. Breakdown performance exceeding 150 V has been obtained after testing several
hundreds capacitors under different conditions of electrical stress.

The stability of the coupling capacitance with time and irradiation has been verified both in
terms of possible changes in the effective coupling due to charge trapped at the interface and in
terms of degradation of the breakdown performance after irradiation.
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Fig. 3.16: Breakdown field for coupling capacitors before and after irradiation with Co%’, 10 Mrad with
and without bias during irradiation. The minimum breakdown value of 6 MV /cm is equal to 120 V across
the coupling capacitor section.

Strip resistance and capacitance

All strips, being fabricated as p* on n devices, are highly isolated before irradiation. After
type inversion we have measured lower values for the inter-strip resistance but they are still high
enough to guarantee acceptable noise figures.

The strip series resistance depends on the geometry and the resistivity of the metal line.
Using standard aluminum-silicon we have measured resistivities around 27 mf£2 - ym, which
results in a series resistance of the order of 90 €2 for metal electrodes 12 pm wide, 1.5 pm thick
and 62.5 mm long.

Since it is the dominant source of electronic noise, the inter-strip capacitance has been
carefully measured on test structures and prototype devices. The coupling of each strip to the
adjacent ones is dominated by the field lines connecting the p* implants through the silicon
and by the charge at the Si-SiOs interface. Figure 3.17 a) shows the behavior of the inter-strip
capacitance (one neighbor) as a function of the bias voltage for four different devices. The
limiting values (after full depletion) for different wafers depends on the amount of trapped oxide
charges.

Figure 3.17 b) shows the behavior of the inter-strip capacitance as a function of the frequency
at full depletion. At high frequency the limiting value shows a plateau at a typical value of
0.4 pF/cm.

The role of various designs and technologies has been investigated before and after irradiation
with measurements performed at 100 V bias voltage and 1 MHz frequency. Figure 3.18 shows
for a given technology the value of the total capacity coupling

C’tot = C’b + 2(0171, + CQn) (39)

as a function of the ratio of the width over pitch of the electrodes. C} is the capacitance to the
back while ', describes the coupling to the first and Cs, the coupling to the second neighboring
strip. To a good approximation the total capacitive coupling is a linear function of the strip over
pitch ratio and a width/pitch ratio of about 0.2 is chosen for an optimized detector design. By
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plotting the total interstrip capacitance per unit length as a function of the width/pitch ratio
divided by the gap, a good parametrization can be obtained for different designs and technologies
(see Fig. 3.19).
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Fig. 3.17: Inter-strip capacitance (pF/cm) before irradiation: a) vs backplane bias voltage (V) for four
different wafers. b) vs frequency at full depletion bias voltage.

With irradiation the concentration of the positive fixed charge in the oxide will increase to
the saturation value. The higher concentration of negative charge at the interface will result
in a stronger inter-strip coupling. A reduction of inter-strip capacitance can be obtained in all
devices by increasing the bias voltage, since a higher field on the p™ side confines the electrons
at the interface to the middle of the gap between the two implants. Figure 3.20 shows the
inter-strip capacitance versus the bias voltage after different irradiations.

Inter-strip capacitances measured after irradiation show a very strong bias dependence
(Fig. 3.20). At full depletion the coupling is still high but it sharply decreases by increas-
ing the bias voltage. Asymptotic values at most 25% higher with respect to the pre-irradiation
values can be reached for a bias voltage 1.5 higher than Vj,.

Breakdown performance

The breakdown characteristics of several series of devices from different manufacturers have
been measured before and after irradiation. Variations within the same technology are probably
due to the quality of the substrate and the back surface. In this paragraph we describe the
breakdown performance obtained with a single edge treatment: n-well on the cutting area and
two guard-rings only. In the following paragraph the improvements achievable with an optimized
edge design will be described. Figure 3.21 shows the I-V curve obtained for a series of devices
(Hamamatsu). Figure 3.22 shows the distribution of the breakdown voltage for a series of devices
produced by another manufacturer (CSEM).

Most detectors fulfill the requirement of breakdown voltage Viprgn > 500 V. Some exhibit ex-
cellent performance (Viykg, > 800 V) and for a few it was not possible to measure any breakdown
up to the limit of our measuring system (1000 V). It is worth noticing that these measurements
were performed on full-sized devices (54 x 64 mm?) with 1024 implants on a 50 pm pitch, and
the results were stable after cutting.

The stability of the breakdown performance under irradiation and different operating condi-
tions has been carefully tested. Figure 3.23 shows the breakdown performance before and after
neutron irradiation at a fluence of 10* n cm=2 (CSEM devices) and for different temperatures.
Figure 3.24 shows the breakdown performance after local irradiation with a proton beam fo-
cussed onto a device area of 2 x 1 cm?. The breakdown performance seems not to be seriously
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affected by the non-uniformity of the irradiation. Figures 3.25 and 3.26 show the breakdown
behavior characteristics after neutron irradiation.
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Fig. 3.21: -V plots for different detectors before irradiation. The detectors (3 x 6 cm?) are produced
by Hamamatsu. The breakdown value is higher than 600 V and for some detectors it is up to 900 V.
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Fig. 3.22: Breakdown voltage values for full size Fig. 3.23: I-V curves showing the breakdown for
detectors produced by CSEM. The average value full-sized devices at different temperatures after
is at 580 V with a r.m.s. spread of 200 V. irradiation at 0.9 x 10** n/cm? (CSEM).

3.4.5.1 Breakdown protection

Breakdown phenomena usually occur in the proximity of the silicon surface close to the junction
termination. Besides breakdown, other sources of current increase can be surface generated
leakage or current injection from the edge, where generation-recombination centers are induced
by cutting. This current can be an unwanted source of noise. The biased guard-ring around the
active area collects the surface current, while the n-well along the scribe line creates a barrier
for hole injection.

When a high reverse bias is applied to the detector active area and to the guard-ring, intense
electric fields may lead to avalanche breakdown on the external side of the guard-ring enhancing
detector noise and eventually causing physical breakdown of the device [3-19]. The electric field
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Fig. 3.24: I-V curves for full-sized devices after
proton irradiation (Hamamatsu).
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can be influenced by the position of the external n™ well and can be controlled by a series of
multiple floating p* rings around the guard-ring: the multi-guard structure [3-20].

The position of the n-well with respect to the most external p™ implant has been thoroughly
studied on test structures in which the distance was varied from 25 pm to 250 pm. The study
was also supported by computer simulations and compared to analytical model predictions. The
conclusion of both is that the minimal safe distance is 150 pm [3-21].

Multi-guard optimization studies have been performed by means of device characterization,
irradiation tests and simulations [3-22]. A typical layout with several p* rings and a narrow
spacing between them is shown in Fig. 3.27. For this device, I-V characteristics before and after
irradiation are shown in Fig. 3.28. The breakdown, above 1000 V before irradiation, is reduced
to 650 V just after irradiation and recovers almost completely 21 days later due to annealing
of the surface damage, which is responsible for the breakdown voltage reduction. Further tests
with 1 Mrad photons under bias show that no breakdown appears up to 1000 V in these devices.
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Fig. 3.27: Multi-guard structure layout B3, the biased guard is on the left, while the scribe line is on
the right. Distances are expressed in microns.
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Fig. 3.28: -V characteristics before irradiation (solid) after 1.8 x 10> em~2 protons (dashed), and
21 days after irradiation (dotted).

Double-metal read-out

The use of a double-metal layer to read out the stereo strips without introducing dead areas
has been validated by several series of prototypes. The quality of contacts between the two metal
layers may affect the number of dead channels in the system. A series of test chain structures
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was implemented to find the best solution to this problem. With a contact area of about 16 pm?
and a 4 pm thick insulator in between the two electrodes a failure rate lower than 10~* was
measured. The additional coupling capacitance introduced by the second metal layer has been
estimated to add a 10% contribution to the total input capacitance. Measurements performed
in test devices confirm this assumption.

3.4.6 Test beam results

We carried out several beam tests in order to check carefully the performances of barrel and
end-cap devices in terms of signal-to-noise ratio, detection efficiency and space resolution under
different conditions of bias voltage, temperature, radiation damage and incident angle. Fast
analog amplifiers (PREMUX) with peak mode readout and 50 ns shaping time, based on a
similar input stage that is used in the final front-end chip, were used as readout electronics.
Data were analyzed with a set of algorithms, described in Ref. [3-23].

3.4.6.1 Signal to noise ratio

Signal-to-noise (S/N) is defined as the ratio of the most probable value of the Landau fit to the
signal distribution with the average single strip noise.

Signal-to-noise ratios as high as 25:1 were obtained for non-irradiated full-sized detectors
(Fig. 3.29).
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Fig. 3.29: S/N ratio vs. bias voltage for a detector, manufactured by CSEM, with 50 pm strip pitch
and 12.5 cm length, at 21 °C temperature.

The effect on the S/N ratio due to the geometrical parameters of the sensor design has been
studied widely in non-irradiated devices for both barrel and end-cap type detectors.

For the barrel detectors the relevant geometrical parameters are the strip pitch, the implant
width and the strip length. Figures 3.30 and 3.31 show, as a function of Vj;4s, a similar behavior
in cluster charge and S/N for readout pitch values ranging from 60 to 240 pum and comparable
width/pitch ratios (0.21-0.33).

Owing to the trapezoidal shape of the end-cap detectors, we could choose different design
options to lay out the strips on the sensor. Therefore we have carried out a preliminary compar-
ative study on a wedge device whose strips on the p-side were subdivided into three groups: one
based on a constant strip width of 14 pm, the second based on a constant width over pitch ratio
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of 0.37, and the last featuring a variable strip width from 14 to 26 ym maintaining a constant
inter-strip gap of 24 um along the detector. We tested one of these devices at a bias voltage of
100 V and in good conditions of signal-to-noise ratio. The three options imply, in principle, only
small differences in the inter-strip and coupling capacitance. To check this, we subdivided the
tracks hitting the device according to the incident region and for each we compared the relevant
distributions, finding no significant differences except for a slight worsening of the noise in the
constant-gap region (Fig. 3.32). Based on this result, the wedge detectors are designed with a
constant width over pitch ratio.
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Fig. 3.30: Cluster charge as a function of the bias Fig. 3.31: Signal-to-noise ratio vs. bias voltage
voltage. Hamamatsu detectors with strip pitches for the same detectors as Fig. 3.30.

varying from 60 pm to 240 ym and a 6.25 cm strip

length.
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Since a significant fraction of particles will cross the detectors at non-orthogonal incident
angles, the effect of inclined tracks has been studied in detail. The amount of charge released in
the silicon and the number of fired strips is expected to increase while the average single strip
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noise should remain unaffected. Figure 3.33 shows that the detector behaves as expected: there
is a clear widening of the clusters and an increase of the signal-to-noise ratio. This is compatible
with the predicted 1/cos @ dependence of the cluster charge and a constant strip noise.

Another important parameter which determines the behavior of the detectors is the temper-
ature at which the silicon is operated. This can in fact influence sizeably both the amount of
charge collected and the noise. We have studied the dependence of noise and charge collection
efficiency as a function of temperature, [3-24] obtaining an increase in the signal-to-noise ratio up
to 20% going from room temperatures to —10 °C, which is our choice as operating temperature
(Fig. 3.34).

The last important parameter that influences the signal-to-noise performance is radiation
damage. The irradiation produces both an increase of the noise, as a consequence mainly of the
increased inter-strip capacitance (Fig. 3.20), and a decrease of the charge collection efficiency
due to bulk damage [3-25].
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Fig. 3.33: Cluster multiplicity (a) and S/N ratio (b) as a function of the tilt angle. All points are
normalized to the orthogonal incidence values. The readout pitch is 50 pm.
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These two effects can both be partly reduced by increasing the bias voltage above the full
depletion point, as shown in Figs. 3.35 and 3.36 for two detectors which have been irradiated
with 1.0x10'3 and 3.6x10'* n/cm? and then heated to produce an anti-annealing simulating an
effective fluence of 1x10'* n/cm?. We observe also (Fig. 3.36) that the collected signal grows
with Vj;es, reaching an asymptotic value for bias voltages significantly higher than the depletion
voltage. Figure 3.37 shows the collected signal for proton irradiated devices. For the highest
dose of 1.6x10' p/cm? the loss in charge collection efficiency is not more than 10%.
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Fig. 3.35: Noise in ADC counts vs. bias voltage Fig. 3.36: Signal in ADC counts vs. bias voltage
for SINTEF detectors of 50 pum pitch, 12.5 cm for the same detectors of Fig. 3.35, for 1- and 2-
length. strip clusters.

As a consequence, the signal-to-noise ratio for the irradiated devices approaches a plateau
value at higher bias voltage (Fig. 3.38). There is still a 20% loss of signal-to-noise that is not
recovered even going to the highest bias voltage. The effect of proton irradiation on shorter
detectors with 80 pm pitch is shown in Fig. 3.39. We have also investigated the performance of
detectors irradiated up to 3.6x10'* n/cm? [3-26]. The corresponding signal-to-noise ratio as a
function of bias voltage is shown in Fig. 3.40. We see that for all fluences a similar dependence on
Viias/ Viep is observed. An extrapolation to the expected LHC conditions is given in Section 3.5.5.

A special case arises with the radiation damage suffered by the end-cap detectors because
the fluence depends strongly on the radial co-ordinate, causing a non-homogeneous irradiation
over the active area. In order to study the influence of this effect we have used a narrow proton
beam to illuminate only a 1 cm? area near the shorter edge of a wedge detector. This defines
a non-irradiated, an intermediate and an irradiated zone, where the last is type-inverted. To
check and define the different zones we measured the strip bias resistance on the n-side strips.
The result is shown in Fig. 3.41.

The signal-to-noise as a function of temperature and bias voltage is reported in Figs. 3.42
and 3.43. Differences between the inverted, intermediate and non-inverted regions of this detec-
tor are minor.
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3.4.6.2 Detector efficiency

200
Bias (V)

150

ctor irradiated with 0.8x10' p/cm?.

The global hit efficiency is defined as the ratio between the number of reconstructed hits and the
number of tracks predicted to cross the detector under test within its geometrical acceptance

and away from dead or noisy strips. Figures 3.44 and 3.
on bias voltage and signal-to-noise ratio, respectively.
At full depletion both irradiated and non-irradiated

45 show the dependence of the efficiency

detectors reach an efficiency compatible

with 100%. It is worthwhile to note that in Fig. 3.45 even when S/N is 7.5 we have an efficiency

greater than 95%.

The efficiency for an end-cap detector has also been checked before and after irradiation.
Full efficiency is obtained also for non-uniformly irradiated devices at full depletion.
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We have also measured the charge collection efficiency between strips as a function of the
radiation damage. The cluster charge distribution versus the track position between two strips
indicates good uniformity of charge collection even in heavily irradiated devices (Fig. 3.46).
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Fig. 3.46: Average cluster charge as a function of the inter-strip co-ordinate in an irradiated device.

3.4.6.3 Response function and spatial resolution

The particle impact point is usually given by the center of gravity of the cluster, the weights
being given by the charge collected on each strip. This way of reconstructing positions assumes
a linear sharing of the charge released on each strip. To study the deviations from the linear
approximation and obtain a correction to the reconstructed position we have studied the response
function 7 [3-23] and its dependence on radiation damage. The response function is defined as
n =Qr/(Qr+Qr), where Qr, and Qg are the charges collected on the strips to the left and to
the right of the reconstructed hit position, respectively.

Figure 3.47 shows that in the central region, populated by multi-strip clusters, the charge
is linearly shared among the strips and hence the linear interpolation is correct, while in prox-
imity of the strips single-hit clusters dominate and a digital response should be assumed [3-23].
Figure 3.48 shows the same plot for a similar device irradiated to 1.8x 10'* n/cm?. We see that
the shape is very similar.

A typical distribution of the residuals is plotted in Fig. 3.49 for a 50 pym pitch detector.
After subtracting the contributions due to multiple scattering and to the extrapolation error,
we obtain a resolution of about 11 gm in the co-ordinate orthogonal to the strips. This co-
ordinate will be, in the final CMS Tracker, the one measuring » — ¢ in the barrel and z — ¢ in
the end-cap.

The dependence of the resolution on the signal-to-noise ratio, bias voltage and incidence angle
is weak both for irradiated and non-irradiated modules. As an example, Fig. 3.50 shows the
measured resolution for tracks at 20° incidence angle for irradiated and non-irradiated detectors
as a function of the bias voltage.

In order to measure the resolution for the stereo layer of the double-sided layers we have
used a double-sided detector [3-23] with the same pitch and stereo angle that is foreseen in the
present Tracker configuration. On a detector with a read-out pitch of 100 ym and a stereo angle
of 100 mrad, we obtained a resolution of 34 pm orthogonal to the stereo strips and 320 pym in
the stereo co-ordinate (Fig. 3.51).
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Fig. 3.49: Residual distribution for a 50 pm pitch detector. From the width of this distribution we
obtain a value of 11 um for the intrinsic resolution.
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An example of the dependence of the stereo co-ordinate resolution on the tilt angle is shown
in Fig. 3.52 for the same detectors as Fig. 3.51.

The average performance in terms of position resolution for the strips of a wedge detector
is shown in Fig. 3.53. The resolution of 7 pm obtained, after subtracting the impact point
extrapolation error of 5 pm, is well inside the specifications for CMS.
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Fig. 3.52: Resolution as a function of the tilt angle. Same detectors as Fig. 3.51.
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Fig. 3.53: Residual distribution for the wedge detector (6.25 cm long strips, 38-50 um pitch).

3.4.6.4 Data with low momentum particles

Since a large fraction of particles at the LHC will have momenta well below 1 GeV /¢, we studied
the detector response to low momentum particles. In a first beam test, data were collected with
hadrons between 270 and 408 MeV/c momentum. Figure 3.54 reports the charge collected on
the p-side in double-side detectors and shows a clear separation between protons and pions at
both energies.

The cluster multiplicity associated to these particles may affect the occupancy. A careful
study was performed with 310 MeV/c particles at different angles. Fig. 3.55 shows the cluster
multiplicity for protons and pions. The experimental data have been used to simulate the SST
response to low momentum hadrons.
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Fig. 3.54: Cluster signal at two different beam Fig. 3.55: Cluster width as a function of tilt
momenta of 270 (light area) and 408 (dark area) angle for 310 MeV/c protons (empty points) and
MeV/c. The contributions due to protons and pions (filled points).

pions are clearly visible.

3.4.7 Modeling of silicon micro-strip detectors

Numerical device simulation has been used as a design aid and a validation tool. In particular,
device simulation has been exploited for investigating several aspects of micro-strip detector
behavior.

The HFIELDS [3-27] program has been adapted to this purpose. The code numerically solves
semiconductor transport equations over an almost arbitrary domain; it has been tuned to the
particular kind of devices of interests, and enhanced, with respect to the standard, VLSI-oriented
version by adding some features related specific to detector devices.

In particular, code customization includes a ‘dedicated’ transient-analysis mode, which ana-
lyzes in detail the motion of a cloud of carriers generated by the particle hit, and an account of
radiation-damage effects within the transport equations. Deep-level recombination centers are
accounted for and their density is correlated to the radiation fluence; radiation-induced fixed
charge, trapped in the insulator layers and at interfaces, is considered as well.

A hierarchy of models has been investigated, including a simple ‘effective-doping’ approach,
a single (donor) deep-level trap and two independent (donor and acceptor) deep-level traps.

The structure sketched in Fig. 3.56 has been simulated. It represents a partial cross-section
of an actual micro-strip detector.

A passive characterization of non-damaged detectors has been carried out, mainly focused
at investigating noise-related parameters, such as leakage currents or parasitic capacitance.
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Fig. 3.56: Cross-sectional sketch of the simulated structure.




3.4 The Silicon Detectors 123

In Fig. 3.57 the main components of such a capacitance are reported, and compared with
actual measurements, performed on a 5.5 cm long detector. We repeat the comparison of the
capacitance components for heavily irradiated devices, using a single acceptor level, located
slightly above the mid-gap (E = E, — 0.55 eV). In particular, a fluence of 1 x 10'* n/cm? has
been simulated. Measurements were carried out on some detectors irradiated with neutrons.
The comparison is illustrated in Fig. 3.58.
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Fig. 3.57: Capacitance of a non-irradiated device Fig. 3.58: Capacitance of an irradiated device
versus bias voltage (5.5 cm long detector). (® =1 x 10™ n/cm?) versus bias voltage.

Simulations have been carried out at different fluences. The predicted depletion voltages are
collected in Fig. 3.59, and are compared to C-V measurements. The effects of different initial
resistivities are reported in Fig. 3.60.
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Fig. 3.59: Depletion voltage vs. particle fluence Fig. 3.60: Simulation of depletion voltage vs.
(1-MeV neutrons). particle fluence for different initial resistivities.

In order to study the active behavior of the detector, several transient simulations have been
carried out. A single particle crossing the device, hitting the detector in the middle of a strip is
considered. Figure 3.61 shows the hole concentration calculated within the device just after the
transition of the particle. Currents collected by the strip are plotted in Fig. 3.62, as predicted for
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different fluences. The charge collection efficiency, as calculated by integrating the strip current
pulses, is reported in Fig. 3.63 for different fluences as a function of the bias voltage, indicating
a recovery of collection efficiency for high voltages [3-28]).
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Fig. 3.61: Hole distribution, just after one particle hit.
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3.5 The Read-Out System

The readout system for the SST must fulfill the formidable requirements, in terms of particle
fluences, magnetic field, material budget and inaccessibility, imposed by the environment the
SST will operate in, in the innermost region of the CMS detector, whilst being capable of
functioning at the Level 1 rate of 100 kHz.

The radiation hardness of the front-end components is of special relevance: calculations
foresee an integrated dose of 70 kGy over 10 years for the first layer of the SST. On the other
hand, in order to achieve the desired tracking performance, the target for the total ENC, all
contributions included, over the entire detector lifetime, has been set to less than 2000 electrons,
with the additional requirement that the signals from the SST be localized in time to within a
single bunch-crossing interval.
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3.5.1 General architecture

Each micro-strip in the SST is read out by a charge sensitive amplifier followed by a shaper. The
output voltage of the shaper is sampled at the beam crossing rate, and the samples are stored
in the cells of an analog pipeline for the maximum Level 1 trigger latency of 3.2 us. Following a
Level-1 trigger, for each strip a deconvolution of the nominal shaper response can be performed
in order to recover the single bunch-crossing timing accuracy; in low-luminosity conditions, when
single crossing timing might not be critical, this step can be omitted, with the result of a better
charge, and therefore position resolution. Analog data are then time-multiplexed, converted
to analog optical signals and brought to the FED boards, the VME-based digitizer electronics,
through bundles of optical fibers. After conversion and digitization, specialized circuitry (either
ASICs or FPGAs) performs a first level of data conditioning and zero suppression, followed
by the identification and reconstruction of hit clusters. Cluster data are then transferred to
Dual-Ported Memories, where they become part of the CMS general data flow.

The choice to keep analog data as long as possible, instead of using a digital or binary read-out
scheme, has been suggested by a number of reasons: apart from the reduction in the front-end
chip complexity, and therefore also in the power dissipation within the Tracker volume, and the
potentially better position resolution available through charge sharing between detector strips,
having the data available as unaltered as possible all the way to the counting room will allow
for easier identification, and on-line correction, of possible problems. Also, by performing the
data conditioning and the zero-suppression in programmable curcuits on the accessible FEDs,
one could easily and inexpensively modify the original algorithms should the need arise, which
is not the case should they be hard-coded in the front-end chips.

3.5.2 The front-end chips

The front-end chips for the SST, the so-called APV series, are in the final stage of development
in two separate radiation-hard technologies. The differences between the two implementations
have been purposely kept minimal. Both implementations are powered from + 2V and GND,
with a total dissipation of 2.4 mW per channel.

The current design, the APV6, has 128 analog inputs; each channel consists of a pre-amplifier
and shaper stage, with a peaking time of 50 ns. The shaper output voltage is sampled at the
LHC frequency of 40 MHz, and the samples are stored in an analog pipeline memory which is
160 samples deep, in order to match the maximum Level 1 trigger latency of 3.2 us.

Upon reception of a trigger, for each channel a series of samples from the pipeline are fed
through the APSP, a filter capable of deconvolving the shaper response to the sampled data.
Depending on whether the chips are operated in peak or in the deconvolution mode, the output
is determined either by the peak amplitude of the shaper output corresponding to the trigger or
by the peak amplitude of the data as reshaped by the APSP, thus recovering the single crossing
timing at the expense of increased noise: measurements on prototypes of the final design have
given an ENC of 510 e + 36 e¢/pF in peak mode, and 1000 e 4+ 46 e/pF in deconvolution mode.
The dependence of the pedestal signal on the location within the pipeline has also been measured
and found to be of very little importance when added in quadrature to other noise sources. It
has however been taken account of in all noise estimates.

An additional memory buffer, allowing the APSP to process a subsequent set of samples
while the current event is still being output, holds the data in preparation for transmission via
the output analog multiplexer, operating at 20 MHz. The output of the APV is in current form,
in the range of 0 to +600 pA. The data frame generated upon reception of a trigger starts with
a pseudo-digital diagnostic header: four samples at +100 pA (interpreted as a logical ‘1’) if no
error was detected by the internal logic, or a logical ‘0’ (0 pA output) in the third sample to
flag potentially erroneous data packets. A similarly encoded 8-bit number, defining the column
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address of the sample within the pipeline for possible on-line pedestal corrections, follow, and
finally 128 samples of analog data are output. The baseline offset is fully adjustable in order to
maximize the dynamic range available for MIP-equivalent signals, which should be represented
by a current of approximately 50 pA.

3.5.3 The front-end hybrids

Apart from the APV chips themselves, the front-end hybrids for the SST house very little:
connections and decoupling capacitors for the power and detector bias lines, miniature twisted-
pair interfaces for the input and output signals, a Phase-Locked Loop chip used to recover
locally the clock signals, and the APVMUX chip. This is a quadruple 2:1 multiplexer, designed
to take the outputs from two APV chips, to multiplex them and to drive a (short) twisted-
pair transmission line to the external card that houses the lasers and the laser drivers that
will transmit the analog data to the digitizers. This arrangement optimizes the number of
these relatively expensive components, which come in quad-channel packages, by reducing the
potential waste of channels when the number of APV chips per module is not a multiple of eight
(which is the case for most of the SST, as can be seen in Table 5.1 for example). Of course, a
saving of a factor two is also obtained thanks to the 2:1 multiplexing.

In order to minimize the passive material of the hybrid, investigations are being actively
conducted both towards the use of light composites (e.g. Kapton or Upilex) instead of the
conventional ceramic substrates and towards the use of aluminum instead of gold-plated copper
for the conductive traces.

3.5.4 The FED and the optical link

The optical fibers carrying the analog data from the APV chips emerge from the experimental
cavern and connect to the Front End Driver (FED) digitizing boards. A photo-diode-amplifier
system receives and converts the data back to electrical levels for conversion by a 10-bit flash
ADC. Dedicated circuitry performs strip reordering and pedestal subtraction, with the possibility
of introducing more refined zero-suppression and cluster algorithms as luminosity increases.
Local memory is available to buffer event data until requested by the global acquisition system.
Each 9U VMEbus module contains 64 channels of conversion and digitization electronics together
with the pre-processing circuitry.

The feasibility of an optical system for transmission of analog data at 40 Msamples/s has
been proven by the RD23 project. The rationales for such a system include immunity from
electrical interference, minimization of the material budget for the signal cables, and reduction
of the power dissipation inside the Tracker volume. In the general philosophy of relying as much
as possible on commercially available components, several edge-emitting semiconductor devices
suitable from the point of view of cost, availability and radiation hardness have been identified,
and low-mass packages developed in collaboration with industry. Following the current trend
in telecommunications, the wavelength of operation is 1310 ym, and the preferred receivers are
PIN photo-diodes. The same components are used for the analog readout system and for digital
signals from the control system, with the appropriate modifications to the driving circuitry.

Single-mode optical fibers are commonly used in communications technology, and therefore
easily available and relatively inexpensive. To allow for testing, installation and maintenance
of the system, three breakpoints are foreseen, two within the detector and one on the receiv-
ing/driving electronics.

Control and monitoring of the front-end electronics and of detector ‘high voltage’, trigger
distribution to the front-ends and clock synchronization are performed by a separate VMEbus
module, the Front End Controller.
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3.5.5 Expected performance

The expected performance of front-end electronics coupled to a standard detector in terms of
noise and charge collection efficiency can be evaluated analytically.

In our noise estimation we consider: the thermal noise, due to the strip and metal resistance
(Rs); the amplifier noise, seen as a noise source applied to the positive input of the amplifier;
the shot noise from the reverse bias current of the detector (I,); and the thermal noise of the
bias resistance (R,). The analytical formulas which express the contribution of each source
are reported in Table 3.14. The evaluation of the strip series resistance for noise computations
takes into account the fact that the resistance is distributed along the strip. This produces a
transmission line effect and it can be shown [3-29] that the appropriate noise is given by the
substitution Ry — Rpeise & Rs/3. The effect of the deconvolution process on the noise has
been taken into account using the multiplicative factors shown in the last column of Table 3.14.
The values of the specific detector parameters which enter into the calculations have been taken
from Section 3.4.5. The noise coming from the circuitry after the amplifying/shaping stages has
been assumed to be negligible. The total noise, expressed in terms of an equivalent noise charge
(ENC), is the sum in quadrature of all contributions from the four noise sources described above.

Table 3.14: Noise sources, types and relative ENC evaluation formulas. e is the Neper constant, ge the
electron charge, 7 the shaping time, Ct,; the total capacitive load seen from the amplifier input into the
detector. The multiplicative factor in the last column takes into account the deconvolution process

Noise source Type ENC (r.m.s. e7) | Useful expression at T = —10 °C Deconvolution
Reverse bias current (Ip) parallel q%\/% ~ 108 - /Iy (pA)T(ns) e” x0.45
Polarization resistors (R, ) | parallel = ’;3;; ~ 22.5 - R;((’;Zgl) e~ x0.45
Metal strip resistance (Rs) | series | £ Ciot - kTR ~ 13- Ciot(pF) - 4/ E?T(L?)) e~ x1.45
Front-end electronics series 5104-36-Ciot (pF) - 1000+446-C'ot (pF)

The fraction of collected signal was estimated with network theory, using as input parameters
the detector impedance measurements described in Section 3.4.5. A detailed description of the
model and the complete set of equations used for the calculations is given in Ref. [3-30].

Figure 3.64 reports the expected performance of non-irradiated detectors as a function of
the width/pitch ratio.

An essential feature of Fig. 3.64b is that noise is totally dominated by the front-end electron-
ics. For this reason the capacitive load must be kept as low as possible, which will also ensure
the highest charge collection efficiency (Fig. 3.64a). Low values of the w/p ratio are therefore
preferred. The signal-to-noise ratio is above 12 for w/p < 0.2.

The expected performance on irradiated modules has been also investigated. First, we
checked the reliability of the analytical method by repeating the calculation for a setup similar
to a beam test, which means essentially to take data in peak mode instead of deconvolution
mode. Figure 3.65 shows the results of such a calculation superimposed on beam test data, from
which we can deduce substantial agreement within errors. The results for irradiated modules,
read out in deconvolution mode, are reported in Fig. 3.66. The two curves for each plot in
Figs. 3.65, 3.66 correspond to the variation of the input parameters of the calculation within
their experimental uncertainties. We can see that acceptable S/N levels are reached for a bias
voltage significantly higher than the depletion voltage. This result is confirmed by beam test
data analysis, reported in Section 3.4.6.
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3.6 The Detector Modules

3.6.1 Requirements

A detector module is the basic functional sub-unit of our system, both for the barrel and the end-
cap part. It consists essentially of three elements: a set of single-sided detectors, a mechanical
support structure and the read-out hybrid. A pitch adapter is located on the hybrid. It matches
the detector strip pitches to the 43 pym pitch of the read-out chips.

The basic requirements for the detector modules can be summarized as follows:

— self-supporting structure,

— alignment and mechanical stability,

— cooling,

— low mass,

— radiation hard material,

— easy fabrication, assembly and handling,
— low cost fabrication.

In order to fulfill these requirements, we shall use a single frame, in carbon fiber (CF), as
support element onto which the detectors and the read-out hybrids will be glued and aligned.

3.6.2 General layout and choice of materials

Both in the barrel and in the end-caps there are modules providing one or two position co-
ordinates, single- and double-sided modules. The single-sided (double-sided) barrel modules
carry two (four) rectangular detectors. The single-sided (double-sided) end-cap modules house
one (two) or two (four) wedge-shaped detectors.

The detectors and the hybrids are supported by a CF frame. Precision bushings are also
placed on the frame to hold the modules in the supporting structure.

The positioning bushings consist of two small aluminum bushes precisely glued to the CF
frame. The bushes feature precise holes whose centers define the origin and the main axis of the
reference frame for the alignment.

In order to achieve low mass, high stiffness and efficient heat removal, we plan to use a
high thermal conductivity (A), high Young modulus (£), low coefficient of thermal expansion
(CTE) carbon fiber composite. Fibers with thermal conductivity as high as 1100 W/(K-m)
are commercially available. Starting from prepreg (Amoco K1100X-2K fibers and Fiberite 954-
3A cyanate ester resin) we have obtained thin sheets (0.5 mm thick) with A between 400 and
500 W/(K-m) (similar to copper) and E ~ 400 GPa (similar to tungsten and its alloys). The
CTE of this material along the fiber direction is less than 107%/K and the radiation length, Xo,
is high enough (25 cm to be compared to 35 cm for the best materials, beryllium and its alloys).

The low CTFE prevents significant deformation and thermal stress when the structure is
cooled down from assembly (421 °C) to running (—10 °C) temperature. The difference between
the CTE of the CF frame and the CTE of silicon (4.67 x 1075/K) is small enough to allow
compensation by the thin layer of glue used to hold the silicon detectors on the CF frame.

The very high thermal conductivity allows the use of the supporting element as a heat bridge
for the power dissipated by the electronics and the silicon detectors. The CF frame will be in
good thermal contact with the cooling tubes incorporated in the main supporting structures.

Requirements for the glue include: good thermal conductivity, high dielectric strength, ra-
diation resistance, long term stability and chemical compatibily with semiconductors.

Among several epoxy glues tested, we have used two: Supreme 11ANHT by Master Bond
(A = 2.8 WK~'m~! and dielectric strength > 15 kV/mm) and Araldite 2013 by CIBA (A =1-
2 WK 'm ! and a resistivity > 1.5 x 10’ Qm). Mechanical, electrical and thermal behavior
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under temperature cycling is satisfactory. Studies are under way to establish the behavior under
irradiation.

The major request for the micro-bonds is that they should have no deterioration with the
stress from the temperature cycling. For this reason we use aluminume-silicon alloy wires.

3.6.3 Single-sided barrel modules

A perspective view of a single-sided barrel module is shown in Fig. 3.67, while the technical
drawing is shown in Fig. 3.68.

The high conductivity CF support is 0.375 mm thick and has overall dimensions of 162.8 x
72.8 mm?, defining the module dimensions.
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Fig. 3.68: Technical drawing of a single-sided barrel module.
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The thickness is imposed by thermal requirements and by manufacturing constraints. In
order to increase the mechanical stiffness, the frame has two rails on the long edges (0.5 x 4 x
130 mm?), which are orthogonal to the detector plane. These rails, protruding 2 mm on both
sides with respect to the detector face, also protect the bonding wires and allow easier handling
and transportation of the modules.

Positioning bushings are placed at both ends of the CF frame, defining the main axis of the
reference frame for the alignment.

The detectors are aligned and glued head-to-head, leaving about 100 ym between the detector
edges to be filled with glue.

Pairs of detectors are glued on top of the CF frame with a 60 pm thick layer of glue. The
surface of contact between the detectors and the CF frame is large enough (2 x 125 mm?)
to guarantee an efficient removal of the heat generated in the silicon after heavy irradiation.
The clearance, 4 mm on each side, between the bonding pads and the stiffening rails is large
enough to allow an easy micro-bonding path for most commercially available machines. For the
same reason, notches are also machined on the frame at the position of the detector joint (see
Fig. 3.68).

The read-out hybrid is glued directly to the CF frame. The positioning bushings are used to
align the bonding pads of the pitch adapter with respect to the bonding pads of the detectors,
making the automatic bonding procedure easier. To improve the thermal contact between the
CF frame and the cold ledge of the cooling system two small plastic screws in the hybrid region
are foreseen.

3.6.4 Double-sided barrel modules

Double-sided barrel modules are very similar to the single-sided ones (see Fig. 3.69). The outer
dimensions of the CF support frame and the precision bushings are identical, while the material
thickness is increased to 0.5 mm for better heat load convection.

Detectors are positioned on both sides of the frame: in both cases the ohmic side is located
towards the frame.

TRANSVERSAL SECTION

% 72 N T
f 4.0
FRONT DETECTORS—\\ | ‘ L-shaped Kap ton
N N N X
N % 40
N
L-shaped Kup(onj / ‘
64 1 CF-FRAME
A DY 1
BACK DETECTORS
LONGITUD INAL SECTION
oF FRAVE READ-OUT HYBRID
FRONT DETECTORS
2 3
.5 \ ‘Aﬂ rﬁ
y4 ZIN
s, ] 7 FLEEH:
TR
L.
BACK DETECTORS

READ-OUT HYBRID

Fig. 3.69: Technical drawing (side-view) of a double-sided barrel module.
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The detector pairs are biased and read-out independently through two hybrids one being
glued on each side of the CF frame. In order to bring the bias contact to the detector ohmic
side, a small L-shaped kapton foil, metallized on the side facing the detectors, is connected with
electrically conductive glue to the back side of each pair (Fig. 3.70). The kapton foil is 25 pm
thick, including the thin metal layer.

The short side of the L-shaped kapton protrudes 3 mm from the detector edge, leaving
enough space for soldering.

Table 3.15 shows the weight breakdown of the modules. The corresponding gravitational
sagitta is less than 3 pm.

not in scale

Fig. 3.70: L-shaped Kapton for the double-sided barrel bias.

Table 3.15: Weight of a single-sided and a double-sided barrel module

Elements Single-sided | Double sided
(gr) (gr)
C.F. frame 3.4 4.5
Detectors 5.4 10.8
Bushes 0.1 0.1
L-shaped Kapton 0.0 0.0
Glue 0.37 0.74
Total weight 9.27 16.22

3.6.5 Single-sided end-cap detector modules

On account of the geometrical configuration of the end-cap disks, five different module designs
are needed, of which two are single-sided and three double-sided.

The single-sided modules consist of two wedge-shaped detectors of differing dimensions glued
together and supported by a CF frame. This frame also holds the front-end electronics hybrid
and inserts used as reference points for the assembly phase and to fix precisely the module onto
the disk. Because of the mechanical constraints of the disk structure the hybrid is placed on
either the narrow or the wider side of the wedge-shaped detector. This position is governed by
the need to bring the active silicon to the inner and outer radii and the preference for placing
the electronics at the greatest possible radii.
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A perspective view of an end-cap single-sided module, with the front-end electronics hybrid
at the narrow end of the detector is shown in Fig. 3.71. The other single-sided modules differ
only in the detector dimensions and in the location of the hybrid.

Fig. 3.71: Perspective view of a single-sided end-cap module.

The detector sensors are aligned, glued head-on and then glued to the CF frame. The side-
rails of the frame are precisely machined to house the detector leaving just enough space for the
alignment operation. They include local notches to allow clearance at the junction between the
two sensors where excess glue is present. The bias connections are made by bonding between a
pad on the back of the hybrid to the ohmic side of the detector.

The front-end electronics hybrid is thermally coupled to the CF via a high-conductivity glue
and physically separated from the detector to reduce the heat propagation from the read-out
chips into the silicon.

The detectors make thermal contact to the side-rails of the CF frame through one face, in two
bands along their edges. The width of the contact band, enabling detector cooling, is of the order
of 1.7 mm. Since the junction must withstand several hundred volts, an additional electrical
insulation layer of polyimide film is placed between the two parts. A thermally conductive,
electrically insulating adhesive is used. Thermally induced forces due to CTE differences between
the frame and silicon are taken up at this layer. The adhesive plane is at the neutral axis of the
side-rail to avoid distortion.

The CF frame consists of three parts which are positioned and glued together in a jig. The
heat path does not go through the glued joints but directly to the supporting ring at the module
fixing points. The side-rail parts are made of of seven layers of high modulus, high thermal
conductivity unidirectional fiber prepreg. The side-rails have sufficient rigidity and do not need
further stiffening. The hybrid part of the frame is made up of three layers of similar material.
The Amoco K1100x carbon fiber/Fiberite 954-2A cyanate ester resin system is used. A cyanate
ester resin matrix is used because of its superior stability at different ambient moisture levels.
Since they are made in several parts the number of plies as well as fiber direction and thickness
in the frames can be more easily arranged for optimum thermal conductivity. This method is
also economical in the usage of the expensive fiber prepreg. A thermally conducting compound
is used at the fixing point thermal interfaces.

3.6.6 Double-sided end-cap detector modules

The end-cap disks use three different types of double-sided modules. That used on the innermost
ring has one sensor depth while all others are made up of two sensors daisy-chained together.
The detector sensors of both sides are read out and biased independently through two hybrids.
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The preferred technique is to construct two single-sided detector modules, one of which
measures the azimuth and a second the radial co-ordinate. This second detector uses double
metal detector sensors but on an identical CF frame. These two modules are glued together at the
end of the construction process after having been fully tested and characterized as individual
units. This allows a much reduced final rejection rate since for most of the process we are
dealing with a single-sided sensor module with an accompanying reduction in complexity of jigs
and procedure.

Studies are also proceeding using the option of constructing these modules by gluing the
detectors to a similar frame modified to accept sensors on both sides at each radial position.
The assembly and bonding procedure is similar to that used to produce the barrel double-sided
detector modules but with differing geometry. Here the increased risk and complexity would
need to be exceeded by the gains in the material budget.

Figure 3.72 shows a perspective view of an end-cap double-sided module.

Fig. 3.72: Perspective view of a double-sided end-cap module.

3.6.7 Cooling performance of the detector modules

There are two main reasons why irradiated silicon detectors have to be cooled. First, to avoid
reverse annealing in order to limit the increase in depletion voltage with irradiation fluence. This
is obtained by keeping the silicon detectors below 0 °C except for short maintenance periods.
Second, after irradiation the leakage current in silicon detectors produces a significant amount of
heat which increases exponentially with temperature. Given that the power which the cooling
system can remove increases only linearly with temperature, there is the potential danger of
the power dissipated by the silicon increasing faster than the power which the cooling system
can remove. This uncontrolled increase in temperature and leakage current is called ‘thermal
runaway’. The requirement to avoid it can not be translated into a simple temperature limit,
but it is related to the irradiation fluence and the thermal behavior of the detector module,
in particular the thermal resistances of the heat paths on the module. It turns out that the
risk of thermal runaway imposes the strongest limits on the cooling performance of the detector
modules.

The power dissipated by an overdepleted silicon detector of 300 pum thickness and 80 cm?
surface, irradiated with the LHC dose of 2 - 10" ¢m™2, can be estimated as

A
Pg;i (T, Upias) = Upias - 5000 e -T? - exp(—=7020.7 K/T). (3.10)
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On the other hand the temperature of the silicon is a linear function of the power Pg;
dissipated by the silicon and the power dissipated by the electronics hybrid Pgyp:

TSz' = kl : PSi + k2 ' PHyb + Tcoolant- (3'11)

In order to study the thermal stability of the detectors, the coefficients k1 and k9 have to be
measured for the given module design. This has been done in two separate studies for the barrel
and the end-cap modules.

In the end-cap case the measurements were performed on the full-size SiF1 milestone proto-
type disk [3-31]. A detector module was equipped with 16 thermistors (see Fig. 3.73) to measure
the temperature distribution over the module for various power dissipations in the silicon and
in the front-end hybrid. The heat load in the silicon was simulated by feeding a current through
the strip metalizations while the hybrid heat load was simulated by a resistor. The heat load of
the neighboring modules was also simulated by resistors.
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Fig. 3.73: Layout of the end-cap test module used for the temperature measurements. Two dummy
detector wafers are glued onto the side-rails of a carbon fiber frame using standard epoxy and a layer of
Kapton tape. The electronics hybrid is replaced by a heat load resistor. The module has all the wire
bonds of a real module. The power dissipation of the silicon was simulated by feeding a current through
the metallization of the strips. The numbers in circles indicate the positions and channel numbers of the
thermistors used for the temperature measurements.

Figure 3.74 shows the temperature difference between the average fluid temperature and the
temperatures on the module, plotted against the power dissipated in the silicon sensors, where
the hybrid power has been kept at 2 W.

From these measurements a worst-case estimate for the silicon temperature in the end-cap
has been derived:

K K
Ts; = 5.5 W - Ps; + 2.5 W ' PHyb + Tcoolant- (3'12)

In the barrel case the measurements were performed on modules of the SiB1 milestone,
which are 54 mm wide and have contact to a cooling pipe on the hybrid side of the module (see
Section 3.9). The heat loads of the electronics and the silicon detectors have been simulated
by heating foils. A model has been worked out in which the module is divided into several
regions (see Fig. 3.75). This model takes into consideration both conductive heat exchange (Q.)
between two regions with a temperature difference AT and radiative heat exchange (Q,) of a
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Fig. 3.74: Temperatures measured at various positions on the end-cap module relative to the average
cooling fluid temperature as a function of the power dissipation of the silicon for a fixed hybrid power of
2 W. Each line corresponds to a measurement point on the module (see Fig. 3.73).
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Fig. 3.75: The Si-Barrel module is divided into seven regions to describe the heat fluxes: Silicon 1&2,
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region at temperature 7' with the surrounding at temperature 7s. These are described by heat
transfer coefficients k = AT/Q,. and coefficients ¢ = Q,/(c(T* — T'*)), which are related to the
geometry and the thermal properties of the components of the module. Here o is the Boltzmann
constant. In particular this model is used to extrapolate the measurements to the proposed V4
design of the modules in which the far end of the module is also connected to the cooling pipe
(Fig. 3.75).

To determine the coefficients k£ and ¢ the temperature distribution on the module has been
measured for various heat loads on the silicon detectors and the read-out hybrid, varying also
the ambient and cooling fluid temperatures. An iterative procedure has been used to solve the
network of conductive and radiative heat flows and Fig 3.76 shows the resulting 15 coefficients.
The contribution of radiative heat exchange is small and does not exceed 10% under reasonable
operating conditions. The influence of convection is found to be negligible.
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Fig. 3.76: Network describing the heat flow in the Si-barrel module (given the symmetry of the module
only one half of the module is considered). For the calculations the worst-case assumption was made,
where the surrounding temperature of the module is equal to the warmest part of the module, namely
the electronics.

These results can be used in a similar way as in the end-cap case to plot the temperature
difference between cooling fluid and each module region against the power dissipated in the
silicon sensors (Fig. 3.77).

It can be seen that Silicon 1 shows the highest increase of temperature with silicon power
dissipation. Thus, for the barrel we find as the worst case

K K
Ts; = 5.7 W - Pg; +2.2 W : PHyb + Teootants (313)

which is quite similar to the result for the end-cap.
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Fig. 3.77: Calculated temperature difference AT between the cooling fluid and the module regions as
function of the total power disspated in the silicon wafers. The electronics power is kept constant at 2 W.

A stable working regime where thermal runaway cannot occur is found by comparing the
power generated in the silicon to the power that can be removed from the sensors at a given
temperature. Figures 3.78 and 3.79 show this for the end-cap and the barrel module, respectively.
It can be seen that in both cases, taking into account a safety factor of two on the silicon power
dissipation, the cooling fluid temperature at the module needs to be —20 °C in order to guarantee
safe operation.

3.6.8 The module construction

The assembly procedure which will be used to build both barrel and end-cap modules is based
on experience we acquired during the construction of the 1997 milestone. In order to guarantee
the required precision while keeping the construction procedure simple, a set of jigs specially
designed for this purpose will be used and all the gluing procedures will be done under the
constant control of a co-ordinate measuring machine able to determine the position of a three-
dimensional point with a precision of at least 3 um. A CCD camera, coupled to the measuring
head of the machine, will allow precise viewing on a TV monitor of the detector’s reference
marks. To speed up the assembly procedures we plan to use a co-ordinate measuring machine
which can contain several assembly jigs on its working surface. In this way we will be able to
reduce considerably the deadtime which the curing of the glue will inevitably introduce between
the various steps of the process, by pipelining the construction procedures as much as possible.

The assembly procedure consists basically of five steps:

— assembly of the carbon fiber frame;
— alignment and gluing of the detector;
gluing of the electronics;
micro-bonding;;

— testing.

The single assembly steps are similar for barrel and end-cap modules and are described in the
following section.
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Fig. 3.78: Silicon temperature on the end-cap module for different operating conditions. The thick
curve shows the power dissipation of the silicon as a function of temperature, assuming a bias voltage
of Upias = 500 V. The thick straight line shows the power that the cooling system removes for a given
temperature on the silicon. A hybrid power dissipation of 2 W is assumed. (a) coolant temperature
0 °C: the silicon temperature increases steadily (thermal runaway), (b) coolant temperature —12 °C: the
equilibrium temperature of the silicon is slightly below 0 °C, the stability is marginal, (c) assuming twice
the power dissipation of the silicon and a coolant temperature of —20 °C: the equilibrium temperature
of the silicon is around —10 °C (for comparison the nominal power dissipation of the silicon is shown as
the dotted line), (d) same as (c), but now the (thin) lines for all the measurement points on the silicon

are included.
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Fig. 3.79: Thermal equilibrium points for the silicon detectors of the barrel module at a coolant temper-
ature of —20°C and a constant electronics power of 2 W. The straight lines are the heat that goes from
one half of each silicon sensor into the side-rail. The power generation curve (dotted) therefore shows the
heat that is dissipated in a quarter of the total silicon area. The solid curve includes a safety factor of
two on the power dissipation of the silicon.

3.6.8.1 Assembly procedure and jigs

The assembly steps will now be described in more detail.
Production of the module frames

The mechanical frames of the modules are made out of CF with high thermal conductivity
to achieve:

— low mass
— high stiffness
— efficient heat removal

The prepreg was supplied by ‘Fiberite Europe’, the fibers in the prepreg are unidirectional
and of the type K1100X Amoco. They are embedded in the Fiberite 954-2A cyanate ester resin
which has high stability at different ambient moisture levels. The fibers have a nominal heat
conductivity of 1100 W/mK. The prepreg comes in sheets of 63 and 125 pm thickness.

The CF parts of the modules are either made out of three (forward hybrid carrier), five
(barrel modules) or seven (forward side-rails) layers of prepreg. The fiber orientation in the
layers is 0° and 90° and the layers have to be symmetric with respect to the plane running in
the middle of the parts.

For curing the prepreg is put in between several layers of release and bleeder films as shown
in Fig. 3.80a. Vacuum is applied and the plate is left to cure in an auto-clave. The cure cycle
is shown in Fig. 3.80b and consists mainly of a plateau at 180 °C that is held for four hours
preceded and followed by ramps to ambient temperature. During the cure cycle a pressure of
6 bar is applied to the plate.

Properties of the milestone modules

Some properties of the plates that were manufactured for the modules of the SiB1 milestone
are summarized in Table 3.16.
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Fig. 3.80: Curing of the prepreg. a) layup; b) cure cycle.

Table 3.16: Properties of the CF plates for the SiB1 milestone

size

780 x 630 mm?

thickness 0.50-0.55 mm
density 900 g/m>
fiber v olume 61%

thermal conductivity (0 °C)

400-500 W/mK

The parts for the frames are cut out of the CF plate by a water-jet. This technique is fast
and thus cheap and allows for very thin gaps between the tiles and thus a very effective use is
made of the CF.

Alignment and gluing of the detectors

Specific jigs are used to join the pair of detectors together and to the CF frame, which also
incorporates the precision bushings and the hybrids. The detectors are glued on top of the CF
frame with a thin layer of high thermal conductivity, electrically insulating glue.

For the positioning of the detectors we have used as reference the precision bushings. Precise
fiducial marks engraved in the detectors are used to determine the relative position of the
detectors between them and with respect to the precision bushings. Two approaches have been
used for the positioning of a single-sided module:

1. align and glue head-to-head the two detectors relative to each other and subsequently align
and glue this pair onto the CF frame relative to the precision bushings;

2. align and glue the two detectors independently to the CF frame relative to the precision
bushings.

The first approach, proposed for both barrel and end-cap, needs two different jigs and is
performed in two steps. The gluing of two detectors head-on is an operation that requires an
alignment precision which should be much better than the intrinsic resolution of the detector.
In our case, the maximum deviation of a strip with respect to the connected one on the other
wafer should be of the order of 3-5 pym.

The first step consists of placing a tiny layer of glue on the facing edge of the two detectors
by simply dipping them in a ~ 50 pm groove filled with glue. After that, one of the detectors
is held in a fixed position on the jig, while the other one can be moved in z,y and ¢ in order to
be aligned with respect to the first. The one used for the barrel detectors is very similar with
small differences due to the rectangular geometry.
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To align the two detectors we first measure the position of four reference marks on the fixed
detector. The co-ordinate measuring machine then determines the local co-ordinate system by
fitting a straight line to the measured marks. At this point the CCD camera is automatically
placed by the measuring machine at the position where the reference marks of the second movable
detector should be placed, according to the initial offset parameters which characterize the
module dimensions. The detector is then moved, using the micro-metric gauges, till the reference
marks are in the correct position. When both are glued together, the silicon marks have a
nominal distance of 555 pm, leaving a gap of 60 pm between the detector edges that are filled
with glue.

In the second step the detector pair is glued to the CF frame using the jig shown in Fig. 3.81.

Comparator Z movement

Vacuum pipes
connections

Carbon fiber

Detectors

Fig. 3.81: Jig used to glue a detector pair onto the CF frame.

The CF frame is placed precisely on a support using precision bushings and applying vacuum.
A movable arm, holding the glued detector pair with vacuum, allows the precise positioning with
respect to the precision bushings by micro-metric movements in z,y,z, and ¢. The movement
in z controls the height of the detectors with respect to the carbon fiber frames. As for the
head-on gluing the co-ordinate measuring machine find a local co-ordinate system which this
time is determined by fitting a line passing through the center of the two precision bushings of
the carbon fiber support. The measuring machine then moves the CCD camera to the nominal
position where the reference marks on the detector should be placed and the detector is then
moved to the correct position.

About 60 pm are left between the detector and the CF frame to be filled with glue. The glue
is distributed along a well-defined path on the carbon fiber frame with an automatic dispenser
controlled by computer. The planarity of the module is imposed by the parallelism between the
plane of the detectors in the holding arm and the plane of the base holding the carbon fiber
frame. A planarity of a module better than 10 ym has been reached.

The jig used in the second approach, proposed only for the barrel, is shown in Fig. 3.82.

It consists of a table on which the CF frame is fixed with a screw. Two other tables are used
to hold the silicon wafers. These tables also support the side-rails of the CF frame. The silicon
is held on the table by a vacuum, while the side-rails can slide freely on the Teflon support. The
table is manufactured in a way such that there is a gap of 60 um between the carbon fiber and
the silicon for the glue. The tables for the silicon can be moved in the z- and y-direction and
turned around the axis normal to the wafers.
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@

Fig. 3.82: Jig used to glue the silicon on the carbon fiber support.

Only the first approach has been used for assembling the double-sided modules, involving
the following steps:

— prepare the two pairs of detectors aligned and glued head-to-head, one made of SS detectors
and the other of SSDM detectors;

— glue the L-shaped Kapton strip to the back-plane;

— glue and align the SS detectors pair on the top side of CF frame with respect to the
precision bushing, as described before;

— turn the CF frame over, align and glue the SSDM detectors pair on it.

A co-ordinate system is defined by the precision bushings as shown in Fig. 3.83. The silicon
detectors are aligned in this co-ordinate system at the positions given in the same figure.

For the end-cap modules, instead, we propose a different approach: first two separate single-
sided modules are completely assembled, including the bonding and testing, then they are glued
back-to-back. This final step will require an assembly jig very similar to the one used to glue the
detector pair to the CF frame. The only differences is in the design of the base that should be
shaped in such a way as to be able to hold an assembled single-sided module turned over and in
the holding arm that should keep the other module suspended without damaging the bondings.

The gluing procedure consists in placing an overturned module on the base, then placing a
small amount of glue on the CF frame surface; at this point the co-ordinate measuring machine
will define a co-ordinate system using the precision inserts of the overturned module. Finally
the other module will be moved into the correct position and lowered until the CF frame is in
contact with the glue.

Gluing of the hybrid

The gluing of the hybrid on the CF frame does not require the high precision needed in
the detector alignment. The positioning can therefore either be performed again under the co-
ordinate measuring machine, using the bonding pads of the pitch adapter as reference markers
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Fig. 3.83: Nominal positions of the fiducial marks with respect to the precision bushings.

for the positioning of the hybrid with respect to the silicon detectors, or using grooves that hold
the hybrid and the support in the correct position without further adjustments. A maximum
misalignment between the bonding pads of about 20 pm can be tolerated. To guarantee a good
thermal contact between the front-end chips and the cooling circuit a high thermal conductivity
glue is uniformly distributed under the entire hybrid surface.

Micro-bonding

About 2000 (4000) micro-bonds are needed for the electrical connection of one single- (double)-
sided module, a few (about half) of them being on the backside for a single (double) sided module.
Special, but simple, vacuum jigs have been built that support the modules during the bonding.

3.6.9 Quality control and tests

Once the module assembly is complete the module undergoes a full quality control test. It
consists essentially of:

— survey of detector position. This is done by measuring the reference mark positions on
each detector with respect to precision bushings and comparing them with the nominal
positions. Deviations from the nominal values should be inside tolerances.

— optical inspection. No evident unglued and/or unbonded zone should exist. Occasional
mechanical damage occurred during assembling or handling should be noted and action
should be taken.

After that, a module is connected to a test station for a complete electrical and functional
check. The test station has a read-out system and a movable x-y table on which the detector
is mounted under an infrared laser spot. The read-out system is a standard Si-strip Tracker
read-out chain, consisting of the optical link, the FED and FEC modules located in a VME
crate connected to computer, and power supplies to bias detectors and front-end hybrids. A
computer program synchronizes the movement of the table, the flashing of the laser and the
data taking.

The laser wavelength is 1060 nm, which allows the laser light to produce electron-hole pairs
uniformly in the full silicon depth, thus simulating, apart from the Landau-like charge fluctua-
tions, a minimum ionizing particle crossing.
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The measurements to be done with this system are:

— -V curves

— Noise measurements

— Laser scans to detect broken/unbonded channels, checking the correspondence with bad
channels known from detector tests and bonding maps

This procedure has already been used for the milestone modules.

All the assembling and testing information concerning a module is stored in a database,
including information concerning detectors and hybrids used. For each module, the database
contains:

— depletion voltage and total leakage current for each detector,

— bad and/or dead strips on detector(s),

— hybrid serial number with an indication of bad and/or dead channels,

— all geometrical parameters together with the complete assembly record,
— bonding map with an indication of bad and/or not-bonded connections,
— operation voltage and total leakage current,

— pedestal maps with an indication of the not working/broken channels.

This information is to be used in the general alignment and track reconstruction programs.

3.7 The Support Structure

3.7.1 General requirements and constraints

To achieve the measuring accuracy envisaged for the Silicon Tracker, the primary requirement
on the support structure is to maintain the detector modules in stable, precisely defined posi-
tions. However, the amount of material introduced into the Tracker region should be as small
as possible. Therefore, low mass combined with structural rigidity are the most important
considerations.

It is envisaged that the final inter-alignment of the detector modules, as well as the overall
alignment of the SST and MSGC Tracker with respect to each other, will be done by using
the measurements of the tracks actually detected by the system. For reasonable statistical
samples, the successful convergence of such a procedure requires that the starting value of the
position of each strip in space be known to within 100 microns. Therefore, gravitational sagging
of the structure due to the weight of detectors, cables etc., distortions resulting from variable
mechanical and thermal loads occurring during handling, assembly, transport and operation,
as well as long term distortions due to aging, stress-release, moisture pick-up etc. should be
kept within these limits. Furthermore, the mechanical structure should allow an alignment and
survey procedure during the mounting of the modules, resulting in significantly more precise
knowledge of the relative initial strip positions (better than 10 pm) and should provide for
accurate survey and monitoring at various stages during the lifetime of the experiment.

The mechanics should also incorporate an efficient cooling system, able to maintain the
temperature of the SST at —10 °C. Finally, the support structure should permit a safe, simple,
and efficient assembly, disassembly, survey, and maintenance of the detector. Its fabrication
procedure should be low in cost, respecting the existing budgetary constraints.

3.7.2 General layout and choice of material

The overall layout of the SST has already been shown (Fig. 3.1). In the central part (barrel) ten
low mass shells in the form of half-cylinders are used to support the detector modules and their
associated services (cables, optical fibers, cooling pipes). The four innermost shells are shorter
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to allow for the mini end-caps complementing the barrel cylinders. CF disks form the support
structures both for the mini end-cap and for the end-caps.

To achieve the required structural rigidity and conform to the requirement of a light, low
mass structure, the shells will be made of flat unidirectional prepreg sheets of high modulus
(about 500 GPa) carbon fibers embedded in a resin matrix. Reinforcing elements (ribs and
rings) will be made of the same material.

Table 3.17 summarizes the characteristics of the fibers to be used: M55J has a higher modulus
but is relatively brittle and will be used for structures which do not exert a lot of strain to the
fibers. (e.g. the half-cylinder shells). Structures which require considerable bending of the fibers
will be made out of M46J which is less brittle and has a lower modulus.

Table 3.18 shows the mechanical properties of prepreg material with M55J fibers embedded
in a cyanate ester resin.

Table 3.17: Properties of the CF to be used in the barrel

Material | Tensile modulus | Tensile strength | Strain
(Gpa) (Mpa) %

M46J 434 4216 1.84

Mb55J 538 3926 0.50

Table 3.18: Mechanical properties of 954-3 cyanate ester prepreg, the curing temperature is 180 °C

Designation | 0° Tensile 0° tensile 90° tensile
strength modulus strength
R.T. (MPa) | R.T. (GPa) | R.T. (MPa)
M55J 2180 324 35

3.7.3 The cooling system

There are several sources of heat in the SST: the silicon detectors themselves, front-end hybrids,
optical fiber links, communication and control units (CCUs). The foreseen cooling system is
based on a heat transfer fluid running through a system of small-diameter pipes embedded in
the structure and in good thermal contact with the power dissipating elements. The choice of the
fluid is important for the overall performance of the system and is presently under investigation.

Table 3.19 shows a comparison of the properties of three heat transfer fluids which might
be considered. In the comparison of these fluids the Hydrofluoroether (HFE) has by far the
lowest viscosity, which is also quite stable in the range from +20 °C to —40 °C. However, in
heat capacity and heat conductivity HFE is inferior to the other fluids. In order to compare the
cooling performance of the different fluids, one can compute the resulting flow and temperature
gradients along and perpendicular to the pipe for a fixed pressure drop. Assuming a pressure
drop of Ap = 1 bar over a pipe of length [ = 1 m and inner diameter d = 2 mm, one finds the
values indicated in Table 3.19. At +20 °C the resulting flow is very similar for all fluids. At
—20 °C, however, the flow of the ethanol-water mixture is reduced by a factor 10, while the flow
for the other fluids does not change very much. The small flow of the ethanol-water mixture at
—20 °C implies large temperature gradients along and perpendicular to the pipe, which rules
out this fluid for our application. At —20 °C HFE and SYLTHERM show a similar temperature
gradient along the pipe, slightly higher for SYLTHERM. However, in the gradient perpendicular
to the pipe the difference is more pronounced, HFE having a temperature gradient which is 30%
smaller than that of SYLTHERM.
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Our own measurement of the heat capacity of 3M-HFE-7100 gave a value which is ~ 30%
higher than the specifications. Assuming this value, the temperature gradients for HFE are even
smaller. As can be seen from the Table, there is no dramatic change in the properties of HFE
even down to —40 °C (the freezing point is —153 °C). This means that a cooling system based
on HFE is quite flexible in terms of operating temperature.

Table 3.19: Comparison of different cooling fluids. The value of the heat capacity for 3M-HFE-7100,
quoted here from the company’s specifications, is inconsistent with our measurements which give ¢, =
(1555+70) J/(kg-K) at ~ 23 °C. Assuming this value one finds (Toyr — T3 ) /P = 0.044(0.050,0.054) K/W
and ATy - A/P =2.0(2.6,3.1) 107*m?K/W at +20 °C(—20 °C,—40 °C)

Product 3M-HFE-7100 | SYLTHERM XLT | Ethanol-water Units
C4F9OCH3 Silicon Oil 40:60

+20 °C 1506 846 935

density p —20°C 1609 881 962 kg/m®
—40 °C 1660 899 974
+20 °C 0.405 1.46 2.9

viscosity v —20 °C 0.724 3.04 25.3 107% m?/s
—40 °C 1.067 4.80 172.
+20 °C 1173 1650 4027

heat capacity c, —20 °C 1093 1547 3727 J/(kg - K)
—40 °C 1053 1494 3507
+20 °C 0.070 0.111 0.361

heat conductivity A —20 °C 0.078 0.119 0.344 W/(m - K)
—40 °C 0.082 0.123 0.336
+20 °C 0.21 negligible bar

vapor pressure —20 °C 0.03 negligible
—40 °C 0.009 negligible

residue <20 10° ppm

cost ~ 100 ~ 100 CHF /liter

for Ap=1bar,l =1 m and d =2 mm:
+20 °C 0.58 0.67 0.56

flow —20 °C 0.52 0.56 0.06 1/ min
—40 °C 0.48 0.35 0.01
+20 °C 0.058 0.064 0.029

(Touwt — Tin)/P —20 °C 0.066 0.078 0.270 K/W
—40°C 0.072 0.128 1.952
+20 °C 2.2 2.7 14

ATperp - AJP —20 °C 2.9 4.1 20.1 107 *m?K/W
—40 °C 3.5 7.1 209.

Another advantage of HFE is the fact that it evaporates quickly and leaves a very small
residue. Actually, HFE is commercially used as a cleaning agent. A small leak in a cooling
system filled with HFE would most likely not damage other components and the quantity of
fluid lost would evaporate. On the other hand the SYLTHERM silicon oil does not evaporate
and it is very difficult to remove. Given the above, 3SM-HFE-7100 is presently a promising
candidate for the cooling fluid of the SST.

Although direct liquid phase cooling will be by far the main heat removal process, it is
envisaged to have the central tracking cavity slowly flushed (one volume exchange - about 5 m?
per 24 hours) by cold (—10 °C) dry nitrogen gas. This will prevent the accumulation of moisture
and assist in establishing a uniform temperature in the SST volume.

As described in Chapter 6, the SST volume will be thermally insulated from the surrounding
environment by means of a cylindrical, thermal screen and thin, thermally insulating disks placed
at both ends. A preliminary performance test of the cooling system was carried out within the
SiF1 milestone (see Section 3.9.2.6).
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3.7.4 The barrel structure
3.7.4.1 General layout

The basic structural elements, on which the barrel modules and all their services are mounted, are
semi-cylindrical panels. Each panel is formed by two thin carbon fiber (CF) skins (0.375 mm
per skin) spaced by longitudinal omega-beams and internal circular rings (see Fig. 3.84 and
Fig. 3.85). The spacer beams and the rings are also made of CF. Flanges at the end of each
panel reinforce its strength and rigidity. They incorporate service connections, fiducial marks
for the alignment and thread holes both for handling (attaching insertion and extraction tools)
and for auxiliary cable supports.

Detector modules are arranged on the top and bottom of these structures in a cylindrical
geometry with a tilt angle of 9°. In this way it is easy to have the active area of the detectors
overlapping in z, while maintaining order in the services (cables, optical fibers, cooling pipes),
thus simplifying the cabling (un-cabling) of the detector.

Each of the mini end-caps is contained in a cylinder attached to the end flange of the second
barrel layer and made with the same technique as the panels (CF skins spaced by internal CF
elements). Disks made from molded CF elements are positioned inside this cylinder and support
the mini end-cap detector modules and services. As shown in Fig. 3.3, the modules are arranged
in rings on the front and back of each disk and dead zones are avoided by the overlap of their
active area both radially and azimuthally. Since the mini end-cap layout is very similar to that
of the end-caps, which will be presented in detail later, we focus our attention here on the
cylindrical part of the barrel.

CF skin

CF skin

Fig. 3.84: The barrel CF-skin. Fig. 3.85: The arrangement of the detectors on
the cylindrical skin.

The modules are not mounted directly onto the panels because the latter are not sufficiently
precise and do not provide an adequate cooling surface. Therefore, specially prepared mounts
consisting of two elements are brought onto the panels: First, molded CF ribbon strips are glued
directly onto the panel (see Fig. 3.86). They provide a precise mounting surface and have the
rigidity to maintain the required positional accuracy. Flat ledges are then glued on the ribbon
strips using a jig providing good control of the glue joint. The ledges are 0.5 mm thick and are
made of CF composite material with high thermal conductivity (e.g. values of 400-500 W /K-m
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Fig. 3.86: The supports for mounting the modules on the CF skin.

have been reached using prepreg of Amoco K1100X-2K fibers embedded in a cyanate ester resin).
They provide the necessary cooling surfaces.

When mounting the modules on the ledges, the front-end hybrids of modules in the same
z-row are supported by ledges that are close to each other. In this configuration the two modules
can share the optical link card placed on a mounting block between them (see Fig. 3.87). No
stringent positional accuracy is required for the optical link.

Fig. 3.87: The arrangement of the various services to the inner part of the barrel SST.

Aluminum cooling pipes (4 mm outer diameter, 0.2 mm wall thickness) are glued to the
bottom of each ledge with thermally conductive epoxy, cooling the detectors and hybrids. As
shown in Fig. 3.88, the pipes run longitudinally along the support panels, bend and run below
a ledge, and then make another bend and continue to the next cooling area. In this way, the
optical links between detector modules can also be cooled by the same pipes. On each panel
end flange there are two cooling manifolds, one on the inside and the other on the outside panel
surface, distributing the fluid to all panel circuits. Each manifold has one inlet and outlet and is
formed by an aluminum tube (8 mm outer diameter, 0.23 mm wall thickness) bent in a circular
loop (see Fig. 3.88).

All services, read-out optical fibers and optical links, power (low voltage), bias (high voltage)
and timing cables, as well as the cooling pipes, are organized in longitudinal rows, avoiding
crossings among cables and/or optical fibers. In this way defective cables and fibers can be
individually accessed and removed at the panel ends. All services including pipes run below the
detector modules and are pre-assembled onto the structure so that they do not interfere with
the module mounting operations.




150 3. The Silicon Strip Tracker

Cooling manifold

Fig. 3.88: The arrangement of the cooling pipes on the supporting CF cylinder.

Optical link and fibers

As noted above, adjacent modules on a longitudinal row are mounted with their read-out
hybrids close to each other and share the optical link situated between them. The optical link is
a unit controlling two or four read-out fibers, each fiber being able to read two front-end chips.
The link is permanently attached to the fiber ribbon and it is mounted on a card requiring one
power line, carried by the mother power cable. It can be easily plugged in or be removed from
the card, while the fibers are connected via low mass connectors at the panel end flanges (for
the two innermost layers the fiber optic connectors are placed at the end flange of the mini
end-cap cylinder, with the fibers passing through slots in the end flange joining the layers to the
mini end-cap cylinder and then running on the outside of this cylinder, as shown in Fig. 3.87).
Small connectors, surface mounted on the optical link card, are used to connect it to the module
hybrids with a zero insertion force. The space available below the modules is sufficient to be
able to insert or extract the optical link with all the modules in position.

Timing cables

Timing signals are distributed by the Communication and Control Unit (CCU) along cables
of the same length, which should be shielded as well as possible from the power and bias cables.
Small individual ribbon cables are envisaged for carrying the timing signals, each of them being
able to serve the two hybrids of a double-sided module or be multiplexed and serve the hybrids
of two adjacent single-sided modules on the same z-row. To minimize the necessary cable length,
the CCUs will be placed at both the + z panel ends, each CCU controlling two optical links.

Power cables

Connectors mounted around the ends of the overall silicon support cylinder inside the de-
tector volume are used to transmit the power from outside. The position of the connectors
minimizes the effect of their material, while avoiding moisture condensation problems. Starting
from the connector, a single Kapton cable supplies the power to the CCU and the associated
optical links and hybrids along a +2 row, as illustrated in Fig. 3.87. For the two innermost lay-
ers, the mother cable powers the CCU and then splits into two parts, one going to the top and
the other to the bottom of the panel. Each part splits into three tails, one powering the optical
link shared by the two detector modules, the other two connecting to the module hybrids. For
the outer layers a separate CCU and power cable is needed for the modules on the top and the
bottom of the panel. As described above, three tails per pair of detector modules supply power
to the optical links and hybrids.
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Since the control of the bias voltages is placed outside of the experiment, no voltage regu-
lators are needed inside the Tracker volume. One cable per readout hybrid is needed, i.e. one
(two) cables per single- (double-)sided module. Appropriate low mass cables are commercially
available.

External shielding

The whole silicon barrel Tracker is placed within an outside CF support cylinder attached to
the fifth layer panels. This outside cylinder enhances the overall stiffness of the support structure
and provides protection during handling. Being sufficiently conducting, it forms a Faraday cage
and can be used as a common ground. Thermally, it is an insulator helping to isolate the SST
from the environment. Finally, it incorporates all features needed to handle and slide the system
onto the common Tracker support cylinder.

A cylindrical skin made of conducting material on an electrical insulator (Kapton) lines the
inner periphery of the silicon barrel. It protects the first layer during the insertion of the beam
pipe and of the pixel detector and provides electromagnetic shielding.

The structure is completed by thin sandwich disks placed at either end of the detector volume,
which can be removed easily to provide access to the inside. They are thermally insulating and
lined with a thin conductive layer on the outside, which can be brought into electrical contact
with the inner and outer cylinders to complete the electromagnetic shielding. The disks have
holes allowing the cold nitrogen flushing gas to enter and leave the detector volume.

A perspective view of the whole SST barrel detector is shown in Fig. 3.89.

3.7.4.2 Fabrication and assembly

The construction of the barrel structural elements (panels) involves the following steps:

— Molding of the individual CF panel components

Cutting and machining them to final size

Gluing together the panels with film adhesive

— Gluing the alignment inserts into the panel end flanges

~ Gluing the module mounts (ribbon strip supports and ledges; see Fig. 3.88) onto the panels

— Gluing onto the structure the cooling pipes and mounting all spacers and holders for the
services (cables, optical fibers and links etc.)

A mold in the form of a steel cylinder with outer diameter equal to the inner panel diameter
(evaluated at 120 °C, the curing temperature of the CF prepreg) will be used to manufacture
the CF parts. It will be machined precisely and will have a flat surface, chromium plated and
polished to a mirror finish. The mold will be considerably longer than the panel, allowing
simultaneous curing of both the inner and outer panel skins (the skins are thin enough that
they can be subsequently shaped to conform with the 10 mm radial extent of the panel). The
longitudinal omega-beams, circular ribs and the parts defining the panel edges can also be
manufactured in the same autoclave cycle by adding to the mold appropriate pieces defining
their shape. In this way, we not only save autoclave cycles, but the componets match each other
well, since they have been prepared on the same cylindrical surface.

After molding, all parts must be cut, machined to their final shape annd sand-papered to
remove resin remnants and to prepare the gluing surfaces. The mold is then used to assemble
in a single step the two panels of a cylindrical layer. To this purpose all previously prepared
parts are repositioned on the mold and are glued together with film adhesive at a temperature
of 60-80 °C. All parts are designed to have mating fittings between them. The only parts that
must be held by the mold are the mating longitudinal ribs joining the two panels to form a full
cylinder. These are screwed together and clamped to the mold. A vacuum bag placed all around
the cylinder assures uniform pressure distribution resulting in structural joints.
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To be removed from the mold after gluing, the cylinder is opened in its two halves. For the
next step, the panels are joined together again.

Inserts (aluminum bushings with a threaded hole) are glued into the endplate of the cylinder
using a precision jig. They are used to adjust the relative position of the two halves so that the
cylinder endplate defines a reference plane. The position of the inserts is also used to define the
axis of the cylinder and later to locate the cylinders of the various layers with respect to each
other and to join them by means of the threaded holes to form the barrel structure.

To mount the ribbon strips supporting the ledges, as well as the ledges themselves, we use a
rotary positioning table mounted in a Co-ordinate Measuring Machine (CMM). The cylinder is
held on this table so that both its inner and outer surfaces are free. The longitudinal (z) axis
of the system is adjusted via the endflage inserts to be parallel to the (horizontal) table of the
CMM. The ribbon strips and the ledges, that are to be glued on the cylinder along the same
longitudinal row, are mounted on a stiff beam, carefully machined to keep all ledges in the same
plane. Strips and ledges are glued to each other on the beam, which is then positioned on the
reference table of the CMM parallel to the axis of the cylinder/rotary table system. A tool,
aligned with respect to this axis so that it moves only in the z-direction, is then used to transfer
the row of ribbon supports and ledges onto the cylinder.

After all rows have been glued on the cylinder, the positions of the ledges must be surveyed.
It must also be checked that, separating and then reuniting the two panels forming the cylinder,
brings the ledges back to their initial positions.

Finally, the cooling pipes and diverse spacers and holders for the services are glued onto each
panel. Thermally conducting glue is used to attach the pipes to the ledges.

The same rotating table is needed to mount the detector modules onto each half-cylindrical
supporting panel. The position of each module is measured by the CMM during assembly and a
final survey of the panel is performed when all modules have been mounted. The fully assembled
panel is then dismounted from the CMM and moved to the test area. Meanwhile, the CMM
and the rotating stage are available for the the assembly of the next panel.

After assembly each panel undergoes a set of functionality tests, including powering of the
detector modules, pedestal runs and a test of its cooling circuitry.

As mentioned above, mating longitudinal ribs are used to couple the panels to form full
cylinders, using the endflange inserts to adjust the relative position of the two halves and to
define a reference plane. The same endflange inserts are used in the next operation, which
couples all cylinders together to form the barrel structure.

The assembly of the barrel together with the end cap parts to form the SST and the final
installation of the latter inside the MSGC system are described in Section 6.7.3.

3.7.5 The end-cap structure
3.7.5.1 General layout

There are 10 disks for each side of the end-cap Tracker (see Figs. 3.90 and 3.91). Each disk is
composed of a pair of sub-disks. The radial coverage varies with the z position and the detector
sensors extend to r = 598 mm. The supporting structure extends from 210 < r < 605 mm,
the outer dimension being common to all disks. The inner diameter increases progressively along
the |n| < 2.5 line (see Fig. 3.91). The detector modules are arranged as successive rings each
covering the full azimuth.

3.7.5.2 Supporting disks

The silicon detector devices are fitted to a disk type structure which is a major sub module of
the end-cap Tracker. It is proposed that alternate rings of detectors are assembled on adjacent
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Fig. 3.90: Perspective view of the end-cap system.
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Fig. 3.91: End-cap section.
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sub-disks. The sub-disk nearest to the intersection-point (IP) carries rings 2 and 4 while the
second sub-disk of the pair carries rings 1 and 3 (see Fig. 3.92).

The sub-disks will be of built-up construction using CF sheets of approximately 0.4 mm skin
thickness. A high-modulus fiber having its elastic modulus in the 500 GPa range will be appro-
priate. A cyanate ester resin system in combination with the very high thermal conductivity
CF is proposed. Each sub-disk is stiffened by inner and outer cylindrical rings and by radial
ribs. In practice even flat sheets of material do not have an entirely symmetrical behavior due to
problems such as resin enrichment of the surfaces etc. Assembly using adhesives allows several
parts cut from the same sheet to be positioned and oriented in opposition so as to nullify these
effects. The flat sheet pieces will, therefore, be assembled by adhesive bonding to produce the
required form. This will be built up on the honeycomb core, although the exact nature of the
core material is under study.

Sub-di sk la Sub-di sk 1b
Rings 2 & 4 Rings 1 &3

Fig. 3.92: End-cap sub-disks set.

The sub-disk carries, on one face, the supporting rings to which the detector modules are
attached (see Fig. 3.93). Following the practice of the milestone prototype (see Section 3.9)
openings matching the contour of the appropriate detector modules are cut into the plate al-
lowing access to both faces of the supporting rings. This technique allows the active surface of
the detector sensors to overlap. Accessibility can be improved if the sub-disks remain indepen-
dent. The full complement of service connections will be routed to the outer circumference and
then into cable channels at the outer diameter. The low CTE of the proposed materials pre-
vents significant deformation and thermal stresses due to the difference between their fabrication
temperatures and the operating temperature of the detector.

Fig. 3.93: End-cap sub-disk, partially assembled.
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The support structure allows assembly of the detector modules to the sub-disks by clamping
them to the freely available surface of the supporting rings. The convolutions of the disk section
offer a measure of protection against accidental damage during the assembling and testing stage.

3.7.5.3 Cooling system

The proposed cooling method is to circulate fluid in thin-walled metal tubing embedded in a
high thermal conductivity carbon fiber ring. The materials used ensure the low CTE and CME
values needed for a stable and stress-free structure in the specified temperature range.

The system proposed is constructed by using a core section and thin facing sheets made of CF
material and two metal tubes. These parts are encapsulated together to produce a rectangular
section ring. Contact to the detectors is made locally through metal inserts glued into this ring.
The inserts make the thermal connection to the sensor frames while the tubes and inserts have
a large surface contact area to the fiber. Each coolant circuit covers part of the circumference
of its corresponding ring. Since there are two coolant circuits they are arranged to present a
counter-flow system to reduce apparent temperature rise. The two circuits may also be arranged
to give redundancy in case of fluid flow problems etc. In order to equalize the thermal load on
each circuit differing diameters of tubing are used. We will use tubes having inside diameters of
1.3, 2.3 and 3.3 mm.

The core section will be moulded using the high thermal conductivity CF, in a multi-layer set-
up of the required thickness which is governed by the maximum tube diameter. The successive
layers have a +45°,90°, —45°, 0° symmetry repeated several times to obtain the desired thickness
producing a quasi-isotropic laminate. The core is divided into sections 50 mm long so that the
fabrication procedure is to make a large number of similar rugged parts. The cooling fluid tubes,
core and the outer facings are assembled in a jig using a room-temperature curing adhesive to
ensure a minimum of deformation. The thermal conductivity is governed almost entirely by the
fiber content of the section and careful assembly is called for. The assembled manifold is then
aligned, without constraint, on the machine tool to produce the holes used for fixings. The fixing
hardware is designed so that all the threaded parts are replaceable. The fixings also provide
dowel locations for the sensor frame. Fixings adjacent to the hybrid are used for this alignment,
engaging a cylindrical and a slotted hole in the frame. The holes of the sensor frames have
aluminum alloy inserts treated to present a hard wearing surface to the assembly surface.

The manifolds are connected to larger diameter collector tubes on each disk so that two input
and two output tubes are routed to each disk. The small diameter connections to the coolant
tubes are made by placing a tubular sleeve over the junction to stress relieve it and using a low
melting point solder seal. The connection is therefore entirely metallic and of low mass.

All disks of each end-cap will be assembled to enable their insertion into the experiment as
a single unit from either end of the supporting tube.

3.7.5.4 Survey and test

Following construction the disks will be assembled with their supporting rings and the connec-
tions made to the inlet/outlet tubing. The location points used by the detector modules will
then be inspected as a control of the construction process. All data will be logged during con-
struction and will be referenced later during final metrology. Working on both sides, the disk
will then be equipped with detector modules. Because of its geometry orthogonal movements
alone are adequate to position the modules using a pick/place type of apparatus. In this way
the handling is ensured to be consistent over a large number of operations. The apparatus can
incorporate an optical recognition system allowing the positions of critical elements to be fixed
and measured. Such a machine will simplify several aspects of the assembly.
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The assembled disks must then be transferred to an apparatus where the central axis is almost
horizontal, inclined as in the experiment. The full survey is then made again using optical, non-
contact measuring equipment such that the co-ordinates of each detector can be logged relative
to reference targets which remain accessible after the final assembly. This operation should be
repeated after temperature cycling.

3.7.6 Access and maintenance procedure

As described in Section 6.8, acces and maintenance of the SST is possible during the long end-
of-year shutdowns. Stopping periods of two to three weeks permit opening of the CMS end-caps
and allow only access to the Tracker endflanges. During a long shutdown the SST can be
extracted and moved into the maintenance area on the surface. In this area we foresee a storage
at —10 °C and a repair and dissassembly/assembly area at +10 °C. All parts of the detector
not requiring intervention will stay permanently at —10 °C. We estimate that the time needed
for extraction and re-insertion of the SST - during which the detector will be at +20 °C - will
not exceed one week per year. The dissassembly, repair and reassembly operations are expected
not to exceed a period of 21 days per year. As discussed in Section 3.4.1 such an access and
maintenance scenario is consistent with a safe operation of the detector over a 10-year lifetime
of the experiment.

3.8 The Alignment System

The internal Tracker alignment system is described in detail in Section 6.5, here, for complete-
ness, we briefly mention the principles involved.

Globally, the position finding of each active detector element can be achieved through the
following steps:

1. Positioning and survey of detectors inside modules.

2. Mechanical precision of the module installation inside the smallest sub-units. For the
barrel these are half-shelves and for the end-caps sub-disks.

3. Measurement of these sub-unit positions after assembly on their support structures and
connection to six external measurable points.

4. Online measurement of movements of these six points to evaluate global displacements of
the support structures.

Steps 1, 2 and 3 are carried out during the construction and assembly phase. Step 4 is
accomplished by the ‘Tracker online position monitoring system’.

This system is based on the displacement measurement of six points sitting on the outermost
SST structure radius, with respect to six co-axial lines connecting the two end-flanges of the
Tracker. Each object to be monitored is equipped with two sets of six reference points separated
by at least 250 mm for out of plane angular measurements. The six channels of each set, the
so called alignment channels, are obstacle-free corridors connecting both ends of the Tracker.
They allow six parallel axial lines to cross the detector from one end to the other to points
which are used as a reference system. Each of these reference points must, of course, be inside
the corresponding alignment channel. The evaluation of the object position consists in the
measurement of the normal distance and angular position of each of these points with respect
to the corresponding reference axis (Fig. 6.27).
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For the reference points, we are presently using non-collimated monochromatic light sources.
Each independent structure of the SST detector, provides the place to house these reference
points.

With such a system we aim at monitoring the movements of individual structures holding the
detectors, with an accuracy of ~ 5 pm which is better than the intrinsic SST detector resolution.
The proposed system not only monitors these movements, but provides, through the alignment
wheels sitting at the end-flange of the Tracker, a geodetic network connecting the Pixel, SST,
MSGC and Muon systems and allowing an efficient and precise alignment between them.

3.9 System Tests, Prototypes and Milestones

In 1995 the LHC Committee fixed two important milestones to address the main system problems
of the SST. Two large system prototypes of the Barrel (SiB1, see Fig. 3.ii and of the Endcap
part of the SST (SiF1, see Fig. 3.iv) have been built for this purpose.

3.9.1 SiB1

3.9.1.1 Overview

The features of the milestone prototype were based on a previous version of the Tracker (V2)
where three layers of silicon detectors were foreseen covering the radial region between 20 and
40 cm. The layout of the V2 geometry is shown in Fig. 3.94.

Fig. 3.94: Basic structure of the barrel wheel.

The detector modules are distributed in seven layers on a spiral geometry which leaves
enough room for all services (cables, interconnect cards and cooling tubes). The detectors are
tilted to partially compensate for the Lorentz angle. The detectors are organized to provide
three detection points per track without dead regions in the tracking volume. Detectors overlap
in r — ¢ over a few millimeters to allow for intermodule alignment. Enough room is left between
the seven layers to allow for longitudinal inter-penetrating of detector modules with adjacent
wheels overlapping in z.
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A total of 112 detector modules are used to equip the entire wheel. To reduce the costs we
decided to limit to 14 the number of working modules to be installed in the structure. The other
98 were modules produced with dummy components, mainly to address specific mechanical and
thermal studies.

The detector modules used in the structure were based on a preliminary engineered version
of the barrel module approved as intermediate milestone in January 1997. The detectors are all
single-sided. The hybrids are produced on a ceramic support with standard commercial connec-
tors. The read-out electronics incorporate only the basic elements (pre-amplifiers, shapers and
multiplexer) of the final chip and are implemented in radiation soft technology. An interconnect
card, separated from the module, houses the components for the control of the read-out. The
cables are made out of copper lines etched on thin Kapton ribbons. No optical link was included
in the read-out scheme.

3.9.1.2 Support structure

Two machined carbon fiber disks are used as supporting elements coupled by thin inner and
outer cylindrical skins. The two end-plates act as supporting elements for the detector modules,
defining the exact position of the silicon detectors in space (see Fig. 3.94). The radial position
of the detector modules is defined by CF supporting ledges, while the other two co-ordinates are
fixed by the coupling between precision pins in the modules and slots precisely manufactured in
the ledges. Short Kapton pigtails connect the silicon modules to the interconnect cards located
in the inner part of the structure.

3.9.1.3 Fabrication of the CF wheel

The first prototypes of this complicated structure were built in aluminum and carbon fiber.
The outcome of this work has been reported as intermediate milestone in July 1996. It was
shown that using standard carbon fiber epoxy composite it was possible to machine one disk in
a month. The elements were measured, yielding a radial accuracy of the ledges of 70 pm. After
an optimization of the fabrication procedure the two final disks were fabricated from a solid block
of a new composite material with the carbon fibers held together by a thermoplastic material,
PEEK (Poly-Ether-Ether-Keton), cured at high temperature. The disks were manufactured by
TAEMA: six thin disks, 5 mm thick, were first produced by using 40 fiber layers interleaved with
PEEK cured at 380 °C. The six disks were coupled together by high-temperature curing in order
to fabricate the 30 mm solid disks needed for machining. The CF-PEEK composite material
has a good homogeneity, a high value of toughness that prevents cracks and a very low moisture
absorption. The CF used for the supporting structure has a medium range Young modulus
(E = 227 GPa), a thermal conductivity of 20 W/(K-m) and a radiation length of about 25 cm
that, coupled with PEEK (X, = 30 cm), gives an overall radiation length for the composite
of about 27 cm. The low coefficient of thermal expansion prevents significant deformation and
thermal stress when the structure is cooled down from the assembly temperature to the operating
temperature. The machining was done in the INFN Pisa laboratory. The total weight of each
disk is 2.1 kg. An accuracy better than 70 pm was measured for all of the critical elements.

3.9.1.4 The cooling system

The heat generated by the detector modules in the wheel is removed by a cooling system based
on a circulating fluid, with the goal of keeping the temperature of the silicon elements during
running below —5 °C. The cooling tubes are arranged in layers in the supporting structure, in
good thermal contact with the detector ledges. Each tube layer has two inlets and two outlets
to reduce the pressure loss while maintaining a small tube size. The temperature rise of the
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cooling fluid has been fixed to 1 °C. Considering a pressure loss in the whole wheel of 0.08 MPa,
the fluid will be driven below atmospheric pressure. A film coefficient of 3500 W/(m?-K) and
a thermal resistance of 1.5 K/W is expected when using a mixture of water with 20% of glycol
ethylene at —15 °C and a cooling pipe diameter of 3 mm. In these conditions the maximum
gradient between the cooling fluid and the silicon detectors is about 10 °C, with an average fluid
flow per layer of about 0.6 1/min.

Several measurements have been performed to study the coupling interface between the
cooling ledges and the modules. The heat generated inside the modules is simulated by three
heating foils, 2 W for the electronics and 0.2 W for each silicon detector. The temperature is
monitored by Pt-100 sensors and the cooling fluid temperature is adjustable between —10 °C
and 20 °C. The temperature of the environment is regulated by a cooling shield, in the range
—20 °C to 20 °C. The whole set-up can be kept in vacuum or dry nitrogen to avoid condensation
and to control convection. The use of CF/PEEK composite material for the ledges implies a
thermal step greater than 10 °C between the cooling fluid and the electronic support. This value
can be reduced by using high thermal conductivity carbon fiber.

3.9.1.5 Interconnect cards and cables

The interconnect cards (ICC) are used to distribute timing and input/output signals between
the read-out hybrids and the DAQ system. Each module needs two interconnect cards, therefore
28 ICCs for the real modules and 196 dummy ICCs for the dummy modules have been produced.
The cables are made of thin copper strips (35 pm thick) etched on a 75 pm Kapton ribbon, long
enough to reach the outer periphery of the wheel.

3.9.1.6 Detector modules

A barrel detector module is fabricated by coupling together two half-modules joined with stiff
carbon fiber elements (Fig. 3.95).

OVB S| LI CON BARREL MODULE

Fig. 3.95: Full detector module for the SiB1 milestone.
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Each half-module consists of two silicon detectors glued together head-on. The strips are
daisy-chained between the two detectors, giving an effective length of 12 cm. The positioning
elements are engaged in precision holes whose centers define the origin and the main axis of the
reference frame for the alignment. The hybrid is made of ceramic and contains 8 PREMUX chips
to read out 1024 silicon channels. The silicon detectors are single-sided AC-coupled devices,
50 um pitch, 300 pm thick, with a total area of 5.4 x 6.4 cm?. Each dummy half-module
consists of two dummy detectors, made out of 400 pm thick silicon wafers with aluminum strips
patterned like the working ones. For power dissipation 50 €2 ceramic resistors are used in place
of the front-end electronics.

3.9.1.7 Production of the carbon fiber frames

High thermal conductivity CF is used for the mechanical frames of the modules. In the first
step carbon fiber plates are produced from prepreg K1100X Amoco embedded in the Fiberite
954-2A cyanate ester resin. Five layers of prepreg are coupled together to form a plate by curing
in autoclave. The frames for the modules are cut out from these plates with a water jet cutting
machine. The fiber direction runs parallel to the side-rails that support the silicon detectors to
optimize the heat removal.

3.9.1.8 Module assembly

The assembly procedure consists of five steps: gluing of the precision positioning elements in the
frame, alignment and gluing of the silicon detectors to the CF support, alignment and gluing
of the hybrid, micro-bonding, and gluing the two half-modules together. All these steps were
repeated in six production centers: Aachen, Bari, Kemi, Padova, Perugia, Pisa. A special jig was
used to glue the positioning elements to the CF support giving a position accuracy of 50 pm.
A specific jig has been used to glue the two detectors together: one of the detectors is held
by vacuum in a fixed position while the other one can be moved in z and y and rotated in
¢ in order to align it with respect to the first. This alignment is done under a 3D measuring
machine with a precision of a few microns. The co-ordinate system is shown in Fig. 3.96. A
gap of 60 pm is left between the detector edges and filled with glue. Then the pair of detectors
is glued to the CF support by using another jig: the support is located on the base using the
precision positioning elements. A movable arm, holding the pair of detectors by vacuum, allows
the precise positioning with respect to the positioning elements by micrometric movements in x,
y, z and ¢. A vertical clearance of 60 um is left between the detectors and the support structure,
to be filled with glue. The planarity of the half-module is imposed by the parallelism between
the plane of the detectors in the holding arm and the plane of the base holding the carbon fiber
frame.

Figure 3.97 shows the deviation of one of the fiducial marks on the silicon detectors from its
nominal position and the angle between the the z-axis and the strips of each of the two detectors.
The strips can be aligned with an accuracy better than 0.1 mrad, whereas the detector position
has an accuracy of 8 pm.

The gluing of the hybrid to the CF frame does not require very high precision and can be
done using a jig with grooves that hold the hybrid and the support in the correct position.
Approximately 2000 micro-bonds are needed for one half-module. Two half-modules are glued
together to form the full module by using another dedicated jig. One half-module is held in a
fixed position while the other one is on a z-y table that can be rotated around the axis normal
to the silicon detectors. Figure 3.i shows the complete SiB1 module.
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Fig. 3.96: Nominal position of the fiducial marks with respect to the precision pins.
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3.9.1.9 Tests of the modules

The functionality of the modules was tested by measuring pedestals and noise as well as signals
generated by a pulsed LED. One example of the test results is shown in Fig. 3.98 and in Fig. 3.99.

Out of 31 fabricated half-modules, 30 passed the test and were used to build 15 modules for
the milestone.

3.9.1.10 Wheel assembly

After machining, the surfaces were cleaned to prepare for gluing.

Thin aluminum tubes (0.2 mm wall thickness, 3.0 mm inner diameter) have been used as
cooling pipes. They were preshaped to fit the cooling channel of the wheel. In the outer part
of the structure manifolds were placed by gluing properly shaped aluminum tubes (0.5 mm wall
thickness, 4 mm inner diameter) to the cooling channels. Checks have been done after gluing to
search for leaks.

Two small L-shaped pieces of aluminum have been glued to the CF structure in each detector
slot to hold the interconnect cards. These cards are then fixed to the supporting elements and
the Kapton cables are positioned in the cable trays.

An assembly tool and a large co-ordinate measuring machine have been used to align the
two disks together and to survey the insertion of the detector modules. The alignment tool
consists of a solid frame with a precision shaft holding the two disks. This shaft can rotate on
two bearings and is connected to a stepper motor. The procedure is based on the assumption
that the supporting ledges are orthogonal to the back plane of the CF disks used as primary
reference. The two metal disks used to hold the CF disks were initially measured: the flatness
of the two disks is better than 50 pym and the parallelism better than 100 pm when measured
on the eight points used to hold the wheel in position. This operation allows the use of the
plane of one disk as reference The centers of the two disks have been used to define a reference
axis, the origin being set at mid-distance. The second CF wheel was aligned with respect to this
co-ordinate system. Finally, the position of the reference points on the CF wheel was measured.

After the alignment of the disks, the module insertion was done manually by two operators.
A total of 112 modules were installed in one week. At the end, the wheel position was measured
again and no significant displacements was found. The assembled wheel is shown in Fig. 3.ii.

A cradle and a Plexiglass cover have been constructed to house the wheel during transport.
The transfer to CERN was done with a truck equipped with a shock-protection system. No
damage was reported.

3.9.2 SiF1
3.9.2.1 Overview

The SiF1 system has a radial coverage from 215 mm to 411 mm, while the supporting structure
extends from 200 mm to 432 mm. The sensors are arranged in two rings of 36 modules each,
covering the full azimuth. Thirteen real modules have been fabricated, the remainder being
dummies. Modules of the inner ring carry one sensor while those on the outer ring carry two.
There is approximately 1% overlap between the sensors of each ring. The different types of
modules are assembled into a CF disk structure shown in Fig. 3.100. Three different silicon
sensor designs are needed on account of the wedge geometry.
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Fig. 3.100: Disposition of modules on a SiF1 supporting structure.

3.9.2.2 Support structure

The CF disk is formed by coupling two similar carbon fiber shell type mouldings. The two shells
differ in the details of their machining after the moulding process since they carry either the
inner or the outer ring of detectors.

Supporting rings are assembled on the disk to provide precise location of the detector mod-
ules. The rings are actively cooled by fluid circulating in tubes embedded in their section during
construction.

The sensors themselves are assembled into detector modules by gluing them into a high
thermal conductivity CF frame. These frames are clamped to both faces of the supporting rings
alternately allowing an overlapping geometry to be used. One ring enables cooling of the hybrid
and sensors through the supporting frame while the second is used to cool the sensors and to
ensure planarity. The same rings also provide cooling for the electronics on the interconnect
ring, near the modules.

The supporting rings as used on the milestone are of built-up construction. All CF used is of
the very high thermal conductivity Amoco K1100X type and a cyanate ester resin was selected
for optimum CME. An annular moulding is made of 18 layers of fiber, which is then machined
to thickness and on its edges to follow the form of the cooling tubes. This part is then used as
the core of the ring. The cooling tubes are of 304-type stainless steel (2.00/1.94 mm diameter).
The principal rings are near the hybrids and have two coolant circuits while the secondary rings
have one. Each of these circuits is further divided into two or three parts according to its length
to reduce the pressure drop in the tubes. The facings are moulded as CF rings of 0.45 mm
thickness with inner and outer diameters as the finished ring. The parts, including the cooling
tubes, are then encapsulated under pressure in a jig using a minimum of cold setting adhesive.
Since this final assembly is made at room temperature there is minimal distortion. Holes are
then accurately machined and metal inserts glued in place. In the milestone, the aluminum alloy
inserts are positioned directly in these holes with no further corrective machining. Stainless steel
fixing hardware is arranged such that all the threaded parts are replaceable. The fixings also
provide dowel locations for the detector modules. Fixings adjacent to the hybrid are used for
alignment, one dowel engaging a cylindrical hole and the second a slot in the frame. The holes
in the frame also have aluminum alloy inserts.

The milestone shells are made in a carbon fiber cloth (T300 fiber, 2 x 2 twill weave, epoxy
resin, ¢t = 0.25 mm/layer, three layer lay-up).
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3.9.2.3 Detector modules

The modules consist of silicon sensors glued into a CF frame. The frames consist of three parts
which are positioned and glued together in a jig. Figure 3.101 shows a sketch of such a module.

The preferred heat path goes through the CF frame. The side-rails of the frame are made
of seven layers of the high thermal conductivity unidirectional fiber prepreg. The hybrid part
of the frame is made of three layers of similar material. Since they are made in several parts
the number of plies as well as fiber direction in the frames can be more easily arranged for
optimum thermal conductivity which is predominantly in the fiber direction. This method is
also economical in the usage of the expensive fiber prepreg. A thermally conducting compound
is needed at the thermal interfaces.
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Fig. 3.101: Sketch of the milestone end-cap module.

The module fabrication now proceeds with the head-on gluing of two detectors, then the
gluing of the silicon detectors to the CF frame. All these operations are done under the control
of a co-ordinate measuring machine with a precision of a few microns, both in Florence and
at CERN. The operational surface of the machine is wide enough for the simultaneous use of
several jigs, thus allowing parallel steps in the assembly procedure. Detectors are glued with
Araldite 2011.

Two different designs (F1, F2) of wedge-shaped silicon detectors have been used. These
detectors are first glued together by using an assembly jig able to move one detector with
respect to the other in the horizontal plane. The glue is dispensed on one edge of each detector
by dipping it in a 50 ym deep groove. The detectors are then placed on the jig and kept in
place by vacuum. One detector is kept in a fixed position while the other can be aligned via
micrometric movements. The nominal distance between the reference points on the the two
detectors is fixed to 580 um leaving a 100 ym gap between the two detectors. The glue is left
cured for half a day, then 12 reference marks are measured on the detectors to check the quality
of the procedure. The CF frame is placed on an aluminum base on a special jig that has identical
precision inserts as we have on the support rings. A local co-ordinate system is now established
by fitting a line passing through the center of the two precision inserts. The detectors are then
carried above the frame and aligned by moving with respect to this co-ordinate system. After
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this the detectors are lowered to the nominal height for gluing. Some results of final survey of
the modules are shown in Fig 3.102, which shows that the alignment between strips on the two
detectors is stable throughout the assembly process.
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Fig. 3.102: Angle between the strips of the two detectors (top: detector fixed by vacuum; middle: after
the vacuum has been released; bottom: detectors glued on the CF frame).

The ceramic hybrid is glued to the frame by using thermally conductive Araldite. The
module is then micro-bonded and tested for possible defects. The complete SiF1 module is
shown in Fig. 3.iii.

The modules are clamped to the support. The two half-shells are then brought together at
the mating faces. The convolutions of the section offer a measure of protection to the detectors.
Further access to the inside detectors however necessitates disassembly of the shell pair.

3.9.2.4 DAQ system

The SiF1 milestone is read out by a DAQ system that has been designed for use in beam tests
and in the laboratory. This system extensively uses decoupling schemes allowing a fully floating
connection to the detector, suitable for double-sided detectors. Furthermore, the evolution of
the requirements dictated by the front-end electronics are easily implemented by the use of re-
programmable arrays in three logic boards. The system is based on VME and uses standard
VME CPU boards for data formatting and for storage on tapes and disks. Analog signals from
the front-end electronics are converted and immediately sent to the FIFO buffers located on a
VME board via an optical FOXI link. Data transmission to the VME CPU and data storage
are parallel to the digitization thus eliminating data transmission overhead.

3.9.2.5 Performance of the modules

The modules have been tested both before mounting and after installation, using calibration
pulses to check their performance. One of the modules has been tested in a high-energy pion
beam at CERN. The fully assembled end-cap disk is shown in Fig. 3.iv.
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3.9.2.6 Performance of the cooling system

Measurements of the temperature gradients in the cooling system have been performed on the
SiF1 milestone disk [3-31], which was equipped with heat load resistors simulating the power
dissipation of the detector modules. The disk was mounted vertically in a frame (see Fig. 3.103).
It was enclosed in a styrofoam box in order to have a defined volume which is decoupled from
temperature variations outside of the box. The whole set-up was installed in a cold room which
was operated at —10 °C. The input lines to the cooling pipe sections were connected to a large-
diameter cooling pipe which itself was instrumented with a pressure-meter and a flow-meter.
In the same way the output of the sections was collected in a large-diameter pipe instrumented
with a second pressure meter. Thus both the total flow and the total pressure drop could be
measured. A combination of these measurements showed that the effective inner radius of the
cooling pipes is some 15% smaller than the actual inner radius of the pipe, which is attributed
to the inevitable bending and the soldered joints of the pipes. The cooling fluid, 3SM-HFE-7100
(see Section 3.7.3), was circulated in a primary circuit which was connected to a chiller unit via
a heat exchanger. The temperature of this chiller was set to —11 °C.
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Fig. 3.103: The set-up for the temperature measurements on the SiF1 milestone.

Figure 3.104 (a) shows the temperature increase along the pipe as a function of the flow
for one of the two cooling pipes in a counterflow section which is equipped with 18 heat loads
dissipating 2 W each. The curve shows the expectation which is in good agreement with the
measurement. A fluid temperature increase of 2 °C, which is considered as a reasonable value,
is obtained at a flow of around 0.18 1/ min per pipe. Taking into account the counterflow in the
two cooling pipes underneath the hybrid side of the modules, the effective temperature of the
fluid at the modules is then about 1 °C above its input temperature. Figure 3.104 (b) shows the
difference between the temperature on the support ring and the average temperature of the fluid
as a function of the flow. Again, the expectation is in good agreement with the measurements.
For the flow of 0.18 1/ min per pipe the gradient from the fluid to the surface of the CS support
ring is around 3 °C. Summarizing these two contributions, the surface to which the detector
modules are attached is around 4 °C warmer than the input cooling fluid temperature for a flow
of around 0.18 1/ min per pipe.

Taking into account the additional temperature gradient expected between the CF frame
and the detector, this cooling performance is adequate for a stable operation of the system.
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Fig. 3.104: For one of the two cooling pipes in a counterflow section equipped with 18 heat loads (2 W
each): (a) Temperature increase along the pipe as a function of the flow. (b) Temperature gradient
in the fluid perpendicular to the flow. For details see text. Both measurements were made with the
3M-HFE-7100 cooling fluid at —10°C. The solid lines show the expectations.
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Chapter 4

The MSGC Tracker

4.1 Overview and Motivations

The main challenge for tracking at LHC is pattern recognition in a highly congested environment.
Good pattern recognition means, essentially, low cell occupancy and large hit redundancy. Low
occupancy can be obtained by working with high granularity, i.e. small detection cell size,
and fast primary charge collection. Redundancy implies as many measured points per track
as possible, compatible with an acceptable material budget without impairing too much the
electromagnetic calorimeter performance.

To fulfil these requirements the CMS MSGC (a 6 m long, 3 m diameter cylinder in a 4 T
magnetic field) tracker has been designed to provide an average number of 6 hits per track
with readout pitch of ~200 ym and a strip length between 10 and 25 c¢cm. This immediately
implies that the system is built up with millions of individual detection elements (strips). Good
momentum resolution with a limited number of points per track requires quite good position
resolution (better than 50 ym per measurement) for normal (high momentum) tracks. A sys-
tem like the one just described cannot be built using the classical, mature, technology of gas
proportional wire counters (MWPCs, drift chambers, TPCs etc.) as for the LEP, Tevatron or
Hera experiments. Indeed, in these kinds of detectors mechanical tolerances limit the distance
between wires to not less than 1+2 mm, thus severely limiting not only the position resolution
but also the charge collection time, the granularity and hence the occupancy.

The introduction of the MSGC/MGC concept, i.e. gas proportional counters made with
micro-electronics technology, overcomes this limitation. The MSGC and MGC are gas propor-
tional counters with an electric field structure similar to the one of the MWPC, but, thanks
to the use of a technology with sub-micron accuracy, on a much reduced scale. In the MSGC
and MGC the distance between the sensing electrodes (the anode strips) is typically 200 pm
with an accuracy much better than 1 ym. The spreading of the charge on more than one strip,
because of diffusion, allows the use of interpolating algorithms to achieve a position resolution
much better than the one dictated by the readout pitch. This is the main advantage of gas
micro-strip detectors with respect to solid-state micro-strip detectors. It allows to cover large
areas with a reasonable number of electronic channels. The main disadvantage is the speed of
primary charge collection that cannot be easily reduced below two LHC bunch-crossings. The
inner tracker of CMS has not only to measure the r — ¢ coordinate to identify the sign and
measure the momentum of the charged particles it has also to unambiguously reconstruct the
primary vertex of the 25 minimum bias events produced on average in each bunch-crossing at
full luminosity. To do this the tracker has to measure with a millimetre accuracy the position
of the event along the beam axis. If one, for material or financial constrains, cannot afford to
measure true space points but has to use projective measurements, the most convenient solution
is to adopt the technique of small angle stereo pairs measurements. In CMS a stereo angle of
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50 mrad will provide an adequate vertex resolution (~1 mm) while the limited strip overlap
controls the appearance of ‘ghosts’.

The base-line solution adopted in CMS for the stereo measurement is the twin chamber
concept, i.e. a back-to-back arrangement of two identical, single-sided MSGCs. As the use of a
single module for ¢ and z coordinate measurement has the promise of sizable saving of space,
material and money, further R&D is still continuing on the MGC concept, i.e. a true 2-D device,
providing two projections with one substrate only (see Section 4.9).

4.2 Experimental Constraints, Layout and Specifications

The MSGC Tracker covers the space between the Silicon tracker and the Electromagnetic
Calorimeter which is in between a radius of 675 mm and 1233 mm for a total length of 5520 mm
(see Fig. 1.8 and 1.iv).

For optimal precision in transverse momentum measurement and most efficient track recon-
struction, the detector elements will be arranged in such a way that the r — ¢ coordinates of
particle trajectories are determined with the highest precision. In the barrel region, rectangular
MSGC counters are arranged in six cylindrical layers, with their sensing electrodes oriented
parallel to the beam. To provide the measurement of the z coordinate, some of the modules
are equipped with an additional layer with anode strips placed at a small stereo angle with
respect to the beam axis. The drift field is perpendicular to the beam and, because in MSGCs
the spatial resolution strongly depends on the angle of incidence of particles, it is necessary
to compensate the Lorentz angle by a small tilt of the detector. To minimise the amount of
material which particles of higher rapidities would traverse by crossing the substrates at a shal-
low angle, the forward (and backward) part of the MSGC tracker is equipped with disks of
detector elements perpendicular to the beam. The forward MSGC counters have a trapezoidal
shape with their sensing electrodes pointing radially to the beam. Modules providing a second
coordinate measurement have an additional layer with anode strips at a 50 mrad stereo angle
to the radial direction. This end-cap configuration offers the additional advantage of having the
drifting electric field of the counters parallel to the magnetic field, avoiding all complications
brought by the Lorentz angle.

The barrel part of the MSGC tracker will consist of six layers with radius between 700 and
1200 mm, extending up to |z| = 1205 mm. The end-cap part of the MSGC tracker will be made
of eleven disks, on each side of the barrel, with radius between 700 and 1160 mm and extending
up to |z| = 2760 mm. The counters on the disks are arranged in four rings.

For pattern recognition purpose and vertex reconstruction needs, it is necessary to measure
the second coordinate for at least two impact points within the MSGC layers. To insure this
requirement, layers one, four and six of the barrel, the eleventh disk in each end-cap and the
innermost and outermost rings of the remaining end-cap disks, will be equipped with double-
sided modules.

In the region occupied by the MSGC tracker, the spatial resolution that is required for the
first coordinate is of the order of 50 pm for high pr particles. This can be easily achieved using
MSGCs with an anode pitch of the order of 200 pm. For the second coordinate, a precision
of ~ 1 mm is sufficient, so that the pitch can be doubled to save on the number of readout
channels. The cell occupancy that can be tolerated is of the order of a few per cent. This limits
the strip length to about 10-12 cm for the innermost counters but can be significantly larger for
the outermost counters.

The charge collection time and signal formation in MSGCs, although very short compared
to classic gaseous detectors like drift chambers, cannot be made shorter than about 50 ns. For
this reason at least two beam crossing will be superimposed in the MSGC tracker. In order to
keep this number at two, special care has to be taken in the choice of the gas mixture and in
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the tuning of the readout electronics. The requirement of having a counting gas with high drift
velocity is in contradiction with the desire of keeping the Lorentz angle as small as possible in
the barrel. This is why a short collection time can only be achieved by working at very high
drift field, typically 10 kV/cm.

The severe radiation environment in which the MSGC tracker will be operated at the LHC
imposes strong constraints on the choice of the material used for all detector components and for
the counting gas, in order to minimise all ageing processes. Special treatment of the substrates
is also needed to keep a constant gain at all fluxes and to allow for an efficient detection of
minimum ionising particles also in the presence of highly ionising particles.

4.3 Detecting Elements: the Micro Strip Gas Chamber

4.3.1 MSGC: principle of operation

A cross-section of a typical MSGC structure is shown in Fig. 4.1a, while a top view of the
electrodes configuration is shown in Fig. 4.1b. Typical voltages applied to the MSGC electrodes
are: anode at 0 V (the virtual ground of the readout amplifier), side cathode at —520 V, drift
cathode at —3500 V. The shape of the charge collecting electric field at these operating voltage
settings is shown in Fig. 4.2. While in the MWPC the anode wires are suspended in a gas
volume mid-way between two drift electrodes, in the MSGC the anode strips are located on
a semi-insulating glass substrate. Furthermore, in the MSGC there is one drift plane only
(drift cathode, the most negative electrode) and the active medium (gas) is present on one
side only of the charge collecting strips (the most positive electrodes). The side cathodes set a
large fraction of the amplifying field on the anodes. With this electrode configuration the active
volume is filled almost everywhere with a uniform electric field which acts as the primary charge
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Fig. 4.1: A cross section and a top view of the MSGC detector.
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collecting field. At ~100 pm from the anode strip the electric field starts to increase rapidly
above the gas amplification threshold because of the focusing on the anodes of field lines coming
from the side and drift cathodes. When a charged particle crosses the active gas volume, the
ionisation electrons drift towards the anodes. Close to the anodes the electric field is so strong
that gas electron multiplication starts to develop. Electrons produced in the avalanche are
quickly collected by the anode strips, while the positive ions migrate towards the side and drift
cathodes, inducing negative currents on the anode strips and positive currents on the cathode
strips. As in the MWPC, more than 90% of the signal is provided by the motion of positive
ions and only 10% by the collection of avalanche electrons. However, a major advantage of the
MSGC and MGC concept compared to the MWPC, is the much faster signal development (see
Fig. 4.3). After 50 ns, in the MSGC ~ 70% of the induced charge is already available, while in
the MWPC this is only 25%. In the MGC this fraction is 90%.

Fig. 4.2: The electric field in a MSGC.
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4.3.2 Basic detector properties and substrate characteristic

In the manufacture of a MSGC many parameters significantly affect its performance and life-
time. Substrate, metallisation, processing, gas purity and composition, assembling material and
components must be kept under control. Most of these parameters are discussed in the following
paragraphs.

4.3.2.1 Coating

The material most commonly used as the supporting substrate for the fabrication of MSGCs is
glass. The substrate should not be a perfect insulator. This can be understood by looking at
Fig. 4.4, showing the field lines of a MSGC built on a perfectly insulating support. Several field
lines leaving the anode strips end on the substrate without reaching the cathode. The avalanche
ions which will follow these field lines will charge up the substrate producing a new electric
field configuration which modifies the gas gain of the MSGC. The charging of the substrate
continues until a new steady-state is reached and no more field lines end on the substrate. In
this new electrostatic configuration the E-field at the anode is lower than at the beginning and
the gas gain is reduced. This reduction can be as large as a factor 3 or 4. Charging of the
substrate is a local, reversible and, at the LHC rates, short-term effect. The new steady-state
is typically reached in a few minutes. However, a major drawback of a detector with a large
charging effect is the non-uniform response to incoming radiation, whose flux can vary both in
space and time. The way to reduce the charging effect to an acceptable level (~ 10%) is to
make the surface onto which the electrode structure is engraved slightly conducting. Figure 4.5
shows the electric field lines of a MSGC in which a thin conducting layer was deposited on the
surface of a perfectly insulating substrate before the definition of the strip structure. Now, all
the field lines originating in the avalanche region leave the substrate and end on the cathode
and ion charging of the substrate is no longer possible. The few charges which eventually end
up on the substrate because of stochastic processes (collision, diffusion, etc.) will be drained
by the slightly conductive layer and neutralised by the charge collecting electrodes. Coating
the substrate acts like a smoothing of the electric field. Indeed, the vertical component of the
electric field close to the anode strip is, for the same voltage setting, lower, of opposite direction
and extends over a larger volume with respect to an uncoated substrate (Fig. 4.6). Another
important implication of the deposition of a thin semiconducting layer on the substrate surface
is its electrostatic shielding effect. The lower the ratio pé‘zg;r / pggf’lﬁtmw, the more pronounced is
this behaviour for both smoothing of the electric field and for the shielding effect. It can be
shown [4-1, 4-2, 4-3] that the presence of a semiconducting layer with a bulk resistivity 5 or more
orders of magnitude lower than that of the substrate makes the detector fully insensitive to any
variation of the substrate bulk electrical characteristics. These variations may be induced by
polarisation phenomena or charge trapping under high electric and radiation fields.
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Fig. 4.4: Electric field lines of a MSGC built on a perfect insulator.
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Fig. 4.6: The vertical component of the electric field versus the distance to the anode strip in a uncoated
(a) and coated (b) MSGC.

Because of the smoothing effect, in a coated MSGC the gas gain is lower from the beginning
but stable and independent of rate. Nevertheless, an unwanted but unavoidable consequence
of the surface coating process is the need to operate the MSGC at higher voltages to achieve
the same gain as with an uncoated substrate. To minimise this effect we prefer to work at
the highest possible resistivity value, compatible with the LHC rates. We found experimentally
that a surface resistivity ~ 10'6 Q/square is low enough to reduce the charging effect below
10%. Working at 10'® Q/square requires a modest increase of ~ 15V of the operating voltage,
while working at ~ 10'* €2/square requires an increase of ~50 V. This fact is important to
maintain the longest possible plateau length and large safety margins. In this condition, MSGCs
behave experimentally according to our electrostatic model with a ratio pé‘ﬁizr [piubstrate ~ 1073,
corresponding to a situation of partial shielding and partial electric field smoothing.

The coating process we have chosen consists of depositing, using a RF magnetron sputtering
technique, a thin layer (0.5 + 1 pm) of Pestov glass on the surface which later will be used
to photolitographically define the strip structure (undercoating). Pestov glass, as well as its
commercial analogue (Schott S8900), is a semiconducting glass with electronic conductivity.
Its bulk conductivity which can range from 107 to 1072 (Qcm)~! is provided by a large
admixture of iron oxides. Electronic conductivity is preferred to ionic conductivity to avoid the
large polarisation phenomena induced by ion migration under high electric field.

We have also studied in depth an alternative technique based on a thin film of a carbon-
carbon compound (diamond-like coating, DLC) obtained with a plasma enhanced chemical
vapour deposition (PECVD). This technique shows good uniformity and reproducibility of coat-
ing comparable to the Pestov one, but we have observed in various beam and laboratory tests
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a lower voltage breakdown limit in DLC-coated MSGCs than in Pestov-coated MSGCs. This
is probably related to the presence of unstable graphite clusters dispersed in the amorphous
diamond matrix typical of these chemically produced films. For this reason, the DLC technique
has been ruled out.

4.3.2.2 Metallisation

A fundamental choice for achieving optimal performance of a MSGC is the kind of strip metal
used [4-4]. In particular, the use of low specific resistance metals for the anode strips (< 40 2/cm)
is mandatory when working with long strips and fast electronics. It avoids a position dependent
attenuation of the signal and an increase of the detector noise. A low resistivity metal, commonly
used in micro-electronics, is aluminium or a silicon-aluminium alloy. Unfortunately, aluminium
is a very active metal and is known to react vigorously with the species produced in the avalanche
plasma. It induces a very fast ageing of the detector [4-5, 4-6]. Conversely, gold is chemically
inert and has a resistivity even lower than aluminium. It does not interact with the avalanche
plasma and, furthermore, it is very difficult for the polymers which are produced in the avalanche
by pollutants, to attach to it. Coating by polymers and therefore ageing of MSGCs has been
drastically reduced by working with gold strips [4-5, 4-6].

4.3.2.3 Patterning

Many patterning techniques have been tried and could be used to define the electrode structures
(plasma etching, reactive ion etching, galvanic growth, lift-off, etc.). The simplest, most eco-
nomical and least aggressive for the underlying coating layer, is the lift-off technique (Fig. 4.7).
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Fig. 4.7: The lift-off technique.

With this method a photo-resist layer is uniformly deposited on the coated substrate and then
exposed to a UV light source through a mask which reproduces the strip pattern. A chemical
bath then removes the photo-resist layer in the areas not exposed to the light. In the next step,
an adhesion Ti layer followed by a gold layer are deposited, by evaporation, over the whole
surface to cover both regions of uncovered substrate and photo-resist. At the end of this process
the remaining photo-resist is removed with a solvent which also removes the overlaying metal
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leaving the desired pattern of gold strips. As the last step in the processing, a thin polyimide
layer is deposited on the whole detector surface, photolitographically defined and developed to
passivate all the critical edges of the strips. Critical for the production of high quality MSGC
plates are the conditions of cleanliness. Indeed, most of the defects found on the plates are
due to imperfect cleaning of the substrate itself and/or of the room in which the detectors are
manufactured. We have identified some typical defects:

— dots - residuals of gold probably due to dust particles that shadow during the photo-resist
exposure, or incomplete lift-off. We distinguish different types of dots: cathode dot, anode
dot or simply dot, depending if they are on the cathode edge, on the anode edge or in
the gap between anode and cathode. Residuals of gold at the edge of the electrodes, in
particular along the cathode border, can easily initiate sparks. The strips corresponding
to these dots will not be connected to the readout electronics.

— opens - interruptions of the anode or cathode strips. They are not dangerous for the
operation of the detector but they limit, locally, the spatial resolution.

— shorts - due to metallic residuals which connect two or more strips. These strips will not
be connected to the readout electronics and left floating.

— passivation defects - interruptions or displacements of the passivation line (see
Section 4.3.2.5). If the extension of the defect is not too large, the strips will be con-
nected to the readout electronics.

4.3.2.4 Electric field configuration

The electric field in a standard MSGC is the sum of two contributions: the dipole field defined
by the potential difference applied between anodes and side cathodes and the drift field defined
by the potential difference applied between the drift plane and the strips (see Fig. 4.8). Both
fields contribute to the gas gain. There is a great advantage in working at the highest possible
drift field and at the lowest possible dipole field. First of all, a high drift field is needed to
saturate the electron drift velocity in the gas gap and to counteract the strong Lorentz force on
the ionisation electrons induced by the magnetic field in the barrel MSGCs. At 10 kV/cm the
Lorentz angle can be limited to ~ 3.6 °/Tesla. Secondly, a high drift field allows the gain to be
increased in a much safer way than by increasing the strip cathode voltage. It can be seen from
Fig. 4.8 that the dipole field and the drift field have opposite direction at the cathode strips,
while having the same direction at the anode. Therefore by increasing the drift field we increase
also the anode field and the gas gain but, at the same time, we reduce the cathode field which
is the critical field in terms of safety of operation. It is at the cathode where electron emission
and then self-substained discharges usually take place. If V; and V. are respectively the drift
voltage and the cathode voltage (both referred to the anode), for each value of the ratio Vy/V,
we can identify within the volume of the MSGC a region where increasing V; the electric field
E= Veee + Vyéy decreases (see Fig. 4.9). This region always includes the cathode strip for every
reasonable value of V;/V,. The reverse is true for the electric field at the anode: it is always
an increasing function of V. Figure 4.10 shows the simulated dependence of the cathode and
anode field and of the gas gain on the drift voltage.

Figure 4.11 shows an experimental measurement of the signal charge dependence on the drift
voltage at V., = —530 V. To get an idea of the cathode voltage saving a single measurement at
the highest drift field and at V. = —510 V is also shown.

An increase of 1200 V of the drift voltage allows a ‘saving’ of 32 V on the much more critical
side cathode voltage, to get the same gain.
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4.3.2.5 Advanced passivation

The most critical parts of the MSGCs are the electrode edges. In these very sharp regions the
electric field is significantly reinforced. The break-down limit and therefore the length of the
efficiency plateau is set, mainly, by the behaviour of these regions of the detector. To prevent
extraction of electrons from edges and therefore to extend the range of the operating voltage of
the detector we have adopted special precautions. The anode extremity, opposite to the readout
pad, has been rounded off and the adjacent cathode strips have been shaped to maintain the
correct anode-cathode distance (Fig. 4.12). On the side of the anode readout pad the cathode
edges have been also rounded. A further safety factor has been provided by adding on top of
the anode-cathode structure, at the detector border, a 200 pm wide passivation layer (standard
passivation). This layer is made of curable polyimide, a material with a very high dielectric
strength (~30 kV/mm). A further improvement has been achieved by covering all the cathode
edges, along the strips, with a polyimide layer (advanced passivation, Fig. 4.13 [4-7, 4-8]). Since
these edge passivating lines are very thin (4 gm) and very narrow (8 pm), they hardly affect the
electric field at the anode strips. With these precautions the operating region of the detectors
has been significantly extended up to high gain even in the presence of highly ionising particles
(see Section 4.3.3.4).

standard polyimide passivation
bar over the MSGC edge

pitch cathode anode advanced
200pm  93pm 7um passivation
8um

Fig. 4.12: Detail of the optimised layout of the Fig. 4.13: Scheme of the structure of a MSGC
edges of anode strips. where the position of both standard and advanced
passivation is shown.

4.3.2.6 Effect of a missing strip

As discussed earlier, in the patterning section, detectors of such a large area cannot be built
‘defect-free’ at a reasonable yield.

Defects like shorts or large cathode dots cannot be repaired at low cost. The only practical
solution is to disconnect the defective strips from the readout chain leaving them to float and,
eventually, reach the cathode voltage of the nearby strips.

At start-up many MSGCs may have a few missing anode strips (< 2%). The removal of
an anode strip is equivalent to increase the readout pitch, locally, from 200 pym to 400 pm.
Figure 4.14a shows, in real scale, the electric field configuration for an MSGC when a floating
strip is present. No major field distortion is visible in almost all of the drift volume. Only a
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local distortion of the electric field takes place close to the strips (Fig. 4.14b) because the field
lines belonging to the missing anode end now on the two neighbouring anodes. This means that
the primary charge will be collected by the neighbouring strips. Therefore a missing strip does
not imply any loss of detection efficiency but only a local loss of spatial resolution and a modest
increase of the electric field (see Fig. 4.15) and of the gas gain (~ 25%) on the neighbouring
anodes.
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Fig. 4.14: (a) The electric field configuration for a MSGC when a floating strip is present in the middle;
(b) an enlarged view of the region in the rectangular box, close to the floating strip, in comparison (c) with
the field shape when no floating strips are present.

The preservation of the detection efficiency has been observed experimentally. Figure 4.16
shows a beam profile obtained with a chamber having three disconnected strips. Each hole in
the beam profile is accompanied by an increase of counts on the neighbouring strips.

4.3.2.7 Signal cross-talk

The strip specific capacitance is 0.32 pF/cm. If all the cathode strips of a detector with 512
anodes and 12.5 cm strip length are connected together, the overall detector capacitance would
be 2 nF. In case of a spark, the considerable amount of energy stored in this large capacitance
would be available to sustain the discharge. To limit the possibility of damage to the strips it
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Fig. 4.15: Profile of the electric field at 10 yum Fig. 4.16: Beam profile obtained with a chamber
above the anode when all the neighbouring strips  having three disconnected strips.

are connected (dashed line) and when one strip is

disconnected (solid line).

is considered safer to subdivide the detectors into groups of 16 strips each connected to high
voltage through an individual large limiting resistor (see Fig. 4.17).

A direct implication of this choice is that some, small, cross-talk has to be accepted. Indeed,
the positive currents induced on the cathode strips cannot return to ground through the H.V.
power supply because of the large impedance provided by these large resistors. They will return
to ground via the mutual capacitance between anode and cathode strips. On each anode strips
of the group, a positive current equal to the total cathode current divided by 16 (6% cross-talk)
will appear. On the anode strips where the avalanche took place, this positive current will reduce
the signal current (negative) by 6%. On the other strips of the group a shift in the pedestal is
produced. This has been clearly detected experimentally as shown in Fig. 4.18.
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Fig. 4.17: The equivalent circuit of a MSGC. Fig. 4.18: Effect of the cross-talk and its correc-
tion (dotted line) with the off-line analysis.
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4.3.2.8 Choice of the gas mixture

The major requirements for the MSGC gas mixture are:

— large dE/dz to have enough primary clusters from a very thin layer of gas (3 mm)
— large gas gain

— fast primary charge collection for small bunch-crossing pile-up

— working point at lowest possible voltage

— longest possible plateau length

— small Lorentz angle at 4 T

— no, or slow, ageing

Some of these requirements are contradictory (for example small Lorentz angle and fast collection
time). The best trade-off we have found is a mixture of 40% neon and 60% Di-Methyl Ether
(DME).

DME is a non ageing gas with large primary cluster as well as total ionisation density
(60 clusters/cm and 180 electrons/cm, respectively, at 2 GeV/c). Its ionisation potential is
quite low (10 eV). Neon is a noble gas with low cluster and charge density (13 cluster/cm and
40 electrons/cm, respectively). Its excitation and ionisation potential are, instead, quite high
(18 and 22 eV, respectively).

From many points of view, 100% DME would be the best gas filling for CMS. However it
would require operating the chambers at too high cathode voltage (well above 600 V) which is
not considered safe in case of sparking. The addition of a noble gas is mandatory to lower the
cathode voltage operating point. The use of a noble gas with a high excitation potential like
neon acts like a dilutant for the DME component [4-9]. The mean free-path between inelastic
(exciting) collisions increases, allowing the drifting electrons to acquire a larger kinetic energy
from the electrostatic field. This improves the efficiency of the ionisation process for the DME,
which has an ionisation potential much lower than the excitation potential of the noble gas. In
a mixture based on DME but containing some neon, more collisions will be ionising, instead of
exciting, allowing large gains to be reached at reasonably low voltages. This is obtained at the
expense of some reduction of the total primary charge. In a gap of 3 mm filled with a mixture
of Ne(40)-DME(60) the total number of primary electrons is 40 at 2 GeV /c. Working with this
mixture during the T10 beam test we have shown that the operating voltage for full efficiency
at the LHC running conditions can be as low as 520 V [4-10]. Neon-DME mixtures have not
only a low working point but also a quite long plateau length as determined experimentally in
a cosmic ray test (see Fig. 4.19, [4-9]). This is due to the strong suppression of the photon
feedback effect. Neon is, contrary to argon and xenon, a quite poor UV scintillator while DME
is a very effective UV light absorber. Suppression of UV light and then of electron extraction
from the metal electrodes is particularly important in a structure like the MSGC where the
electrodes are very close to each other. Suppression of UV light is also considered important for
slow ageing of the detector. It is well known that UV light is a strong catalyst and accelerator
of the polymerisation processes [4-11]. The production of polymers in the avalanche plasma is
mainly responsible for the electrode coating which, ultimately, induces ageing of the detector.

The electron drift velocity of Ne(40)-DME(60) in a drift field of 10 kV/cm is 5.5 cm/us. The
charge collection time in the 3 mm gas gap will then be 54 ns which matches reasonably well with
a bunch-crossing pile-up not greater than two. The Lorentz angle at B =4 T, E = 10 kV/cm,
v = 5.5 cm/us, is 14°.

A further increase of the drift velocity can be obtained by the addition of a small amount
(10 +20%) of CO;. For example, an increase of ~ 15% of the drift velocity can be obtained by
working with a mixture of Ne(45)-DME(45)-CO4(10). This mixture has the same working point
of the Ne-DME mixture and a plateau length 10 V longer [4-9]. These advantages have to be
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balanced with the disadvantages of a ternary gas mixture and of the increase of the Lorentz
angle in the barrel.
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Fig. 4.19: Efficiency as a function of the cathode voltage for different gas mixtures.

4.3.2.9 Performance prototype

For most of the tests described in the next paragraphs we have used a set of MSGCs built
according to the CMS specifications regarding substrate properties, assembly materials and
components for the module. The following list describes the main features of the so-called
performance prototype:

Substrate: D263 glass 10 x 10 cm? active area, thickness 300 pm

Coating: 1 pm thick under-coat of Pestov glass with surface resistivity of 106 Q/square
Strips: gold of at least 0.6 pum thickness; R = 40 /cm

Pattern: anode width 7 pm, cathode width 93 pm, pitch 200 pm, 0.32 pF/cm
Passivation: advanced polyimide passivation line 4+4 pm wide, 2 pm thick

Readout: anode readout (with Premux [4-12])

Bias: anode strips at ground potential, cathodes strips at negative bias (—520 V), drift
cathode —3000 <+ —3500 V

Resistors: 1 MS2 per substrate, 200 k2 per group of 16 cathode strips, no decoupling
capacitor

Drift plane: metallised PEEK!, carbon fibre or glass

Gas mizture: Ne(40)-DME(60), renewal rate less than 5 times/hour

Gas gap: 3 +0.1 mm

4.3.3 Tests related to the operating environment

4.3.3.1 Charging-up effects

The process of charging in a MSGC is an interaction between two competing processes, each
having a characteristic time constant.

! Poly-Ether-Ether-Keton.
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The first process is the production and spread of charges on the substrate surface (source),
the second is the collection (drain) of these charges through the coating layer (or the substrate
in the case of a MSGC with uniform conductivity).

The characteristic time constant for the process of collecting a charge injected in a conductive
layer with conductivity o = 1/p is given by the relaxation time [4-13]:

T =¢/(4 7 o) (Gaussian units) = g ¢, p (MKSA)

The constants €, = ¢ and o refer to the material which is responsible for the charge draining,
in our case the coating layer (while for MSGCs with uniform conductivity it is the substrate).

The characteristic time constant for the process of charging of a MSGC built on a perfect
insulator is given by:

t() = no/]:n

where 7 is the number of avalanches per unit area that have to be produced before a fraction
of ~ 2/3 of the overall gain variation is reached, F is the particle flux and n is the total number
of primary ionisation electrons produced on average in the gas gap by each traversing particle.

Figure 4.20 shows the simulated variation of the gas gain for a MSGC where no drain of the
charge ending on the substrate is assumed [4-14]. From this plot we can derive:

no = 3 =4 107 avalanches/mm?
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Fig. 4.20: The simulated dependence of the gas gain on the number of collected avalanches per unit
area in a MSGC for which no drain of the charge ending on the substrate is assumed.

(@]

Thus, different behaviour with respect to charging is possible, depending on the ratio 7/.
If 7 <« t, charges are drained away as soon as they are deposited on the coating. If, on the
contrary 7 > tp, the charges accumulate and change the gain of the detector in times of the
order of #y. The gain will decrease in the case of accumulation of positive charges, while it will
increase in the case of accumulation of negative charges. From the observation of the shape of
the field lines of a coated MSGC (Fig. 4.5) we can realise that the latter will be the case when
working with coating layers of too high resistivity. This has been observed experimentally by
several groups [4-15, 4-16, 4-17].

In our case, with F = 10* mm~2 s~!, n =40, p = 10'2 Q cm, ¢, = 4, we will have 7 = 0.3 s
and ty =100 s. Because 7 < {y, very little charging is expected for the Pestov coated MSGC of
CMS. This has been studied extensively in a series of laboratory tests reported in [4-15, 4-16].
The main result is shown in Fig. 4.21 showing the signal current as a function of time for a
detector never irradiated before, just after the switch-on of the high-intensity X-ray source. The
detector response is stable from the very beginning for various gas gains.

2
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Fig. 4.21: Very short stability of response (charging) at different voltage settings.

4.3.3.2 Rate capability

The MSGCs will be exposed to variable rates depending on their distance from the beam axis. At
full luminosity these rates will span the interval between 103+ 10* p/mm? s. The rate capability
of the MSGCs is the ability to give a uniform response, i.e. equal gas gain, in presence of this
dynamic range. The rate capability of the Pestov coated MSGC of CMS is shown in Fig. 4.22,
together with the results for a MSGC built on a bare (uncoated) Desag D263 substrate. The
improvement of rate capability going from uncoated to coated chambers with progressively lower
resistivities is very evident. Chambers coated with films of ~ 106 Q/square resistivity, such
as those of CMS, have a rate capability at least one order of magnitude above the CMS needs.
This means that there is room for a further increase of resistivity, if eventually needed.
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Fig. 4.22: The rate capability of a MSGC coated with a thin film of Pestov glass having two different
bulk resistivities. Results of an uncoated detector are also shown.

4.3.3.3 Ageing

Ageing is a local, irreversible, long-term modification of the initial working conditions of the
detector. It is due, mainly, to the growth on the electrode structures of deposits of insulating
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materials. The main mechanism responsible of this effect is the process of polymerisation of dis-
sociation products caused by ionisation and UV light in the avalanche plasma. Many unwanted
effects originate from the charging-up of these insulating coatings, like reduction of gain and
sparking.

The loss of gain which is measured by the quantity

R = —1/G dG/dQ (%perC/cm)

depends essentially on the amount of avalanche charge collected per unit strip length.
Five major precautions have to be taken to keep ageing under control:
— lowest possible gas gain; to minimise the amount of charge collected by the strips.
— non active strip metal; gold, being chemically inert, has very poor attachment properties.
— non polymerisable gas mizture; Neon is a noble gas with a very poor UV light yield while
DME is a very good UV light absorber well known as a gas difficult to polymerise [4-18]
— clean gases and clean gas distribution system; pollutants, like freon, present in the gas
bottles or in the gas system can spoil dramatically the ageing resistance of the detector
modules. The gas purification and control system is described in Section 6.3.5.

— clean and low-outgassing module assembly materials and glues; all the components utilised
in the assembly of the individual detector modules have to be carefully tested for their
ageing characteristics.

MSGCs built according to the previous specifications have undergone a long series of ageing tests
in various CMS labs. The main results are summarised in Fig. 4.23. The modulation observed
in the detector response is due to the day—night variation of temperature and pressure.

4.3.3.4 Response to heavily ionising particles and to high rates of charged hadrons

In CMS, the MSGCs have to detect not only the high rate of 10*/mm? s of minimum ionising
particles (mip’s) but also a superimposed low rate of heavily ionising particles (hip’s) produced
by nuclear interactions of hadrons and neutron with the detector materials (see Appendix A).
The typical energy loss of a mip in a 3 mm gas gap is 1 keV, while the energy loss of a hip can
range from a few tens of keV to few MeV in the case of production of nuclear fragments. The
problem is to see if the efficiency plateau is long enough to cope at the same time with mip’s and
hip’s without sparking and therefore damaging the strips and/or the front-end electronics. The
addition of the coating layer has made the problem somewhat more critical. Indeed, after coating,
the electric field around the anode strip is smoother and weaker (see Section 4.3.2.1). A higher
voltage is needed to get the same gain. After this increase of voltage the field at the substrate is
high again but more uniform in a quasi parallel-plate configuration. This configuration is known
[4-19] to favour the development of unquenched streamers across the anode cathode gap. In
the presence of hip’s the streamers can evolve into micro-discharges or full discharges that can
eventually damage the detector. We have found that the technique of advanced passivation is
very helpful to increase the safety margins and to make the plateau long enough to accommodate
all possible sources of fluctuations or uncertainties in the signal or in the noise. We have also
found that the critical factor is the field configuration more than the gas gain.

Results from laboratory tests

Figure 4.24 shows a laboratory measurement of the spark limit for MSGCs with and without
advanced passivation in the case of weakly ionising (X -rays) or heavily ionising particles (alphas).
A gain curve showing the working point for this specific chamber is also shown. The large increase
of the operating voltages range is clearly visible.

In a MSGC a streamer or a micro-discharge generates a signal with a very long decay time
detectable on all the channels independent from where it was generated. We have utilised this
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Ageing test of the performance prototype
with advanced passivation

- Detector: 10x10 cm2 Pestov coated performance
prototype with gold strips;

- Source: High intensity 55Fe source (5.9 KeV);
- Gas mixture: Neon(33) - DME(66);

- Gas gain: 1700
(anode voltage=-550V, drift voltage=-3500V);

- Current density in Lab. test: 1.4 nA/mm2
- Maximum current density al LHC
(full luminosity, r=60cm): 0.1nA/mm?2
I=QxR=70.000 (el/part) x 104 (part/mm2s) x 1.6 10-19(C/el)

- Acceleration factor: 1.4/0.1=14
1 day in Lab. = 14 days at LHC (full luminosity) ;

- Test started: 25/07/97 at 9:00 am;
- Test stopped: 28/08/97 at 9:00 am;
- Test duration: 35 days = 3 106 sec.;

- LHC equivalent duration: 4.2 107 sec.
=3 106 sec. x 14 (acc. fact);

- LHC nominal year: 107 sec. ;

- Duration of test: 4.2 LHC equivalent years

Fig. 4.23: Long-term stability measurement of the performance prototype.
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Fig. 4.24: The spark limit for MSGCs with and without advanced passivation in the case of weakly
ionising (X-rays) or heavily ionising particles (alpha). The gain curve is also superimposed. This specific
chamber has 11 ym anode width.
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property to study the point and the shape of the transition into the streamer regime in the
presence of hip’s (alpha particles) [4-20]. Figure 4.25 shows the number of signals with a decay
time longer than 4 us detected per second per strip length as a function of the cathode high
voltage. Long signals appear at voltages higher than 700 V, i.e. 100 V above the operating
voltage of this specific chamber. As in conventional proportional chambers, one observes in the
MSGC a clear separation of the proportional from the streamer regime. The change of regime
starts at a well defined voltage.
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Fig. 4.25: The number of long signals detected per second per strip length as a function of the cathode
high voltage (—V¢).

Results from exposures to high-intensity hadron beams at CERN and PSI

There are experimental indications [4-21] that the voltage limit for the transition into the
streamer regime could be affected (lowered) in a high rate environment. Laboratory studies with
a-sources can explore the response of the MSGCs to energy losses up to 300 +400 keV, without
the superimposed radiation field of charged hadrons.

To study the full dynamic range of energy deposition in realistic conditions, two tests at
high-intensity hadron beams were performed in 1997.

A first set of five MSGCs was assembled according to the CMS baseline specifications (see
Section 4.3.2.9) and exposed to 3 GeV/c m beam at the CERN T10 facility. One detector was
assembled with the forward CMS tracker layout and read out orthogonally to the other detectors.

A first set of measurements in T10 was dedicated to find the voltage working point at which
the MSGCs have to operate in the CMS environment. Figure 4.26 shows the result of a voltage
scan on the gas gain, S/N and hit detection efficiency.

The required S/N for the CMS MSGCs is 20. In order to reproduce in T10 the CMS working
conditions, we have to introduce a factor 2.2 reduction in S/N (mainly because of increase of
noise and ballistic deficit of the final electronics). We can derive from Fig. 4.26 that the required
S/N is therefore 44, corresponding to a cathode voltage of —520 V. From the same figure we
can also derive that an increase of 50 V of the operating voltage produces an increase of almost
a factor 2.7 in the gas gain.

The results obtained in T10 confirm that the MSGC chambers working at a signal to noise
ratio of 20 are fully efficient.
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Fig. 4.26: Voltage scan on the gas gain, S/N and hit detection efficiency obtained with a performance
prototype at T10.

The T10 beam, which has a duty cycle of 5%, was operated at the highest available intensity.
The probability of inelastic interaction of a m with the setup material, producing heavily ionising
particles, was estimated to exceed 1% [4-10]. The beam profiles seen by the detectors are well
described by a Gaussian curve with ¢ = 2.5 cm in both directions. This allowed us to deduce that
the central 250 strips of each detector were illuminated at the maximum intensity for 155 hours.

Figure 4.27 shows the rates recorded by a 0.5 x 0.5 cm? counter located a few millimetres off
the Gaussian peak, as a function of the integrated running time. The rate measurement should
be considered accurate to better than a factor 2 [4-10]. The comparison with expected LHC
conditions is shown in the same figure. Considering the T10 duty cycle, the beam test amounts
to about 7.7 hours of continuous beam at a rate comparable to or larger than the one expected
at the LHC at a radial distance of 100 cm from the beam pipe.

Transient effects of charging up of the substrate have been investigated. We have selected
the highest luminosity runs and studied the behaviour of the collected charge as a function
of the event number within the spill: the most probable value of the sum of the charge in
all detected clusters normalised to the total number of strips fired is reported in Fig. 4.28.
Several approaches were adopted to check the stability of the detector operation during the
beam exposure. A transition to the streamer regime could be induced by extremely large energy
deposition caused by heavily ionising particles produced in nuclear interactions, and in general,
by a large instantaneous rate. Sparks between cathodes and anodes would cause local melting of
the gold strips, thus shortening the active length of the strip and producing irreversible damage
to the chambers. Figure 4.29 shows the beam profile recorded by one of the detectors at the
beginning and at the end of the run, with three intermediate stages. The binning of the plots
corresponds to the strip pitch; a dead or shortened strip would be revealed by inefficiency of the
strip, accompanied by the typical enhancement of counting efficiency on the neighbouring strips
(see Section 4.3.2.6).
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Fig. 4.29: Beam profile seen by a MSGC detector from the beginning (1st plot) to the end (last plot)
of the test. No additional inefficient or dead strip is detected.
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A visual inspection of the strips through the glass substrate has confirmed the off-line analysis
[4-22]: no damage was detected in the MSGCs. The performance of the detectors proved to be
extremely stable over the whole period of data taking, in terms of collected charge, noise, S/N
ratio, cluster size and hit multiplicity. A summary of the stability study is given in Fig. 4.30 for
a specific chamber.
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Fig. 4.30: Stability study for a MSGC chamber. All variables are plotted for 225 hours of running time
(T10).

In order to increase the total integrated rate on the chambers, a second test was performed at
the m M1 beam at PSI2. The beam was composed of pions and protons of 400 MeV /c ; the proton
contamination varied between 40% and 5% during the whole period of exposure. A duty cycle of
100% allowed an increase by a factor 20 in the time of exposure with respect to the T10 test. At
the end of 15 days of data taking, the detectors had been kept under high voltage and exposed to
high-intensity beam for 161 hours. A set of three chambers from T10 and a fourth Pestov coated
MSGC were tested. The detectors were equipped with picoamperometers, used to monitor the
beam-induced current and to check for the onset of a possible streamer regime. With respect to
T10, the chambers were operated at the same gas gain but at a slightly increased cathode voltage
(V. = =540 V) to take into account the difference in atmospheric pressure between CERN and
PSI. The observed pulse height was slightly smaller because of the lower pion energy which

2Paul Scherrer Institut, Zurich.
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yields some 25% less gas ionisation. The PSI test was not aiming at all to study the tracking
performances. The experimental conditions were extremely difficult for tracking because of the
large multiple scattering and the limited number of chambers available (four in total) with a
small solid angle coverage. Nevertheless, an attempt to estimate the tracking efficiency at the
working point has been carried out in the off-line analysis for the so called low-intensity runs
(5 MHz trigger rate). Figure 4.31 shows the tracking efficiency as a function of the cluster
threshold in one chamber, using the other three for track reconstruction. The efficiency remains
above 92% up to a threshold as large as eight times the strip noise (r.m.s). This indicates that
the operating point was well inside the efficiency plateau. Figure 4.32 shows the number of
clusters found in one chamber as a function of the threshold. The observation that the number
of clusters remains below 1.6 indicates that the overall noise is substantially suppressed even
when working at a threshold as low as three sigma, in a quite realistic environment. These
results should not be taken as absolute values but, for the reasons said above, only as lower
limits. The time stability of the gain was checked by splitting a run (40 min) into 12 different
periods (Fig. 4.33). No statistically significant charge fluctuations were observed.
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Fig. 4.31: The detection efficiency as a function Fig. 4.32: The number of clusters as a function
of the cluster threshold. of the cluster threshold.

The rate recorded by the two counters installed in front of the chambers was
10 kHz/mm?. Complementary information on the actual particle rates was provided by moni-
toring the beam-induced current in the detectors. We measured a cathodic current of > 80 nA,
corresponding to a total anodic current larger than 400 nA.

At a radius of 60 cm in the CMS experiment, a current of 400 nA is expected to be induced
by a mip flux of 5 kHz/mm? distributed uniformly over the detector surface. Thus, during the
161 hours of operation at this high intensity beam, the chambers were exposed to a rate of
charged hadrons higher than the LHC rate at the innermost layer of the MSGC tracker.

To investigate further the operational stability of the detectors, one chamber was ramped to
higher voltages. The cathode voltage was increased by 10 V every 3 hours. The transition to
the streamer regime was observed only at V., = —620 V and V; = —3700 V, 100 V above the
LHC working point. About 100 streamers were observed during two hours of operation. After
the study, the detector was brought to the regular working voltage, and continued to operate
normally.
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Fig. 4.33: Cluster charge recorded at 12 different periods during a high-intensity run, for three MSGC
prototypes (PSI).

The search for strip loss was performed by off-line analysis similar to the one applied in the
previous test and by visual inspection. Strip damage was detected in the chamber that had
been brought to the unstable regime. Of the 100 streamers observed online, not all of them
were destructive: 50 mouse bites on the strips have been visually identified. For the remaining
detectors a loss of three strips was detected in the first chamber, which was exposed to the
huge background produced by the beam impinging the lead shielding. No indication of sparking
activity has been detected in the neighbourhood of these strips. The loss is due to further
hardening of the detectors. Figure 4.34 shows the beam profile of two chambers taken at the
beginning and at the end of the run. No change in the shape of the profile is visible.

4.3.3.5 Response to a fast neutron beam

Subsequent to the exposure to an intense hadron beam at the CERN PS (T10 test April 1997),
one of the performance prototype MSGCs was exposed to an intense neutron beam at the
cyclotron of Louvain-la-Neuve (Belgium). These neutrons can produce photons and highly
ionising charged secondaries (e, p, d, a) in the MSGC detector via nuclear reactions and/or
via activation of the materials used for the construction of the detector. The neutron beam is
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Fig. 4.34: Beam profiles of a chamber at the beginning and at the end of the PSI run period.

generated by the reaction “Be(d,n)X induced by a 50 MeV primary deuteron beam (intensity
up to 10 pA) hitting a 1 cm thick beryllium target. At the location of the detector, 9 cm behind
the production target, an absolute neutron flux (E, > 4 MeV) of 7.3x10" n mm~2 s~! for a
1 A deuteron current has been measured. The broad energy spectrum of the neutrons extends
up to 50 MeV with an average of about 20 MeV i.e. well above threshold for the production of
low-energy charged secondaries through nuclear reactions. The beam contamination by gamma
rays and charged particles, after a polystyrene, cadmium and lead filter was estimated to be
2.43% and is dominated by gamma rays (2.4%). At the MSGC position 90% of the neutron flux
is contained in a disc with a diameter of about 4 cm. The irradiated area of the substrate was
chosen to be the same as in the T10 exposure. Details of the neutron beam, the experimental
set up and the measurements can be found in Ref. [4-23].

During the exposure that lasted for about eight hours, mainly at 100 nA deuteron current,
a total fluence of 3x10' n mm—2 was accumulated, corresponding to about three years of LHC
operation at full luminosity. Drift and cathode currents were monitored throughout the exposure
and the events were readout via Premux electronics and a Sirocco FADC. The following findings
are worth highlighting:

— The average ionisation loss of the neutron-induced highly ionising particles was about 65
times larger than for mip’s.

— An upper limit for the hip’s production yield was determined to be 2x107° hip’s per
neutron.

— The anode current drawn at the beginning of the mip efficiency plateau (working point)
was about 3 A for an irradiation area of 12 cm?, i.e. roughly 30 times the expected one
at the LHC at full luminosity.

After irradiation the substrate was optically inspected under a high magnification micro-
scope. In the entire beam spot (T10 followed by the neutron exposure) no change of colour and
no damage to any strip or passivation line has been observed.

4.3.3.6 Response to low-energy neutrons

The major component of the background neutron spectrum in the CMS tracker extends from
1-3 MeV. Therefore, a dedicated neutron beam facility has been set up at the 3.5 MeV van
de Graaff accelerator at the Forschungszentrum at Karlsruhe. Neutrons in an energy range
0.5 to 2.0 MeV are generated by the reaction "Li(p,n)"Be. The unavoidable v background is
effectively reduced to less than 1% per neutron by means of a lead filter. The neutron flux of
5-107 neutrons/cm? s passing the detector has been determined by activation of thin gold foils
in front of and behind the detector. Details can be found in Ref. [4-24, 4-25].
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Two MSGCs with gold metallisation, one on bare D-263 glass and one on DLC glass, were
exposed over 66 hours to a total neutron fluence of 1x10'® neutrons/cm?, corresponding to
one year of LHC operation at full luminosity. The chambers were operated with nominal LHC
parameters (gain = 2000) and, as in the case of the study with fast neutrons, the drift and
side-cathode currents were monitored. The chambers were readout with Preshape electronics
and CAMAC ADC.

A pick-up signal from the proton beam in pulsed mode allows to clearly separate neutrons
from ~-ray background by time of flight, and to study the energy deposition and the conversion
probability of neutrons. Figure 4.35 shows the energy deposition versus time of flight. One finds
that neutrons in this energy range induce an ionisation about 30 times that of a mip and have
an absolute conversion probability of (1.0 & 0.4) x 107°.

The performance of the chambers was studied before and after irradiation with a *>Fe source
and no deterioration was observed. Also optical inspection of the substrate pattern did not show
any damage.

In order to test for potential activation of the chamber itself, one detector has been inves-
tigated with an high resolution germanium detector. The v spectrum indicates a negligible
activation at the level of 100 Bq, mainly of gold and some short-living 87 activity.
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Fig. 4.35: Energy deposition versus time of flight (no lead filter used). The signal of 7’s is clearly
separated from neutrons. The operational parameters of the MSGC are: V; = —2000 V and V, = =500 V.

4.3.3.7 Induced activation of MSGC material with thermal neutrons

To investigate the effects of slow neutrons on MSGCs, small prototypes fabricated with alu-
minium or gold strips on coated D263 glass have been exposed to an intense neutron flux in the
CEA (Saclay) ISIS reactor facility. Details can be found in Ref. [4-26].

For this test the neutron energy was in the range 0-1 eV, the spectrum was a Maxwell
distribution with most probable energy equal to 0.025 eV corresponding to thermal neutrons.
MSGCs were exposed during six hours at an instantaneous flux of 10° n mm~—2, close to the
low-energy neutron instantaneous flux expected in the CMS tracker.
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Gain measurements made at the laboratory prior to the irradiation and immediately or a
few days after irradiation show no significant difference. These measurements show that MSGC
performances will not be affected by slow neutrons at the LHC.

A v spectrum was measured immediately after the ISIS reactor had been shut down (Fig. 4.36).
Peaks showing induced activities on gold (411 keV - half life 2.7 days), antimony (564 keV - 2.7
days), sodium (1368 keV - 15 hours) and potassium (1461 keV - 10° years) are clearly visible.
The other peaks are mainly due to bromine activation (554-1474 keV, 1.47 days).

Antimony, sodium and potassium are constituents of the D263 glass. Gold will be used for
MSGC strips manufacture. Bromine is a component which is used for some peripheral elements
such as the insulating layers of electric cables.

It should be noticed that for each peak, the recorded activity was below 12 Hz. Both low-
energy and thermal neutrons tests show that some constitutive elements of the MSGC may be
activated by an intense neutron flux, which may lead to a permanent very low rate background.
In any case, no direct effect on the gain has been recorded.
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Fig. 4.36: A v activation spectrum measured after irradiation with thermal neutrons.

4.3.3.8 Summary of operation requirements and design criteria

As a result of an extremely intensive R&D effort and after many beam tests run in very realistic
conditions, a full list of operation requirements and design criteria can be set. The CMS MSGCs
will have:

— the highest possible surface resistivity, compatible with the LHC rate (~ 10'® Q/square);

— the lowest possible cathode voltage. This implies narrow anode strips (7pm);

— the lowest possible gas gain (~ 1700), compatible with full hit efficiency;

— the highest possible drift voltage (~10 kV/cm). This gives more gain and lower cathode
field;

— the lowest possible electronic noise. This is obtained with short strip length and small
specific capacitance (no back-plane);

— a UV free gas mixture (no photon feedback);

— the lowest possible group capacitance (no back-plane, 16 strip grouping);

— no blocking capacitor (6% cross-talk accepted);

— passivation of all critical edges (across and along the strips, advanced passivation);

— a sophisticated, on board, HV control. This requires a low trip threshold (selective) and
fast response;

— hardening of the device during assembly to remove ‘weak’ strips.
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4.3.4 Detector performances for single track reconstruction

The design goal of the CMS tracker is to reconstruct isolated high pr tracks with an efficiency
better than 95% and high py tracks within jets with an efficiency better than 90% over the
rapidity range |n| < 2.5. The momentum resolution required for isolated charged leptons is
Apr/pr = 0.15 pr & 0.5% (pr in TeV). Consequently, the MSGCs are designed to provide an
intrinsic spatial resolution better than 40 um and a hit efficiency better than 98%, in the less
congested outer region of the tracker. The performance of the detectors has been extensively
tested over the last years by using high-momentum mip beams. The results reported below
confirm that MSGCs meet the CMS requirements in terms of resolution, efficiency, signal-to-
noise ratio, and uniformity of response.

4.3.4.1 Spatial resolution and track efficiency

Recent studies on spatial resolution and efficiency have been performed on five MSGC modules
exposed to 30 GeV/c pions at the CERN X7 beam facility [4-27]. Out of the five detectors,
three were coated with films of Pestov glass according to the CMS baseline specifications; two
other detectors were diamond-like coated. The standard passivation technique was used. Two
additional silicon micro-strip detectors were used as a tracking telescope. The typical voltage
settings were V, = —530 V, V; = —3000 V, with a gas mixture Ne(25)-DME(75).

The amplitude of the signal produced by the detectors (Fig. 4.37) is well described by a
Landau function. The clustering algorithm requires that, for each strip in the cluster the signal-
to-noise ratio is larger than 3 and, for at least one strip, larger than 6. The average cluster
size is 1.95 £ 0.01 strips. The corresponding signal-to-noise ratio (S/N is defined as the most
probable value of signal-to-noise ratio; N is the noise of one strip averaged on all the strips in
the cluster) S/N = 30 allows a hit reconstruction efficiency of 98.5 £ 0.2% with an occupancy
of 1.20 £ 0.01 hits per detector, where the errors are statistical.

The hit residuals are measured with respect to a track found excluding the chambers under
study from the fit. The results show a standard deviation in a range of 35 — 45 pum for the
different chambers tested (Fig. 4.38).

If the contribution of the track error is unfolded from the residual distribution, the intrinsic
hit resolutions are measured to be 30 — 40 ym. The best resolution achieved is 30.5 + 0.4 pm.
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Fig. 4.37: Cluster charge at V. = =530 V, V4 = Fig. 4.38: Hit residuals (um), V. = =530 V, V; =
—3000 V, and Ne(25)-DME(75) gas mixture. —3000 V, and Ne(25)-DME(75) gas mixture.
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The dependence of the detection efficiency upon the choice of the working S/N value is
shown in Fig. 4.39 for a given chamber, filled with Ne(25)-DME(75) gas mixture. The clustering
algorithm applied here imposes a threshold of 4.1 ¢ on the strip with the highest signal amplitude
and 1.6 o on the other strips in the cluster, where ¢ is the average strip noise. The hit multiplicity
is lower than 2 hits per detector; the average cluster size is estimated to be 2.2 strips. For a signal
to noise ratio larger than 13, a detection efficiency of better than 98% and residuals standard
deviation below 43 pm are achieved. At the standard CMS working point, S/N = 20, the hit
efficiency is better than 99.5%.
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Fig. 4.39: Detection efficiency and standard deviation of residuals as functions of signal-to-noise ratio,
Ne(25)-DME(75).

When the azimuthal incidence angle of the particle differs significantly from the normal to
the detection plane, the primary charge starts to be collected by several strips. Because of large
statistical fluctuations in the charge collected by each individual strip in the cluster, the centroid
of the charge distribution also fluctuates. This implies a worsening of the position resolution as
a function of the incidence angle as shown experimentally in Fig. 4.40 for a 225 GeV/c¢ muon
beam at the CERN SPS [4-28]. The spreading of the charge on many strips could affect also the
detection efficiency because the average charge per strip decreases with the angle. The detection
efficiency as a function of the incident angle is shown in Fig. 4.41. The dependence of the cluster
size and number of clusters upon the incidence angle is reported in Chapter 7; experimental
results are compared to simulation and good agreement is demonstrated.
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4.3.4.2 Behaviour in magnetic field

In CMS, the MSGCs will work in a strong, solenoidal, magnetic field of 4 T. In the barrel
region, where the strips run parallel to the magnetic field lines, the direction of charge collection
is perpendicular to the direction of the magnetic field. Thus the drifting ionisation electrons
will experience not only the electric force, proportional to the electric field strength, but also
the Lorentz force, proportional to the product v x B (see Fig. 4.42a). The total force is the
vector sum of these two forces. It changes the direction of drift by an angle aj ,given , in
a first approximation by the ratio of magnetic to electric force (tanaz = |vqg x B|/E). As a
consequence,the primary charge is spread over a larger number of strips and this results in a
displacement of the charge centroid and in a worsening of the spatial resolution and detection
efficiency. From a phenomenological point of view, the problem is identical to the detection of
a track inclined at an angle oy with respect to the normal to the detection plane. In principle,
the worsening of the spatial resolution and of the detection efficiency could be compensated by
a rotation of the MSGC, with respect to the B-field direction, of an angle equal to the Lorentz
angle ar (see Fig. 4.42b). After this rotation infinite momentum tracks no longer enter the
detector at 90°, but at 90° — «r,. The total force on the ionisation electrons is again directed
along the track. The electrons will be collected on one or two strips only, as for normal incidence,
without magnetic field. Obviously, the gas mixture and the drift field have to be optimised to
make this angle of rotation reasonably small to be compatible with the mechanical structure of
the tracker. To study quantitatively the effects of the magnetic field on the MSGC operation
and the possibility to correct for them, an extensive experimental study has been carried out
using the RD5 magnet at the CERN SPS [4-29].
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Fig. 4.42: The effect of the magnetic field on the drift of the ionisation electrons (a), the compensation
mechanism (b).

Figure 4.43 shows the dependence of the Lorentz angle on the B-field strength for different
gas mixtures, while Fig. 4.44 shows the degradation of the position resolution as a function of
B at different drift fields and with different gas mixtures, before tilting the chambers.

Figure 4.45 shows the spatial resolution as a function of the drift field at the highest value of
B. Figure 4.46 shows the full recovery of the spatial resolution obtained by tilting the chambers
at the Lorentz angle.

In the forward region, where the charge collection is in the same direction of the B-field the
effect is much less pronounced. The strong magnetic field tends only to limit the transverse
diffusion of the ionisation electrons. No effect on the position resolution has been detected in a
beam test where the RD5 magnet was oriented in the forward configuration with (Fig. 4.47a)
and without (Fig. 4.47b) magnetic field.
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4.3.4.3 Barrel MSGC: uniformity of response and edge effects

To prove effectiveness of the mechanics and the assembly procedure of the final modules for the
CMS detector, the resolution and the gain uniformity near the chamber edges have been studied.

A uniformity scan has been performed across and along the strips of a Pestov coated detector
mounted on a movable support, during the X7 beam test. The resolution, expressed as the
standard deviation of the hit residuals, was proven to be uniform up to 2 mm from the chamber
edge, corresponding to ten readout strips (Figs. 4.48 and 4.49). Good gain uniformity has been
measured over the entire chamber surface (Fig. 4.50). Further improvements of the resolution
near the chamber edge can be achieved by proper tuning of the guard strip voltage settings.
Figures 4.51 and 4.52 show results for two particular field configurations, corresponding to a
grounded or floating guard strip.
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Fig. 4.48: Standard deviation of the residual distribution as a function of the distance from the chamber
edge, at V. = —540 V, Ne(25)-DME(75) gas mixture, and for different conditions of the drift voltage
(=Va).

The uniformity of the response for coated chambers built with the advanced passivation
technique has been studied with data collected during the T10 test [4-27]. The experimental
setup allowed investigation of the gain stability over an area of 5 cm across and along the strips
(Figs. 4.53 and 4.54). The dispersion of the peak value of the Landau distribution over the area
of 5 x 5 cm?, for four chambers under study, is measured to be 2.5%.

4.3.4.4 Forward MSGC: uniformity of response and edge effects

In the Forward—Backward MSGC region the design of the detector module differs from that of
the barrel region in two respects.

The first difference concerns the geometry of the substrate layout. As it is convenient for
pattern recognition to use a radially symmetric detector design, a trapezoidal shaped electrode
geometry is chosen. The pattern of the anode and cathode strips points towards the beam pipe.
In order to keep a constant gain over the full length of the MSGC substrate the anode width is
kept constant at about 7 pum, while the anode—cathode gap and the cathode width follow the
so-called NIKHEF formula [4-30]:

G = P/8+20 pum, (4.1)

where G represents the anode-cathode gap and P the anode pitch. The latter parameter depends
on the radial position and varies also inside the module.
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The second difference results from the effort to minimise dead space. Therefore, each detector
module houses four substrates side by side. The distance of the two outermost anodes of two
adjacent substrates is two times the detector pitch.

One of the goal of the MF1 milestone [4-31] was to check the validity of the NIKHEF formula.
During the final beam test experiment of this milestone, the 38 MSGC modules realised by
various manufacturers (SRON, VOSTOK, OPTIMASK, IMT) have been studied at the CERN
X5 area for the uniformity of the gain along the strip and in a cosmic ray test bench for efficiency
across two adjacent counters.

In this section we describe the results of these tests which are specific for the Forward—
Backward design:

Uniformity of response along the strips

Bare D-263 glass is used for the substrates of the prototype module. Different modules
containing four or eight substrates each were tested using the PreMux128 chip for the readout.
The effect of the varying pitch of the anode-cathode structure on the signal to noise ratio® (SNR)
has been analysed for various prototypes and the results are given in Fig. 4.55.

Efficiency between two adjacent counters

A substrate with aluminium strips on bare D263 glass having 512 anodes at 200 pym pitch
and 10 cm strip length has been used. A piece of substrate with 2 blocks of 16 strips (6.4 mm
wide) was cut away in the centre and the two remaining pieces of substrate, ending by a cathode
strip, were mounted side by side at a distance of 70 yum. The distance between the first anode
strips adjoining the common edge, called later the crack, was twice the nominal pitch as shown
in Fig. 4.56.

This prototype, sandwiched between two normal MSGCs, was put in a gas-box filled with
a Ne(50)-DME(50) mixture and operated in a cosmic ray telescope. Minimum ionising muons,
close to normal incidence, were selected and their tracks reconstructed to predict the impact

3SNR here is defined as the ratio of the cluster charge and the cluster noise: SNR = vazl di/ /N, o2

i=1"1%"
What matters in this measurement are only relative variations.
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points in the region of the crack. Figure 4.57 shows the efficiency measured across the ¢-crack.
The efficiency is found constant and at a level of 98.4%, without indication of efficiency loss
between the adjacent substrate parts. The absence of a dead zone was expected because the
electric field near the missing anode strip deviates the drifting electrons to the neighbouring
anode strips as was often observed in MSGCs with an interrupted anode.
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Fig. 4.55: Variation of the signal-to-noise ratio for varying pitch.
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4.4 Barrel Mechanics

The barrel MSGC tracker (Fig. 4.58) consists of six concentric detector layers situated in the
radial space from 700 mm to 1200 mm and within +1205 mm from the interaction point along
the beam axis. The layers are equidistant, separated by a gap of 80 mm. In each layer, the
MSGC detectors are assembled in modular and stand-alone subsystems called rods (Fig. 4.59).

In the barrel there are 736 mechanically identical and interchangeable rods, each housing
five detector modules, for a total of 5540 MSGCs (Fig. 4.60 and 4.61). Modules and rods are
assembled to guarantee, in every layer, full spatial coverage in both r — ¢ and r — z projections.
The rods, and detectors, are tilted by an angle of 14° to fully recover the position resolution
capability of the MSGC (see Section 4.3.4.2).
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Fig. 4.59: Two rods each of which is to hold five MSGC modules for the r — ¢ information or five twin
chambers for the stereo measurement.
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Fig. 4.60: The three types of MSGC module for r — ¢ information. The strip length of modules ¢ — 2x
and ¢ — 125 is 125 mm, while for module ¢ — 250 the strip length is 250 mm.

Fig. 4.61: One out of the three types of twin module for r — ¢ — z information.
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One quarter of the detectors have an active strip length of 250 mm, the remaining of 125 mm
length. A small MSGC, with only one electronics hybrid (Fig. 4.59), is mounted at the extremity
of each rod at the planar ends of the barrel cylinder to minimise the dead area between barrel
and forward region.

Detectors in the first, fourth and outermost layers provide space point informations. The
other layers are equipped with detectors that measure only the r — ¢ coordinate.

Rods are supported by four identical disks joined to each other by cylindrical elements thus
making a monolithic space-frame support structure.

The primary requirements that led the design of the support structure are:

— to maintain the detector modules in stable and precisely defined position
— to minimise the amount of material and distribute it uniformly in space
— to minimise the gap in front of ECAL and the Forward MSGC

Several aspects of the production, assembly and testing procedures have been optimised in the
past two years in the framework of the so-called MSGC B1 milestone, together with a careful
study of the main system problem of the barrel MSGC.

The major parameters of the the barrel MSGCs tracker are summarised in Table 4.1.

Table 4.1: Major parameters of the barrel MSGC tracker

total mass 617 kg

number of layers 6

minimum radius 700 (mm)

maximum radius 1200 (mm)

total length 2410 (mm)

total active length 2223 (mm)

overlap of active area in z 2.4 %

overlap of active area in r — ¢ 1%-3%

number of rods 736

number of MSGCs for r — ¢ information 3680

number of MSGCs for r — ¢ — z information 1860

number of readout channels 3511296

number of High Voltage control switches 109728

Layer | Radius | Measured | Number | Number of Number of Number of Number of
(mm) | coordinate | of rods modules | RO or HV hybrid | RO channels | HV switches
1 747 r—¢—=z 96 960 1728 663552 20736
2 827 r—o¢ 108 540 972 497664 15552
3 907 r—¢ 118 590 1062 543744 16992
4 987 r—¢—=z 128 1280 2304 884736 27648
5 1067 r—o¢ 138 690 690 353280 11040
6 1147 r—¢—=z 148 1480 1480 568320 17760
736 5540 8236 3511296 109728
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4.4.1 Detecting elements

Each barrel module is an independent, self-contained detector, with input output gas pipes, and
with readout and individual HV distribution circuits, mounted on a common support.

Six different types of MSGC modules equip the barrel part of the tracker. The modules
differ in the strip length, which is 125 mm for the modules installed in the four layers close to
the beam pipe, to diminish the hit occupancy. The two outermost layers are equipped with
modules that have 250 mm long strips. All modules mounted on a rod extremity are small and
have 125 mm long strips.

The major parameters of each module are summarised in Table 4.2 and the mechanical
components of the long modules ¢-type are reported in Table 4.3.

The three modules (¢-type, see Fig. 4.60), with 200 pm pitch, are mounted with the strips
parallel to the magnetic field to measure the ¢-coordinate with the highest resolution (~ 40 pm).
The stereo-type modules have 400 pm pitch. They are used in layers one, four and six where
they are mounted back to back with a ¢-chamber, at an angle of 50 mrad with respect to the
magnetic field, to measure the z-coordinate with a spatial resolution of ~ 1 mm (stereo method).
The ensemble of a ¢-type and a stereo-type module, mounted at a mean radial distance r, is
called twin chamber. For each track they measure the two projections z and Zssereo- The space
point coordinates are:

Ty p=x/r;z= (Cos’fgffﬁ — z)cot (50 mrad).
The small stereo angle allows the x and Zsereo coordinates to be correlated if they are measured
in the same twin chambers with strip length Lgy;:

0 < Zgtereo — & < Lgrip tan(50 mrad).

Only if two tracks have a projection inside the above interval at the same time there is a
reconstruction problem. Though the spatial coverage of the ¢-chambers and of the stereo-
chambers is rather complete, 5% of the two substrates does not overlap. In this region it
is not possible to have direct full reconstruction of the 3-dimensional point. More indirect
reconstruction strategies have to be implemented.

Table 4.2: Major parameters of the barrel MSGC modules

Module Strip Active Substrate | Pitch | Anode/cath. | Number
type length area area width of
(mm) | (mm?) | (mm®) | (um) | (um) strips
¢ —125 125 125x102.4 | 136x112 200 7/93 512
¢ — 250 250 250x102.4 | 264x112 200 7/93 512
¢ —2x 2x125 | 125x102.4 | 264x112 200 7/93 2x512
stereo — 125 125 125x102.4 | 136x112 400 7/293 256
stereo — 250 250 250x102.4 | 264x112 400 7/293 256
stereo — 2x | 2x125 | 125x102.4 | 264x112 400 7/293 2x256

4.4.1.1 Substrate specification

All the modules substrate are made of 300 pym thick Desag AF45 glass, coated with a thin layer
of semi-conductive glass (Pestov or S8900) to obtain a surface resistivity of ~ 10'® Q/square.
All strips are realised in gold 0.8 um thick. A thin polyimide layer, 8 pm wide, is deposited on
the cathodes edges to limit the emission of electrons by the field effect (advanced passivation,
see Fig. 4.13).
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Table 4.3: The components of the barrel MSGC module

Component Material Radiation Thickness | Length | Volume/unit | Quantity
length (mm) (mm) (mm) (mm?)
Drift plane Carbon Fibre 242 0.32 260 9318 1
Substrate glass 117 0.3 264 8870 1
Drift HV protection Kapton 284 0.1 260 2912 1
Gas box frame PEEK 287 3 250 6516 1
Support arms PEEK 287 3 54 400 4
Gas pipe PEEK 287 ¢ 2.3/1.8 20 240 2

In all type of modules, adjacent cathode strips are grouped in set of 16 electrodes for security
reasons. A further grouping of the cathodes is actuated on the HV hybrid (see Section 4.4.1.2).

Two 2 mm wide strips run parallel to the electrodes close to both substrate edges. They act
as guard strips that maintain a uniform field and avoid an increase of gain at the detector edges
(see Section 4.3.4.3). In the substrate of type ¢ — 125 x 2 the guard strips assure a common
grounding of the two sides of the module.

Alignment markers are present on the substrates, and they are visible from both sides of the
glass also after the detector is assembled.

The module type ¢ — 2%, to be produced in the near future, is a good example of detector
design because it implements all relevant features present in all type of modules. Its masks are
already designed and the rest of the section is dedicated to its detailed description.

The dimensions of ¢ — 2x substrate are 263.5 mm x 112 mm x 0.3 mm. Two independent
MSGCs are engraved on it (Fig. 4.62).

BARREL MSGC SUBSTRATE
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S T bonding pads
and spacer zone
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Fig. 4.62: The barrel MSGC substrate for the ¢ — 2x type.

The MSGC strips are 124.75 mm long, the pitch is 200 pm and the anode and cathode
widths are 7 pm and 93 pm respectively.

Figure 4.63 shows a detail of the mask design in the dead zone between the two active areas.
The anode strips are rounded. The distance between anode and cathode is > 50 ym everywhere.
The distance between the two sub-detectors is 130 pym. The non-active region, 500 pm wide, is
covered with polyimide.
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Fig. 4.63: Detail of the 500 um wide zone between the two active areas.

Figure 4.64 shows the edge of the strips close to bonding pads. The cathode strips are
rounded and the anode strips are increased in width up to 30 pm. This part of the substrate is
passivated with a polyimide bar of 500 ym width. An additional gap of 500 pm is left before
arriving to the region in which the PEEK frame will be glued. The gap and the polyimide
prevent any possible contamination of the active region with glue. Figure 4.64 also shows how
the anode strips are fanned to leave enough space for the cathode bonding pads.

:\:\

[ees

Fig. 4.64: The beginning of the active area. The cathodes are rounded and the area is passivated.

Figure 4.65 shows the bonding pads. The anode bonding pads are 75 pm wide and their
pitch is 175 pm. At the centre of each group of 16 anodes there is a cathode bonding pad, 93 pum
wide, with an insulation of 203.5 ym. Each bonding pad is identified by a hexadecimal number
from 000 on right side of the detector to 1FF on left side. If we put the reference origin in the
centre of the chamber, the coordinates of the cathode bonding pads are:

Xeathode = 49.6 mm—i x 3.2 mm with 2 =0 + 31

The anode pad coordinates are:

Xanode = 52.5125 mm —mody6(i + 8) x 0.175 mm—ifr—G8 x 3.2 mm
i =0+ 511 (i = integer)

Two ground strips run on the long sides of the substrate (Fig. 4.66). The strips are shaped
corresponding to the edge of the PEEK spacer to avoid surface discharges from drift to the
ground line. The inside edges of the ground strip are passivated with 100 p m wide polyimide
strip that protect against discharges and prevent any glue from penetrating into the active area.
The bonding pads of the ground strips are at coordinate +1. In Fig. 4.66 the reference lines to
align the strips to the substrate are also visible. These lines allow the alignment of the strips to
the substrate with 0.02 ym tolerance. The glass dimension tolerance is +0,—200 pm.

Six markers for alignment are placed at coordinates x = 0, £51.2 mm; y = +130 mm
(Fig. 4.67). They stay outside the spacer and are visible from both sides of the detector.
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4.4.1.2 Module layout

All of the modules [4-32] consist of a glass substrate, a PEEK spacer, whose height defines the
drift space, and a carbon fibre drift window. These three elements, glued together, define a gas
tight box which is light (the longest modules weigh 57 g without the electronics) but rigid and
robust enough to be handled without particular care. The 3 mm thick PEEK spacer has input
output gas pipes (Fig. 4.68), positioned on two opposite corners, and arms on both sides to
easily support the electronics. The spacer is obtained by a moulding technique. The PEEK is of
crystalline type without addition of glass fibres. The section of the walls, 3 mm X 3 mm, allows
the production, by moulding, of this quite thin structure with a good uniformity (< 0.05 mm).
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Fig. 4.68: Drawing of the PEEK spacer for the ¢ — modules.

The spacer is glued onto the glass over the non-active areas of the MSGC leaving 1 mm
separation from the amplification region.

Though the PEEK frame has a well-defined thickness, it is quite elastic. The planarity of
the module is therefore mainly ensured by the glass substrate and by the drift plane.

These two layers must be flat enough and glued to the spacer with appropriate vacuum
chucks to obtain a box with 10% tolerance on the drift space. The drift window is made of a
carbon fibre multi-layer 0.33 mm thick, gold-metallised on the side facing the substrate. It is
glued directly over the spacer. A metal insert, with a feed-through gas tight connection, allows
the drift voltage to be applied to the internal metallised layer. The carbon fibre solution assures
a deformation of a few microns under the normal working gas over-pressure of 0.5 mbar. Most of
the over-pressure is due not to the chamber impedance but to the regulation of the gas system.
At the same over-pressure, the glass substrate deforms by less than 100 ym. (Fig. 4.69). A
detailed study of possible room-temperature glues and of gluing techniques has been carried
out during the prototyping phase of the project. We have established experimentally that with
the appropriate gluing choice, the box can support over-pressure of tens of millibars without
breaking.
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Fig. 4.69: B1 module 250 mm long: measurement of the deformation of the glass substrate and of the
carbon fibre window under over-pressure.

A common feature of all the barrel modules is the fact that the HV hybrid and the readout
electronics are always on the same side of the substrate, independently of the strip length and
number of MSGC engraved on the substrate. An example of this arrangement is described in
Fig. 4.70 where the detail of the connections of the anode and cathode strips to their bonding
pads and after to the electronics is shown.

cathode anode pitch amplifier
bonding b ndi;g/adaity chip

carbon fiber HV hybrid

bonding HV pitch
pads hybrid adapter

anode

spacer

cathode

Fig. 4.70: The detail of the connection of a ¢ — 2x module to the anode and cathode circuits.
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The hybrid for both readout and HV distribution is made of four pieces (see Fig. 4.70). From
bottom to top we find:

— a carbon fibre plate, 0.5 mm thick, with high thermal conductivity. The carbon fibre plate
is in contact with the cooling pipes (see Section 4.4.2.3).

— the HV hybrid on which each cathode group is connected to a 10 M) resistors, that limit
the amount of charge involved in a discharge or in a streamer event. After the limiting resistors
two cathode groups are connected to the same HV switch (see Section 5.8.2). Each switch
connects always 32 electrodes to the same bias voltage.

— the readout hybrid with the APV chips. It is positioned at the centre of the HV circuit
on which appropriate space is left free. The readout hybrid is in direct thermal contact with
the carbon fibre plate to guarantee an adequate heat flow from the readout chips to the cooling
pipes

— a glass pitch adapter 0.3 mm thick that conveys the anode strips (pitch 200 pm) to the
corresponding input channel of the APV chip (pitch 40 pm)

4.4.1.3 FEA and the thermomechanical distortions

The MSGC module has been analysed from the thermal and mechanical point of view employing
a precise FE model. Several material combinations and load parameters have been tested aiming
at an optimum design [4-33].

The key points of the analysis was to study the deformations of the cover and substrate
plates, induced by a gas over-pressure, and to check the stress levels at the glued interfaces.
Deformations of the electrodes will change the drift length and induce gain variations; changes
up to 10% of the drift length can be tolerated. Mechanical or thermal stress in the glue joints
must be avoided since this can generate gas leaks.

The validity of our FE model was confirmed by experimental tests on mock-up modules
constructed with drift planes of various materials. FE analysis recommends employing a drift
window of carbon fibre epoxy ~ 300 pm thick and to extend the readout hybrid support below
the glass substrate to add stiffness to the structure. Both solutions were adopted for B1 modules
and for the final module production leading to 100 pm maximum drift distance variation under
a gas overpressure of 0.5 mbar.

Module deformation induced by thermal loads were investigated. We concluded that, to avoid
bi-metallic effects, the drift plane and the electronics support should have coefficients of thermal
expansion (CTE) as close as possible to the glass substrate. Carbon-fibre composites with low
CTE, close to that of glass, are thus chosen. Another important factor is to manufacture and to
keep the modules always at a temperature close to the final operating temperature of 18°C. This
decreases the thermal stress, which is of concern especially in the glue joints between the PEEK
frame and the substrate or the cover. Figure 4.i shows the module temperature profile when
applying the water cooling and the heat of the readout electronics as a thermal load. The FE
analysis indicates that temperature differences of ~ 10°C can be applied without compromising
the module safety.

4.4.2 Detector supporting elements

The final MSGC modules, the services, the cables and the electronics needed for the functioning
of the detectors, are installed into independent and interchangeable supporting elements, the
rods. The complete barrel consists of 736 identical rods, each one carrying five MSGC modules
to provide the r — ¢ information or five twin chambers for the stereo measurements.

The use of the rods minimises the handling of the individual detector modules, which will
be 5540 in total, during all the assembly and testing phases thus decreasing damage risks.
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The rod is a compact unit, easy to handle and mechanically robust, where the detectors and
the services can be tested in stand-alone mode for all their functionality. After final checks,
rods and modules can be easily and safely stored, waiting for the final mounting into the barrel
wheel.

The different components of a rod and the cables, included in the rod structure, and needed
for the functioning of the MSGC modules, are summarise in Table 4.4.

Table 4.4: The components of a rod and the cables needed for the functioning of the MSGC modules

Component Material Radiation Thickness or Length | Volume | Quantity
length (mm) inner/outer (mm) | per unit
diameter (mm) (mm?)
Front-end piece CFRP 242 0.5 4000 1
C-profile CFRP 242 0.7 1225 27325 2
Back end piece CFRP 242 0.5 2500 1
Connection bars CFRP 242 0.5 156 2470 4
Module positioning PEI 290 1 840 20
inserts
Heat removal plate Al 89 0.5 250 20
Cooling pipe Steel 304 17.6 ¢ 1.86/2 2576 1093 1
Coolant Water 361 ¢ 1.86 2576 6999 1
Gas pipe PEEK 287 ¢ 2.5/3 1030 2224 2
Gas joints PEEK 287 2 1400 10
Screws Al 89 ¢ 2.5 5 25 20
Water and gas PEEK 287 2 860 2
connectors
Sphere A1203 75.5 gb 6 113 4
Sphere fixing PEI 290 1 120 4
Component Material X-section External Modularity
(mm?) diameter (mm)
HV, Al & polyethylene ¢ 0.75 1/module
HVq Al & polyethylene ¢ 0.75 1/module
Low voltage Al pists on 0.672 1/APV chip
printed board Kapton 2.1 1/module
Printed board from Al pists on .05 1/hybrid
CCU to RO hybrid Kapton 0.5 1/rod
Twisted pair from Cu and 0.13 2/rod
CCU to RO hybrid polyethylene

4.4.2.1 The rod concept

Figure 4.59 shows two rods and the principle of assembly of the MSGC modules on these support
structures.

The five modules are mounted from both sides of the rod with a 1% overlap in the active strip
length. Figure 4.71 shows a single complete rod with the five modules in their final position.
The rod length is 1225 mm, which is 30% longer than the series of twenty rods constructed and
studied during the prototyping phase (see Section 4.4.5).

The main load carrying elements of the rod [4-34] are longitudinal carbon fibre C-profiles
interconnected with carbon fibre cross links that guarantee the integrity of the structure. The
C-profiles hold injection-molded plastic inserts, suited to support and fix the detector modules.
Other inserts are used for distributing the gas to the modules.

Each MSGC module is supported by its four corners against the positioning/cooling inserts
of the rod. The planarity of the components in contact guarantees the module positioning
and alignment in the radial direction. In the r — z direction the modules are aligned with the
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Fig. 4.71: Five MSGC modules installed on the rod.

strips parallel to each other, and parallel with respect to the reference axis of the rod. After the
alignment procedure, actuated by means of a micro-metric adjustment tool (see Section 4.6.2.3),
the modules are fixed into the final position by means of spring loaded screws.

The reference axis of the rod is defined by two spheres mounted on one C-profile. These
spheres, together with the other two mounted on the second C-profile, acts as attachments of
the rods to the support disks, and thus link the relative position between the modules and the
barrel wheel.

4.4.2.2 Layout of gas pipes and cables

The simplicity of the rod mechanics allows the arrangement of all the services along straight
paths inside the rod, or on top of the modules, thus minimising the assembly work, the costs, the
failure risk and material budget. The hostile radiation environment, the aggressivity of the gas
used, the safety aspect and attention in the minimisation of the radiation length, have influenced
our material choices.

Figure 4.72 shows the path of the various services within the rod. Thin aluminium-insulator
sandwiches run along one profile and serve for low-voltage powering. To balance the material
budget distribution [4-35] and to avoid pick-up noise from the low voltage lines, all the front-end
electronics control cables and the high voltage lines run inside the second C-profile. Optical
fibres run straight on top of the modules from the readout electronics to the rod extremity. This
solution, although not practical during the modules’ assembly, is preferred since it minimises
the turns and therefore the stress applied to the fibres.

One of the rod extremities serves as a miniature patch panel where all cables or service lines
end. The links between the rod services to the lines mounted on the end-plates of the barrel
wheels will be done, where possible, by soldering or welding procedures, still in a development
phase. The optical fibres will be joined via MT connectors at the end of the rod.

The gas inlet and outlet pipes are realised in PEEK (¢ 3/2.5 mm). They run along the two
C-profiles of the rod (Fig. 4.73) through a series of gas junctions realised with an optimised
room temperature gluing technique. A smaller pipe connects the gas junctions to the detectors.
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Read-out control printed circuit

Fig. 4.72: Break-down of all services and their paths in the rod.

The pipe layout and gluing procedure were optimised during the construction of the 20 rods for
the B1 milestone prototype.

Fig. 4.73: Various services and components inside the rod: gas and cooling pipes, module support—
cooling inserts, gas junctions.

4.4.2.3 Cooling system and pipe layout

Most of the heat losses in the MSGC barrel detector system are dissipated in the electronics of
the detector modules. The main heat source, some 65 % of the total power, is the front-end
amplifiers of the readout chips. The total heat dissipated in a rod equipped with r — ¢ modules
or twin chambers is 14.3 W or 20.5 W respectively.

The most efficient cooling system removes the heat as close as possible from its source,
thus avoiding large temperature differences in the detector. For this reason a water coolant
circulation is provided on each rod. The cooling pipes, realised in stainless steel (¢ 2/1.86 mm),
run along the two C-profiles (Fig. 4.73) and they are tied, through an aluminium heat removal
plate, to the top surface of each module positioning insert (Fig. 4.74). The shape and material
of the positioning insert have dramatically changed from the one tested and produced for the
B1 prototype. The reason being a major effort in the minimisation of material budget for those
items that contribute more to the total radiation length [4-35].

The rod cooling pipe makes a complete loop along which it has connections to the heat
sources. The schematic of the heat removal path from the module electronics to the coolant is
shown in Fig. 4.75. The positioning-cooling system guarantees a good thermal contact between
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the carbon-fibre cooling plate of the module (see Section 4.4.1.2) and the cooling pipe [4-36].
The efficiency of the heat removal mechanism has been tested and demonstrated in dedicated
tests (see Section 4.4.5.1) in the framework of the B1 milestone project.

1.6

Fig. 4.74: Cooling-positioning inserts -1) fixing points to the rod -2) fixing points to the cooling pipes.

Simplified cut view (module on top side not shown

Module positioning  Hybrid support and
heat conduction plate ‘

|
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HV hybrid Read-out hybrid |

Heat removal plate )

Module clamped Read-out chips
with screws 4 on single sided module,
against cooling insert 6 on stereo module

Fig. 4.75: Schematic view of an MSGC module. The electronic hybrid mounted on the carbon fibre
support in contact with positioning insert and the cooling pipe.

4.4.2.4 FEA and mechanical behaviour

The rod will have a static distortion due to the gravitational and thermal loads and will be
exposed to dynamical loads due to environmental noise like pipe flow, fans, and ground motion.
Mechanical distortions should happen within the tolerances that are given for the translation
and rotation of the modules.

Our understanding of the the various distortions and the reliability of our modelling was
first verified with a careful study of the B1 rod prototype. The behaviour of the B1 rod under
static loads was studied both by FE analysis and by experimental measurements. The results
differ by less than 20% (see Section 4.4.5.4 for the rod experimental tests).

The behaviour of the final rod was predicted using the results of the prototype Bl as a
reference. We applied analytical formulas to calculate the sag of the rod, as a function of
its length, for different support points. For each study we optimised the geometry of the C-
profiles [4-37] to obtain the minimum deformation employing minimum material. A remarkable
reduction in the material budget is achieved when we adopt a rod length of 1.43 m instead of the
original 2 m long rod. In the estimates for the final rods, we use a conservative value of 560 g/m
as the mass load to be carried by the rod profiles. The mass of the two optimised C-profiles is
only 75 g/m, just 12% of the total load.

We predict, for the CMS rod, a maximal distortion of 100 gum under the full load (Fig. 4.ii)
of five modules, cables, electronics and services with the first fundamental frequency of ~ 40 Hz.

4.4.3 The barrel wheel

The barrel wheel consists of four identical vertical disks that are joined together by cylinders at
the inner radius and by cylindrical panels at the outer radius (Fig. 4.58).
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Two of the disks, positioned at |z| = 1100 mm, serve to maintain the rods in the correct
position and act as supporting elements for services and connections. The other two disks are
located at |z| = 310 mm and support the rods at optimum locations. The position of the internal
support disks was carefully studied, in relation to the shape of the rod C-profile. The present
choices minimise the rod deformation and the need for highly rigid and massive structures.

The rods are mounted into the barrel wheel, from both planar ends, with a sliding movement
through the openings in the disks. At = 0 the rods co-penetrate over several centimetres,
providing a 1% overlap of the module active area.

The services are mainly grouped on the ribs of the end-plate disks. The layout is conceived
so as to leave as much access as possible to the rod, in order to facilitate their dismounting for
maintenance reasons.

The wheel will be supported, from its inner most radius, by the tracker support tube.

For security reasons in case of gas leaks and for making a Faraday cage, the wheel is enclosed
by a thin aluminised Kapton foil.

The different components of the wheel are summarised in Table 4.5.

Table 4.5: The components of the barrel MSGC wheel

Component Material Radiation Thickness | Length | Volume/unit | Quantity
length (mm) (mm) (mm) (mm®)

Disk skin CFRP 242 2 3E6 8

Disk rib CFRP 242 2 150 4800 1472

Rod support insert PEI 290 2 20 1257 2944

Inner cylinder skin CFRP 242 0.5 2140 4.8E6 2

Outer panel skin CFRP 242 0.5 2140 4.4E5 18

Core of the Nomex 13125 19 2140 1.8E8 1

inner cylinder honeycomb

Core of the Nomex 13125 19 2140 1.7E7 9

outer panel honeycomb

Bolt and nut Al 89 8 10 640 714

4.4.3.1 The wheel elements

The main elements of the barrel wheel are: four identical support disks (Fig. 4.76) and inter-
connecting cylinders and panels (Fig. 4.58).

The four support disks have an inner radius of » = 700 mm and an outer radius of r =
1200 mm. They house six equidistant layers of detectors from r = 747 mm to r = 1147 mm.
The disks have openings for each rod, tilted by the compensation Lorentz angle oy = 14°, and
overlapping each other such to guarantee full r — ¢ coverage of the module active area (Fig. 4.77
and 4.78).

Different disk constructions were investigated before arriving at the present design, which
combines the main advantages of the previous studies [4-38, 4-39, 4-40]. It consists of thin CFRP
skins with short semi-radial CFRP strips to stiffen the narrow struts running between the rods.
It has the same performance as a disk made of separate rings and connection struts but still
offers the cost-effective manufacture of a sandwich plate. The manufacturing method has been
verified by constructing a small sector prototype (Fig. 4.78) and a larger prototype comprising
two full layers is in preparation.

The four support disks are connected to each other at their inner radius with three cylindrical
structures. Three separate cylinders are used instead of a single long one to save radial space.
The disks do not need to be slid onto the cylinders and the connections can be made from the
side of the disks.
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Fig. 4.76: The layout of one of the four support disks.

Detail A

Fig. 4.77: The overlap of the module active areas Fig. 4.78: Small carbon-fibre prototype of a disk
in r — ¢ and the Lorentz angle compensation are sector.
realised with the appropriate disk design.
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The outer cylinder, which connects the support disks at the outermost radius, is made of a
number of curved panels to minimise the material budget. The panels are easy to manufacture
and assemble and they provide easy access to the barrel if needed. Breaking the outer cylinder
into panels decreases the stiffness of the wheel only slightly, such that the effect can be considered
negligible.

The inner cylinder and the panels are all 20 mm thick CFRP sandwich structures. The skins
are of 0.5 mm thick ultra-high modulus carbon-fibre/epoxy laminate reinforced at the support
points, while the cores are in honeycomb. The laminate lay-up of the cylinder will be constructed
so that the thermal expansion coefficient will be low (< 8+107%/°C) in the z-direction and in the
circumferential direction. The design of the structure is such that small changes due to thermal
or other effects in the thickness of the cylinder or panels do not affect the alignment precision
of the rods and modules.

4.4.3.2 Rod positioning and fixing method

Two reference spheres are mounted on each C-profile (Fig. 4.79) such as to define a reference
plane for the rod. The rod position and orientation in the wheel is therefore defined by the
relative position of the sphere-plane with respect to the disk-plane. A support based on three
points would be enough, but since the rods are not torsionally very rigid a fourth support point
is used to limit the torsional deformations. The reference spheres are glued on the lugs of the
C-profiles of the rod in a precise jig.

Fig. 4.79: Four spheres and the counter parts define the rod position and alignment.

Similarly, the spheres counter-parts will be precisely glued on the wheel disks using a special
jig. In order to guarantee a perfect contact between the spheres and the surfaces of the counter
parts, the latter are equipped with springs. The rod is supported semi-kinematically having two
over-constraints due the fourth support point. A forced geometric congruence would happen if
the fourth point does not lie on the plane defined by the three other points. This is taken into
account in the requirements that are set for the precision and inter-alignment of the disks.

The support design is fully symmetric and allows for the rod insertion from both sides of the
barrel wheel.
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4.4.3.3 Services layout

The services layout on the wheel end-cap is shown in Fig. 4.80. Services are grouped into nine
sectors that follow dedicated cabling paths between the ECAL and the forward MSGC. At the
level of the outermost ring of the wheel, the services turn and descend along the end-plane as
illustrated, for the gas and cooling pipes, in Figs. 4.81 and 4.82.

Fig. 4.81: The path of gas and water pipes on the end-plate of the MSGC barrel wheel guarantees access
to a maximum number of rods.

Pipes and cables run on the disk in the free space between the detector layers, maintaining
the maximum accessibility to the rods. The services are sub-divided into segments. In the
cooling system each segment serves between 15 and 25 rods. With this granularity, in case of a
failure of a cooling segment, we will be forced to switch off the readout electronic of that specific
segment and lose only ~ 3% of the detectors. For security reasons, the segmentation of the gas
system is twice as dense, thus each segment serves from 9 to 12 rods (~ 1.5% lost).

A services segment is never shared between several layers. In this way, if a segment needs
to be shut down, and the detectors belonging to that layer become inoperative, the MSGC
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Fig. 4.82: Gas and cooling pipes run between the detector layers.

tracker would lose only one hit in that r — ¢ region. Moreover, in the unfortunate case that one
complete layer will not be equipped (e.g. due to descoping or staging) the remaining layers will
be operational with optimised parameter values.

4.4.3.4 Wheel support system

The barrel wheel is supported by four points located on the horizontal plane at the innermost
radius. The supports are embedded in the inner cylinders in between the disks, thus minimising
the deformations of the wheel. Each support has an adjustment unit that allows for motion
in the vertical or horizontal direction. The adjustment unit is mounted on the tracker central
support tube either rigidly or via a rail system (see Section 6.2.7.1). The adjustments of the
four support points allow one to correct the orientation of the barrel wheel with respect to the
beam axis.

4.4.3.5 FEA and expected distortion

FE modelling has been used extensively to drive the design of the mechanical components of
the barrel structure. A simplified beam element model of the complete support disk was made
(Fig. 4.iii) to determine the maximum distortions of the disk (16 kg) when it is loaded with the
mass of rods and services (450 kg) and supported at the sides of its inner radius. According
to the analysis the maximum distortion of an individual disk with 2 mm thick webs is 620 pym
in the r — ¢ plane [4-41]. The load assumed in the calculation gives a safety factor ~ 3 in the
deformation estimate.

A very accurate shell element model of part of a disk was made. Only two out of the six
layers foreseen were modelled and the experimental measurements performed on the mechanical
prototype (Fig. 4.78) confirmed the validity of our modelling system [4-42].

The whole wheel was then modelled using FEA code to check the maximum distortions of
the complete barrel. The disks were modelled with beam elements and the inner cylinder with
shell elements. The analysis showed that when the wheel is supported by four fixing points at
the horizontal plane of its inner radius, the expected maximum distortion is less than 300 pm.
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The maximum distortion of an individual disk was reduced substantially due to the stiffening
effect of the cylinder (Fig. 4.iv).

We have investigated in detail the relative displacements between two disks supporting the
same rods or, more precisely, the relative displacement of the individual support points connected
to the same rod. This kind of displacements directly degrades the alignment accuracy of the
rods and therefore must be kept to a minimum. The FE analyses showed that the worst relative
displacements are only a few micrometers in the worst regions at the innermost layers.

4.4.4 Propagation of mechanical distortions

In order to define the manufacturing and assembly tolerances of the support structure’s ele-
mentary parts and sub-assemblies, we have divided the positioning requirements of the strips in
location precision and in alignment precision.

The location precision is the maximum allowable distance between the nominal and the
actual position of a strip (or its centroid). The location precision does not tell anything about
the strip’s alignment with respect to the beam line. From the physics point of view less emphasis
is given to the a priori knowledge of detector modules’ precise locations as long as their positions
are stable and the active areas overlap as required. However, in order to do a successful internal
alignment with a reasonable statistical sample of the measured tracks, the starting value of
the location of each module (or strip) in space should be known with a reasonable precision as
discussed in Section 6.5.

The location precision requirements are fairly easy to meet with precise manufacturing and
assembly of the support structures, and with the use of alignment and survey procedures during
the assembly and installation phases.

The alignment precision tells what is the maximum misalignment of the strip line with
respect to the beam line (reference line). The requirements for the alignment are much more
stringent than for the location. Table 4.6 presents the alignment tolerances given in the local
coordinate system of an MSGC module.

Table 4.6: Alignment precision requirements

Tolerance
(mm)
dz 0.02
dy 0.07
dz 1.00

In the MSGC barrel the mechanical errors causing misalignment of the strips arise and
propagate in the structural chain consisting of the strip (substrate), the detector module, the
rod, the two opposing disk supporting the rod and the MSGC barrel wheel. Table 4.7 presents
the estimated maximum values for the main error sources and their effect on the alignment
of a single strip. The numbers take into account gravitational sagging of the structure due
to weight of the detectors and all the services. It is assumed that the conditions during the
handling, assembly, transport, and the beginning of the operation are kept stable, such that the
distortions resulting from the mechanical and thermal loads and moisture-pick-up, are minimal.
We assume that the propagation of the elemental errors follow a Gaussian distribution and the
root mean square method can be used to estimate the propagation of the errors. By using the
values of Table 4.7 the estimated total alignment errors are dz = 22 pm and dy = 63 pm, values
that fairly meet the alignment precision requirements of Table 4.6.
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Table 4.7: Estimated maximum values for the most significant error sources and their effect on the strip
alignment

Error source Maximum error | Effect on strip

(pm) (pm)
Curvature of substrate 50 50 in y
Misalignment of the strip with respect to the rod 5 5in x
Planarity error on module support points on the rod 15 15in y
Sag of the rod 30 in x 10 in z
100 in y 30 in y
Location error of the rod support 100 15 in x
points on the support disk 100 15in y
Rotation error of the support disk 0.1 mrad 15 in x
with respect to the opposite disk liny
Misalignment of pair of disk 100 11inz
100 11iny

4.4.5 Experimental tests and prototype performances
4.4.5.1 Cooling efficiency of the readout electronics system

The efficiency of the cooling system (see Section 4.4.2.3) was investigated with a theoretical
calculation and verified experimentally with a dedicated test [4-43].

A detector module was installed on a short rod equipped with a cooling pipe and support
inserts. The module electronics was simulated by a set of resistances mounted on a heat exchange
plate.

A first calibration test was performed with a heat conductor plate made of copper. All other
tests were performed with high-conductivity carbon-fibre plates as in the final detector. The
carbon-fibre plates were made of three layers [0,90,0] of Amoco K1100X carbon-fibre cyanate
ester unidirectional prepegs. The manufacturer of the prepreg estimated the effective heat
conductivity to be about 500 W/mK.

We measured the temperature gradients from the hottest point on the hybrid (central region)
to the edge of the hybrid next to the cooling pipe and further down to the cooling pipe itself. We
checked temperature gradients inside the module gas volume. Measurements were performed
up to 2 W power dissipation on the hybrid, which is estimated to be the maximum power on
a twin-chamber hybrid. In Table 4.8 we summarise the test results in comparison with the
prediction of the finite element model of the thermal system [4-33].

Table 4.8: Computed and measured temperature gradients

Heating Computed A T | Measured A T | Measured A T Measured A T
power (W) °O) (°C) °O) (°C)
Cu plate Cu plate Cu plate K1100X CF plate
0.05 1/min 0.1 1/min 0.1 1/min
0.5 0.92 0.85 0.87 0.90
1 1.89 1.72 1.70 1.73
1.5 2.77 2.54 2.56 2.53
2.0 3.43 3.32

For a power dissipation of 2 W, we measured a maximum temperature gradient of ~ 2°C
inside the gas volume. This value will not induce any significant gain variation. The temperature
difference from the centre of the hybrid to its edge, and from the edge to the coolant was ~ 3°C,
thus leading to ~ 6°C as the highest temperature gradient.
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Inside CMS we will adopt a cooling system based on parallel distribution to guarantee the
most uniform coolant temperature in the detector (see Section 4.4.5.3). Since the barrel MSGC
is built up of cells where the heat/cooling load is similar to the one simulated with the setup
just described, we can deduce that the maximum temperature differences in the system can
be kept within the required ~ 10°C. A coolant temperature of ~ 13°C, will then allow to run
and maintain the detector at the desired operating temperature close to 18°C. The result must,
however, be re-confirmed with larger detector arrays, where the effects of height, cable heat
loads, and tight spatial packing of modules and rods are included (see Section 4.4.5.3).

4.4.5.2 Mechanical precision under thermal cycling

The MSGC modules need to be appropriately fixed on the rods to maintain their alignment in
all operating conditions. Possible loads are expansions and deformations due to temperature
differences, mechanical loads due to twisting and bending of the rod and mechanical constraints
from the connections to the service lines. The loads due to temperature differences are of the
most serious type because of their cyclical nature.

Thermal cycling happens both in situ caused by the heating of the electronics, and during
the transport and installation where changes of £10 °C are likely to occur. In addition, at
start-ups the cooling system can be on while the electronics partially off and this might cause a
temperature difference of ~ 5 °C.

The module fixing principle (see Section 4.6.2.3) was tested with a mock-up detector equipped
with two copper plates as hybrids and four resistors glued on top of them to provide the correct
heat power. One of the copper plates was heated up by supplying the appropriate current to
the resistors. As expected, the module expanded for a maximum of 10 pm. After switching off
the current the copper plate shrank and the module returned to the nominal position within an
error of less than 1 pm.

In the final detector the hybrid support plates will be in carbon-fibre composite with a
CTE of about —1 x 1076 /°C which is far less than that of copper, 16.8 x 107%/°C. The thermal
deformations will thus be smaller. Since the supporting rod is also constructed from carbon-fibre
composites, the thermal cycling will produce minimal effects.

4.4.5.3 Experimental tests on coolant distribution

The dimensions of the segment cooling pipes inside the rods, on the ribs and on the end-plate,
have been determined by theoretical calculations but kept to the minimal possible diameter
to minimise the large contribution to the material budget introduced by walls and coolant. A
coolant distribution test was performed to validate the dimensions of the cooling pipes and the
thermal efficiency of the system.

We have built a dedicated rig, equivalent to a single CMS cooling segment. The rig consists
of 23 rod-like structures each carrying a loop of cooling pipe (Fig. 4.83). The plates are of full
light-weight material in order to simulate the occupancy of the MSGC modules and therefore
the limited surrounding gas flow inside the barrel.

A water reservoir/pump/heat exchanger was connected to the set-up. Even if the water
inlet and outlet were at the low side of the set-up all air could be removed from the system
with a reasonable input pressure of 150 mbar. Measurements of the total pressure loss against
flow were performed and showed a good correlation between the calculated and measured values
(Fig. 4.84).

With a constant ambient temperature, we varied the coolant temperature by +10 °C around
its nominal value and we verified that the temperature variation is uniformly reproduced within
£0.5 °C over the whole cooling segment, meaning ultimately an equal cooling efficiency for all
modules.
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Fig. 4.83: Mock-up of a cooling sector.
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Fig. 4.84: Total pressure drop as a function of total flow in the cooling sector test set-up.
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4.4.5.4 Rod mechanical stability

The mechanical stiffness of the rod was verified experimentally on the prototypes produced for
the B1 milestone. The final MSGC rod is just 30% longer than the twenty prototypes realised
up to now.

Before studying the behaviour of the complete rod the stiffness of the carbon fibre C-profiles,
the principal rod elements, was measured. The C-profiles were made by pultrusion with a
unidirectional (in profile direction) lay-up of high modulus carbon fibres (E = 400 GPa). During
the test the profile was supported by two points and loaded with known masses. From the
measurements we deduce a bending stiffness of 165 GPa. This number was used as specification
for the final C-profiles for CMS.

The rod was supported by four points as it is foreseen for CMS, and mass loads were applied in
the centre of the rod. The sag was measured at the same point. The results of the measurements
and the finite element calculations agree within 20% and show, as expected, a linear relationship
between load and displacement (Fig. 4.85). For the Bl prototype rod under the full load, the
FE model predicts a total sag of 100 pym and the first fundamental frequency of 51 Hz.

These results allowed us to rely on the FE model during the phase of optimisation of the
rod that followed the B1 milestone. The rod shape was in fact changed from the B1 model, to
minimise the contribution to the material budget while still achieving the stiffness specifications.
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Fig. 4.85: Comparison of the B1 rod static loading test results with the FE model.

4.5 Forward Mechanics

The Forward-Backward regions of the CMS central detector consist of eleven disks on either
side of the MSGC barrel, covering the radial region from 700 mm to 1160 mm and extending in
z from £1215 mm to £2760 mm. In each end-cap all disks are connected to form super-modules
as illustrated in Figs. 4.86 and 4.87. The major parameters of the Forward-Backward MSGC
Tracker are summarised in Table 4.9.
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Fig. 4.86: A super-module.

MSG Chamber

o

Precision Pin

\

Fig. 4.87: A detailed view of the detector modules

mounted on one disk.
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Table 4.9: Major parameters of the forward MSGC tracker

minimum radius 700 mm
maximum radius 1165 mm
number of disks 11 each side
number of rings 4 per disk
active length per disk 440 mm
overlap in r 8.6%
dead space in ¢ 1.52% inner ring
1.24% outer ring
number of MSGCs for ¢ — z 2240 single chambers
number of MSGCs for r — ¢ — 2 2512 twin chambers
total number of readout channels 3076096

The main design criteria are full radial coverage of the entire Forward-Backward area for each
disk, minimisation of dead space between the detector modules, rigidity of the super-modules
consistent with material budget constraints, and access for services.

A total of 54 detector modules, each housing four wedge-shaped substrates, are mounted on
each disk in four concentric rings as shown in Fig. 4.88 and summarised in Table 4.10. Rings 2
and 4 are located on the front face of the disk (toward the interaction point), rings 1 and 3 on
the back. As shown in Fig. 4.88 the front and back rings overlap in radius ensuring full radial
coverage for high-pr particles.

H ring 4
ringSH

ring 1H H fing2

ring 1H
H ring 2

ring3H ring 4
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H ring 4
ring 3

ring 1

ring 2

Fig. 4.88: Arrangement of rings on disks.

Table 4.10: Dimensions of rings on the disks. The items in brackets refer to the outermost disks in each
end-cap

ring | location type rin[mm] | rous[mm] | # substrates | # detector modules
4 front double 1005.4 1150.0 56%x2 14
3 back single(double) 889.6 1033.1 60(x2) 15
2 front single(double) 776.1 878.6 52(x2) 13
1 back double 710.0 797.5 48x2 12

The detector modules of the intermediate rings — 2 and 3 — are single-sided and have radial
strips measuring the r — ¢ coordinate with a precision of 40 pym. In the outer rings — 1 and
4 — the modules consist of so-called ‘twin’ chambers, made of two detectors mounted back-to-
back. One module has radial strips, while in the other the strips are tilted by a stereo angle of
50 mrad and provide a measurement of the second coordinate with a radial resolution of 1 mm.
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The outermost disk in each super-module is entirely equipped with double-sided detectors thus
providing at least two space-point measurements for each track in the end-cap MSGC system.

The four wedge shaped substrates in each detector module are mounted side by side forming
a quasi-continuous active area in the azimuthal direction (wall-less ¢ crack). Thus the dead
space is almost exclusively due to the 3 mm thick frames of the detector modules and amounts
to 1.52% (1.24%) for the innermost (outermost) ring.

4.5.1 Detecting elements
4.5.1.1 Substrate specification and dimension

The artwork of the substrates for the Forward-Backward MSGC region will be performed on
DESAG glass of 300 pum thickness coated with a layer of semi-conductive glass (Pestov glass or
Schott S8900). The artwork itself consists of gold strips deposited over an adhesive layer.

The design and manufacture of the Forward-Backward MSGC will correspond to the spec-
ifications defined for the CMS ‘performance prototype’ successfully tested at CERN, PSI and
Louvain-la-Neuve in 1997.

Except for the two outermost rings, all dimensions of the substrates will be optimised in
order to allow the use of existing 6-inch industrial production lines. The Forward-Backward
MSGCs will be manufactured at various plants in Belgium, France and Russia.

To realise the trapezoidal shape of the MSGC substrates, with a homogeneous detector
response across the entire area, the electrode geometry (Fig. 4.89) follows the NIKHEF formula:
G = P/8+20 pym [4-30]. Test beam results discussed in Section 4.3.4.4 demonstrate the reliability
of the rule. The major parameters of the forward MSGC substrate are summarised in Table
4.11.

Fig. 4.89: Schematic view of a trapezoidal MSGC substrate.

Table 4.11: Major parameters of forward MSGC substrate

ring | base B | strip length o pitch at outer | pitch at inner

(mm) (mm) (deg) | radius (pum) radius (pum)
4 127.3 144.6 3.2 248 217
3 106.5 143.5 2.9 208 179
2 104.4 102.5 3.4 204 180
1 102.7 87.5 3.7 200 178
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4.5.1.2 The detector modules

The detector modules consist of three frames supporting the substrates, the drift cathodes and
the electronic hybrids, aligned with respect to each other and providing the required mechanical
stiffness. Figure 4.90 gives an overview of the position and the function of the components and
Fig. 4.91 gives a representation of the relative dimensions in terms of shape and size of the

frames.

This design is based on the experience gained during the prototype phase of our project [4-44,
4-45] and differences in the final modules design can be envisaged after an optimisation process.

metallized foil
top frame

drift cathodes

bottom frame

metallized foil

Fig. 4.90: Overview of the module components.

537 mm

252 mm

Fig. 4.91: A CAD drawing of the three frames. From left to right: bottom frame, distance frame and

top frame.
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The substrates are glued to the 2.5 mm thick bottom frame after they are aligned with
respect to each other. The straps on the front (back) side of the bottom frame are foreseen to
hold the readout and HV hybrid. They are also equipped with precision holes to fix the module
to the wheel structure.

Stiffening bars inside the frame are foreseen to avoid deformation of the substrates through
sagging. Holes in these bars allow the counting gas to pass through. The distance frame (without
any internal bars) separates the substrates and drift cathodes. With 3 mm height it defines the
sensitive detection volume. The top frame supports the drift cathodes and is equivalent to the
bottom frame holding the substrates. However, it has a height of only 2 mm and no additional
straps.

The entire module is closed by a 25 pym Kapton foil that has, on one side, a layer of evaporated
aluminium. This foil protects the micro-strips from external pick-up noise and is an essential
part of the gas return system in the module as explained in the next section.

The bottom and top frame is made of STESALIT* and the distance frame of PEEK (Poly-
Ether-Ether-Ketone). PEEK has a smooth surface and is therefore better suited to define the
detection volume, since no sharp edges of glass fibres distorting the electric field are present,
which could lead to discharges between drift cathodes and substrate surfaces.

For the milestone prototype, the readout hybrid was located at the long base of the trape-
zoidal shaped substrate, glued to the straps at the bottom frame, and connected via wire bonds
to the anode bonding pads on the substrates. The HV hybrids were glued to the straps at the
short base and were also connected by wire bonds. For the final layout, in order to extend the
radial coverage of the sensitive detector area, the readout and HV hybrids will be mounted on
the same support as has been adopted for the barrel MSGCs. In case of the outermost (inner-
most) ring of detector modules this support will be attached to the straps of the short (long)
base of the substrates (see also Section 4.7.2.6). Each detector module has one common drift
voltage.

4.5.1.3 The gas return system

The principle of the gas flow in a detector module is described in Fig. 4.92. It is designed to
provide equalization of the pressure on both sides of the fragile substrates and drift cathodes.

The gas enters through an opening at the side of the distance frame and passes freely through
the sensitive detection volume. It leaves the distance frame via three holes and enters a gas
diversion leading to two auxiliary volumes on either side of the chamber. The gas diversion, as
well as the auxiliary volumes, are made gas-tight by Kapton foils. The gas finally leaves the
module through holes in the bottom and top frames.

Kapton foil top frame (Stesdlit)
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Fig. 4.92: Gas diversion between top and distance frame.

“Stesalit AG, Zullwil (Switzerland).
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4.5.1.4 The twin chambers

About one-half of the detector modules will be designed to measure a second coordinate to
provide space points for charged particle tracking. This coordinate will be measured on wedge-
shaped substrates similar to the ones used in the modules described above. However, the anode
strips will point slightly off-centre to provide a stereo angle of 50 mrad.

For these detectors a so-called twin chamber design has been chosen. A twin chamber
basically consists of two modules of the type described above (see Section 4.5.1.2) mounted
back-to-back to each other and using a common support for the two drift cathodes (see Fig. 4.93).

25mm P - U Stesalit fram%U H - U
L substrates
drift
3mm field
_diftcathode 1 _ .1 _
1mm} drift cathode 2 drift gasin
3mm field
2
H substrates
25mm H — H H H 0 gas out

metallized Kapton foil

Fig. 4.93: A twin chamber module. The frames are identical to the frames of the original single-sided
MSGC detector module.

Two separated drift cathodes provide safe bonding conditions. The half-modules are closed
before the bonding procedure and before putting together the two parts to finish the complete
twin chamber.

4.5.1.5 FEA and deformation studies

Finite-element calculations were performed by I. S. A. tec® with a module shown in Fig. 4.94.
The results for the parameters listed in Table 4.12 are given in Fig. 4.v, 4.vi, 4.vii, and 4.viii.

Fig. 4.94: Module layout studied by finite-element methods.

1. S. A. tec, Aachen.
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Table 4.12: List of finite element parameters

Structural unit Thickness Material Mass | Elastic modulus | Poisson ratio | Density
(mm) (8) (N/mm?) (g/cm?)
Bottom frame 3 Victrex 66
Distance frame 3 450 GL30 33 9700 0.45 1.49
Top frame 2 29
Glass 0.2/0.3 resp. | DESAG263 | 112 72900 0.21 2.51
Thermal plates 0.5 PTG/CFC 16 23000 0.29 1.7
Max. normal Global
Load case Load | displacement bending
(mm) stress (MPa)
Centrifugal accel. lg 0.005 /
Centripetal accel. lg —0.005 /
Radial force 1N —0.005 /
Force normal to plane | 1 N —0.109 -0.9/+0.5

4.5.2 The forward disk
4.5.2.1 The mechanical layout

The forward MSGC detector modules are mounted on annular disks. Four concentric rings of
modules are mounted on each disk, two on the front and the other two on the back face of the
disk. The rings overlap radially to guarantee full detector coverage in the radial direction.

To achieve better planarity and stability, the supporting disks are made out of full plates
machined to the appropriate dimensions (inner/outer diameters of 1370 mm/2330 mm, respec-
tively). As shown in Fig. 4.95, the plates consist of honeycomb core material (NOMEX 4.8-32
with density of 0.032 g/cm?), 20 mm thick, embedded between carbon-fibre (CF) skins. There
are two skins on each side, each 0.2 mm thick (total CF thickness 0.4 mm per side) with the
fibre direction perpendicular to that of its companion skin (45°/ —45° and —45°/45° on the two
sides, respectively). We are examining the possibility to reduce the thickness of the honeycomb
to 16 mm and that of the skins to a total of 0.3 mm per side, while of course maintaining
sufficient stiffness and stability by optimizing fibre quality and orientation.

4.5.2.2 FEA and mechanical distortion

The deformation of the disks under the load of their own weight and of the mounted detectors
has been checked through finite element calculations. To this purpose, a disk was considered
to hang at an inclination angle of 0.7° with respect to the vertical (caused by the deviation of
the plane of the LHC from horizontal at the detector site) and to be fixed at nine points on
its outer diameter (see below) and at two additional points on the inner diameter. Table 4.13
lists the parameters input to the analysis together with the main results. Case A corresponds
to the mechanical layout adopted and constructed in the prototype phase, while cases B and
C correspond to alternative layouts resulting from an optimization process. Figures 4.ix and
4.x describe the disk deformation in the vertical (y) and in the axial (z, along the beam axis)
directions for case A. The maximal vertical displacement is 29 ym, while in the axial direction the
displacements do not exceed 15 pm. Along the horizontal (z) axis the displacement is negligible.
A different orientation of the laminate is chosen for both cases B and C (0°/60°/ — 60°, in a
symmetric lay-up). This results in a reduction of the vertical deformation to 12 ym. Reducing,
in addition, the overall plate thickness (case C) leads to a gain in material budget with an
acceptable deformation of the disk in the axial direction. Although case C is more appealing,
our present choice is oriented towards case B for financial reasons.
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Fig. 4.95: Dimensions of a forward disk.

These results are already within specifications; however, the stiffness of the disks is expected
to be further increased by joining all disks of one end-cap together into a single super-module by
means of nine U-shaped CF bars on the outer periphery and six rectangular ones on the inside.

Table 4.13: List of finite-element parameters

case | total plate skin skin laminate core material
thickness | material | thickness orientation and
(mm) type orientation
A 22 T300 2:04 45° ) — 45° Nomex, 4.8-32,Y
resp.—45°/45°
B 22 T300 2:0.4 0°/60°/ — 60° | Nomex, 4.8-32,Y
C 12 T300 2-0.4 0°/60°/ — 60° | Nomex, 4.8-32,Y
mass support mass y-displacement | z-displacement | max.
plate detectors (vertical) (axial) stress
(kg) (kg) (mm) (mm) | (MPa)
6.1 15.6 —0.029 —0.015 <1
6.1 15.6 —0.012 —0.011 <1
5.1 15.6 —0.012 —0.029 <1

4.5.3 The services layout

The U-channels of the nine supporting bars along the outer periphery of the super-module are
also used to carry the cooling water and gas supply pipes running to the end-flange. In this
way, a bundled supply circuit feeds (approximately) a 40° sector of the super-module. Each
U-channel carries six pipes, four for gas and two for cooling water. We anticipate making both
the gas and water supply pipes in PEEK with an inner diameter of around 10 mm and 20 mm,
respectively.
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4.5.3.1 The cooling distribution

The MSGC detector should be operated at a temperature of 18 + 5°C. The heat generated by
the readout electronics should be efficiently removed. The 512 strips of an MSGC substrate
are readout by four front-end chips, each channel dissipating 2 mW of power. The total power
dissipated by a detector module (four substrates) amounts to 4.1 W for single-sided and 6.1 W for
twin modules. Using water as the cooling medium is adequate, however, the water temperature
should exceed the dew point in the cavity, which is expected to be 12°C.

The hybrids carrying the front-end electronics reside on 0.5 mm thick plates with high ther-
mal conductivity. To optimise the cooling performance we envisage the use of special materials.
In the present scheme, we intend to use commercially available carbon fibres with thermal
conductivity as high as 1100 W/Km. Starting from prepreg (AMOCO K1100X-2K fibres and
FIBERITE 954-3A cyanate ester resin) we have obtained 0.5 mm thick sheets with a thermal
conductivity in the fibre direction between 400-500 W/Km, superior to that of copper, and a
Young modulus of about 400 GPa, similar to tungsten and its alloys. The coefficient of thermal
expansion along the fibre direction is less than 107%/K. This material has been used in the
silicon barrel and forward milestones for the fabrication of the detector modules (including the
plates carrying the front-end electronics). As presented in the reports on these two milestones,
it has been found to have excellent performance in providing adequate cooling of the silicon
detectors, for which the operational temperature is required to be below —5°C. An alternative,
presently under investigation, would be to use plates made of thermal pyrolytic graphite material
(TPG) encapsulated in a carbon fibre composite. For such plates the manufacturer (ADVANCED
CERAMICS) claims thermal conductivities uniform over the plane of the plate and exceeding
800 W/Km.

The cooling system for the forward MSGC detectors is very similar to that for the barrel
ones, which has been studied extensively in the context of the MB1 milestone.

As shown in Fig. 4.96, the cooling pipe for the detector modules is embedded in aluminium
heat exchanger elements, making thermal contact with the plates on which the electronics hy-
brids are mounted. Figure 4.96 shows also details of the heat exchanger.

Fig. 4.96: Design of the heat exchanger element enveloping the cooling pipe for the detector modules.
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For the connections to the supply manifolds, the same PEEK connectors or soldering pro-
cedure are envisaged for the end-cap as for the barrel system. Thirty-six connections are needed
for each disk (one input and one output connector for each of the circuits on the front and back
of the support disks).

The temperature distribution along the circuit of Fig. 4.97 is plotted in Fig. 4.98, as computed
for a stainless-steel pipe with an outer diameter of 3.18 mm and a wall thickness of 0.15 mm.
For laminar flow with the Reynolds number fixed to 2000 and the water temperature at the inlet

at 16°C, safely above the dew point, it is seen that the temperature of the front-end electronics
does not exceed 28°C.

Fig. 4.97: Cooling pipe.

To minimise the amount of material, calculations indicate that the diameter of the stainless-
steel piping can be reduced to about 2 mm with a wall thickness of 0.1 mm. The cooling
performance can be further increased by introducing a kink in a small section of the pipe before
each heat exchanger, thus making the flow locally turbulent.

Calculations show that the pressure drop along the input and output supply pipes is negligible
compared to that between them (<80 kPa).
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Fig. 4.98: Variation of cooling water temperature along one circuit with four modules.

4.5.3.2 The gas distribution

The basic gas distribution circuit involves three detector modules connected serially all residing
on the same disk face. This circuit comes in two variants, one involving two outer ring modules
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connected to an inner ring one, the second having a single outer ring module connected to a pair
of inner ring ones. Since there is a total of 27 detector modules on each disk face (see Table 4.10),
each of the nine service sectors must supply two of the basic circuits per disk, one on the front
and one on the back face. There are two supply (and two return) gas pipes in every sector,
one supplying the modules on disks 1, 3, 5, 7, 9, 11, while the other feeds those on the disks 2,
4, 6, 8, 10. The effective modularity of the gas distribution is further increased by alternately
connecting on successive disks to the circuits (front and back disk face) to the left and to the
right of the supply manifold. Distribution from the manifolds to the individual detector modules
is done via thin PEEK pipes with an outer (inner) diameter of 2.0 mm (1.2 mm). The same
PEEK manifold connectors as for the barrel are to be used (a total of 36 connectors per disk
are needed).

4.6 Barrel MSGC Manufacturing and Assembly Sequence

4.6.1 Detecting elements
4.6.1.1 Module production and assembly procedure

The barrel MSGC modules will be produced and delivered by a consortium of Italian compa-
nies (Ce.Te.V, PROEL, LABEN) led and represented by LABEN S.p.A. (Milan). All these
companies belong to the FINMECCANICA group which is owned mainly by the Italian State.
Their standard business is in the field of aerospace engineering, micro-electronics and coatings
technology.

All of the steps and procedures described in the next paragraphs have been set up and tested
in depth during the realization of the modules for the B1 barrel milestone (Fig. 4.xi).

The production of the substrates will be done by Ce.Te.V, Carsoli, Italy.

Each substrate is fully inspected at the factory with an automatic test station installed in
a clean room (class 100). The inspection unit is equipped with a microscope, a camera read
by a PC, mounted on two micro metric motorised axes that span the whole module surface.
The automatic inspection procedure is capable of identifying defects as small as 5 pm (2 pm per
pixel) in a short time: ~1 hour per substrate. The threshold limit, to define a defect which could
compromise the good operation of a strip, is programmable. The software is able to discriminate
defects on the basis of morphology, size and colour spectrum. A substrate with more than 2%
of bad strips is rejected.

The test station is provided with a probe-card with 40 contacts to measure the leakage
current of the plate up to 200 V in air.

The next step in the production line is the deposition of the advanced passivation strips on
the accepted substrates. Experience gained during the production of the performance prototypes
shows that the deposition of the advanced passivation does not create new important defects.
Drops of polyimide can only damage the area they cover and not the entire strip. Therefore,
after the advanced passivation step, the only required check is a control of the alignment of the
passivation strips to the cathode edges (max. alignment error < 3 pm).

Ce.Te.V has a production capability of 5 substrates/day that will reach 10 substrates/day
(2000 substrates/year) when the final production line is ready.

The gas box and accepted substrates will be assembled into final modules by LABEN-PROEL
Technologies, Florence I'T. This factory can match the production rate of the substrates.

The assembly is done in a clean room (class 100) according to the following steps. First
the carbon fibre window is glued to the PEEK frame. Then these are glued to the substrate.
Vacuum chucks are used to safely handle the different components and to guarantee good flatness
of the final module. The assembly procedure is optimised to reduce the time the substrate is left
free in air, to avoid contaminations and the risk of breaking the fragile glass. For all the gluing
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operations one makes use of automatic glue dispensers that ensure good uniformity of the glue
deposition. The last operation in the clean room is the installation of the gas pipes.

When the gas box is closed, the modules can leave the clean room and the gas tightness and
distribution is checked. Accepted modules must have a gas leakage rate <0.01 cc/min at 1 mbar
Ny over-pressure, and a differential input-output pressure AP <0.04 mbar when the module is
flushed at 1 mbar over-pressure with a flow of 8 cc/s.

4.6.1.2 Quality control and acceptance test

The modules assembled by LABEN-PROEL are shipped to the Pisa INFN Laboratories to
undergo in-depth operative tests as here described.

Cathode strips are bonded to the HV cathode circuit while the anode strips are bonded
to a switch-board that connects each individual anode to ground through a tree structure of
switches. The chamber is flushed with a Ne(40)-DME(60) mixture. The leakage current from
the drift plane to ground is tested to be <10nA up to 3500 V. The detector is then operated at
Ve ~ =540 V, V; = —3500 V, voltages that provide a gain 50% higher than the working gain in
CMS.

The detector is then exposed to high intensity beta sources. The signal current during irra-
diation allows a check of the gain and uniformity of the modules, and identification of anomalous
strips. Anode strips with large leakage current (>10 nA) or that are not stable are easily found
and disconnected by means of the switches.

The Pisa INFN Laboratory will be able to test up to 5 detectors/day. After this test the
module is sent back to LABEN for the assembly of the readout electronics. The defective anode
strips, identified by the optical and operative tests, are not bonded.

4.6.1.3 Final acceptance test

Following the optical inspection and current acceptance test, each MSGC module, assembled
with the final electronics, will undergo a standard series of tests to verify its performance capa-
bilities and the agreements between its operational values with the ones selected by the MSGC
community.

These tests will be performed in different laboratories, but with identical equipment. The test
set-up consists of a table equipped with a support structure for the module and two motorised
arms that move a %Sr source over the whole detector active area (Fig. 4.99). A stand-alone

Fig. 4.99: The zy-table with a performance prototype under test.
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system controls the quality of the gas used in the chamber. A VME crate houses the read-
out electronics and the trigger logic. The fully automated data acquisition system includes
monitoring and control of the high-voltage power supply (CAEN SY527).

Two independent current monitoring schemes are used in order to record possible fluctuations
of the current drawn by the cathode strips. One monitoring scheme is based on the reading of the
cathode current using a picoamperometer® readout with a properly clocked Sirocco ADC (CAEN
V686). The second monitoring scheme makes use of a Keithley 6517A connected through a VME
GPIB bus interface. This method provides an absolute charge calibration. The combination of
the two methods allows a precision of ~ 1 pA in the monitoring of the cathode currents.

The test stand accomplishes the goal of quantifying the performance capabilities of each
MSGC by completing the following measurements and tests automatically:

— A fast (~20 min) uniformity check of the chamber.

— A test for dead/noisy channels and broken or unbonded strips.

— Pulse-height distribution for each strip.

— Gain dependence of the chamber on the drift and cathode voltage (V¢, V).
— Determination of the leakage current I.,¢h04e as a function of Viogipode-

All data are logged and the outcome of these tests is compared to a set of reference values,
which specify criteria for the acceptance of chambers to be used in CMS.

If a chamber is accepted, all relevant information like pedestals, position of dead strips and
operating voltages for each chamber are stored in a database in order to be available for the
event reconstruction procedures in the real CMS data taking environment. Next the module is
shipped to CERN.

Before installation on a rod the module is again tested on the xy-table and the results are
compared with the outcome of the first quality control test. The modules will be accepted and
installed only if no difference in the two sets of data is detected.

4.6.2 Detector supporting elements
4.6.2.1 Rod production and assembly procedure

During the prototype phase [4-46] of our project we have manufactured and assembled twenty
rods, 30% shorter than the final one (Fig. 4.100 and 4.xii). Following the positive experience
acquired during this small production we decided to manufacture in specialised industries all
the sub-components of the final rods: carbon profiles, cross-linking bars, support inserts, cooling
and gas pipes.

The carbon fibre C-profiles and the cross-bars are produced from carbon-fibre/epoxy prepregs
and autoclave cured on molds. This ensures that the essential load carrying components are
thoroughly polymerised and stabilised for long-term use. The C-profiles are made out of high
rigidity and low mass high-modulus (E ~ 400 GPa) carbon-fibres, while for the cross-bars we
use cheaper standard modulus fibres (£ ~ 200 GPa).

The gas inserts and the module support inserts are made by injection molding. This process
works particularly well for production of larger quantities of small plastic pieces.

The assembly of the main mechanical structure of the 736 rods is done in industry following
the same procedure we have adopted for the production of the B1 rods. A rod is assembled in
a custom-made jig that forms it in the correct geometry and allows to glue all the components
together. The gluing is done at room-temperature using epoxy resins [4-47]. This technique,
contrary to elevated curing temperatures, allows high dimensional precision of the final object
to be achieved and avoids the building up of internal stresses due to thermal cycling.

Sinstrument developed and built at Institute de Physique Nucléaire de Lyon.
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After assembling at the factory, the rods are transported to CERN in a humidity controlled
atmosphere, where they undergo the final acceptance tests (see Section 4.6.2.2).

Fig. 4.100: Some of the rods produced for the B1 milestone.

4.6.2.2 Mechanical precision acceptance tests

In the qualification process of a rod, checks are performed on the overall dimensions, planarity,
rigidity and leak tightness of cooling and gas pipes.

For the measurements the rod is placed in a jig that holds the rod from the four support
spheres, the reference points of the rod. The jig sits on a marble table and it can be rotated by
180° for access to both sides of the rod.

The rod is first measured to verify that its external and internal dimensions are within the
specified values. Simple mechanical tools are used for these measurements and a precision of
0.5 mm is sufficient.

The planarity is measured by checking the positions of the module support inserts. A
measurement precision of 0.005 mm is required, and it is reached by using a electronic height
measurement column, used already for the B1 Prototype rod measurements.

To check the rigidity the rod is loaded with a reference weight and the resulting displacement
is measured using the height measurement column. The rigidity check is performed for two rod
orientations corresponding to the two extreme positions in CMS.

The leak tightness of the cooling and gas pipes is checked by applying an overpressure of
helium in the system, and searching for possible leaks by means of pressure gauges and a helium
detector.

4.6.2.3 Assembly of the module on the rod

The assembly procedure of the modules on the rod has been optimised using the modules
produced at the factory for the Bl prototype.

For reasons of economy we decided to manufacture the module frame and the rod with a
very low internal precision in the detector plane (~ 100 — 200 pm). In the radial direction the
mechanical tolerance, 50 pm, is precise enough to match with the uncertainty of the position in
which the primary clusters are produced.

The knowledge of the strip position in the r — ¢ direction is improved by employing an
adjustment system which allows us to recover the initial large mechanical tolerances. The
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method relies on the use of a micro-metric adjustment tool to block the module in its final
position, and a microscope mounted on a zy-movement for control and verification of the strip
position (Fig. 4.101). The most important steps of the assembly sequence are described here in

detail

the rod, that has already passed the quality acceptance test, is placed on a cabling station
where it is equipped with the low-voltage bars, the high-voltage and the control cables.
All the cables have been pre-tested.

the rod is positioned in a reference tool placed on a marble table. The rod longitudinal
axis, defined by two of the rod attachment spheres (see Section 4.4.2.1), is made parallel
to an absolute reference line thus defining the detector plane. The rod plane is identified
with respect to two target pins placed on the rod extremity (Fig. 4.102). Once the rod
is in its final position inside the barrel wheel, the target pins are used for monitoring and
survey purposes.

a module is placed in its housing on the rod and kept in place by a single reference pin
around which it can pivot. A micro-metric tool (Fig. 4.102) is used to hold the module
and to rotate it around the reference pin, without touching the module manually. The
module orientation and position is defined by looking, with the microscope, at two targets
engraved on the substrate. The targets define a line exactly parallel to the strips. With
the micro-metric tool the module is moved such that the line defined by the targets of the
module becomes parallel with the rod axis and therefore with the rod support points.
the module is blocked in its final position by spring loaded screws

the readout and high-voltage hybrids are cabled and tested

the position of the module, relative to the rod support points, is verified again and logged
in a database

the same assembly procedure is adopted for the remaining modules

the modules are connected to the gas distribution pipes

the modules undergo final tests with radioactive sources

The adjustment system was tested experimentally with dummy MSGC chambers and with
the B1 modules. We demonstrated that the modules, constructed with an accuracy in the
detector plane of (~ 100 — 200 pm), can be aligned with respect to external reference with an
accuracy of better than 10 pym.

Fig. 4.101: The B1 rod, equipped with three modules, on the alignment table.
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Fig. 4.102: A micro-metric tool is used to align the module parallel to the rod axis.

4.6.3 The barrel wheel
4.6.3.1 Disk manufacture and assembly

A disk consists of the following main elements: two facing plates (skins) and a set of webs
between the skins. The webs guarantee the correct distance between the skins, give thickness
and stiffness to the structure and reinforce the disk’s thin and critical area between the rods.
Both the skins and the webs are made from pre-cured quasi-isotropic UHM CFRP sheets by
water-jet cutting. The manufacturing procedure was tested by cutting a set of CFRP specimens
and inspecting the achieved precision and possible damages [4-41]. The test showed that the
accuracy and the economy of water-jet cutting is definitely adequate. Also the resulting surface
quality after cutting is good, only a slight smoothening of the sharp edges may be needed to
finish the pieces.

The disk assembly and gluing is done on an assembly table, which ensures the flatness of
the resulting disk. On the table there are positioning pins that locate the two facing skins with
respect to each other. The skins are not complete 2.4 m diameter plates, but cut into sectors to
facilitate the handling and to reduce the number of gluings to be effected simultaneously. The
location of the webs is given by notches cut into the skins.

The disk assembly (Fig. 4.103) starts from laying and aligning the first skin on the table (a),
after the webs are bonded to the skin (b) and to complete the disk the second skin is bonded,
sector by sector, to the webs (c,d).

The assembly and bonding of the disk is done at room temperature. It is foreseen to use
room-temperature curing to minimise build-up of deformations and internal stresses in the disks.
However, since the disks do not need to be highly precise, a thermal treatment can be used to
ensure the complete polymerisation of the glue. The adhesives to be used are the same as
those planned for the rods, i.e. standard epoxies. As a valid alternative, the disk can be first
assembled without any adhesive, then bonded using an adhesive with good capillary properties
to penetrate the joints.

After the carbon-fibre structure of the disk is assembled, the ultimate precision is achieved
by room-temperature bonding the rod support inserts to the structure. The inserts are precision
parts which provide the connection points for the rods. The gluing is done on a flat table, which
has precisely drilled holes for positioning pins that give the locations for the inserts. The same
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Fig. 4.103: The disk assembly procedure.

table, in the same controlled temperature is used for gluing the inserts in all the four disks, thus
providing a set of identical disks.

The main interest in the quality control of the disks is to confirm that they are geometri-
cally identical and behave similarly under loading. The disks will be measured in the horizontal
and vertical positions. Contact (measurement columns and 3D co-ordinate measurement ma-
chines) and non-contact (optical targets measured with a camera) methods will be used. These
measurement principles were applied already in the Bl Prototype [4-48].

4.6.3.2 Cylinder and panel manufacture

The connection cylinders for the innermost radius of the wheel, diameter 1.4 m, are manufactured
using filament winding on a mandrel. This is a common industrial manufacturing technique
[4-49].

A cylindrical, metallic mandrel is manufactured. After applying the necessary layers of peel-
plies on the tool the first skin of wet carbon-fibre/epoxy is wound. A film of adhesive and the
honeycomb core are wrapped on the first skin. Re-inforcement and attachment regions at the
ends and along the sides of the cylinder are added. A film of adhesive and the second skin are
wound on top of the stack.

The assembly is enclosed with the necessary peel-plies and bleeder layers, vacuum-bagged
and cured in an autoclave. In the elevated curing temperature the metallic tool will expand more
than the carbon-fibre layers, thus providing an extra pressure load from inside. After cooling
down, the tooling can be removed as it shrinks more than the carbon-fibre structure on it.

The piece is post-machined to remove the extra carbon/epoxy from the ends, and to define
the contact surfaces of the cylinder.
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The composite panels that are used at the outermost part of the wheel, diameter 2.4 m,
are manufactured using standard prepregging [4-49]. Curved metallic plate is used as a tool on
which the carbon-fibre/epoxy skins, the honeycomb core, and the reinforcement and attachment
pieces are laid up. After curing in autoclave the piece is post-machined for final dimensions.

4.6.3.3 Wheel assembly

The wheel assembly and pre-cabling will be done in the MSGC barrel assembly station, which
consists of four parallel supporting rails and a set of roller units with which the separate pieces,
disks and cylinders are guided next to each other and aligned [Fig. 4.104(a) to (d)]. Mobile carrier
plates are used around the wheel to allow for ergonomic working positions and to improve access
to the ends and to the inside of the wheel. When connecting the cylinders and the disks they are
first bolted together only loosely allowing the disks still to move and to be aligned with respect
to each other. For measuring the relative positions and orientations of the disks, capacitive
sensors and wires running through the disks, laser light and transparent silicon detectors or
‘Rasnik’ methods will be applied. When the disks are aligned the bolts are tightened to their
final tension and secured. Finally, the panels at the outer radius are mounted.

() (b)

(c) (d)

Fig. 4.104: The wheel assembly procedure.
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Between the cylinders and panels special connection pieces are used that displace the bolts
and their local forces further away from the disks, thus increasing the access and reducing the
deformations of the disks. With the adjustment possibilities, the manufacturing tolerances for
the cylinders can be held at a reasonable level.

4.6.3.4 Rod installation and alignment

The rod installation is performed from both sides of the wheel (Fig. 4.105), starting from the
outermost layer and proceeding towards the centre. Rods are slid through the opening in the
end-plate disks till the reference spheres of the rods mate with their counter parts on the disks.
The reduced space available for the rod insertion and the critical overlap between consecutive
rods at 7 = 0, impose the use of dedicated installation tools. The installation is done into two
steps. In the first a pilot rod, equipped with mechanical gauges and endoscopes is inserted to
check the clearance for the rod to be installed. Afterwards the real rod installation starts with
the help of a guiding tool. The guiding tool is comprised of two lightweight rails on which the
rod is able to slide. The rails are mounted on the disk within tolerances that allow for the
spheres to find the counter parts. The rod is pushed manually until the spheres are mated. The
guiding tool is extracted now using the rod as a guide. In case a rod needs to be extracted, the
guiding tool is inserted along the rod and the rod is subsequently extracted.

Fig. 4.105: Rod installation.

The precision maintained during manufacture of the rods and the disks guarantees the final
position and the alignment. The verification of the rod position can be done using photogram-
metry methods, as was successfully done for the survey measurements performed on the Bl
prototype ([4-48] and see Section 6.5.3.1). After all the rods of the outermost layer have been
inserted and their position surveyed, the cabling procedure starts.

Services lines and cables are pre-assembled and formed into different sector shapes, each one
reproducing part of a layer. Pipes and cables are tested and approved for use. The services
sectors are brought to the wheel and fixed to the disk ribs and to the external support. All
the connections from the rod to the services sectors are performed and the final tests on the
complete layer take place. When all the modules are tested and verified to be totally functional,
the installation of rods into the internal layers can start.
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4.7 Forward MSGC Manufacturing and Assembly Sequence

4.7.1 Detecting elements
4.7.1.1 Substrate production

The detector substrates for the Forward-Backward parts of the MSGC tracker are wedge shaped
with 513 cathode and 512 anode strips alternatively engraved upon a Pestov coated Desag glass.
The width of the cathode strips as well as the pitch vary according to the NIKHEF formula
while the anodes’ strip width is constant and about 7 uym. The advanced passivation on strip
ends and cathode edges is achieved with BCB or polyimide. The electrode metallization consists
of gold. Except for shape and sizes, the forward detector substrates should be identical to the
barrel ones (see Section 4.3.3.8).

The substrates for the two inner rings of the forward MSGC tracker will be manufactured on
6-inch diameter glass wafers, using the existing automated production lines at IMEC (Belgium)
and Vostok (Russia). At IMEC the substrate production line will be run by personnel of the
participating Belgian university groups.

The production of the substrates of the two outer rings, exceeding in size a 6 inch wafer,
is under discussion with several potential manufacturers in France and Germany. In France,
Optimask and Eurisys-Mesures are candidates for substrate production and module assembly,
respectively. Thomson-Trixel also is a good candidate in France for the entire production of
detector modules. In Germany, negotiations are taking place with IMT-Baumer to install a
production line. Each of these regional centres is, or has to be, equipped with clean-room
facilities to meet the required cleanness constraints to assembly the detector modules. The
anticipated production time is estimated to be about four years.

4.7.1.2 Quality control and acceptance tests

Upon reception, each substrate will be submitted to a quality control protocol.

An electrical acceptance test of all individual anode strips on the substrate is performed on
a computer-controlled probe-station. The test procedure consists of sequentially placing probe-
needles to an anode bond-pad and a neighbouring cathode strip measuring the conductance and
capacitance between these two strips as well as the capacitance between the anode strip and a
backplane which is provided by the apparatus. The latter measurement immediately indicates
bad contact of the probe-needles to the substrate artwork which could otherwise be interpreted
as defects on the strips.

After a fast optical alignment this testing procedure is performed automatically under control
of a computer for all anodes on the substrate. For a 512 anode substrate this takes about 90
minutes including the initial substrate alignment by the operator.

The electrical measurement is done by means of an CV analyser (Keithley 590) which applies
an AC voltage of 25 mV at 100 kHz to the strips.

High conductance values between anodes and cathodes which can originate from production
failures or substrate contamination, are easily identified in the conductance measurement. Inter-
ruptions on the anode strips which decrease the active length show up as a reduced capacitance
value. The capacitance is a fairly good measure for the remaining connected strip length, which
allows easy computation of the missing active substrate area due to broken anode strips.

An example of such a measurement is shown in Fig. 4.106 indicating one broken anode. The
upper curve shows the capacitance anode to cathode and the lower curve anode to backplane.
The periodic structure in the capacitance values reflects the connection of the cathodes into
groups of 16 strips.
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Fig. 4.106: Capacitance values indicating one broken anode.

After the capacity control, the acceptance test continues with an optical inspection to check
the quality of the lithography in terms of mouse bites and excess of metal spots. If the quality of
the substrate fulfils the acceptance criterion, of less than 2% defects, the substrate is cut to the
correct size and shape using a diamond scriber and cleaned in an ultrasonic bath with de-ionised
water.

The surface resistivity is then measured in dry nitrogen atmosphere by applying high voltage
to the cathodes and measuring the current between anodes and cathodes. The aim of this
measurement is:

— to check the value of surface resistivity already measured after the coating process;

— to detect substrates with chemical residues invisible during the optical inspection;

— to select substrates with same resistivity for subsequent assembly into the detector mod-

ules.

The latter selection procedure ensures the gain uniformity across the module necessary if a single
high-voltage supply line is used for the multi-substrate module. After the initial qualification
of individual substrates, the detector modules are assembled. Finally the modules are tested at
the nominal voltages with radioactive sources and cosmic rays.

4.7.2 The detector module
4.7.2.1 Production of mechanical elements

In the prototype phase, including the milestone MF1, all frames have been machined out of full
material. To save money during final production, all three kinds of frames will be manufactured
by injection molding to achieve a better yield with PEEK instead of milling the frames out
of full plates. The validity of such a method has been demonstrated by the production of the
milestone B1 modules. The precision will be 100 pm, compared to that of a CNC machine which
was sufficient for prototype modules. Details of the molding procedure are still to be discussed
with industry. We have offers for molded frames of the necessary precision, which are assumed
for our present cost estimates, but prototypes have still to be looked at. In case the necessary
precision can not be provided at the assumed cost, we foresee machining the parts where high
precision is required using machines and manpower available in the institutes.

4.7.2.2 Substrate positioning system and tooling

A good tracking performance in the MSGC Forward Tracker requires not only substrates with a
good spatial resolution but also good alignment between the substrates. On each of the wedge
shaped substrates the strips are all pointing towards the centre. The adjacent anodes on two
substrates in a module will continue this scheme if the angular step A« is kept the same as
inside the substrates. In a full circle all strips have an angle of:

a=n-Aaq, nez. (4.2)
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To achieve this two adjacent substrates have to be aligned in the following manner. The distance
between the two outermost anodes has to be an integer multiple of the inter anode distance on
a substrate. This leads to non parallel strips and at the edges between two substrates (¢ crack),
it is necessary to skip one anode strip.

The substrate alignment and the gluing of the substrates to the bottom frame will be done
on a special tool which provides the possibility of controlling the substrate positions and fixing
the bottom frame to the aligned substrates.

The mechanical set-up is composed of four micro-positioning devices (manipulation in hori-
zontal, vertical and radial direction possible) mounted on a common foundation. On top of the
positioning device, vacuum Teflon tables are fixed to hold temporarily the cleaned substrates
(Fig. 4.107).

Fig. 4.107: Positioning device and gluing jig. On the screen the picture of a CCD camera.

The bottom frame is inserted in a cardanic fixation that can be manipulated vertically. Once
the substrates are aligned the bottom frame is lifted towards the back of the substrates and glued
in place.

4.7.2.3 Positioning quality control

The control of the substrate positions is done by an optical fibre system” with measuring sensors
mounted on a common frame on top of the substrate surfaces (without touching them). LEDs
are inserted in the cardanic frame to illuminate the sensors via holes in the bottom frame
(Fig. 4.108).

One sensor consists of about 300 parallel fibres with a diameter of 50 pm distributed in a
slit of 7.5 mm length. All fibres of the ten sensors enter a CCD camera and the signals are
fed into a computer. By combining the information of several fibres the computer delivers 300
light intensity values per sensor (virtual fibre width: 25 ym). Before measurement a white light
correction has to be done with a reference glass plate of the same thickness as the substrates.

In the bottom part of Fig. 4.108 the measured gray values of one sensor are shown. The
minima are caused by the 100 ym wide cathodes, the anodes with 10 ym are too thin to be
detected.

"FiberVision GmbH, Hirzenrott 2, D-52076 Aachen.
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Fig. 4.108: Principal scheme of the fibre scan system. Gray values of one sensor (¢-crack at fibre 130).
Each fibre has a virtual width of 25 pm.

The computer permanently evaluates the phase difference between the gray values of adjacent
substrates. The procedure is the following:

— Determination of the minima: Minima are accepted if they exceed a certain threshold
given by the user.

— Eliminating ‘wrong’ minima: Wrongly accepted minima caused by irregular illumination
or diffraction of light at the glass edges are rejected if the distance of two minima remains
below a certain user defined value.

— Assignment of found minima to cathode numbers: In case of known cathode distance p a
cathode number is assigned to the minima. Minimum n is located at position x and the
next minimum at a distance of Az gets the number n + An with

An = [M%p/?] +1. (4.3)

This extrapolation is continued over the ¢-crack.

— Straight line through the manifold of accepted minima on both sides of the ¢-crack: On the
left and the right side of the ¢-crack straight lines are fitted to the positions z; and the
extrapolated cathode numbers n;:

g = L oami + b for x; left side of the crack (4.4)
" agng + by for x; right side of the crack '
The slope of both lines provides the average cathode distance
a1 +a2
p= 5 (4.5)

and their distance at the position of the crack (z;) the absolute distance

As = (agxs + b2) — (a1zs + b1) . (4.6)
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These two values lead to the phase difference

As mod p
T————
p

¢ =2 : (4.7)

in a region of [0, 27].

Beginning with the outer substrate, all substrates will be aligned with respect to their neigh-
bours with a phase difference as small as possible. The computer program provides the absolute
distance between the outermost cathodes which has to be tuned to the inter cathode distance
(corresponding to the pitch). The precision of this system is better than +5 pm.

4.7.2.4 Final detector module assembly procedure

In some parts of the module the counting gas is in contact with the glue holding the frames
and glasses together. Therefore the glue has been chosen among the various products tested
for compatibility with DME and for having a limited amount of out-gassing agents. Once the
four substrates are aligned some drops of glue are put on the bottom frames. This will be
lifted up and contacted with the backside of the substrates. All working steps necessary at the
unprotected substrate surface are done in a laminar flow-box (class 100) to avoid dust particles
on the artwork. After 12 h of curing time the bottom frame with the substrates will be taken
out of the cardanic frames, turned around and the free space built by the bars in the frame and
the backside of the substrates will be glued gas-tight with the necessary amount of glue.

A final validation of all procedures described in this chapter has been done in the framework
of the MF1 milestone [4-31]. This milestone has been set in order to

— evaluate all system aspects of the Forward-Backward MSGC Tracker,
— check the feasibility of the industrial production,
— set up and check all assembly and test procedures in the institutes involved in the project.

For this milestone, 6 Detector Modules have been realised, with a total of 38 MSGCs. One
of the objectives was also to test and optimise the mechanical design for the mass production.
Therefore, several design variants of open (electronics inside the counting gas) [4-50] and closed
(electronics outside) [4-51] were under test. Figure 4.109 shows one of these Detector Modules,
consisting of two prototype modules equipped with four substrates each mounted side by side
following the closed design approach.

i AsRrenED

Fig. 4.109: Two prototype modules on a common support plate. At the top of the 8 substrates there
are the pre-amplifiers and the the control electronics, able to readout 4096 channels.
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In November 1997 a beam test experiment involving all MF1 Detector Modules has been
carried out at the CERN X5 area. During this test, all designs have shown to be fully opera-
tional, and 19 456 strips grouped in six multi-substrates detector modules have been successfully
operated [4-52]. Uniform gain across the entire detector surface was verified and all the wall-less
¢ crack mounting of aligned substrates has been shown to work (Fig. 4.110).

The optimisation of the mechanics results in the closed design described here.
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Fig. 4.110: S/N vs. position in the detector module.

4.7.2.5 Final testing procedure of detector module

After the final assembly the detector modules are subject to an extensive test procedure. It
consists of:

— a test for gas leaks,

— a test of the bonded front-end electronic,

— the identification of missing bonds and broken strips,

a high-voltage test,

spot checks with a source,

— a test of the complete module in a cosmic ray hodoscope.

4.7.2.6 Assembly of detector modules on the disk

To cover the whole Forward-Backward region the detector modules will be mounted on disks as
shown in Figs. 4.86 and 4.87.

An extension of the radial coverage of the sensitive detector area is possible if the space
necessary for the readout hybrid is reduced. This can be done if the readout hybrid is mounted
perpendicular to the substrates. To achieve this a bent pitch adapter has to be used (Fig. 4.111).
Pitch adapters made of Kapton capable of flexing by 90° were realised in the AMS project [4-54].
The bending radius for the Kapton pitch adapters is approximately 1 ¢cm. The application of
this technique to MSGC forward region will allow the sensitive outer radius of the detectors to
be increased by approximately 1.6 cm.

A second possibility, similar to what is adopted for the barrel MSGC, and that we intend
to pursue, is to mount both the readout and HV hybrids on the same support. This common
support will then be attached to the short (long) base of the substrates in case of the outermost
(innermost) ring of detector modules, maximising the radial coverage. For the intermediate
rings, the readout/HV hybrid can equally be connected to the strips from the short or long
substrate base.
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Fig. 4.111: Readout electronics fixed at 90 ° to the MSGCs, in order to reduce the dead space.

4.7.3 The forward disk
4.7.3.1 Manufacturing and assembly

The plates for the forward disks will be produced by commercial firms specialising in CF-
composite materials. Two main candidates have been identified, EUROCOMPOSITES, where
the plates used in mechanical prototypes were produced, and CONTRAVES. The machining to
the final disk dimensions will be carried out in the Aachen workshops (I. Institute).

In an initial step, the disks will be equipped with precisely located fixation points for the
detector modules and with the detector cooling and gas distribution piping. This pre-assembly
step will also take place in the institutes.

The precision in the relative alignment of the detector modules on the disk is given through
the exact positioning of the fixation points. Precision holes are drilled on a CNC machine at the
location of the fixation points in a CF plate, which is used as a jig. Corresponding (less precise)
holes are made on the honeycomb disk. Figure 4.112 illustrates the method used to precisely
position the fixations.

Honeycomb Plate Fixation Bolt

=
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Fig. 4.112: Positioning inserts on honeycomb wheel
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The CF jig is laid on a flat granite table and auxiliary feet are placed in the holes and
held there by vacuum suction. Precision made PEEK inserts are then mounted on the feet by
means of screws. The honeycomb support plate is then placed on this construction and levelling
elements are used to adjust it with respect to the PEEK inserts so that it rests freely on them.
The inserts that have been precisely placed on the jig now fit into the plate holes (the diameter
of the latter is 1 mm larger than that of the insert heads, providing some freedom of adjustment
during the placement). A small amount of glue is then used to fix the head of the insert to the
honeycomb plate inside the hole. In this way, precision in the direction perpendicular to the
face of the plate is guaranteed by the flatness of the granite table (better than 5 pm) and by the
milling of the auxiliary feet and insert pieces with a typical precision of 10 pm. In particular, a
possible non-planarity of the CF jig is of no consequence. In the plane of the plate the accuracy,
again to the level of 10 pm, is given by the precision of the jig.

The honeycomb plate is then removed from the jig by interrupting the vacuum and the
auxiliary feet are unscrewed from the PEEK inserts. The latter are now firmly affixed to the
plate using glue. Precisely fitting pins are then placed in the inserts and serve for the eventual
mounting of the detector modules. The cooling and gas distribution pipes are also pre-assembled
on the plate.

4.7.3.2 Final assembly into a super-module

All disks in one end-cap are connected together into a super-module by means of CF bars, as
shown in Fig. 4.113.
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Fig. 4.113: The forward disks assembled into a Super Disk structure
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Six rectangular bars (each 80 mm wide and 3 mm thick) run along the inside diameter of the
disk, while nine U-shaped ones are attached to the disks around the outer diameter. Both sets
of bars are fixed onto the disks by means of aluminium 90° brackets and assembly pins following
principles very similar to those employed in equipping the disks with the fixation points for
the detectors. As shown in Fig. 4.113, the super-module is terminated by a CF support ring
connecting to the end-flange, thus making the whole super-module stiff in the z-direction.

4.8 From the TDR to the Beginning of Construction

The writing of the tracker TDR. represents the culmination and, at the same time, the completion
of an intensive R&D effort which has lasted for several years. No more significant developments
are needed, at least for the baseline choices. Further R&D will continue only for a few back-up
solutions like the MGC concept for the stereo measurements (see Section 4.9). The transition
phase between the TDR and the beginning of construction will be devoted essentially to the
engineering of the mass production techniques and to the preparation of the test lines both in
industry and in Institution laboratories. The main goals of this phase will be the fine tuning
of the assembly and the test technologies to reach the target costs and throughput. The most
important tool to meet these goals will be the construction and test of a pre-series of the final
detector modules, both for the barrel and the forward versions. The pre-series modules will be,
from the mechanical point of view, identical to the final ones (as described in this TDR). A
sizeable fraction of these modules (~ 10%) will be instrumented with the closest approximation
to the final electronics that will be available toward the end of 1998, including the new MSGC
version of the APV chip. A new generation of HV and readout hybrids will be developed by the
collaboration for this purpose. These kinds of modules will undergo an in-depth beam-test at
CERN at the beginning of 1999. The goals of this test will be the re-measurement of the working
point, plateau length, signal to noise ratio, hit efficiency and tracking capability with the final
mechanics and electronics. A high-rate hadron beam like T10 is the best suited for this kind
of measurement. The energy of the particles will be tuned to the lowest CMS reconstruction
threshold (2 GeV). Another set of chambers taken from the production pre-series will be tested
during 1999 for reliability and resistance at a high duty cycle hadron beam at PSI. For this type
of test there is no need for the final electronics and the chambers will be readout with the old
generation of hybrids (PREMUX) and/or with picoamperometer, to detect instabilities during
operation at very high rate. The completion and exploitation of the pre-series milestone is the
last step before construction begins in industry and in the Institutions towards the end of 1999.

4.9 Further Thoughts and Improvements

The R&D activity is substantially completed for all the major baseline technological choices
and solutions have been found for all the crucial points. Nevertheless, intensive R&D activity
will continue on the small-gap concept (SGC) and on the micro-gap concept (MGC). These
are two promising variants of the Micro Strip Gas Chamber technology that could represent
valuable alternatives for the 1-D MSGC (the SGC), and for the twin chamber (the MGC). In
the Small Gap Chamber the clearance between anodes and cathodes is reduced to ~ 10 pm
only, instead of the usual 50 pm (Fig. 4.114). In this way the fraction of exposed insulating
surface is reduced to 10% of the total. All the substrate effects (charging, polarisation, etc.)
are minimised by construction, and surface coating is no longer needed. This will imply a
non-negligible simplification of the detector manufacturing. The use of an advanced passivation
technique to protect both the anode and cathode edges is crucial to obtain large gains (see
Fig. 4.115). Prototypes of SGCs built on a silicon or on a glass substrate have already been
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tested in the laboratory and in low-intensity and high-intensity beams [4-55, 4-8]. Figure 4.116
shows the detected charge, the gas gain and the efficiency plateau measured in a beam test at
CERN. Further development of the SGC concept will focus on the production of large area glass
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Fig. 4.114: Cross section of the SGC.

@

-
T

5

gas mixture: Ne(33)/Dme(66

55
source  Fe
drift voltage= -3500 V

il

(S

10

c
©
O

O S |

i

10%] T 4 gapl0 instability imi]
] ot ® gapl0 voltage mode -
N . !/' M gapl0 current mode r,
51 e L B gap20 voltage mode te
4 » r5
3l Fa
T T T T T T
350 400 450 500 550 600

“Veathode (\2]

Fig. 4.115: Gain curve of a SGC with two different gas widths.

plates to be tested in a high rate hadron beam at PSI to assess their reliability and safety margins.
The MicroGap Chamber (MGC) can be considered as the 3-dimensional evolution [4-56] of the
MSGC (see Fig. 4.117). The amplifying electrode structure is no longer in one plane only, but
use is also made of the third dimension. The anode and cathodes are now in two different planes
with the insulation between them provided by a thin insulating strip. The set of two electrodes
can be structured independently, to provide two measurements of the particle position. Viewed
from the top, the MGC is a dielectric-free, full metal, device. Charging or other substrate
effects are not expected, because there is nothing to charge and the detector is, essentially,
substrate-less. Several generations of MGC detectors on a silicon or glass substrate have already
been built, in small or large areas. The use of glass substrate is mandatory for large plates to
avoid large parasitic capacitance toward the substrate. The ratio of cathode signal to anode
signal is 0.8 for a glass substrate. The most significant results obtained in the laboratory and
in beam-tests are shown in Figs. 4.118, 4.119, 4.120 and 4.121.
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Further R&D will focus on the production of large-area glass plates to be tested at PSI for
reliability. The main advantage of the MGC concept over the twin chamber approach is the
non-negligible saving of material, space and money, provided by using one substrate only to get
two views of the particle crossing.
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Chapter 5

Microstrip Tracker Electronics

5.1 Overview and Requirements

The microstrip Tracker readout system design has been based on components developed in LHC
R&D programmes over the last several years, principally RD20 and RD23. The main goal
was to construct a system which would provide analog data from a microstrip Tracker with
minimal power, material and sufficiently low noise. These aims are strongly constrained by the
requirement to use existing technologies which can be demonstrated to allow production of the
system in the relatively short time available until CMS operation is scheduled to start. It is
estimated that only three to five years can reasonably be allowed for most of the production of
electronics contained within the Tracker volume itself, given the magnitude of the system and
the testing and assembly requirements. There are also tight financial constraints which must be
observed.

The electronic challenges for the system are principally to ensure a sufficiently low noise
level during the full operational lifetime, and adequate bunch-crossing identification, which is
ultimately limited by the speed and magnitude of the signal from the detectors as well as
by electronics. During irradiation the silicon signal will decrease slightly in magnitude. The
MSGC signal is adjustable but low gain operation is preferred to minimise risk as there is little
experience of operation of large scale systems.

The target for performance for both silicon and gas microstrips has been to achieve an
equivalent noise charge of less than 2000 electrons over the entire detector lifetime, including
all contributions, for a power consumption in the front-end chip close to 2 mW /channel. It
has been assumed by CMS in simulation studies that the silicon signals would be localised
in time to a precision of a single bunch crossing and that MSGC signals would be identified
with a precision of two bunch crossings. These requirements have not been translated into
a rigid specification, as the detailed performance of several important elements of the system
has been unclear and, although considerable progress has been made in defining parameters,
some (decreasing) uncertainties are likely to remain even in the future for some considerable
time. These include the availability and analog performance of electronic processes suitable
for radiation-hard front-end chips, the behaviour of detectors after irradiation, the operating
conditions for MSGOCs, the noise performance of analog optical links, the linear dynamic range
of signals required, etc. While precise performance targets are desirable, the risk factors in
constructing such a large system must also be considered and thus, for example, a very high
priority has been given to ensuring that the front-end circuits could be constructed in more than
one available technology.
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5.1.1 Organisation

The high particle fluences, magnetic field and inaccessibility in CMS, along with demanding
requirements, raise issues of testing, qualification, operational reliability and long term mainte-
nance, as well as possible impact on performance. The technologies to be employed are in many
cases new and even relatively immature, in terms of widespread commercial application, and
this is especially true for the Tracker electronics. Additional constraints are due to available
manpower and financial resources which must be strictly accounted for. These provide notable
challenges to our ability to plan and manage the implementation of the CMS systems as well as
to devise working solutions.

While some components have been particularly prominent in the early period of develop-
ments, a considerable effort in the last two years has been devoted to developing a complete
system, including the control elements which are necessary to operate the complex, remote
and distributed system that the Tracker electronics actually comprises. A second high priority
has been given to ensuring that the components could allow configuration in a flexible way to
match the different topological arrangement of detectors and services in the four major parts
of the Tracker, namely Barrel and Forward silicon and MSGC detectors. All the major elec-
tronic system elements are now defined, and most prototyped. Necessarily, considerable work
remains, particularly on crucial aspects, such as power provision, hybrid design and ground-
ing and shielding, which will be refined during prototyping of modules and intermediate scale
systems.

Although the final parameters chosen for the system allow some flexibility, detailed specifica-
tions have been developed for components based on present and anticipated future performance
of prototypes. A strong emphasis has been placed on defining, reviewing and documenting these
specifications for several reasons: interaction with commercial manufacturers, information to
system users and maintenance of the system during its operational lifetime. It should also help
during the inevitable turnover of personnel which must be anticipated in projects with such long
duration as an LHC experiment, and in ensuring that the system is fully self-consistent, as well
as compatible with the rest of CMS. The present TDR thus represents a summary of many other
documents referred to in the following text.

The activity of the teams contributing to the readout and control system development has
been managed through regular system meetings with design reviews of each major component
at several stages (initiation of design, midpoint and prior to fabrication). These are foreseen to
continue through the lifetime of the project and will now be extended into the next phase of the
project when construction starts in earnest.

5.1.2 Motivation for analog data

There are several reasons for preferring an analog to a digital or binary system. One of them is
related to achievable position resolution. Charge sharing between detector strips will be frequent
as a consequence of non-normal incidence, magnetic field effects and energy loss fluctuations.
In the CMS 4 T field the Lorentz effect in silicon detectors will distribute charge over 37 pm
on axial p-side strips (and 200 pym on n-side, if they were to be used). Analog readout should
improve the MSGC resolution, at least at small angles.

Another argument for analog readout is possible gain in overall performance. The material
budget is strongly influenced by front-end electronic functions as the topology of the detector
hybrid is determined less by chip design but more by the number of interconnections and cooling
requirements. Minimising power consumption has been an important emphasis in the design
stages as there is a requirement for cooling all power sources and tolerating power losses in
cables. Lower power therefore results in less material in services.
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However, the expected robustness of an analog system in the LHC environment is perhaps
the major reason for preferring it; past experience has suggested that systems are easier to debug
and operate if pulse height information is available. The CMS Tracker system is quite different
from those constructed in the past, both in scale and in its distributed nature and very limited
access. Excess noise from external sources, such as ground loops or transient pickup, should be
expected, as well as common mode effects. It will be difficult to solve such problems, at least in
the short term, by direct intervention.

We believe analog data will give greater ability to identify problems and to apply online
corrections. Some degradation due to radiation damage both to detector signals and electronics
may occur even with hardened technologies, as well as ‘minor’ damage, such as connector fail-
ures. Pulse shapes, amplitudes, occupancies and unexpected effects of radiation damage can be
frequently monitored in CMS. Access to external electronics should provide greater reliability
than locating it within the Tracker volume and long term maintenance, and possible upgrades,
should also be easier. Many of the circuits required, such as 40 MHz FADCs, can be obtained
from commercial sources and there is little to be gained by implementing custom, radiation-
hard versions, since the cost and performance of commercial components are already evolving
favourably without effort on our part.

A digital system may lead to a slightly smaller volume of data to be transferred, but adds
potential difficulties such as extra custom radiation-hard front-end electronics and control of
thresholds. Data suppression would mean that such a system is entirely asynchronous after the
pipeline memory and internal event counters and buffers are required; monitoring its state could
become a very complex task. In contrast the CMS system will be entirely synchronous until data
arrive at the counting room. The state of the system can be predicted constantly and therefore
monitored with relative ease. Naturally this requires reliable clocks and triggers but this is an
essential component of all systems; in the CMS Tracker system it should actually be easier to
identify behaviour due to this kind of fault.

Finally, the long lifetime of the system and the potential to improve performance over the
operational phase should not be completely neglected, even if budgetary considerations are
paramount now. The suppression of data on the outside of the Tracker volume, and not in-
ternally, leaves open one of the few means by which such a system can be upgraded and take
advantage of technology and cost evolution in commercial components.

5.1.3 System summary

Each microstrip is read out by a charge sensitive amplifier with a time constant of 50 ns whose
output voltage is sampled at the beam crossing rate of 40 MHz. Samples are stored in an analog
pipeline for up to the first level trigger latency of 3.2 us and, following a trigger, are processed
by an analog circuit forming a weighted sum. This confines the silicon signal to a single beam
crossing interval and enables measurement of signal amplitude and bunch crossing associated
with the hit. For the MSGCs a similar signal processing scheme is being implemented but a
final decision on the algorithm awaits evaluation of the filter in tests on chambers. It aims to
meet the CMS requirements of high efficiency and timing precision of two bunch crossings.

Pulse-height data are multiplexed from pairs of 128-channel front-end chips by a multiplexer
chip on the detector hybrid onto a single differential line which drives signals over a short distance
of twisted pair cable to a laser driver mounted in a four-way package. At this point electrical
signals are converted to optical and transmitted over a fibre optic cable to the counting room
adjacent to the cavern approximately 100 m of cable distant. The optical link employs edge-
emitting semiconductor laser transmitters operating at the telecommunications wavelength of
1300 nm mounted in customised low mass packages, which have been developed in collaboration
with industry, transmitting through single-mode fibres.
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The external data acquisition for the Tracker is based on a VMEbus system housed in the un-
derground counting room adjacent to the experimental cavern after cable paths of approximately
100 m. The pulse height data from each channel of the front-end chips, with no zero suppression,
are received by a photodiode-amplifier and converted back to electrical levels matched to the
range of a 10 bit ADC. Approximately 2 bits of the range will be utilised to allow for possible
level variations within the system which would otherwise need to be compensated for with extra
electronics. The remaining 8 bits are easily sufficient for adequate resolution over the range of
signals expected. The Front End Driver (FED) is the module which digitises the analog data,
performs some signal processing, including re-ordering and pedestal subtraction, and stores the
results in a local memory until required by the higher level data acquisition. In high luminos-
ity conditions when the experiment is operating at the maximum trigger rate simple cluster
finding will be essential to reduce the data volume to be transmitted. It is envisaged that this
will be introduced gradually as experience of the system is gained and will incorporate some
programmability, e.g. of cluster thresholds, in an ASIC in the data stream.

A separate VMEbus module, the Front End Controller (FEC), mounted in the counting room
is responsible for control and monitoring of the front-end electronics and some other internal
features of the system, such as local high voltage. It is also the interface to the global Timing
Trigger and Command (TTC) system which distributes the LHC machine master clock and
first level triggers to the front-end electronics. Digital optical links, based on laser transmitters
identical to those used for the analog data, will send and receive triggers, clocks and control data
at 40 MHz speed. Internally, the digital transitions are recovered by photodiodes and amplifiers
and distributed electrically by a Communication and Control Unit (CCU) to a series of detector
modules. The clock signals are locally recovered by Phase Locked Loop (PLL) chips on each
module to ensure high reliability and minimum phase jitter. The relatively small numbers of
FECs are located close to the shortest cable route to the cavern, which is one of a series of wide
bore, straight tubes, to minimise the contribution to the trigger latency.

A schematic diagram of the proposed system is shown in Fig. 5.1 and a summary of the
components and their present status is given in Table 5.1. The numbers of chips refer to the
approximate numbers in the final high-luminosity system. Figure 5.2 shows a more practical
view of the arrangement of a typical part of the front-end of the system.
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Fig. 5.2: Schematic diagram of a silicon detector module readout.

5.2 Radiation Hardness

The tracking system experiences one of the most severe radiation environments in the whole
of CMS with 10-year doses and fluences up to about ~ 100 kGy (10 Mrad) and 2 x 10
charged hadrons-cm 2 at the innermost silicon microstrips and ~ 10 kGy (1 Mrad) and 10'3
neutrons-cm ™2 for the outermost MSGCs.

Few of the electronic components required for installation in the Tracker volume can be
purchased from formally qualified radiation hardened sources, either for reasons of availability
of suppliers or lack of prior knowledge of the radiation tolerance of certain technologies. For
this reason a significant burden will fall on the Tracker teams to ensure that the electronics will
sustain the radiation levels to be encountered. The Harris AVLSI-RA process has been used for
most of the prototyping to date and the two chips developed there are the basis for subsequent
translations of designs into a second technology. Although not formally qualified to the Tracker
levels, experimental measurements on chips and test structures laid out in each Harris process
run have shown excellent results after extremely high levels of irradiation. The only foundry
which has indicated a willingness to deliver qualified components at the 10 Mrad, 10'* n.cm™2
level is Matra—MHS, using the DMILL process developed by CEA (France). While Matra-MHS
is expected to be a major supplier of ASICs for the Tracker, their process has only recently
become commercially available. We foresee substantial purchases from both manufacturers.

For the complex digital chip which is required for the control system, the CCU, a gate ar-
ray process has been identified which simplifies considerably the definition and design process.
This Honeywell technology has also shown good results after irradiation. The design could be
converted to another process with some effort to develop appropriate cell libraries but the gate
array approach offers more flexibility during the evolution of the design. Several other small
chips required in the system are targeted at DMILL but could be produced, if necessary, in
bipolar processes with separate CMOS logic. At present, it does not seem necessary to produce
backup designs for all of these. Optoelectronic components, of which the most critical is the laser
transmitter, have also shown impressive performance after irradiation. Several sources for the
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Table 5.1: Summary of components used with their functions and the technologies to be used

Components Function Size Power Number Technology
per chip of chips
(mm?) (mW)

APV6/APVD 128 channel silicon 6.4 x 12.0 310 41 k Harris
front-end amplification and DMILL
and memory CMOS

APVM/APVMD | 128 channel MSGC 6.4 x 12.0 <250 53 k Harris
front-end amplification and DMILL
and memory CMOS

APVMUX 2 APV: 1 optical 3.5 x 3.5 (est) | 100-200 23 k Rad-hard
link multiplexer BiCMOS

CCU Distributes clock, trigger, 8 x 8 (est) <400 1400 Rad-hard
commands and monito- gate array
ring data or ASIC

PLL Precision clock 2 x25 <50 20 k Rad-hard
recovery and delay BiCMOS

DCU Optional interface 2.5 x 2.5 (est) <50 TBD TBD
to monitor slowly
varying parameters

Laser Driver Bias and modulate laser 1.9 x 2.9 200-240 50-58 k Rad-hard

4 channel Tx current for analog incl. Tx 12-15 k BiCMOS
or digital transmission

Laser Diode Tx Electrical-optical 0.3 x 0.2 50-58 k v
converter for 1.5 x 2 semiconductor
outgoing analog (submount) + silicon
and digital data submount

Photodiode Rx Optical-electrical 0.6 x 0.6 50-58 k II-v
conversion of digital 1.5 x 2 semiconductor
or analog data (submount) + silicon

submount

Analog receiver Transimpedance amplifier NA Incl in 49 k Commercial
for analog signals FED bipolar

1 channel surface mount

Digital receiver Transimpedance amplifier 2 X 2 <250 2-5 k Rad-hard
for digital control (est) BiCMOS

2 channel clock and trigger

LVDS Tx/Rx Conversion of digital 1x1 10 1200-3400 | Rad-hard
electrical levels to (est) BiCMOS
standard used in detector
(required only if
CCU is gate array)

FEC Distribution of clock, VME9U < 100 W 20-80 Surface mount
trigger and control, board
reception of monitoring
data via 16 4-way links

FED Reception and processing VME9U < 100 W 740 Surface mount
of 64 optical channels board
of analog data
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lasers have been identified with equally good radiation hardness and the results are interpreted
as an intrinsic feature of modern semiconductor lasers which employ quantum well technology
and small active volumes to achieve low thresholds and high electrical-to-optical efficiency. Sev-
eral photodiodes, for digital receivers, have also demonstrated adequate hardness for the CMS
application, as have fibres and connectors. Thus, assessment of the radiation tolerance of all
of the components expected to be used has been a major element of the prototyping to date.
Fortunately, with some caveats, the results so far appear to be very promising. Details and
references are provided later. A brief summary of the major issues follows.

5.2.1 Technology issues

The major technologies to be utilised by the Tracker are bulk CMOS, silicon on insulator (SOI)
CMOS, and bipolar or BiICMOS processes for electronic circuits, and devices based on ITI-V
compound semiconductor materials for optoelectronic components. Each of these has different
intrinsic tolerance. In addition, optical fibre, connector and cable materials are subject to
degradation under irradiation so samples of these also require testing.

MOS devices rely on conduction in shallow channels very close to the gate oxide interfaces.
Thus they are intrinsically very hard against displacement damage and very high neutron levels
can be tolerated without degradation; ionising particles are the principal concern. The effects
which result are threshold voltage shifts, increased noise and reduced transconductance or gain.
Up to now, the measured noise and gain changes have been insignificant in the DMILL and
Harris processes and threshold voltage changes are allowed for in the circuit design in the same
way as process parameter variations.

Most of the damage to bipolar transistors of interest results from increased recombination
in the base region due to bulk and surface (dielectric) damage which can be caused either by
neutron or ionising radiation. This reduces the current gain of the transistor which has to be
taken into account in the circuit design. Recently, concern has arisen about low dose rate effects
in bipolar devices whose magnitude is hard to estimate both because of limited observations and
inadequate theoretical understanding. This introduces an additional uncertainty requiring new
experimental measurements since long-term irradiation effects are normally simulated by tests
carried out at high fluence followed by thermal annealing.

In addition to changes in transistor parameters after irradiation, two other mechanisms for
significant damage exist: latch-up and single-event effects. Latch-up is caused by the creation
of parasitic bipolar devices via substrate current paths which are enhanced by irradiation. The
DMILL process is inherently hard against such damage because of the use of SOI wafers and
trench isolation techniques; Harris claim that the epitaxial nature of their AVLSI-RA process
also makes it immune to latch-up. Single-event effects result from local ionisation changing
the state of circuit nodes. Since this is bound to be strongly dependent on both the circuit
design and functions as well as the technology used, only measurement of individual circuits in
operation can reveal the likelihood of this phenomenon. The most vulnerable circuits are likely
to be dense logic circuits, such as microprocessors, constructed in deep sub-micron processes.
However, the circuits and technologies presently envisaged for the CMS Tracker are not expected
to exhibit single event upsets at a high rate although this will be hard to verify.

Many ITT-V semiconductor materials, such as GaAs and other combinations of In, Ga, As,
and P, used for optoelectronic devices are expected to be most sensitive to bulk displacement
damage which gives rise to defects in the active region of the device. Many compound materials
are believed to be rather radiation-hard probably because, relatively speaking, many defects are
present in the initial raw material compared to the number created during irradiation. Part of
this is due to the fact that the active volumes of optoelectronic devices are deliberately very
small, such as in shallow photodiode structures or semiconductor lasers, where the invention of
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multi-quantum well structures has permitted the design of low threshold current, high power
and efficiency transmitters. This seems to be borne out by radiation studies carried out by the
CMS team who have verified that a number of readily available lasers show excellent behaviour
after irradiation. Suitable photodiodes for receiving digital signals in the Tracker volume have
also been identified.

5.2.2 Testing and qualification

The major task concerns the front-end APV chips as, except for the CCU, other components
are less complex and can generally be tested in industry within the cost constraints using well
specified procedures defined by the design team. The digital CCU chip should be testable
commercially using test vectors defined by the designers. For the mixed signal APV design, where
the analog performance is vital, it is not yet clear that commercial testing could be adopted,
nor if it is affordable. At present, therefore, we assume that the bulk of this responsibility
will fall on a small number of CMS Tracker institutes who are equipped with automatic wafer
probing equipment and appropriate expertise, following procedures presently being developed
during APV evaluation studies. Production phases for each chip are assumed to extend over
approximately three years. There are several reasons for this:

— it is not expected that any foundry will release more than a fraction of its full capacity to
produce our wafers, even if it is potentially capable of much more,

— it is not expected that the available cash flow will permit much faster purchasing,

— it is not desirable that chip production should be grossly in advance of testing.

Automatic wafer testing of each chip can begin some months after production has been
initiated. This will lead to identified ‘known good die’ which should be cut from the wafers and
assembled onto the hybrids and re-tested prior to module assembly. All of this must be tracked
and catalogued. This sets the time at which module assembly can be complete. The testing
procedure and its automation, which is essential, has been under development during 1997 using
APV6 wafers and although further experience is required, it appears that the time required to
test each die on the wafer is around one minute. This defines the number of stations required
to carry out the testing; we foresee up to 3—4 centres dedicated to this work. The principal task
will be to load wafers, set the system in operation, and scrutinise and catalogue the results; only
if problems are identified will the intervention of a senior engineer be required.

Some radiation qualification, even of parts produced in hardened technologies, will be re-
quired; the overhead in time and resources is difficult to estimate at present. Until recently all
studies had been done using local ®*Co sources available within the collaboration. This will not
be practical for wafer acceptance where tests should be done under bias. An effort is under way
to obtain wafer irradiation facilities using X-ray generators similar to one purchased by CERN
to ensure die can be evaluated at regular intervals.

Once known good die have been identified, batches of wafers will be assembled and sent for
cutting. Chips will then be distributed to other CMS centres for assembly onto hybrids and
then re-tested, automatically. (It is not excluded that hybrid assembly could be carried out in
industry but this is still under investigation.) Detector module assembly will be undertaken by
other centres within the collaboration.

5.2.3 Purchasing

It is a key element of the CMS strategy to maintain an identical design for both silicon and MS-
GCs front-end chips in two different processes to ensure that risks due to delays in manufacture,
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for any reason, should not have a major impact on the production programme. Since production
is bound to extend over several years and the number of manufacturers offering radiation-hard
foundry services is very limited, there is considerable risk in relying on only one source, including
vulnerability on cost. The time taken to translate the front-end APV design into another well
-characterised process and verify it is one to two years so this must be carried out now. In ad-
dition, it will be necessary to purchase from both manufacturers, to ensure constant availability
and to ensure competitive pricing. The fraction of the purchases from each will depend on price
and yield which can only be verified reliably after a significant wafer volume has been acquired.
For these reasons, the APV designs have been translated from Harris into DMILL so that two
vendors could bid in real competition. For smaller chips, yield is expected to be high, and wafer
volumes are much smaller and it is not considered essential to maintain the designs in different
technologies as they could be translated into an alternative process within about 4-6 months
should problems arise.

5.3 Front-End Electronics

5.3.1 Silicon front-end chip

The front-end chip is based on a design originally developed by the RD20 collaboration [5-1] and
denoted as the APV series. It is designed to operate with minimal deadtime up to trigger rates
of 100 kHz. Each channel of the APV contains a preamplifier and shaper stage, with a peaking
time of 50 ns, followed by a 160 location deep memory into which samples are written at the
40 MHz LHC machine frequency. A data access mechanism allows the marking and queuing of
requested locations for output, and embedded logic ensures that the samples awaiting readout
are not overwritten with new data. Following a trigger, a series of samples from the memory
are processed with a deconvolution filter (APSP), a switched capacitor network, that re-filters
the data with a shorter time constant [5-2, 5-3]. The chip can be operated in two modes:
peak mode, in which the output sample corresponds to the peak amplitude of the amplifier
output following a trigger, and deconvolution mode, in which the output corresponds to the
peak amplitude of the APSP filter. After the APSP the data are held in a further memory
buffer prior to switching through an output analog multiplexer which operates at 20 MHz. This
additional buffer is required so that as one event is multiplexed out another may be prepared
for consecutive transmission.

The APV also contains CMS system features including programmable on-chip analog bias
networks, a remotely controllable internal test pulse generation system and a slow control com-
munication interface. Two variants of the silicon APV chip are in late stages of development. A
radiation-hardened version, the AP V6 [5-4] Fig. 5.3, has been developed using the Harris 1.2 pm
AVLSI-RA bulk CMOS process [5-5]; this has been under test in the laboratory since December
1996. An almost identical chip, APVD [5-6], has been fabricated in the Matra-MHS DMILL
process [5-7, 5-8] with the same footprint and pad layout, by copying the design with minimal
changes; it was delivered in December 1997. CMS plans to purchase chips from both vendors
provided the performance and radiation hardness specifications are met. A brief summary of
some of the major features of the APV6 and APVD is given below, with a summary of the
(minor) differences.

5.3.2 APV6
5.3.2.1 Analog stages

The 128 analog inputs are grouped into four sections of 32. Each section is separated by large
power supply pads. These power connections supply the preamplifier stages (where most of the




270 5. Microstrip Tracker Electronics

Amplifiers Analogue Memory APSP ilter Analogue Multiplexer

Detector Inputs
Analogue output

Bias Generator Block Pipeline Control Logic Control Logic

Fig. 5.3: Layout of the APV6 chip whose overall size is 6.4 mm x 12.0 mm.

APV6 power is used) and must be bonded to supply lines close to the chip so that the power
losses in the APV6 routing, and thus the area wasted in large power buses, is minimised. Each
group of inputs is arranged in two staggered rows, with pads spaced at 86 ym. The analog inputs
all have small protection diodes to VSS and VDD which prevent damage during assembly and
have proved to be very robust in testing to date. The preamplifier has a PMOS input device of
dimensions 3000 ym/1.4 pm and a feedback capacitor of 0.25 pF defining the charge sensitivity.
It is a folded cascode design and works with the input device sourced to ground. The power
supplies are nominally run at +2 and —2V with the input device running from the negative
supply at a design current of 500 pA. This consumes a total of 1 mW and is the dominant
contribution to the total APV6 power budget of 2.4 mW /channel. The preamplifier is AC-
coupled to the shaper stage which is based on a similar cascode design with an 800/1.4 PMOS
input device. The pulse shape at the shaper output closely approximates to an ideal CR-RC
form with a peaking time of 50 ns. The gain of the amplifier is approximately 75 mV /MIP.

The pipeline is a 128 by 160 array of capacitor cells. Each cell comprises two transistors, to
perform the read or write operation, and a 0.25 pF storage capacitor. The dimensions of each
cell are 35 pm x 30 pm so this is the largest single component of the circuit area. The pipeline is
read out by the APSP processor which consists of another PMOS input folded cascode amplifier
with a switched capacitor network in the feedback loop. The ratios of the capacitors define the
weights used by the deconvolution algorithm.

A 128:1 multiplexer drives the analog output from the chip. A nested three-level multiplexer
architecture was developed which results in the analog data emerging in a non-consecutive
channel order at 20 Ms/s, but allows some power saving since only the final 4:1 stage has to
run at full speed. A fifth input to the output stage allows a digital header to be inserted ahead
of the analog data stream. Data from two APV chips are interleaved at the APVMUX chip to
arrive at the final transmission speed of 40 Ms/s.

5.3.2.2 Control interface

The configuration, bias setting and error states of the APV6 are handled with a two wire serial
interface which conforms to the Phillips I?C standard [5-9] so that it may be controlled by
commercial components. The APV address ‘1111’ is reserved for ‘global’ addressing and when
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the ‘1111’ chip address is used in an I2C transfer all connected APVs will respond; consequently
a maximum of 15 APV6 chips may share the same controller and maintain unique addresses. A
command register defines which variable or register is to be accessed and specifies the direction
of data transfer; up to 13 variables are set or read from the APV6/APVD. These allow the
setting of bias currents and voltages in the amplifier and shaper, choice of peak or deconvolution
operation, calibration, latency adjustment, and error reporting.

5.3.2.3 Error conditions

The Tracker readout is a fully synchronous system so synchronisation errors must be avoided
(which is equally true whether or not internal event counters are provided). It requires genuinely
faulty chips to be identified, to avoid corrupting data, and highly reliable trigger and clock
transmission, which is discussed elsewhere. There are a small number of ways in which errors
could arise and one of the features of the CMS system is that these should be reliably identified.
For short periods the APV6 may be triggered at a rate faster than it can output data. When
this happens a queue develops whose length is limited by the number of spare locations in the
memory and the depth of a FIFO which stores the addresses of columns awaiting readout. As the
queue grows, depending on the programmed latency and trigger rate, the FIFO could eventually
become full or all the available memory locations become allocated. Either case leads to pipeline
failure and must be avoided. This will be done in CMS by a real-time FPGA emulation of the
state of the APV chips (which should all be in an identical state) and inhibiting the trigger in
case the buffers are full. An estimate of the triggers lost is shown in Fig. 5.4.

10

Fraction of triggerslost

60 70 80 90 100
Trigger rate (kHz)

Fig. 5.4: Fractional loss of events caused by vetoing triggers which would cause a buffer overflow in the
APV6 pipeline logic.

This adds a small deadtime which is insignificant [5-10] compared to the inhibition of triggers
in the two time slots following each trigger (0.5% at 100 kHz), which is imposed to avoid the
complex logic to re-use data from the same pipeline location. A second error which could
arise, e.g. from radiation-induced soft logic faults, is loss of synchronisation so the latency is
continuously monitored by a check on the separation between the write and trigger pointers. It
is checked every time the memory is overwritten (at least once every 160 pipeline clock cycles).
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5.3.2.4 Operation

Once set up the APV6 requires only one control line, TRG, to run. This control line is normally
held at zero. It is possible to send three commands on it, a TRIGGER (a single ‘1’, i.e. a logical
high level), a Test Pulse Request (a double ‘11’) and a RESET101 (two ‘1’s separated by a gap).
The RESET101 signal is used to clear the pipeline and initialise the pointers. After power-up
and appropriate programming of the various control registers described in the previous section
a RESET101 is required after which the TRIGGER or test pulse requests can be sent.

The trigger latency is the time (in the number of pipeline clock cycles) between a detector
signal being applied to an APV6 input and the cycle in which the TRIGGER signal must be
applied to the chip to output that signal at its peak. This number corresponds to the separation
of pointers in the memory that specify the read and write locations.

5.3.2.5 Output data stream

The output from the APV6 is in current form in the range of 0 to +600 pA. The output of
the chip is at the logic ‘0’ level with single logic ‘1’s (referred to as ticks) every 35 output clock
cycles (1.75 ps) when there is nothing to transfer but, when an event has been triggered, data
are output in the form shown in Fig. 5.5. A data frame is made up of three parts, a digital
header, a digital address and an analog data series.

Address

/Tick Mark
128 analogue samples | —‘

/

4 Bit Header

Output current

Time

7 micoseconds

Fig. 5.5: APV6 output data format, showing how the analog baseline is adjusted to handle two signal
polarities. In operation of course, only one polarity will be present.

The header comprises four logic samples which should all be high, i.e. 100 A, compared to
the digital baseline. If an error is sensed by the APV6 internal watchdog logic the third sample
is switched low so that erroneous data packets in the DAQ can be identified and reported to
the control system. Following the header is an 8-bit number which defines the column address
used to store the samples in the analog memory, which is used to verify the synchronicity of
the system. Finally, 128 samples of analog data follow, where a MIP equivalent signal should
be represented by a current of ~ 50 pA. The baseline offset may be adjusted to give optimal
dynamic range in the signal polarity in which a chip is working.

5.3.2.6 Calibration

An internal calibration system is provided on the chips, which simplifies acceptance testing and
monitoring of operation. The circuit contains two chains of delay elements that are automatically
regulated to give a delay of one eighth of a pipeline clock period. When a test pulse request has
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been received by the chip a clock pulse is launched down the top delay line. This pulse clocks a
toggle flip-flop when it passes the delay chosen with the Delay Set register. The resulting change
of state causes analog amplifiers to switch between two states applying a voltage step to the
preamplifier inputs in 8 groups of 16. Groups can be masked off by setting bits in the Calibrate
Mask Register to allow only one or many to be active at any time.

An important application of this feature is adjusting and monitoring the amplifier pulse
shape, which could alter through radiation damage and should be accurately set to ensure
optimal performance of the deconvolution processor. Applying a test signal to the APV produces
a pulse at the amplifier output of CR-RC form. This cannot be measured directly but an image
may be built up by sampling the pulse at a fixed time and progressively shifting the timing of
the test pulse and then building the shape from those samples. This is a process which can be
easily automated for testing.

5.3.2.7 Analog performance

Figure 5.6 (a) and (b) show the average amplifier pulse shape for a range of externally added
capacitance values in peak and deconvolution mode respectively. These pulse shapes are obtained
for a single bonded-out channel by fixing the trigger time and varying the charge injection time
using an external programmable delay pulse generator. The peak mode pulse shape shows a good
approximation to ideal 50 ns CR-RC pulse shaping with little dependence on input capacitance.
The deconvolution-mode pulse shape illustrates the effectiveness of this technique in achieving
a short pulse shape to allow single LHC bunch crossing time resolution.
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Fig. 5.6: Analog pulse shape in peak and deconvolution mode.

Figure 5.7 (left) shows the linearity of the APV6 in both peak and deconvolution modes for
signals in the range 6 MIPs. There is a difference in polarity between the gains in peak and
deconvolution because in peak mode the APSP stores the signal on the capacitor which is flipped
to provide the negative weight in deconvolution mode. The gain in peak and deconvolution
modes is =55 pA/MIP and 45 pA/MIP respectively.

Figure 5.7 (right) shows a histogram of the gain of all channels of an APV6 chip in peak
mode. The channel-to-channel spread is adequate but is probably, in any case, dominated by
differences in the small on-chip capacitor values used to inject the signal, since this measurement
was made using the internal calibration circuitry.

Figure 5.8 (left) shows a typical noise measurement for eight channels of an APV6 in both
peak and deconvolution modes. The equivalent noise charge dependence on input capacitance
is given by 510e + 36e/pF in peak mode and 1000e + 46e/pF in deconvolution mode.

In peak mode the noise is dominated by noise originating in the input FET. In deconvolution
mode there are significant contributions from later stages which give rise to a larger zero ca-
pacitance intercept than would otherwise be obtained. APSP noise contributions are enhanced
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Fig. 5.7: (a) Linearity, (b) Channel-to-channel gain uniformity.
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Fig. 5.8: (a) APV6 noise performance, (b) Pipeline pedestals for a typical channel.

in deconvolution mode because the signal is smaller (on the rising edge, not the peak, of the
50 ns pulse shape) and the contribution occurs three times (once for each sample taken from the
pipeline). At larger capacitance, corresponding to a realistic detector value, this additional noise
becomes less significant. Figure 5.8 (right) shows the pedestal dependence of a single channel on
pipeline location (peak mode). The spread of this distribution must be considered as an addi-
tional noise source, and this value is histogrammed in Fig. 5.9 (left) for all channels, normalising
to the gain to give the noise contribution in r.m.s. electrons. It is clear that this additional noise
contribution is small, particularly when added in quadrature to the noise obtained for a realistic
detector capacitance. The results and conclusions are similar for deconvolution operation.

Figure 5.9 (right) shows a histogram of the gain of a single channel measured for a signal
injected in each of the 160 pipeline locations. The width of the distribution is very small
indicating excellent matching between capacitors in the pipeline.
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Fig. 5.9: (a) r.m.s. pipeline pedestals for all 128 channels, (b) Pipeline gain uniformity.
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5.3.2.8 Radiation tolerance

The Harris process has been extensively studied using transistors and amplifiers inserted in
Process Control Monitor (PCM) drop-ins on all of the fabrication runs carried out so far. The
results have been published [5-11] and demonstrate that devices from the Harris RTP foundry
in North Carolina show hardness to ionising radiation well in excess of the formally qualified
level of the process. Irradiations to levels over 100 Mrad were carried out on some runs with
minor changes observed in the noise and transconductance properties of the PMOS transistors
(Figs. 5.10, 5.11). These are most critical to the APV design since the input transistor of each
of the amplifying stages was chosen to be a PMOS device, mainly because of the higher level of
1/f noise expected, and observed, in NMOS transistors and the expected greater sensitivity of
NMOS transistors to radiation, also borne out in measurements.
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Fig. 5.10: Noise spectral density of PMOS transistors of similar dimensions and bias conditions to the
APV6 input device.
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Fig. 5.11: Scaled transconductance of PMOS transistor of similar dimensions to APV6 input device.
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In 1995 Harris sold their interest in the RTP foundry to the co-owners, Motorola, for straight-
forward commercial reasons, having previously announced their intention of transferring the
AVLSI processes to their plant in Melbourne, Florida where the major part of their ASIC
fabrication is carried out. The transfer of the family of processes, of which the AVLSI-RA rep-
resents a radiation-hardened variant with analog features, in particular the precision capacitors,
was carried out over about one year and was at an advanced stage, although without formal
re-qualification complete, in Spring 1996 when the APV6 was submitted. A series of wafers
containing APV6 chips was delivered in December 1996 and shown very quickly to function al-
most perfectly. However, one minor fault was quickly identified which was due to an error in the
metallisation design; it led to full functionality in deconvolution mode but an inability to switch
operation to peak mode using the serial control interface. This could be corrected temporarily
with a couple of additional bonds onto the chip and permanently with a change in a single
mask and modification to the final metallisation of remaining wafers from the run. This was
carried out while measurements of PCM test structures were carried out, whose results seemed
to be generally in good agreement with those from the final submission to the RTP foundry
(Fig. 5.12).
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Fig. 5.12: Pre-irradiation noise spectral density of PMOS transistors from the first Melbourne APV6
rumn.

However, radiation studies of the APV6 began in June 1997 and showed an apparent degra-
dation in performance which was entirely unexpected [5-12]. Individual transistors were then
irradiated and showed a degradation in noise and transconductance larger than RTP devices;
meanwhile a second APV6 irradiation from another wafer confirmed the results from the first
one. Discussions then took place with Harris to identify possible origins of these effects and more
detailed irradiations at lower doses began in order to compare the manufacturer’s data with our
results. While these were under way a number of new facts came to light: some discrepancies
between Harris data and our own measurements were explained by a fault in a Harris tester
which was identified only when the tester was replaced for service, the PMOS thresholds had
been adjusted subsequent to the APV6 processing run and the process had not, at that time,
completed its requalification.

The combination of these two circumstances meant the PMOS transistor parameters were
actually some way from the specified values and Harris offered to reprocess the wafers in the
current process, which they expect to recover much of the previous performance exhibited by
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devices from the RTP foundry. APV6 wafers from this manufacturing run were delivered in
January 1998 and are currently being prepared for irradiation tests. Full results are not expected
for several months as several series of measurements, both before and after irradiation and
proceeding in modest dose steps, must be carried out, which is a time-consuming procedure.

5.3.3 Modifications for APVD

A 128-channel CMOS mixed analog-digital circuit (APVD) for the silicon Tracker in CMS has
been designed in the radiation-hard technology DMILL and processed in a Multi Project run in
TEMIC Matra-MHS [5-6]. It was delivered in December 1997. The circuit is fully compatible
with the APV6, whose design was taken as a starting point, and the chip has an identical area
and pad layout. The internal features are intended to be as close as possible to the Harris design
with modifications motivated either by differences in technology or pre-existing but compatible
circuits. The major elements are summarised below.

5.3.3.1 Amplifier

Most of the design of this delicate part was directly taken from a test chip made in a previous
DMILL/LETT run to rely not only on simulation but also on experimental results. The pream-
plifier is exactly the same and the shaper has been slightly modified. The source follower was
redesigned and a read bus reset structure was added.

The charge-sensitive preamplifier is made up of a folded cascode amplifier with a 350 fF
feedback capacitor and a long channel NMOS feedback transistor. The gain of the charge
preamplifier is 11 mV/MIP (1 MIP = 24 000 electrons = 3.8 fC). The input transistor is PMOS
with grounded source and size 1544 pm/1.2 pm; it is biased by a 200 pA current, and has an
overall power consumption of 740 uW.

The CR-RC shaper is AC-coupled to the preamplifier by a 1 pF capacitor. It is made up
of a folded cascode amplifier with a RC feedback which sets the time constant of the filter.
The input transistor is a PMOS device whose size is 459 pm/1.2 pm, biased at 115 pA and
the feedback capacitor is 96 fF. The difference with the previous DMILL/LETI shaper is in
the feedback resistance: a single long channel NMOS transistor was used in the DMILL/LETI
test circuit while in the APVD a series combination of a 300 k2 diffused resistor and a long
channel 2.2 ym/60 pm NMOS transistor was preferred. This reduces the non-linearity of the
feedback resistor, which could induce distortion in the pulse shape of the filter. The peaking
time of the shaper is 50 ns and the gain is 7.7. The overall gain of the preamplifier/shaper
stage is 85 mV/MIP, as post-simulated with SpectreS. The total power consumption for the
shaper is 415 pW. The buffer is a simple unity—gain source follower, biased at 100 yA between
ground and the negative supply, thus giving a power consumption of 200 pW. The equivalent
noise charge of the preamplifier/shaper/buffer block was measured in the DMILL/LETT test
run. The ENC at 0 pF is 450 e and the slope is 49 e/pF. Simulation of the modified preampli-
fier/shaper/buffer chain indicates that no change in these numbers are expected in the APVD,
provided the technological noise parameters do not change in the DMILL/TEMIC process.

5.3.3.2 Logic and control

All the logical parts were redesigned on the basis of the schematics of the APV6. Whenever
possible, the metal routing of the APV6 was kept, while the cells were internally redesigned.
The I2C controller and APSP sequencer was partially compacted in order to save space close
to the backend pads, which are somewhat larger than in the APV6 due to the presence of ESD
protection. Some more area saving is still possible.
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5.3.3.3 Final assembly

Because of the need of full compatibility, it was decided to keep the overall dimensions of the
APVD equal to that of the APV6. Since the density of DMILL technology allows some area
saving on the circuit, the size requirements did not put any tight constraint on the design, so
that some silicon was used to implement the relatively large ESD protections on each pad. Some
area is still available for future changes which could be required to improve the performances of
the circuit or to implement new functions.

5.3.3.4 Results

The APVD chips were delivered in December 1997 and testing has been under way since then.
A small number of problems have been identified but the goal of translating the APV6 into a
new technology was successfully achieved since the chip is fully functional and all features can
be tested. Figure 5.13 shows the pulse shape measured before and after deconvolution.

The principal features which are not quite as expected are some resistor values which are
higher than design values and a fluctuation in the baseline of the readout level. The high resistor
values limit the range over which some of the bias parameters can be set and appear to be due
to a change at the foundry in the specified parameters for the process. However, the range
of settings is sufficient to exercise all the functions over a large part of the range of values
required. The origin of the baseline fluctuations has not yet been identified but may represent
an oscillation in one of the analog stages near to the input. An MPC re-submission is planned
once the faults have been identified and corrected, prior to a full engineering run, so that studies
with detectors and large-scale testing can commence.
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Fig. 5.13: APVD pulse shape before and after deconvolution.

5.3.3.5 Radiation damage studies of DMILL

There have been many measurements verifying the hardness of the DMILL process during its
development [5-13] and there is little reason to doubt that the transistors will operate with
good performance up to the levels required for the CMS Tracker. However, since noise is an
important parameter, it will be necessary to monitor the analog behaviour of DMILL devices,
particularly those with dimensions comparable with the input device used in the APVD. Some
measurements carried out on test structures designed to be directly comparable with the Harris
devices described earlier are shown in Fig. 5.14 and Fig. 5.15 [5-14]; these come from one of the
process runs in LETI, before the process was transferred to the commercial foundry. They show
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that the differences between the Harris and DMILL processes are small, both before and after
irradiation, and it is expected that the APVD and APV6 performance will be very similar.
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Fig. 5.14: Noise spectral density of DMILL PMOS transistor of similar dimensions to the APV6 input
device operated under the same bias conditions.
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Fig. 5.15: Scaled transconductance of a DMILL PMOS transistor of similar dimensions to APV6 input
device.

5.3.4 MSGC front-end chip

Because of similarities in signal sizes and detector capacitance between gas and silicon mi-
crostrips, the APV design is also suitable for MSGC readout. However, the time development of
signals in the silicon and gaseous microstrips is different. Silicon detector signals approximate
to delta impulses, with Landau fluctuations in amplitude, while the charge collection time is
around 50 ns in the MSGCs, with large fluctuations in amplitude and in the time structure of
the current pulses. Thus the APV6 deconvolution filter will not be optimal for MSGC signals.
This has been examined in beam tests using prototypes of the APV (PreMUX and PreShape
chips [5-15]) and modelled with MSGC current pulses from minimum-ionising particles processed
through simulated electronics [5-16]. Changes to the system have been proposed.
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It is inevitable that there must be a compromise between maximising the measured ampli-
tude or efficiency in a given bunch crossing interval unless the detectors are operated with an
undesirably high gas gain. The preferred region of MSGC operation is with a gas gain of < 2000.
Because of the available bandwidth, only data from a single bunch crossing can be read out,
but these data correspond to signals measured in multiple crossings if a weighted summation
is formed. The ideal performance goal is to achieve an ambiguity of only two bunch crossings.
It appears that a set of three weights can be chosen for the MSGC chip which will meet the
CMS efficiency requirements [5-17]. This simplifies the system development considerably since
the MSGC chips will always be synchronised with the silicon chips. Any other choice will not
provide this desirable feature because of the different sequences of occupied cells in the pipeline
and will require careful monitoring of the state of both silicon and MSGC chip logic. However,
evaluations of the different algorithms have relied mainly on simulations and should be verified
using experimental data before the MSGC version of the APV is finally committed for produc-
tion. Accordingly the first prototype allows a mode of operation not incorporated in the silicon
chip, which permits a sequence of up to 18 consecutive samples to be read out, so that further
detailed studies can be carried out in an unbiased way, including variations in shaping in the
amplifier.

A number of other features are also incorporated in the MSGC APYV: improved input pro-
tection, current sensing and, possibly, baseline restoration as explained below.

Input protection diodes in the PreMUX128 chip, which is the non-radiation-hard amplifier—
multiplexer chip based on the APV designed for MSGC and silicon prototyping, have proved
to be extremely robust. Those in the APV6 are considerably smaller, therefore they have been
enlarged in the MSGC APV.

MSGC anodes are DC-coupled to the amplifier inputs, which means that the chip must be
capable of sourcing the required leakage current. This is not normally a problem, as tests with
the PreMUX chips have shown, as the currents will normally be very small (~ 1-10 nA). A
simple input circuit modification has been implemented which permits larger currents to be
absorbed by the amplifier and this also provides a means of monitoring higher leakage currents,
which could be an indication of incipient discharge, for example as a result of contamination in
the chamber. The leakage current is effectively averaged over ~ 50 us in groups of 32 channels
and an overcurrent state, relative to a threshold stored in an on-chip register, is latched into an
error register which can later be interrogated to identify a group which shows a high current.
Meanwhile the latches are ORed to provide a single output per hybrid which is connected to an
alarm input of the CCU chip. This will instigate a rapid reduction of the cathode voltages of
the MSGC controlled by that node of the CCU as well as transmit the alarm condition to the
FEC. The FEC will then identify the defective strip group, via interrogation using the I?C link,
and restore the voltage on the groups which are not affected. Another change, which is under
study, is the possibility of baseline restoration following the very large MSGC pulses generated
by heavily ionising particles (HIPs) which drive the amplifier into saturation for up to a few
microseconds. Since it has been observed that this effect couples to all the channels in the
chamber, it enhances the system deadtime by a factor ~ 512, so it may be useful to reduce its
impact by a sufficiently fast recovery.

The first prototype of the MSGC APV, using the Harris process, has been submitted and
is expected back from the foundry in June 1998. The DMILL version will follow as soon as
possible.

5.3.5 APVMUX

The matching of laser transmitter units containing up to four channels to different detector
module designs, which may contain differing numbers of APVs, is necessary to utilise fully the
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optical channels. The laser drivers are mounted a short distance from the front-end APV chips
and low-mass 100 Q impedance twisted-pair cables are used to transfer the APV output signal
streams in differential form.

Further savings in link costs are achieved by multiplexing data from two adjacent APVs
onto each optical channel, forming a multiplexing ratio of 256 detector channels to each fibre.
This is possible with little impact on the deadtime [5-10] since at the maximum 100 kHz trigger
rate the data transfer time (7 us per 256 channels) is significantly less than the average interval
between triggers. Multiplexing is done by interleaving data from pairs of APVs transmitting at
20 Ms/s into a 40 Ms/s stream. The multiplexing function together with a driver matched to
the 100 Q twisted pair is the responsibility of the APVMUX chip.

Each APVMUX chip contains 8 APV inputs and 4 differential outputs for driving the twisted-
pair lines. The input stage is a low-impedance transconductance buffer that converts the APV
output current signals into a form that is then amplified within the chip, mixed by a switching
stage, and applied to the output driver.

To control the switching the clock and trigger signals used by the APVs are also received
on the APVMUX. Synchronicity is guaranteed by sensing the RESET101 control sequence on
the T1 line before subsequently switching between APV inputs on each successive 40 MHz clock
period. For optimal performance the data stream from each APV is skewed by 25 ns if its local
address is an odd number, with even and odd APVs providing the two inputs, so that maximum
settling of the analog levels at the APVMUX inputs is achieved.

This chip has been prototyped in the Harris AVLSI-RA process as a test structure. The
test chip has four output channels and two gain settings. It is now under test and is likely to
be resubmitted in its final form in 1998. The optimal gain and choice of technology for this
component are currently under consideration and a switch to bipolar technology is likely for
cost and power optimisation reasons.

5.3.6 Front-end hybrid

The detector module front-end hybrid supports the APV chips, the APVMUX and PLL chips,
together with power supply decoupling capacitors. The number of APV chips per hybrid will
depend on which detector type it services (silicon or MSGC) and its location (barrel or end-
cap regions). Miniature twisted-pair interfaces are required for the control system (40 MHz
clock, T1 and I2C control signals) and the optical transmitter hybrids. The hybrids will have
power requirements of —2V, OV and +2V at currents determined by the number of APV chips
mounted. The physical layout of the hybrid must enable efficient transfer of heat to the Tracker
cooling system, most of the power being dissipated in the APV chips. Figure 5.16 shows the
layout of a prototype hybrid designed to take eight APV6 chips. Two gold-plated copper layers
are used on each side of a 500 pym alumina substrate (overall dimensions 6 cm x 3.7 cm) with
plated-through holes. Only one of the layers is visible in Fig. 5.16, the other layer being a simple
bus structure for power lines and signals common to all chips on the hybrid. The prototype has
been used to demonstrate the feasibility of mounting and operating the APV6 on a multichip
hybrid and could be used to instrument a 1024 strip detector with 50 ym strip pitch. It is clear
that the overall dimensions and simplicity of design are adequate to meet the CMS targets,
provided suitable low-mass technologies can be employed. The main question which cannot be
answered at this stage is the difficulty of operating a large system with remote power supplies
without local voltage regulation.

Further hybrid development is required to incorporate the additional support chips needed,
and to evaluate technologies more appropriate to the final system, e.g aluminium instead of
copper metallisation and low-mass composites instead of conventional ceramic. The final choice
of technology will be strongly driven by material budget requirements. One promising process
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developed at CERN [5-18] is based on multilayer aluminium (5 gm) and polyimide (15 pm) on
an aluminium substrate. The aluminium substrate is necessary for fabrication. It can be etched
away after processing and population of the hybrid with components. Then the resulting flexible
hybrid is glued to a carbon fibre or pyrolitic graphite substrate with low mass and high thermal
conductivity. Up to five metal layers are possible with a minimum pitch of approximately 50 pm
between metal lines and vias between layers with a minimum diameter of about 70 ym. Such
features would certainly be adequate to meet the CMS requirements and a commercial route to
production appears to be available. We hope to begin evaluating such hybrids during 1998.
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Fig. 5.16: Illustration of prototype front-end hybrid.

5.4 Optical Link

Optical data transmission is essential for the CMS tracking system to transfer data from the
Tracker volume with minimal contribution to the material budget. An optical system will also
be immune to electrical interference. The bandwidth attainable with fibre optic systems could
allow very high speed digital data transmission but would have severe power implications as well
as requiring internal analog-to-digital conversion. For this reason, CMS has chosen analog data
transmission at 40 Ms/s, which has been shown to be feasible by the RD23 project. The transfer
rate is well below the full bandwidth of the fibre link and more than sufficient non-linearity
(< 2%) and dynamic range (> 9 bits) for tracking requirements have been demonstrated. The
deadtime caused by multiplexing 256 values in 7 us onto a single fibre is negligible for the APV
buffer depths and maximum 100 kHz trigger rate [5-10].

The chosen transmitter is an edge-emitting semiconductor laser on grounds of cost, avail-
ability, analog performance and radiation hardness. Several devices have been identified which
have the required characteristics with mounted with fibre pigtails in a low mass package de-
veloped in collaboration with industry. A minimum threshold current is required before laser
action commences since a fraction of photons is lost from the cavity by external emission and
internal absorption. However, presently available devices have sufficiently low thresholds and
forward voltage drops and high enough electrical-to-optical conversion efficiency that the power
consumption is a small fraction of the overall Tracker power budget. Above threshold the light
output power is highly linear with current over a wide range.

There is as yet little experience of optical fibre technology in the high-energy physics field
and the commercial market is presently evolving rapidly. Single-mode fibre is more commonly
used commercially, and is thus less expensive than multimode types, but multimode connectors
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require less precision, because of the larger fibre core diameter, and thus are cheaper than
monomode connectors. Fibres are not individually as robust as electrical cables and can be
damaged, or light transmission altered, by incorrect handling. For many applications they are
made up into cables with protective sheaths, often with reinforcements, and suitable cable is
currently being specified for CMS. These issues are addressed in more detail below.

The optical link under development for the CMS Tracker is schematically shown in Fig. 5.17.
It is a multiway unidirectional system based on edge-emitting laser transmitters (Tx) coupled to
single-mode optical fibres, multiway MT connectors and p-i-n-photodiode receivers (Rx). The
wavelength of operation is A ~ 1310 nm. The driving and receiving electronics is designed
according to the system application: analog for the readout, and digital for the control system.
Three connector breakpoints (two inside the detector and one on the backplane of the readout
or control electronics) allow for easy testing, installation and maintenance of the system. The
total length of the link is approximately 100 m, of which about 10 m is within the high-radiation
environment.

The philosophy underlying the optical link development effort is to rely, as much as pos-
sible, on commercially available products. Laser and p-i-n-photodiode die, fibre and multiway
connectors are all off-the-shelf components selected after thorough functionality validation pro-
cedures and irradiation tests (see sections 5.4.3, 5.4.4). Custom developments are required for
radiation-hard front-end electronics as well as for nonmagnetic, low-mass, multiway optoelec-
tronic packages (see section 5.4.2).

The technological options reviewed and the choices made at the start of the development
phase have been described in detail in [5-19, 5-20]. The specifications drafted for the analog and
digital links are summarised in Table 5.2 [5-21] and Table 5.3 respectively.

Fig. 5.17: Generic optical link block diagram.

Table 5.2: Principal optical link specifications for analog readout

# Specification Min. | Typ. | Max. Unit Note

1 | Optical wavelength 1290 | 1310 | 1330 nm

2 | Length 60 100 120 m user-specified

3 | Gain 14 | 285 | 5.7 V/V | AVeuw/ AVin

4 | Signal-to-noise ratio 48 dB peak signal to rms noise

5 | Relative linearity deviation 2.5 % in any 0.75 V window
within output range

6 | Bandwidth 70 MHz

7 | Settling time 18 ns to £1% of end value

8 | Operating input voltage range +0.4 A% Vin, differential

9 | Input impedance 100 Q

10 | Operating output voltage range +3 \Y% Vout, single ended, terminated
with high impedance

11 | Output Impedance 50 Q

12 | Quiescent operating point user adjustable via I?C interface | defined at 0 V input

13 | Tx hybrid power supply +2 \%

14 | Rx hybrid power supply +5 \%
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Table 5.3: Principal optical link specifications for digital control

# Specification Min. | Typ. | Max. Unit Note

1 | Optical wavelength 1290 | 1310 | 1330 nm

2 | Length 60 100 120 m user-specified

3 | Bit error rate 10712 90% CL

4 | Bandwidth 70 MHz AC-coupled

5 | Control data rate 40 Mb/s

6 | Clock rate 40 MHz

7 | Jitter 0.5 ns peak-to-peak

8 | Operating input voltage range +0.4 A% Vin, LVDS standard

9 | Input impedance 100 Q

10 | Operating output voltage range +0.4 \% Vout, LVDS standard
11 | Quiescent operating point user adjustable via I?C interface | defined at 0 V input
12 | Tx hybrid power supply +2 \%

13 | Rx hybrid power supply +2 \%

5.4.1 System description

The projected layout for the optical readout system is shown in Fig. 5.18 (a). It is a uni-
directional link with analog, time-multiplexed information flowing from the front-end (left) to
the readout area (right) at a rate of 40 Ms/s. About 50 000 optical links are needed to read out
the CMS Tracker, each link serving 256 detector channels. To increase cable and patch panel
density, 4-way ribbons are merged to 8 ways at the first patch panel (1) situated at the edge of
the Tracker mechanical support structures; 8-way ribbons are then packed into 8-ribbon cables
(64-way) at the second patch panel (2) situated in the EM Calorimeter crack. The 64-fibre cable
runs out of the detector, across the concrete shielding, towards the counting room. It fans out
at the third patch panel (3) situated at the backplane of the Front End Driver (FED) readout
board. To accommodate the different Tracker sub-detector modularities and geometries, it is
planned to allow for some variants of this baseline architecture.

The projected layout for the optical part of the digital control system (see Section 5.6 for a
complete description) is illustrated in Fig. 5.18 (b).
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Fig. 5.18: Layout of two optical systems for the CMS Tracker: a) analog readout, b) digital control and
timing distribution.
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It is a bi-directional link with control data, clock and T1 signals sent from the back- to the
front-end on two fibres, as well as status data and clock signals returned from the front- to the
back-end, also on two fibres [5-22]. The data transfer rate is 40 Mb/s and the clock frequency
is 40 MHz. For reasons of redundancy, the number of lines may be doubled, resulting in a
modularity of 4 transmitters or 4 receivers per package, as in the case of the analog readout
system.

The similarity between the readout and control system layout is evident from Fig. 5.18. The
number of links needed for the control system will be about two orders of magnitude smaller than
for the readout, but the technologies and components used will be identical, with the exception
of the electronics.

All optics and electronics between the front-end and the second patch-panel (inclusive) are
required to be radiation-hard and must therefore be custom designed or at least validated to be
resistant to the inner Tracker environmental constraints.

5.4.2 Components
5.4.2.1 Electronics

In order to demonstrate feasibility and to start developing procedures for link characterisation
and testing, both analog and digital driving and receiving electronics have been designed, based
on commercial off-the-shelf radiation-soft components.

Whereas the analog receiver will always be situated in the counting room and will be based
on radiation-soft components, analog laser-drivers, as well as digital drivers and receivers, will
have to be integrated into a radiation-hard technology.

As a first step towards realising a set of radiation-hard chips, a 4-channel linear laser-driver
has been designed and fabricated in a conventional technology [5-23]. The ASIC is composed
of four linear drivers and an I?C control interface. Each channel in the driver takes as input a
differential voltage — originating from one of the Tracker detector hybrids — and converts it into
an unipolar current that is used to modulate the laser-diode. Besides signal modulation, each
driver in the IC also generates a DC current that serves to bias the laser-diode above threshold
in the linear region of its characteristic. To compensate for threshold current variations due
to device ageing and radiation-induced performance degradation, each individual laser-diode
bias current is programmable through the I?C interface. Additionally, a ‘power-down’ function
is implemented for each channel allowing reduction in the power consumption of non-used or
defective channels.

Each linear driver is designed as a full differential circuit. In this way, the sensitivity to
power supply noise is minimised and the amount of power supply noise generated by each driver
is reduced, limiting crosstalk. Low distortion analog modulation is achieved by linearisation of
the overall driver transconductance using local feedback in each of the amplifying stages.

The laser-driver chip has been fabricated in a standard commercial 0.8 pm BiCMOS process
and its dimensions are 1.9 mm X 2.9 mm. It has been successfully tested both electrically as well
as in combination with a laser-diode and an optical receiver. For a power supply of £2 V| the
power consumption per channel lies between 50 mW and 150 mW for minimum and maximum
laser-diode bias current respectively. The measured integral non-linearity is less than 0.4% for
input voltages within the £ 400 mV specified operating range. Pulse response tests show that
crosstalk between two channels is less than 0.3% for input signals with transition times up to
5 ns. The measured equivalent input noise is 1.8 mV and 4.4 mV for minimum and maximum
laser-diode bias current respectively in a bandwidth of about 300 MHz.

A future version of this IC is planned in the DMILL technology to meet the radiation-
hardness specifications. The digital laser driver will be a variant of the analog driver ASIC,
while the digital receiver is currently being designed.
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Optical-to-electrical conversion is required for receiving the clock and trigger into the control
ring. A digital receiver chip is required to perform this function (Table 5.4). The optical signal
is received by a p-i-n diode connected across the inputs of a preamplifier, see Fig 5.19.

Table 5.4: Specification for digital receiver chip

Min. | Typ. | Max. | Unit Comment
DC signal current 0 50 1000 | pA | depends on radiation
damage level
AC signal current 1 100 500 nA | superimposed on DC current
Analog BW 80 MHz
Low freq cut off 100 kHz
Jitter 0.5 ns peak-to-peak
Supply voltage +3.6 | +4.0 | +4.4 \% referenced to —2V
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Fig. 5.19: Digital receiver chip functions and schematic layout.

The function of the preamplifier is to accomodate the large dynamic range expected and
produce differential signals. The clock and trigger are then AC-coupled to a comparator circuit
which recovers logical levels which are then output with an LVDS driver stage.

The control rings are critical to large parts of the system so redundant channels are integrated
on the chip as a backup should one channel fail. Each redundant channel is isolated and powered
from separate supply connections to the module. Additional features of the circuit include reset
outputs automatically enabled in the absence of signal and warning outputs enabled when the
signal strength drops below a reasonable threshold. The sensing p-i-n diodes are biased by
independent filters on the chip to improve robustness and minimise crosstalk effects. The chip
is likely to be manufactured using the AMS bipolar process, which has been demonstrated to
be radiation-hard and suited to the small-scale manufacture required.
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5.4.2.2 Optoelectronics

Packaged optoelectronic devices have two interfaces: one electrical (pins) and one optical (fi-
bre), the latter being the most difficult to realise technologically. The successful choice of an
optoelectronic component thus not only depends on the die alone, but also on the packaging
concept and in particular in the scheme used to couple light in or out of the fibre.

The laser-diode chips are commercially available Multi-Quantum-Well (MQW) InGaAsP
edge-emitting devices selected for their good linearity, low threshold current (~ 9 mA), and
proven reliability (lifetime well in excess of 10° hours). Photodiodes are epitaxially grown, planar
InGaAs devices of small active volume. Several laser- and p-i-n-diode types produced by different
manufacturers have been evaluated and found to satisfy the CMS constraints. A particular effort
has been made to validate chips which could simultaneously be tested in packaged form.

The transmitter and receiver modules are assembled using silicon-submount technology. This
technology, now being adopted by all major telecommunications component manufacturers, is
well adapted to the fabrication of single-element devices, hybrid assemblies or arrays. Good
optical coupling between die and fibre is achieved with micro-machined V-grooves aligned to
die-attach metal pads and registration marks. The resulting assembly is a mechanically rugged,
low mass, small footprint (typically 2.5 mm x 1.9 mm) device, which can be easily handled and
tested before final packaging. Figure 5.20 schematically shows the one-way laser- and p-i-n-
diode assemblies commercially developed by Italtel (Milano) and evaluated by CMS. Chips from
different manufacturers can be hybridised on the silicon submounts, thus significantly decreasing
the risk in making use of off-the-shelf die for our application.

PIN photodiode

Si-submount

Laser die

| Fibre

Fig. 5.20: Laser (left) and photodiode (right) assembly showing the Si-submount, semiconductor die,
and optical fibre.

The submount assemblies shown in Fig. 5.20 form the basic building blocks of the Tx and
Rx modules. Standard one-way mini-DIL packages have been used to validate the technology,
but a non-magnetic, low-mass, multi-way package is being custom developed by Italtel for CMS.
This 14-p-i-n ceramic DIL package will house up to four (known good) assemblies in a volume
of approximately 15 mm x 10 mm x 4 mm. Depending on the sub-detector requirements, it
will be partly populated, resulting in increased layout flexibility in low granularity regions. On
the hybrids, the Tx and Rx modules will be inserted into low-profile sockets, making testing
and maintenance activities possible even after installation. A fibre ribbon or bundle, terminated
with a multi-way connector will link each package to the first patch panel. Delivery of the first
4-way samples is due in the first quarter of 1998.

5.4.2.3 Optical fibre, cables and connectors

All the passive optical components (fibres and connectors) are commercially available products
of the single-mode type.
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Fibres with pure silica core, fluorine-doped cladding and UV-cured acrylate coating are
intended to be used in the high radiation environment of the detector, while germanium-doped
core with pure silica cladding fibre will be used outside. Encouraging irradiation test results,
however, indicate that standard germanium-doped telecommunications fibre might be usable
throughout the detector, resulting in a homogeneous and cheaper fibre system.

Individual fibres are grouped into multi-fibre ribbons (4- and 8-way) and multi-ribbon cables
(typically 8 x 8-way) at patch panels (1) and (2) respectively (Fig. 5.18). The design of a small
diameter (8-10 mm), low bending radius (7-10 cm), 64-way cable is currently under way with
a leading commercial manufacturer. Each cable will serve one Front-End Driver (FED) board.
The choice of the 1310 nm wavelength will permit operation of a Class-1 eye-safe ribbon-based
system at power levels compatible with our application.

The three connectorised breakpoints allow for easy testing, installation, and maintenance of
the system. Connectors based on single-mode angle-polished MT 4- and 8-way ferrules [5-24]
are used throughout, achieving the highest patch panel density currently possible with com-
mercial components. The design of a compact 1536-fibre patch panel to be located in the EM
Calorimeter crack (patch panel (2) in Fig. 5.18) is under way under the guidance of two con-
nector manufacturers. It includes a fibre management fixture to allow for easy installation and
maintenance of pre-terminated ribbons and cables.

5.4.3 Experimental results

All tests reported in this section have been performed with optoelectronics on Si-submounts
housed in one-way mini-DIL packages supplied by Italtel and electronics based on commercial
off-the-shelf components. The results are representative of the prototype links which have been
evaluated to date, but information on performance spread is still being built up. First evaluations
confirm that both analog and digital specifications (Tables 5.2, 5.3) can be met with some safety
margin, using the selected components.

5.4.3.1 Analog link

The measured static response of the analog link features a relative deviation from linearity
which is in all cases smaller than the specified value of 2% over the operating range. Noise
measurements have also confirmed that peak signal to r.m.s. noise ratios of the order of 400:1
(52 dB) can be achieved.

The optical link step-response is shown in Fig. 5.21 (a). The solid line is the normalised
link input signal, which is representative of a large pulse delivered by the front-end chip with
a rise time of 5 ns and a plateau of 20 ns. The dashed line represents the output signal Vgys.
We measure on the output pulse an overshoot of & 4% of the pulse height and a settling time
of ~10 ns to within 1% of the end value. It is worth recalling that signals will be digitised
within the 25 ns analog sample period (40 Ms/s transmission rate). The link frequency response
characteristic, shown in Fig. 5.21 (b), shows a 3 dB cut-off frequency of 110 MHz, essentially
limited by the receiver bandwidth [5-25]. Dots are experimental data and the solid line is a fit
with a second-order filter function.

5.4.3.2 Digital link

The digital link performance was assessed by transmitting a pseudo-random NRZ coded bit
stream (2''-1) and measuring the Bit Error Rate (BER) as the received optical power was
varied with an optical attenuator. Figure 5.22 (a) shows an eye diagram obtained at a bit-rate
of 40 Mb/s for a receiver power of P,_i_, = —32.2 dBm.
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Fig. 5.21: a) Optical link time-response to an input pulse representative of a large front-end chip signal,
b) frequency-response.
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Fig. 5.22: a) Eye diagrams at 40 Mb/s with power at the receiver of -32.2 dBm. The data bits are
strobed on the falling edges of the clock (5 ns/div. time-scale), b) BER plot at 40 Mb/s and 160 Mb/s
for irradiated and unirradiated p-i-n photodiodes.

The BER corresponding to these conditions is 10712, as shown in Fig. 5.22 (b). Measurements
were performed at 40 Mb/s and 160 Mb/s with a standard p-i-n-diode, and also at 40 Mb/s
with an irradiated photodiode having been exposed to a neutron fluence of 6 x 10'* n/cm? and
a gamma dose of 100 kGy.

A BER of less than 107'2 is easily attained with the present digital link configuration.
Operating with an irradiated p-i-n diode shifts the received signal level by ~ 5 dB but still
preserves an excellent safety margin for operation at the LHC. The 5 dB penalty is well correlated
with the ~ 70% loss in the photodiode responsivity observed during the irradiation tests.

5.4.4 Radiation hardness

In view of selecting appropriate components for the CMS Tracker optical links, a great variety of
devices, fibres and connectors have been irradiated [5-26, 5-27, 5-28]. In this document, we focus
on tests of laser- and p-i-n-diodes assembled on silicon submounts and packaged by Italtel into
one-way mini-DIL housings. As explained in Section 5.4.2; the custom developed 4-way modules
will be built using the same one-way assemblies as used in the mini-DIL package. This allows us
to predict the behaviour of the final components from the results obtained with 1-way packages.
Table 5.5 summarises the test conditions for lasers, p-i-n-diodes, fibres and connectors. Neutron
tests were conducted at the SARA facility at ISN, Grenoble. Proton irradiation was carried out
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using the proton synchrotron (PS) beam at CERN. Pion irradiation took place at PSI, Villigen.
The %°Co source at Imperial College London was used for gamma irradiation. All the exposures
were carried out at room temperature.

Detailed reports on the irradiation test measurements can be found in Refs. [5-29, 5-30].
A brief summary of the results is given below, confirming that the investigated devices are
sufficiently radiation-hard to operate in the CMS Tracker. Obviously, levels of radiation-induced
damage are very much dependent on component position inside the detector.

Table 5.5: Irradiation test conditions

Radiation Devices Fluence Exposure Recovery
(or dose) period (hrs) | period (hrs)
Neutrons (~ 6 MeV) lasers up to
p-i-n diodes 10'% /cm? 102 up to 2100
fibres & connectors
Protons (~ 24 GeV) lasers 4 x10'*/cm? 10 660
p-i-n diodes
Pions (=~ 300 MeV) lasers 3—6 x 10" /cm? 100 600
p-i-n diodes
~ rays from ®°Co lasers up to
p-i-n diodes 100 kGy 70 to 1200 up to 1000
fibres & connectors

5.4.4.1 Lasers

Figure 5.23 shows typical behaviour before and after neutron irradiation; a shift in the laser
threshold is evident but there is little apparent change in the efficiency (slope). An increase in
threshold current corresponds, in operation, to a shift in the DC-bias point and must eventually
be compensated for by the driving electronics to avoid falling into the sub-threshold regime of
the laser. For a linear device such as the edge-emitters considered here, a varying bias point does
not affect the modulated AC signal. In contrast, an efficiency fluctuation will change the link
AC-gain, and must therefore be corrected for, in the analog transmission case, by recalibrating
the system.
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Fig. 5.23: Italtel lasers (TO-can) before and after neutron irradiation.

Neutron damage results are shown in Fig. 5.24 for five devices irradiated at the same time
but with different neutron fluxes. Both the threshold increase and the efficiency loss are roughly
linear with fluence. Similar effects are seen for proton and pion irradiation, but for a given
fluence, protons and pions are 4-6 times more damaging than the ~ 6 MeV neutrons. In
contrast, a gamma dose of 100 kGy caused negligible damage. The radiation-induced changes
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to threshold current and slope-efficiency annealed with a log(t) dependence, at a rate of about
15% per decade (at 29.5°C). With the combined information of damage and recovery effects, it
is possible to predict the threshold current and efficiency change for irradiation over an extended
period, such as during the lifetime of the CMS experiment. Preliminary calculations indicate
that up to 75% of the damage observed during the accelerated tests might anneal during CMS
operation.
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Fig. 5.24: Laser threshold current I increases and efficiency E decreases during neutron irradiation.

5.4.4.2 P-i-n photodiodes

P-i-n photodiodes will be used inside the CMS Tracker to detect the digital signals sent by
the control and timing distribution system. The effect of neutron and proton irradiation on
the p-i-n leakage current and response is illustrated in Fig. 5.25. The leakage currents Ijeax
measured at 2.5, 5, 7.5 and 10 V reverse bias increase non-linearly with fluence by up to 6-7
orders of magnitude above the pre-irradiation values of ~ 10 pA. Approximately 10 times more
neutrons are required to cause the same increase in dark current as for protons (and pions). The
photocurrent Ipc, normalised to the initial pre-irradiation value Ipc(0), is used to estimate the
responsivity fluctuations.
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Fig. 5.25: Damage in p-i-n detectors during neutron (n, solid lines) and proton (p, dashed lines) irradi-
ation for bias voltages between 0 V and 10 V. The leakage current increases while the photocurrent Ipc
for 100 uW optical signal decreases during irradiation.
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Up to a certain fluence (around 1-4 x 10'* n/cm? or 2-8 x 10'® p/cm?, depending upon
the bias voltage) there is only a small decrease in photocurrent. Above this fluence, there is a
rapid decrease of the response. In contrast to the hadron irradiation results, devices that were
irradiated with ®*Co gammas to 100 kGy showed a much smaller increase in leakage current, of
~ 3 orders of magnitude, and no change in photocurrent.

Annealing of the leakage- and photo-current was also measured after each irradiation test.
The neutron-irradiated devices were measured for the longest period (3 months), during which
time ~ 20% of the leakage current damage annealed, but no recovery of responsivity was ob-
served. For the gamma-irradiated devices no significant recovery of the leakage current was
observed in 80 hours following irradiation. Recovery measurements on the proton and pion-
irradiated p-i-n diodes were consistent with the neutron damage results.

In order to assess the impact of the photodiode degradation on the digital system function-
ality, bit error rate tests were carried out with a heavily damaged photodiode (Section 5.4.3).
They confirmed that the digital links could still be operated with considerable safety margin
in the Tracker end-of-life conditions. However, in an attempt to understand better the reasons
for the sudden responsivity loss of the p-i-n-diodes tested, the behaviour under irradiation of
different devices from various sources has been investigated in detail. Preliminary results in-
dicate that some components perform, under similar conditions, significantly better than the
photodiodes reviewed here. Discussions with manufacturers are in progress to identify the key
technological parameters needed to select the best diode structures.

5.4.4.3 Fibres and connectors

Ionisation is the dominant damage source in optical fibres subject to irradiation [5-28]. The
induced loss measured in pure-silica core fibres is ~0.08 dB/m after 80 kGy, compared to
~0.12 dB/m or less in standard telecommunications germanium-doped core fibre. This low
level of damage indicates that both fibre types might be suitable for use in the CMS Tracker
where only 10 m of fibre will be exposed to high radiation levels.

Extensive connector insertion-loss measurements and repetitive mate-demate tests have been
performed on MTS8-S ferrules exposed to gamma and neutron radiation levels expected in LHC
experiments. No significant degradation of the optical and mechanical performance of connectors
could be detected, even after 100 mating cycles [5-30].

5.5 Front-End Driver

The Front End Driver module [5-31] (Fig. 5.26) receives 64 analog signals, each of which is
digitised by a fast ADC and digitally processed and packed with event header information
before transmission to the next level of the CMS Data Acquisition system, whose description is
outside the scope of this document. The FED has been through the first prototyping phase to
demonstrate that the density and basic functional requirements could be met [5-32], and gain
confidence that the cost target is achievable. The principal functions for the FED are now clear
but, providing the prototyping needs of the tracking system can be met, the evolution of the
module can continue for longer than most other parts of the system because it is in the external
counting room and does not limit the design of internal elements. The major features of the
module are summarised in what follows.
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Fig. 5.26: Front-end driver block diagram.
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5.5.1 Introduction
5.5.1.1 Optical input stage

Each FED receives analog data from the interior of the Tracker on 64 optical fibres which are
grouped as 8-way ribbons, with each fibre carrying data from a pair of APVs. The optical signal
is amplitude modulated and requires conversion to electrical levels before it can be digitised and
processed by the FED. This is achieved by a p-i-n diode and two stages of amplification located
on the main FED motherboard. The opto-receiver packages will be mounted in sockets in the
mother board close to the amplifier ADC circuitry with the fibre ribbon pigtails routed through
combs on the board to a backplane connector.

An alternative layout which is being investigated is to locate the optical to electrical con-
version circuits on a transition module in the rear of the FED crate, which has advantages of
modularity but possible drawbacks for interconnections.

5.5.1.2 ADC and Digital Signal Processing

The baseline ADC proposed for use in the FED is a 40 MHz, 10 bit commercial component,
already used in prototypes [5-33]. The 64 ADC channels make the largest contribution to the
overall cost of the FED. Dual ADC devices are now becoming available, with the potential for
further cost savings.

The data from each ADC is processed by its own independent digital parallel-pipelined
processing logic running at 40 MHz. Unless there are substantial advances in FPGA or DSP
technology in the next few years, the intention is to implement this as an ASIC to meet cost
and performance targets: specifically the power budget, processing power, and circuit density.

The description of the processing stages which follows outlines a baseline algorithm which
will doubtless evolve over time but should follow the same principles. The design is modular and
could be improved easily if better algorithms are identified. Each stage processes a frame as a
continuous block, outputting another block after a fixed latency. The processor can handle back-
to-back frames (40 Mbytes/s per ADC) with up to two frames in the pipeline simultaneously.

Synchronisation

The first stage recognises the start of an APV data frame, producing a start frame signal
in synchronisation with the first analog sample, which triggers the subsequent processing stage.
The circuit also extracts the pipeline address from the serial header and performs a nearest
neighbour and global synchronisation timing check. It employs an auto-synchronisation method
which locks directly to the APV data stream requiring no external trigger. This is necessary
because there is no simple method of predicting the arrival of APV data frames relative to the
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sending of the trigger (except by state machine emulation) owing to the complex logic of the
APV pipeline buffer.

Data from the ADC are clocked continuously into the synchronisation circuit which compares
the data stream with a threshold in order to serialise the header, and clocks it through a shift
register. The parallel output of the shift register is then compared with a fixed pattern to
identify either an APV tick or an analog data frame. Additionally the pattern recognition
circuitry is enabled with a time window gate which is opened on tick boundaries or on data
frame boundaries as appropriate. This prevents the circuit being active during a data frame or
between ticks and misidentifying data or noise.

The synchronisation circuit is initially locked during start-up. After a reset, with no triggers
present and the time window gating disabled, the circuit locks to the first tick from the APV
after the initial period of no activity. The time window gating is enabled after the first tick after
reset and triggers can then safely commence.

The circuit shifts out its serial header to the neighbouring ADC processing channel to check
for timing alignment and also to cross-check the APV pipeline number. As well as clocking out
nearest neighbour information the channel also receives data from its neighbours which it checks
against the serial header from its own ADC. The two headers must align in time and have the
same 8-bit pipeline address. If an error is detected then this is signalled through a wired OR line
to the computer system interface. A bit is also set in the status word for this frame to inform
the DAQ system.

As a further integrity check for APV pipeline synchronisation a global input allows the
possibility of a value to be broadcast via the TTC from the APV emulation and checked against
the current, next or future frame. This process may not be carried out for every trigger but
periodically as required, provided the system configuration allows it.

Re-ordering

The APV outputs detector channels in a non-sequential, but fixed, order so that adjacent
strips with charge shared between strips or clusters are not adjacent at the digitisation stage.
The cluster-finding logic requires the data to be in channel order and thus the APV frame must
be re-ordered before the hit finding processing can be performed.

The re-ordering is triggered by a start pulse from the synchronisation circuitry causing it to
clock through the words from the analog data frame. It clocks out a re-ordered data stream 256
cycles later along with a start signal to indicate the first value to the next stage.

The circuit uses a Dual Port Memory (DPM) to re-order the data. The input address is
provided by a counter which counts with the APV output sequence. When an APV data frame
is stored with this address sequence it is re-ordered in memory by channel order. The APV
output sequence is easily emulated in real time by manipulating the output bits of a binary
counter. After re-ordering, the data are immediately read from the other port using a binary
counter for addressing. Both counters run at 40 MHz and thus, with the output sequence
running immediately after the input sequence, the circuit appears externally to behave like a
256 cycle shift register. This 256 cycle delay feature is subsequently exploited by the common
mode correction circuit.

The DPM is double buffered (2 x 256) and re-orders another frame arriving immediately
after the first in a second DPM partition whilst the old frame is being read out from the first.
Thus the circuit can handle back-to-back data frames at 40 Ms/s.

Pedestal correction

Each APV chip will have a unique static offset level associated with each detector channel
due to process manufacturing variations. Although these variations are expected to be small it
is still necessary to compensate for them owingto their effect on subsequent processing stages.
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This is done by storing the pedestal values in a 256 location SRAM Look Up Table and
subtracting them from the data stream as they are clocked through. Values are sequenced from
the SRAM LUT by an 8-bit counter which is triggered by the start signal from the previous
processing stage. The stream of pedestal values from the LUT are fed into one half of a subtractor
with the other input connected to the data stream. The output of the subtractor is a pedestal-
corrected data frame which is passed onto the next stage. This circuit has a latency of only a
few clock cycles.

Faulty channel correction

In the event that an individual APV channel develops a fault, it is necessary to have the
option of ignoring it in all processing stages. For example,if a channel was stuck at full scale
then, if uncorrected, that channel would distort the common mode calculation, cause maths
range exceptions and would be found as a hit for every trigger.

Channels which are faulty are flagged in a 256 x 1 SRAM LUT. When the synchronisation
circuit generates the start signal it also initiates a counter which sequences the Faulty Channel
LUT producing an additional flag bit which is attached to data from each channel. This bit
indicates if the channel data should be processed or ignored and accompanies each channel of
data through all processing stages.

If every APV channel is marked as faulty in the LUT then the whole APV input can be
disabled. This can be used to remove whole APVs or pairs of chips from processing.

Common mode correction

Although more complex scenarios can be envisaged, at present the common mode effect is
assumed to be a common DC offset, captured on every APV6 input channel, as observed in
prototyping. Although expected to be the same for every channel within an APV, it is different
for every APV and different for each trigger. Thus each APV requires a separate calculation for
every trigger. In the baseline algorithm we use the average of the data frame as the common
mode estimate.

The required level is calculated by summing each incoming APV stream in an independent
registered accumulator. This is done before re-ordering, as it is not order sensitive. Since the
APV streams are interleaved, each accumulator adds alternate samples which, after 256 cycles,
produces two independent sums. These are divided by the number of non-faulty channels to
produce the average value and stored.

The values are available as data emerge from the re-ordering, due to the 256 cycle delay
mentioned earlier, and a pipelined subtractor removes the common mode averages from the
data stream. In the event that there are faulty channels then they will be excluded from the
summations. The resulting divisions to calculate the averages may then require full integer
division (non power of 2) which will require a greater number of cycles to complete. Additional
pipeline delays can be added to the data stream to align it with the availability of the averages.

Cluster finding

The basic principle of the hit finding circuit is to identify which channels are hit and write
them into the output buffer ready for readout by the FED DAQ interface.

The hit occupancy per strip is low, around 1-3%, and for each per cent occupancy a data
frame will contain on average around 2-3 hits. Only these are written to the output buffer while
the remainder of the data frame is discarded. This requires that each hit value must be tagged
with a detector channel address (8 bit) as it is no longer uniquely identified by its position in the
frame. Thus each hit is coded to two bytes which gives a data compression ratio of around 60:1
for 1% occupancy. Finally the sparsified data, data length and processing history, are clocked
into the output buffers (FIFOs) ready for readout by the FED DAQ interface.
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The sparsified frame data will also require a header consisting of processing channel identity,
status, type and processing history. This header is an overhead which slightly reduces the
effective compression ratio and increases the data rate.

The details of the algorithms to be implemented have not yet been defined. In practice
the algorithms required for silicon and MSGC are expected to be different due to the different
behaviour of each detector type and large-angle tracks creating larger, more complex, clusters for
MSGCs. However, promising results have been obtained in studies using simple algorithms based
on a seed strip chosen on the basis of a suitable threshold and neighbour strips satisfying a lower
threshold [5-34]. Such algorithms are well suited to flexible implementation, using programmed
threshold values, in a not too complex ASIC. It is expected that these would gradually be
implemented during CMS operation making maximum use of the available bandwidth and the
opportunity to tune cuts both online and offline.

5.5.1.3 Output

Assuming a 40 MHz pipeline, approximately 512 cycles after the first analog sample is clocked
into the processing chain, the output buffers will contain all the sparsified hits. The model used
for this buffer assumes three FIFOs, for data, length, and header data. This is intended only
for understanding operation and in practice the buffer may be implemented in a different way
for optimal cost.

The FIFOs are capable of buffering multiple events. The number of hits in the data FIFO
for each trigger is random so an associated length buffer is required so that the readout interface
knows how much data to expect from each triggered event. The header FIFO, which contains
information calculated or extracted during the processing phase (e.g. APV pipeline address,
maths processing exception flags) has a fixed data size per trigger and does not require a length
FIFO.

The Processing Readout Interface then uses the information in these buffers to build an
output block for a particular event.

Processing readout interface. This is a synchronous, high-bandwidth, high-efficiency,
block transfer bus whose bandwidth sufficiently exceeds the average rate that the processing
FIFOs required can be small. The interface signals that data are ready through wired-OR
control lines and the DAQ interface transfers the event data (see Table 5.6) to its local buffer,
using the Header FIFO and the length FIFO to select the appropriate data in the data FIFO.

Table 5.6: Processing channel data format

Header ADC ID 6 Bits
APV6 Pipeline Address 8 Bits
Status -
No Hits 8 Bits

Data Block | Channel Address 8 Bits
Channel Data 8 Bits
Channel Address 8 Bits
Chanel Data 8 Bits

Trailer Error Detection/correction | TBD

Set-up interface. An additional interface which is linked to the FED Computer System
Interface and ultimately to the global computer system is assumed for each ADC processing
channel. This allows an external computer to configure all processing and control stages within
a channel or group of channels, for example loading and verifying pedestal and threshold LUTs
before data taking commences. This interface can also be used for monitoring processing or
processing statistics during data taking.
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Processing exceptions. Within the FED processing there are a number of error conditions
which can occur. Many of them are not fatal and are simply flagged in the header information.
They are likely to be caused by random fluctuations in the data rate and the hardware is designed
with sufficient capacity that they will occur rarely in normal running conditions.

Table 5.7 shows key parameters within the processing which may be subject to data-induced
exceptions. If any of these values exceed pre-programmed thresholds this will be flagged in a
status word in the header. Additional action may be taken to prevent out-of-range values from
adversely affecting subsequent processing.

Table 5.7: Processing exceptions and actions

Parameter Condition Flag Processing action

Common mode | Out of range | Yes | Ignore
ADC overrange Yes | Clamp to upper ADC limit
Hit amplitude Out of range | Yes | Clamp to min or max limit
Number of hits | Out of range | Yes | Discard hits beyond upper limit
Data buffer Part full No | Hard-wired signal to DAQ

Full Yes | Discard subsequent hits
Length buffer Part full No | Hard-wired signal to DAQ

Full Yes | Hard-wired signal to DAQ

Count lost events

Processing latency. Each post-ADC processing stage is designed so that it takes a fixed
number of clock cycles. The total processing latency at 40 MHz is expected to be around 600
clock cycles and is dominated by re-ordering and the hit search (256 cycles each).

Calibration and monitoring modes. All calibration and monitoring on the FED is
expected to be performed through the FED computer system interface under the direction of
the external computing system. The post-ADC processing requires set-up of the processing
algorithm, in particular pedestal correction and threshold LUTs which are determined during
APV6 calibration.

Implementation. The target is to service eight ADC channels in a single ASIC with eight
ASICs on a 64 ADC channel FED. Figure 5.27 shows the generic I/O of such a chip which is
expected to have a low I/O count, see Table 5.8, with around 160 pins total.
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Fig. 5.27: Digital Signal Processing ASIC I/0.
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Table 5.8: ASIC I/O description

Signal name Slots | Pins | Type Description
ADC data x8 10 in ADC digitised analog input
ADC ovr 1 ADC analog input over range
ADC oe 1 ADC tri-state enable
ADC clock x1 1 in Phase adjusted 40 MHz system clock
NNsynch in x1 1 in Nearest neighbour synch to adj ASIC
NNsynch out x1 1 out | Nearest neighbour synch from adj ASIC
GlobSynch x1 1 in Pipeline address from APV6 emulation
Synch error x1 1 out | Fast warning — APV6 synch lost
Readout clock x1 1 in DAQ interface readout clock
Readout data x1 ~ 16 | out Readout synch data port
Buffer error x1 1 out | Fast warning — buffers almost full
Serial config x1 4 i/o | Serial configuation port
Boundary scan | x1 4 i/o | IEEE standard test port

The serial configuration bus is intended for configuring all internal processing stages, al-
gorithms, LUTs and hit finding circuitry. It will be connected to the FED computer system
interface. An IEEE Boundary Scan port is provided to aid with testing during manufacture and
could also be utilised for system integrity tests during installation and operation.

There are two power supplies envisaged: one for the 3.3 V I/O buffers and a sub-3 V supply
for the core logic depending on the process used. Power consumption is not known in detail at
present but it is expected to be well below the 100 W maximum allowed for each board; the
principal contributions will come from the optoelectronics conversion and the digitisation stages.

5.5.2 Interfaces
5.5.2.1 DAQ interface

The main function of the DAQ interface is to create on the FED the output data block for each
event and transmit this to the DAQ system via the FED-RPDM data link. The data block is
created by merging 64 individual data blocks from the post-ADC processing with the TTC and
other header information for each triggered event. The circuit is expected to be implemented in
an FPGA for flexibility.

The event count and bunch counts are generated and buffered in FIFOs within the DAQ
interface under control of the clock, trigger and counter reset signals from the TTC. This avoids
fanning signals around the board by generating them within the DAQ interface where they are
merged directly with the data stream. They are written into the FIFO with each trigger and are
read out in order and merged with each set of processed frames. The Tracker front-end provides
no event counters but it is simple for the DAQ interface to provide them on the FED because
the readout preserves the data in event order.

After merging, the interface provides dual-ported buffering between the FED and the RDPM
to balance the flow of data between the two systems. This buffer will be small owing to the
speed of the FED-RDPM link and the RDPM will act as the main buffer into the DAQ.

The DAQ interface may also perform other functions such as integrity checks on the data,
generation of error detection trailers for data blocks, creation of monitoring data and exception
handling. Exceptions identified by the DAQ in the data stream can be flagged to the CSI so
that the global computer system can respond to errors in real time.
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5.5.2.2 FED and RDPM interface

The Readout Dual Port Memory (RDPM) [5-35], which is the first stage of the DAQ sys-
tem [5-36], is designed to receive and merge data from 1 to 8 FEDs, depending on the particular
detector sub-system, at up to 400 Mbyte/s via the FED-RDPM data link. In the case of the
Tracker the ratio of FEDs to RDPMs will be around 4:1 which allows 100 Mbyte/s per FED
and corresponds to an occupancy of 3% at 100 kHz trigger rate.

The choice of the data link involves a number of factors as well as data transfer performance,
in particular the ability to vary the ratio of FEDs to RDPMs for each sub-system. This favours
some form of network since a backplane connection would require different configurations for
each sub-system and would be difficult to reconfigure. There are a number of network topologies
which are feasible including bus, ring, or point to point.

Another factor in the choice is the development time-scale for the RDPM and DAQ system,
which is expected to be built late in order to take maximum advantage of commercial technology
developments. This also appears to favour the use of a network link but in combination with
a standard mezzanine slot on each FED which would allow for the late customisation of the
network. The use of a plug-in network for the FED-RDPM also allows the RDPM to be located
in a different crate from the FEDs.

The most likely commercial standard at present is PCI bus [5-37], implemented as a PMC
on the FED. Assuming a 64 bit-66 MHz configuration, this would have a bandwidth for each
FED of around 500 Mbyte/s which greatly exceeds all known requirements. The limiting factor
would be the FED-RDPM data link, RDPM and subsequent DAQ components.

5.5.2.3 Computer system interface

This provides access to all the FED internal processes to the external computer system for
purposes of set-up, control and monitoring. The circuit will probably be implemented in an
FPGA for flexibility while the FED CSI-global gomputer system link is likely to be VME-based
with a single board computer in the FED crate providing the bridge via the VME backplane.

Internally the CSI provides links to the ADC clock programmable delay lines, the post ADC
processing circuits and the DAQ interface to allow set-up and monitoring of these functions by
the global computer system. In particular the link to the DAQ interface can be programmed
to provide a summary of all exceptions, or other parameters, on an event-by-event basis during
data taking. If any exception flags are found in the stream these are tagged, buffered, and made
available to the CSI for further analysis by the external system.

5.5.2.4 Trigger, timing and command interface

This is based around the TTCrx ASIC [5-38] using only the minimum set of 9 TTC signals to
decode all TTC broadcast information, specifically 40 MHz Clock, trigger, event counter, bunch
counter, and the TTC broadcast slow control stream.

The 40 MHz clock is fed into two 4-channel programmable delay lines with each channel
de-skewing the clock in 0.5 ns steps over a 25 ns range. These 8 delayed clocks drive groups
of 8 ADCs all receiving signals from the same fibre ribbon. This allows for compensation in
the lengths of individual ribbons with the assumption that fibres within a ribbon remain closely
matched in length.

The 40 MHz clock is also transmitted to the DAQ interface along with the first-level trigger,
event and bunch counter reset signals to control the generation and buffering of the event and
bunch counts there.
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5.5.3 System aspects

The design strategy has been to aim for a high level of integration in order to meet the price-
performance target. This is reflected in the reduced number of component types and quantities
expected in the design. Figure 5.28 shows the functional implementation of the processing chain
consisting of opto-receivers, twostages of op-amps, dual ADCs, processing ASICs and interface
FPGAs and dual port memory. Figure 5.29 shows a schematic of the likely physical layout of
the module.
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Fig. 5.28: Expected FED functional implementation.
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Fig. 5.29: Schematic of possible final FED module.

5.5.4 DAQ
5.5.4.1 Data formats

The FED output data block will consist of a header, a data body, and a trailer. The header con-
sists of unique identifying information such as FED number, event counter, and bunch counter.
The body depends on the data format type coded in the header. Different data formats are envis-
aged for the calibration, monitoring, and data-taking operating modes. The block trailer which
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follows the body would include some form of error detection or correction to allow subsequent
stages in the DAQ to verify the integrity of the data block.

Table 5.9 shows the data format for normal operation with zero suppression. The hit finding
algorithm codes each hit to an address-data pair which requires the start of the data block to
include 64 length values to indicate the length of the zero suppressed block from each ADC
processing circuit.

The format shown is a minimum format and includes no processing history or status flags
which implies that there are no processing exceptions within it. In the event of processing
exceptions a different data type can be used which would include additional processing history
information for each ADC processing channel indicating the exact nature of exceptions.

Table 5.9: Zero Suppressed Data Format

Sub block Source Data field Word number | Bits

Header FED FED Id 0 12
Fed Block type = sparse 0 4

TTC Event No. 1 32

Bunch No. 2 12
Data block ADCO0 Data length - 8
ADC 63 Data length - 8
Data block ADCO Strip address - 8
” Strip data - 8
7 Strip address - 8
7 Strip data - 8
Data block ADC 63 Strip address - 8
7 Strip data - 8
” Strip address - 8
7 Strip data - 8
Error detection - - - -

5.5.4.2 Event sizes and rates

The event size output to the DAQ is a product of the number of detector channels per FED
(64), the average occupancy of detector channels served by the FED (< 3%), and the number
of bytes used to code the data. For a simple zero suppression scheme each hit would be coded
as 2 bytes, namely strip address and signal amplitude. Additionally the event size must include
the fixed-length header and trailer data. The data rate is the product of event size and trigger
rate.

Table 5.10 summarises these event sizes and rates for an individual FED with the maximum
average trigger rate of 100 kHz for occupancies in the range 0 to 3%. The table assumes hit
finding and zero suppression with hits coded to 2 bytes and a header-trailer size of 80 bytes.
The total event sizes and rates are detailed in Table 5.11.

Table 5.10: FED average event sizes and rates

Chan/FED | Occupancy | Coded hit | Event data | Header Total Rate
(%) (Bytes) (Bytes) (Bytes) | (Bytes) | (Mbyte/s)
16 k 0 2 0 80 400 8

1 320 400 40
2 640 720 72
3 960 1040 100
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Table 5.11: Tracker average event size and rates

Tracker | Occupancy | Coded hit | Event data | Header Total Rate
chan’s (%) (Bytes) (kBytes) (Bytes) | (kBytes) | (Gbyte/s)
12 M 0 2 0 80 60 6

1 240 30
2 480 54
3 720 78

In heavy ion running the occupancy of hit detector channels is much higher, up to 18% [5-39]
in the MSGC layers (the silicon layers are expected to be switched off), which gives a FED event
size of around 6 kbytes. However, the trigger rate is reduced to ~ 8 kHz for Pb—Pb collisions,
assuming full acceptance, which gives each FED an output rate of 48 Mbyte/s. This is equivalent
to p—p running with a 1% occupancy and a 100 kHz trigger rate. Geometrical restrictions on the
trigger lower the rate considerably and it seems more likely that online zero suppression would
not be used.

5.5.5 Development time-scale

A 64 ADC channel prototype FED in a 9U by 400 mm VME format has already been devel-
oped [5-32] and eight modules are currently in service in several laboratories. The prototype has
been demonstrated in a beam test and can be configured with much of the final functionality.
It does not yet meet the cost targets.

The next step is to implement a lower cost 8-channel PCI Mezzanine Card (PMC) aimed at
enabling the instrumention of larger numbers of APVs required for system prototyping [5-40].
For most of these tests online zero suppression will not be a high priority so the cost of FPGA-
based post-ADC processing can be avoided. The PMC module also has the advantage of being
compact and can be plugged onto a range of commercial off-the-shelf 6U VME cards. It will be
available in mid 1998.

Subsequent steps will make significant moves toward the final system, demonstrating both
price and performance Table 5.12. The final module should have maximum integration, with
all components located on the main board to minimise the cost of assembly and test. The
exception will be the FED-RDPM link which will be implemented as some form of commercial
mezzanine card. Although the CSI will be implemented on the main card there will be the
option of upgrade through an additional commercial mezzanine slot.

Table 5.12: FED roadmap

Step Date Format Description
0 1996 9U VME Existing demonstrator prototype
1 1998 Q2 PMC ADC PMC for detector development
2 1999 6U/9U VME | Opto—ADC-FPGA, DAQ PMC slot
3 2000+ TBD 64 x Opto-ADC-ASIC, DAQ PMC slot
4 2001+ 9U VME Pre-mass-production final optimised version
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5.6 Control and Monitoring

The control and monitoring of the Tracker can be divided into two areas:

— the internal control of the readout system and monitoring of some Tracker-specific com-
ponents installed in the Tracker volume itself, which requires custom radiation-hard com-
ponents. This is described in Sections 5.1, 5.6.6;

— the operation of external elements, such as power supplies and gas flow regulators, and the
overall computer interface to the users who will operate the CMS experiment. This is a
system common to the entire experiment and is summarised in Section 5.6.7.

The internal Tracker control and timing distribution system consists of a set of services dedi-
cated to the distribution of the LHC bunch crossing clock and trigger signals and the supervision
of the embedded electronics via a dedicated network [5-41].

The mixing of these functions was decided in a fairly early stage of the architectural defini-
tion of the system and was determined by the attempt to minimise costs by sharing a common
communication infrastructure for the distribution of both the fast and the slow timing signals.
This choice ruled out the applicability of most commercial slow control buses (CANbus, Ether-
net, Intel USB, MIL1553 etc.); while such buses would be ideally suited for the classical slow
control functions, they are not well adapted for the distribution of fast timing signals (the LHC
bunch crossing clock and the experiment trigger) with the desired low latency. Furthermore,
components are not available in a radiation-hard technology and with the necessary low power
and compact size necessary for the Tracker environment.

The integration of the control and timing distribution system [5-38] with the general Tracker
readout system is shown in Fig. 5.30. As explained below, the system can be configured in
a number of different ways to match the different topologies of regions of the Tracker and to
minimise the overall cost. The system is also adaptable to the requirements of the pixel system
and is also likely to be exploited by other sub-detectors, such as the Preshower [5-42].
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Fig. 5.30: General architecture of Tracker system.

5.6.1 Overview of CMS Tracker control system
The Tracker control system consists basically of three functional blocks:

— an external Front End Controller (FEC) card located in a VME crate houses the intelli-
gence necessary to manage the communication network and interfaces to the CMS slow
control system;
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— a communication network based on a simple token-ring topology architecture provides
the communication between the control room and the embedded electronics. The long
sections of this network are implemented over optical fibres, the short ones on low-mass
copper cables;

— an embedded Communication and Control Unit (CCU) provides a link between the com-
munication network and the front-end ASICs or any monitoring IC located on the detector.
This chip is supported by an external Phase Locked Loop (PLL) ASIC for the recovery
and local distribution of the trigger and clock signals.

A key element in the design of this architecture was the requirement to re-use the same op-
tical communication technology developed for the Tracker analog readout. The communication
between the embedded electronics on the CMS Tracker and the external electronics is therefore
expected to use a ribbon of four optical fibres, i.e. to have the same basic modularity used for the
analog data readout. Two fibres are used for sending the timing and data signals to the front-end
and two to transmit a return clock and the return data to the external world. Figure 5.31 shows
a possible schematic arrangement for the optical part of this digital communication channel.
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Fig. 5.31: Control system architecture.

Assuming a basic clock speed of 40.08 MHz, each link has a 40 Mb/s capacity. The synchro-
nisation of the FEC and the embedded electronics is provided by a special clock line. For smaller
networks or laboratory set-ups a ring not requiring optical fibres can also be built. CCUs are
typically mounted on control modules, housing the necessary ancillary electronics, such as line
drivers, receivers and level translators.

To minimise the costs of the slow control system, a number of control modules will be
connected serially on local parts of the detector resulting in a ring-like arrangement such as
the one shown in Fig. 5.32. The Tracker will have a total of about 20 000 front-end modules,
and we foresee grouping 10-20 modules on each CCU and, most likely, 1-4 CCUs per ring so,
depending on cost and topology constraints, the total number of network rings is expected to
be between 300 and 1300.

In Fig. 5.32, DCU refers to a Detector Control Unit; this ASIC is an option in the CMS
Tracker and could be used to measure and monitor slowly varying analog signals such as tem-
perature, low and high voltages, detector currents, etc. The DCU is connected to the external
FEC via the CCU and is fully supported by the communication protocol.

The arrangement shown in the figure assumes that the connection between the FEC and
the first control module is done via optical fibres, the connections between embedded control
modules is done electrically using Low Voltage Differential Swing lines (LVDS) [5-43] and the
return connection to the FEC is optical. The CCU does not support direct connections to optical
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Fig. 5.32: Simplified view of control ring.

elements, and therefore separate optical to electrical interface modules including laser drivers
and p-i-n diode receivers are required. The length of a single electrical connections between
CCUs is expected not to exceed 50-60 cm for a total length of the electrical ring not exceeding
2-3 metres.

5.6.2 Communication architecture

The communication architecture used in the slow control system is based on two layers:

The first layer (called the Ring) connects the FEC to CCUs and the CCUs between them-
selves; the protocol on this layer is message based and is implemented in a way similar to
standard computer LAN networks. The protocol used on this layer will be called the Ring
Protocol.

The second layer connects the Control modules to the front-end chips via so called Chan-
nels. The protocols used here are called the Channel Protocols.

The first layer is unified and common to all CCUs, and is based on a LAN architecture
transporting data packets (messages) from the FEC to the channel controllers. The second
layer is specific to the channel, and different kind of physical implementations of the channels
are foreseen.

The CCU version 1 contains the following channel blocks:

One node controller (the CCU control itself is seen as a special channel able, for instance,
to report the status of the other CCU channels). This is also used for network maintenance.
Twelve to sixteen I2C [5-9] master controllers.

One simple memory-like bus controller to access devices such as memories, A/D converters
etc.

One Event Memory channel to control devices and FIFOs, used for digital detector read-
out.

One simple programmable 8-bit I/O-like parallel bus controller.

One trigger distribution controller.

The dual network layer architecture introduced above is necessary to support applications
where long cables/fibres are used between the FEC and the CCUs (therefore generating long
delays) and to support the relatively slow buses chosen to interface to the front-end chips, such
as the I?C bus. This architecture assumes that the control is done by sending messages to the
respective channels, which interpret the messages as commands, execute them on their physical
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ports (for example just a read or write operation to the memory bus), and conditionally return
a status reply to the FEC via another message.

This protocol assumes that the remote devices controlled by the CCUs are seen from the
FEC as remote independent channels, each one with a particular set of control registers and/or
allocated memory locations. The channels operate independently from each other to allow
concurrent transactions and can perform transfers to their end-devices concurrently. The high-
level ring supervision layer, being a network-like protocol, is controlled by software running on
an appropriate microprocessor on the FEC card.

To decouple channel operation from that of the ring, the architecture assumes that all op-
erations on the channels are asynchronous and do not demand an immediate acknowledgement.
Basically this means that all commands carried by the ring in the form of network messages
are posted to the channel interfaces. To further support some slow channels, input command
queues are provided to store multiple outstanding commands before execution.

This is easy to implement for write operations, where one works by posting write operations
to the channels. For read operations one instead sends a read request to the channel using a
ring packet; the channel performs the operation on its interface and returns a message to the
requester using a separate ring packet.

Broadcast operations are supported in a like manner. Only write broadcasts are supported.
For example, a broadcast operation to several I?C ports works as follows:

a broadcast message is sent to all (or selected) I?C channels in a CCU,

— the I?C channels execute the command concurrently but do not necessarily complete at
the same time,

— if no error occurs, no acknowledgement is sent back,

I?C channels with errors report their status conditions back by sending an error report

message back to the FEC.

A FEC can always examine the status of the I?C channels by interrogating the CCU controller
in a CCU at channel #0. A logical view of this architecture is shown in Fig. 5.33.

L
Channel Specific Protocols
\{Nﬂﬁius
s8| |58
12C - MBUS etc. cg| |Eg FEC

sSEt-18¢E

||| | G 8 o8
Channels — o O PCI
Node OA

<<} haun QQ— Controller |—<] e m— Q
Node Node
Ring Protocol
ccu_8 CCU_1

Fig. 5.33: Logical view of control ring.

5.6.3 Token-ring protocol

The architecture of a ring of CCUs is functionally very similar to (and inspired by) the one used
by commercial token-ring networks (similar to the IBMs Token Ring or FDDI [5-44]).

The ring consists of a number of node devices (the FEC and the embedded CCUs), which
are all capable of accepting and inserting packets in the ring. In the simplest implementation
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the ring consists of only two devices, the FEC and one embedded CCU, thus resembling a
point-to-point network.

The basic token-ring message transmission protocol for a the ring is based on the following
mechanism:

— at start-up the FEC inserts a token in the ring

— all nodes not wanting to transmit will simply forward the token

— all nodes reached by the frame which are not the destination of the current frame forward
the frame

— anode which wants to transmit information to another node waits for arrival of the network
token, replaces it with a data frame, and transmits it in the ring

— the destination node copies the passing frame, modifies just one 4-bit symbol at the tail
of the frame and forwards the entire frame to the network

— the emitting node receives back its original frame with one symbol modified, removes it
from the ring and re-emits an empty token.

To guarantee the synchronisation and proper operation of the ring, a token packet is gen-
erated automatically and travels around the ring whenever the ring is initialised. The above
protocol assumes that the ring has only one circulating token or data packet at any one time.
In this network implementation, to simplify the design of the CCUs, the FEC node will contain
slightly more complexity, such as the capability of generating empty tokens and of initialising
the network.

Handling of communication errors in the ring is a complex issue; the architecture foresees a
number of mechanisms directed to the detection and correction of network errors, but given the
complexity of the matter these are discussed elsewhere [5-41].

Data packets transmitted on the ring are covered with a 16-bit CRC field. In addition the
protocols for the different channel types are well specified and therefore error conditions related
to bit-loss in the network can readily be recognised. As no priority mechanism has been included,
the network is not meant to support time critical, guaranteed delay messages, but it supports
the transport of ‘interrupt’ messages from the CCUs to the FEC, to inform the outside control
program of anomalous situations.

5.6.4 Data encoding

To simplify data encoding and recovery and taking advantage of the fact that the clock signal is
available on the network on a separate wire, a simple 4 to 5 bit mapping with NRZI (non-return-
to-zero-inverted) coding protocol has been chosen. This choice reduces the effective bandwidth
to 32 Mb/s but it is still amply sufficient for our slow control purposes. This coding guarantees
good DC balancing on the line and can be implemented on many physical media.

Packets on the network are organised also in a standard manner, as illustrated in Fig. 5.34.

Universal

’ SOF | Dest | Src |Length| Data | CRC | EOF ‘

Channel Specific

’Ch# |Cmd |TR# |Addr |DW ‘

(Example for an 12C byte write)

Fig. 5.34: Packet format on ring.
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5.6.5 Redundancy specifications

As each ring could control a sizeable number of front-end channels it is important to be able to
guarantee a very high reliability for the system. One malfunctioning element in a control ring
could mean the loss of control of too many detector elements and would be unacceptable. A
redundancy scheme based on doubling interconnection lines and bypassing of CCUs is supported.
Figure 5.35 shows the topology used to duplicate the communication paths between CCUs. To
avoid losing a complete ring on a broken CCU by a malfunctioning connection, a skip-fault
topology is supported.
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Fig. 5.35: Redundant Skip-fault architecture.

Each CCU is equipped with a set of two network input and output ports. In case of failure
of a component in the primary network ring, the preceding CCU can be programmed to send
its output messages over the second output port which is wired to bypass the faulty element.
All CCUs can receive messages on both input ports. The optical connections are also doubled.

Clearly each duplication of connectivity increases the cost of the system, and the increase
of number of system components also increases the number of potential candidates for failure.
As in most practical cases malfunctions derive from bad connections, the redundancy scheme
chosen only doubles the number of connections and not of ASICs. An unlikely double adjacent
failure in this scheme would lead to the loss of less than 1% of the detector control, and this is
therefore judged an acceptable risk.

5.6.6 System components

A brief description of the key system components of the control system is given in this section.
More detailed specifications for each component are available separately [5-41].

5.6.6.1 Communication and control unit

The CCU ASIC is a special-purpose integrated circuit built in a radiation-hard technology used
to implement the dedicated slow control link in the CMS Tracker for control and monitoring of
the embedded front-end electronics and distribution of the time critical trigger and of the low
jitter clock to the front-end. A block diagram of the CCU is shown in Fig. 5.36.

The CCU interfaces the ring network, for which the CCU is just a node element, to the local
embedded front-end chips. Most of these are accessed using the industry standard I?C bus,
which was chosen for its simplicity. This bus is also completely silent (no clock running) outside
transfers, thus not generating any potentially dangerous switching noise close to the sensitive
front-end chips.

The other interfaces supported by the CCU are a simple 8 bit wide memory-oriented, non-
multiplexed bus, programmable in speed from 1 to 8 MHz, a programmable parallel interface
which can be used to control or read switches or other semi-static elements, and a decoded
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Fig. 5.36: CCU block diagram.

trigger port, where the trigger information which can be encoded in the FEC as up to 3 bits
can be made easily available to local electronics (for instance one can encode normal triggers,
calibration triggers, reset sequences, etc.).

The CCU is estimated to require up to 50 000 logic gates, depending mainly on the number
of I2C channels which the final version will integrate (currently up to 16 are supported). Based
on estimations of switching activity and gate count a power dissipation of less than 400 mW is
foreseen. The chip is being designed using a technology-independent, synthesis-driven approach
which will allow the implementation of the final production version to be ported on the most
suitable and cheapest radiation-hard technology available. A fully functional and synthesisable
model is now available. For test beams and pre-production tests a radiation-soft version is being
produced in a standard 0.8 pm CMOS standard cell technology.

5.6.6.2 Phase Locked Loop chip

A highly reliable clock (and trigger) will be essential to all sub-detectors at LHC to prevent
loss of synchronisation. This is to be ensured by a purpose-designed PLL which is present
on the embedded control module and on the front-end modules to provide a very low jitter,
phase adjustable clock signal to the local electronics. To simplify recovery of clock and trigger
information, the two signals are coded on the FEC with a very simple protocol as shown in
Fig. 5.37. Ring data are synchronised with this clock; no data are carried on the network at the
position of the missing clock pulse. A clock pulse is removed from the clock train to indicate the
presence of a trigger signal. The missing clock pulse and the corresponding trigger signals are
regenerated by the PLL. A detailed block diagram of the PLL component is shown in Fig. 5.38.

The PLL has been prototyped successfully using a standard radiation-soft 0.8 ym BiCMOS
technology. Its jitter figures are ~ 350 ps p—p when a missing clock pulse is present. The output
clock phase can be adjusted from 0 to 25 ns in steps of 1 ns, according to the specifications. The
chip measures ~ 2 x 2.5 mm? and requires less than 50 mW power. In the final radiation-hard
version the I/O levels will be adapted to LVDS.

While the clock distribution only demands to have an adjustable phase as described above,
the trigger distribution requires the shortest possible latency, to minimise the length of the
level-one buffers in the front-end. Both the TTCrx and the PLL ASICs have been designed with
this constraint in mind.
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Fig. 5.37: Encoding of the clock and trigger signals.
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Fig. 5.38: PLL detailed block diagram.

5.6.6.3 CCUM

In the control hierarchy described above, one CCU ASIC is dedicated to the control of a set
of Tracker front-end modules. For instance, in the case of the barrel MSGC system, a 