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CHAPTER 1- INTRODUCTION

The current D@ silicon tracker was built to withstand the 2 — 4 fb* of integrated luminosity
origindly projected for Run 2. Because of the tantalizing physics prospects a higher integrated
luminogty brings, the laboratory supports extended running of the Tevatron collider, cadled Run
2B, which would deiver a totd integrated luminosity of 15 fb™* over the course of the full Run
2. However, the higher integrated luminosity now scheduled for Run 2B will render the inner
layers of the present dlicon tracker inoperable due to radiation damage. Of particular
importance to being able to collect the data needed to exploit the physcs potentid of the
Tevatron is the completion of a replacement of the slicon detector in gpproximately three years
with minima Tevaron down time. The D@ collaboration carefully sudied two options for a
Run 2B dlicon tracker replacement: “partid replacement” and “full replacement.” In the patid
replacement option, the present tracker design is retained and the inner two slicon layers are
replaced with new radiation tolerant detectors. In the full replacement option, the entire Run 2A
dlicon tracker is replaced with a new device. An internd review of these two options identified
ggnificant risks with the partid replacement option. These include the risk of damage to the
components not being replaced, the long down-time required to retrofit the existing detector, an
inadequate supply of the SVX2 readout chips, difficuties in adequately cooling the inner layers,
and margind radiation hardness for the extended operation of Run 2B in the layers not being
replaced. Furthermore, it is nearly impossible to re-optimize the detector for the Run 2B physics
program with the partia replacement option. For these reasons, D@ decided to proceed with the
full replacement option for Run 2B and build a new dlicon tracker that is optimized for the
Higgs search and other high-pr physics processes.

The desgn dudies for the new dglicon detector were carried out within a set of boundary
conditions set by the Laboratory and derived from the physics gods for Run 2B. The firs
requirement imposed is that the detector be able to withstand an integrated luminosity of 15 fb™.
For 15 fbo', combining the data of both the CDF and D@ detectors, a 5s discovery of the
Standard Modd Higgs can be made for a Higgs mass of 115 GeV, a >3s dgnd is expected for
most of the mass range up to 175 GeV, and Higgs masses up to 180 GeV can be excluded if
there is no dgn of the Higgs. This result depends crucially on the &hility to efficiently tag bjets,
which drives the detector desgn towards placing the dglicon detectors a reativey smal
digances from the beam. Beng ale to collect this high an integrated luminogty with the
tracking device s0 close to the interaction point puts sringent requirements on the cooling for the
inner layers and has led to a naturd divison of the detector into two radid groups, an inner and
outer group. The laboratory has required that the shutdown for replacement of the current Slicon
detectors should occur in the year 2004 and should not exceed six months in duration. This
timeframe is st by the startup of the LHC collider at CERN. This gtringent timetable forces the
detector to be replaced in the D@ collison hdl. A rollout of the detector, out of the collison hdl
into the assembly hdl, replacing the dslicon detector, and rolling it back in is an operation
edimated to take a least nine months and would inevitable engender a larger effort. Ingtalation
of the new glicon detector in the collison hdl condrains the ingdlable package length to 527,
determined by the space avallable between the centrd and end caorimeters in the collison hal
which is only 39". The last requirement imposed by the Laboratory is that the project should be
completed within a tight budget. To reduce the cost and to keep to the schedule as much of the
present data acquistion sysem as possble will be retained. Even though there are significant
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boundary conditions, the new detector presented in this document is designed to have better
performance than the Run 2A detector and is expected to be completed within the dlocated time,
cdling for an ingalation in the summer of 2004.

This report describes the current conceptua design of the new dlicon detector for the DQ
experiment for Run 2B. Chapter 2 briefly summarizes the physics maotivation for an extended
run of the Tevatron. Chapter 3 gives an overview of the proposed D@ silicon detector design and
serves as an introduction to the next chapters. Chapter 4 discusses the slicon sensors, chapter 5
the mechanica aspects of the design, chapter 6 the readout eectronics. Chapter 7 describes the
production and testing, followed by chapter 8 which will describe the software needed for the
qudity assurance and testing of the devices. In chepter 9 an overview of the expected
performance based on smulations is presented and chapter 10 presents the cost ettimate. A
summary is given in chapter 11. The document includes an gppendix that describes the overdl
management dructure of the Run 2B Upgrade Project. At the time of writing this report, full
closure has not been reached on al aspects of the desgn. As such, particular features will
necessarily change if deemed to improve on the current design. Nevertheless we are confident
that this design forms a solid bass for proceeding to condruction of a detector capable of
meseting the Run 2B physics gods.



D@ Run 2B Silicon Detector Technical Design Report — v3.0

CHAPTER 2- PHYSICSGOALS

Proton-antiproton collisons a Js=2 TeV have proved to be a very fruitful tool for deepening
our understanding of the standard model and for searching for physics beyond this framework.
D@ has published more than a hundred papers from Run 1, including the discovery and precison
measurements of te top quark, precise tests of eectroweak predictions, QCD tests with jets and
photons, and searches for supersymmetry and other postulated new particles.  With the addition
of a magnetic fidd, slicon and fiber trackers, and substantid upgrades to other parts of the
detector, D@ has started Run 2 with the goad of building on this broad program, teking advantage
of ggnificantly higher luminodties and adding new meesurements in b-physics.  The drengths
of the D@ detector are its liquid argon caorimetry, which provides outstanding measurements of
electrons, photons, jets and missng Er; its lage solid angle, multi-layer muon system and robust
muon triggers, and its date of the art tracking system using a dlicon detector surrounded by a
fiber tracker providing track triggers.

A series of physics workshops organized by Fermilab's Theory group together with the CDF and
D@ collaborations has mapped out the physics terrain of the Tevatron in some detail. It is clear
from the very large amount of work carried out in these meetings and described in the reports
thet integrated luminosities much higher than the 2fb™, which was the origind god of Run 2 add
sgnificantly to the program. While dl aress of physics benefit from increased datidtics, it is the
very red posshility of discovering the standard modd Higgs boson (or its supersymmetric
versons) and/or supersymmetric particles or other physics beyond the standard modd, that
forms the core motivation for the Laboratory's luminosity goa of 15 b* per detector. We have
therefore used the most promisng Higgs discovery channels as benchmark processes for the
dlicon detector upgrade, which is described in this Desgn Report, and have optimized the
detector configuration for them. All other high pr physics programs benefit from this detector
optimization, (though for the QCD and b-physics programs the benefits will be baanced by
decreased trigger efficiencies and geometric acceptance). In the following, we discuss physics
requirements on the tracking system imposed by Higgs searches and their implications for other

high pr physics programs.

2.1 Standard Model Higgs Boson Sear ches

The dominant Higgs production channd a the Tevairon is the gluon fuson reaction gg ® H.
Unfortunately, for Higgs masses below about 135 GeV, its dominant decay mode is to bb and is
swamped by QCD production of b-jets. The mogt promising Higgs search drategy in this mass
range is to focus on associated production of a Higgs with a W or Z boson,” pp ® WH and” pp
® ZH. The leptonic decays of the W and Z enable a much better signal to background to be
achieved, but one must pay the cost of a production cross section about one fifth that of inclusve
production together with the leptonic branching ratios of the vector bosons. This rdatively low
dgnd cross section times branching ratio motivates the need for high integrated luminogity.  In
turn, the need for high integrated luminogity forces the accelerator to operate in a mode where
each high pr event is likdy to be accompanied by a sgnificant number (<n>=6) of low pr
"minimum bias’ events occurring in the same pp bunch crossng.  This high occupancy
environment is one of the main challengesin tracker design for Run 2B.
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Figure 1 - Sandard Model Higgs decay branching ratios as a function of Higgs mass.

Figure 1 shows the decay modes of the Standard Mode Higgs in the mass range relevant to D@.
For Higgs masses below roughly 135 GeV, the Higgs decays dominantly to b-quark pairs, and
for masses above this (but less than the' tt threshold) the decay is dominantly to W and Z boson
pairs. Thus, searches for Higgs boson in the low mass region My < 135 GeV must assume H
® "bb decays. Searches for the lightet Higgs in supersymmetric modds must aso assume
decay to b-quark pairs.
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Figure 2 - Required luminosity as a function of Higgs mass for 95% C.L. exclusion, 3s evidence,
and 5s discovery.

Figure 2 shows the luminosity required to exclude or discover a Standard Mode Higgs at the
Tevatron. This result assumes the expected Run 2A performance of both the CDF and D@
detectors. For 15 b, a 5s discovery can be made for a Higgs mass of 115 GeV, a>3s sgnd is
expected for most of the mass range up to 175 GeV, and Higgs masses up to 180 GeV can be
excluded if thereisno sign of the Higgs.

As sated above, for Higgs bosons in the low mass range, the associated- production modes will
be used for searches. The find dates of interest are those where the W(Z) boson decays to
charged leptons or neutrinos, and at least two bflavored hadronic jets from the Higgs decay are
sdected. The dominant background arises from W(Z) bosons produced in association with jets
from initid date radiaion of gluons Even in the associated production channds, the intrinsc
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sgnd to background for vector boson plus two jets is prohibitivdy smal. However, the
magority of the W(Z)+ets background contains light quark or gluon jets, while the Higgs sgnd
is dmogt excdusvely bb. The ability to identify the b-jets from Higgs decay is the crucid firgt
gep in reducing the bosontjets background to a managesble level. The combination of b-jet
identification, reconstructed dijet mass, and additiond kinematic variables is used to improve the
ggnd to noise to achieve the sengtivity shown in Figure 2. This result depends on the ability to
identify b-jets with a least 50% efficiency and background contamination from light quark jets
a the 1% levd. Effective tagging of b-jets is one the most important physics objectives for the
tracker sysem. It is likely that two tagged jets will be required to reduce the background to
acceptable levels, so maximzing the tagging efficiency is most important.

The identification of b-jets can be done by exploiting ether the rdativey long lifetime of the b
flavored particles or by detecting leptons from semi-leptonic decay of b-quarks (or both). The
first technique dlows &l decays to be consdered, whereas the second method suffers reduced
datistica precison because of the ~30-40% decay branching ratio of b-quarks to fina dates
induding leptons.  The long lifetime of the b-quarks is reflected in a Bmeson decay that occurs
some digance from the primary beam interaction point. For b-flavored particles with energies
expected from Higgs decay, the mean decay length is 2 mm, and the mean impact parameter is
roughly 250 mm. Thus efficiently and cleanly identifying these decays requires a detector with
the ability to recongtruct tracks with an impact parameter resolution in the tens of microns. The
most feasible technology for thisis sllicon microstrip detectors.

One of the low-mass Higgs dgnaures is paticulaly noteworthy: Higgs production in
association with a Z boson, which decays into a neutrino-antineutrino pair, resulting in missng
energy and two bjets in the find date. One of the main strengths of the DJ detector is its good
missing energy identification; yet to keep trigger rates under control the present threshold on the
missng Er trigger is about 35 GeV. A search for the Higgs boson in the ZH channd can
ceatanly benefit from a lower trigger thresold. This can be achieved if information about
displaced tracks is used a the trigger levd. D@ plans to implement a Slicon Track Trigger ?
STT? inRun2A. TheRun 2B slicon detector will be compatible with the logic of thistrigger.

Searches for he Higgs boson in the higher mass region 135<My<200 GeV/c? assume directly-
produced Higgs decaying to WW* and ZZ*, where at least one of the vector bosons decays to
leptons.  Effective lepton identification, essentid for vector boson detection, is importat for
Higgs searches in both low and intermediate mass regions. The tracking sysem plays a crucid
role in eectron, muon and, arguably, tau lepton identification. Leptons from W and Z decays are
farly energdic, with pr>20 GeV/c. Thus, the effective recondruction of high pr tracks is
another important requirement to the tracking system.

Higgs production in association with tf has received a lot of attention recently’. Though low in
cross section, this channd provides a very rich sgnature with leptons, missng energy, and 4 b
jets in the find dtate. Bjets produced in this process have higher energy than those in processes
such as WH production.  Tracks in such jets tend to be more collimated, emphasizing the need
for robust pettern recognition in the high occupancy environment. Another chdlenge for this
channd is ambiguity in b-jet assgnment, which can be reduced if the charge of the bquark can
be tagged. Severa methods for b-charge tagging have been developed o far, eg. same sde
tagging, jet charge tagging. Having information about charge of tracks in the secondary and
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tertiary b-decay vertices could be invduable to improve purity of these tagging methods. This
puts additiona emphasis on precise impact parameter reconstruction.

It is important to note that Higgs searches at the Tevatron and a the LHC are complimentary to
esch other. While LHC experiments’ emphasize the gg ® H ® ggchannd, where Higgs is
produced and decays via loop diagrams, the Tevatron's emphasis is on tree-level production and
tree-levd decay. For a Standard Model Higgs the branching ratio to gg is very low, making it
impossible to observe this chand a the Tevaron. However, some modds predict a
“bosophilic’ Higgs, for which this decay mode is enhanced.  Thus, high-energy photon
identification is important for Higgs search beyond the Standard Modd.  Photon/eectron

separdion is essentid for high-purity photon identification.  For this purpose the tracking sysem
must ensure low fake track rate and a good momentum resolution.

2.2 SearchesFor PhysicsBeyond The Standard Model

Searches for SUSY and grong dynamics will benefit from the requirements imposed on the
tracking system by the Standard Model Higgs searches. SUSY extensions of the Standard Model
predict two Higgs doublets with five physcd Higgs bosons — two neutrd scaars, one neutrd
pseudoscalar and two charged bosons. The neutra bosons behave smilarly to the Standard
Modd Higgs but some cross sections might be enhanced, eg. bbA A® bbin a high
tanb scenario.  Efficent b-jet tagging and Db-charge identification is essentid for Higgs
discovery in these channds, which contain four bjets. The charged Higgs boson decays to bc or
t 'n, depending on tanb. Agan, good heavy flavor tagging and tracking (for tau-lepton
identification) are important. Studies have shown that the Tevatron can exclude amost the

whole plane of SUSY Higgs parameters (ma, tan b) a the 95% levd, if no sgnd is seen in 5 b’
! and can discover at least one SUSY Higgs a the 5 standard deviation level with 15-20 fb™t per
experimen.

13
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Figure 3 - Contours of 90% C.L. observation at Run 2A, 5s discovery, and 3s observation at Run
2Bfor pp ® SUSY particles ® 3 + X in the (myz,mp) plane for tanb=2, (a) m»0 and (b)
nx 0.

Direct searches for sgquark and gluino production, with jets and missng & sgnatures, have been
caried out a the Tevaron snce its inception. These Hill have an important role to play, but
once a few inverse femtobarns have been collected, the limits will have reached 400-500 GeV on
squark and gluino masses and further improvements will be limited because of the production
kinematics The greatest gains in going from 2 fb™* to 15 fb™ will likdy come in searches for
lower cross section processes. One of the most promisng ways to look for MSSM
Upersymmetry a the  Tevatron is  associged  chargino-neutrdino  production:
PP® CJC,;Cy® I ® 1'C). This results in a very diginct signature of three leptons
and missng energy*. Because of its low cross section this search will especialy benefit from the
increased datigtics in Run 2B.  The Tevatron's reach in this sSgnature is presented in Fgure 3.
Note, that Run 2B will not only extend the area of search, but will reach the high my region,
which was not accessble before. Good lepton identification is of great importance for this
channdl.

The supersymmetric partners of top and bottom quarks — stop and sbottom - are often predicted
to be lighter then other supersymmetric particles’. These particles will be produced strongly in
pp collisons and thus are likdly targets for supersymmetric searches. Decay products include b
jets, and searches will require b-tagging. The pseudorapidity didtribution of charged tracks
produced in decays of these supersymmetric paticles is very amilar to that of Higgs decay
products, as shown in Figure 4 for two didinctly different kinematic cases with very low energy
jets in the find date (b) and with very high energy jets (). In both cases the bjets fdl within the
acceptance of the silicon tracker.

Gauge-mediated supersymmetric models predict signatures rich in photons®.  Interest in these
models was sparked by the CDF observation of an €'e'gdf, event’. Though no other events
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have been found, photonic sgnatures are worth invedigating in Run 2B. The phenomenology of
extra dimensions also predicts signatures rich in photons®.
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Figure 4 - Pseudorapidity distribution of charged tracksin
a) WH events (M(H)=120GeV/c?);
b) light supersymmetric top decaying to charm and heavy neutralino

(M (t) =80GeV /c?; M (€?) = 60GeV /c?) ;
¢) heavy supersymmetric top decaying to charm and light neutralino
(M (t) =130GeV / ¢ M (€7) =30GeV /c?).

Alterndtives to SUSY ae drong dynamics models, for example technicolor or topcolor.
Technicolor models predict the exisence of technibosons decaying to heavy flavor and gauge
bosons®, eg. pp® Wp,,p; ® bb. Such searches give vector boson plus heavy-flavor-jets
ggnatures, just like the Higgs search, and will benefit from the detector optimizations motivated
by Higgs signaiures. More recent topcolor models'® emphasize non-standard behavior of the top
quark and thus could be detected indirectly with thorough studies of top quark properties, or
directly through observation of anomdous tb production or production of non-standard Higgs-
like bosons decaying to heavy flavor jets.

2.3 Standard Model Physics

These searches for new particles will be complemented by precison measurements of the quanta
of the sandard modd, which provide indirect congtraints on new physics, and which will provide
the detailed understanding of backgrounds that discoveries will require.

The Tevatron is entering a new era for top quark physics. Greetly increased datistics will be
combined, in DG, with much improved sgnd sample purity made possble by slicon vertex b-
tagging. We anticipate dgnificant improvements in the precison of the top quak mass
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measurement, which should reech a level of ~2 GeV with 2 fb™t. The additiona statistics of Run
2B should dlow this to be pushed down to ~1 GeV. Single top production (through the
electroweak coupling of the top) has never been observed. Measurement of the cross section
would dlow the CKM mairix dement |Vy| to be extracted. With 2fb™ the cross section can
likely be measured a the 20% levd, dlowing |Vip| to be extracted with a precison of 12%. With
15fb™ this uncertainty could be roughly haved. The signatures for top par and single top
production involve vector bosons and heavy flavor jets, just like the SM Higgs. They must be
understood in detail for the Higgs search and they will benefit from the detector upgrade.

Precison measurements of the properties of the weak boson will continue to be an important part
of the Tevatron program. The W-mass precision should reach 30 MeV per experiment with 2fb™
and 15-20 MeV may be achievable with 15 fb™* (theoreticd uncertainties are a big unknown in
this extrapolation). A W-mass messurement dmy = 20 MeV combined with a top mass
measurement dm = 2 GeV will be sufficient to condrain the Higgs mass between roughly 0.7
and 1.5 times its central vaue. For a 100 GeV best fit, the upper limit of 150 GeV would be wdll
within the Tevairon's region of sengtivity. Such a comparison between direct and indirect Higgs
mass measurements would be very interesting whether or not aHiggs signd is seen.

Teds of QCD are important at the Tevatron, both as "engineering” measurements and as probes
of drong interaction physcs. In the former category, measurements of jet production have
reeched new levels of precison in Run 1 and are forcing a dgnificant overhaul of the parton
digribution functions used in hadron colliders, because the errors on these pdf's must henceforth
be trested rigoroudy. Tevatron jet data from Run 2 will likey provide drong congraints on
pdf's and will be an important input to the globd fits. In the latter category, many QCD
processes have rdaively low cross sections and will benefit greatly from increased datasets
avalable in Run 2. Examples are jet production a high-x (jet & above about 400 GeV) where
the behavior of the cross section is gill somewhat uncertain; vector boson plus jet processes,
which may be used to determine the strong coupling congtant; and diphoton production, which is
an important background to Higgs searches a the LHC. In Run 1, D@ accumulated about 200 gg
candidates.  This will increase to 4000 with 2 fb™, which is ill not a huge number, and to
30,000 with 15fb tof integrated luminosity.

While the D@ detector is not strongly optimized for bphysics, it possesses a number of features
that dlow it to make ggnificant contributions in this aea  As one example, the low-pr muon
triggering and Jy ® ee triggers will dlow a competitive measurement of sn ' inB ® Jy Ks
events. With 2fb™, sin 2 could be determined to + 0.07; 15fb™ would reduce this uncertainty by
amost a factor of three. Of course, the bphysics program will have to operate within a trigger
menu thet is congtrained by the need to cover the high pr physics priorities of the experiment.

2.4 Summary Of Physics Objectives

The Run 2B D@ dlicon tracker is optimized for Higgs boson observation in the
110<Mp<180GeV/c®> mass region. A low-mass Higgs boson decays predominantly to bb , and
thus effident b-tagging is of paramount importance to Higgs boson searches. Higgs channds
will dso benefit from the lower trigger thresholds that are achievable from the Slicon Track
Trigger.  Lepton identification, crucid for the intermediate Higgs mass region, emphasizes
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effident tracking of high pr tracks in a high occupancy environment and the excellent muon
system and the eectromagnetic caorimeter of the D@ detector. Htt production puts additiond,
more gringent, congtraints on efficient tracking and secondary and tertiary vertex reconstruction.

It is clear that the entire D@ physcs menu of searches, top quark physics eectroweak
measurements, QCD, and even b-physics, will benefit from Run 2B. The upgraded tracker will
ensure efficient tracking in a high occupancy environment and reduced trigger thresholds for al
physics, and efficient heavy flavor tagging for states with b and c-quark jets.

1 http://fnth37.fnal.gov/run2html

2 ) Goldstein et al. “ pp ® ttH : adiscovery mode for Higgs boson at the Tevatron”, hep-ph/0006311, submitted
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3 M. Carena, S. Mrenna, C. Wagner, “Complementarity of the CERN LEP collider, the Fermilab Tevatron, and the
CERN LHC in the search for alight MSSM Higgs boson” Phys Rev. D62, 055008 (2000).

V. Barger et al.,hep-ph/0003154

° R. Demina, J. Lykken, K. Matchev, A. Nomerotski, “ Stop and Sbottom searches in Runll of the Fermilab
Tevatron”, Phys.Rev.D62, 035011 (2000).
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CHAPTER 3- SILICON DETECTOR DESIGN

3.1 Introduction

The slicon detector project s introduced in this chapter. The design is based on an optimization
of the physics performance of the detector while a the same time satisfying various boundary
conditions, both extena and interna. The externd boundary conditions come from the
anticipated accdlerator performance in Run 2B. Interfacing the new detector within the existing
framework, notably the trigger framework, sets internd condraints. Moreover, building on our
experience condructing the Run 2A dlicon detector, fabrication and assembly methods proposed
for the new dlicon detector were reevaluated and the strategy adopted for Run 2B should result
in a much more efficient condruction cycle. The new detector, for example, will employ only
dngle-sded, modern dlicon technology. The remainder of this chapter will describe the basic
design features of the proposed silicon detector.

3.2 Design Constraints

3.2.1 Tevatron parameters

In Run 2B the running parameters of the Tevatron will change. The accderator will run with a
bunch crossng of 132 ns with a beam crossing angle. The hdf crossng angle will be 136
nradian in each plane. This dfects the length of the luminous region. The Beams Divison has
determined the luminogity acceptance for various running conditions as a function of the fiducd
length of the tracker. Luminosty acceptance is defined as the fraction of protonantiproton
callisons that fdls within a fiducid length centered around the interaction point. Figure 5 shows
the results of the studies for 140 x 103 stores optimized for anti-proton stacking rates of 40 x
10%hr, and 60 x 10%%/hr, with initid longjitudind emittances of 2 eV-sec and 3 eV-sec. Initid
transverse emittances of 20 and 15 p-mmr-mrad for protons and antiprotons have heen assumed,
regpectively. The caculations include the variaion of the length of the luminous region over the
course of agtore. The curves are normalized to full acceptance at afiducia length of 200mm.

The luminosity acceptance shows a digtinct plateau. The length of the detector is chosen to be on
the plateau with an adequate margin with regard to the exact location of the interaction point. In
the current design the inner layers have afiducid length of 96 cm.
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Figure 5 The luminosity acceptance shows a distinct plateau. The length of the detector is chosen
to be on the plateau with an adequate margin with regard to the exact location of the interaction
point.

3.2.2 Radiation environment

The collaboration embarked on radiation studies of dlicon sensors for both the present and
proposed Run 2B detector to determine the timescae within which the present detector would
become inoperable and to determine the operating parameters for the new detector. The leakage
currents and depletion voltages were measured using 8 GeV protons from the booster facility at
Fermilab up to a dose of 15 Mrad. The measurements agree with others made outsde of D@ and
will be described in the next chapter. Based on these measurements, and parameters obtained by
other experiments, smulation studies were caried out of the leskage current, depletion voltage,
and equivaent noise to determine the slicon operating temperature and to ensure that the device
can withstand the foreseen accumulated dose. The design operating temperature of the inner
layer was chosen to be —10 degrees Cedsus. We dso determined that a minimum radius of about
18 mm for the innermogt layer of slicon will dlow for an adequate safety margin for running the
detector to integrated luminosities of 15 fbt.

3.2.3 Silicon track trigger

The Run 2A dlicon detector employs a Slicon Track Trigger (STT) that processes data from the
Level 1 Centrd Track Trigger (CTT) and the slicon tracker. It associaes hits in the slicon with
tracks found by the Levd 1 CTT. These hits are then fit together with the Level 1 CTT
information, thus improving the resolution in momentum and impact parameter, and the rgection
of faketracks. The STT has three types of €ectronics modules:
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The Fiber Road Card (FRC), which receives the data from CTT and fans them out to the
other modules.

The Silicon Trigger Card (STC), which receives the raw data from the dlicon tracker
front end. It processes the data to find clusters of hit strips that are associated with the
tracks found by the CTT. Each card accepts input from at most eight readout hybrids.

The Track Fit Card (TFC), which fits a trgectory to the CTT tracks and the silicon
clusters associated with it. These results are relayed to the Level 2 Centrd Track Trigger.
Each card can accept at most eight STC inputs.

The trigger observes a 6fold f -symmetry. The STT modules are located in 6 VME crates, each
saving two 30-degree azimuthal sectors.  Currently each of these crates holds one FRC, nine
STCs, and two TFCs - one per 30-degree sector. Each crate can hold a most 12 STCs, with a
possibility to go to 16 STC cards with a redesigned backplane. It is these congraints, combined
with the 6-fold symmetry tha has to be observed, which severdy limits the parameter space for
the geometry of the silicon tracker.

The data from the glicon tracker must be channded into the TFC cards such that dl hits from a
track are contained in one TFC. In layers O, 1, and 2 overlaps between adjacent sensors are large
enough so that each sensor can be uniquely associated with one TFC. This divides the detector
into 12 azimuthal sectors. To maintain full acceptance for tracks with p->1.5 GeV/c and impact
parameter < 2 mm, the data from some sensors in layers 3, 4, and 5 must be channded into two
TFCs, which are in some cases located in different crates. These congdraints have resulted in a
geometry with 12-fold symmetry for layers O through 2, and an 18-, 24- and 30-fold geometry
for layers 3, 4 and 5, respectively.

3.24 Cable plant

The totad number of readout modules in the new system is congrained by the currently available
cable plant, which dlows for about 940 cables. The present Run 2A detector has 912 readout
modules. The cable plant is limited due to space condraints. There amply is not enough space
between the centra and end cdorimeters to route more cables. Only replacing the full cable
plant would dlow an increase in the number of cables, but this is cost prohibitive. Given that the
new detector has more slicon sensors, this implies that not every sensor can be read out and that
an adequate ganging scheme will have to be implemented. An degant solution using double-
ended hybrids has been found which is described in the next section.

3.3 Baseline Design Overview

The proposed silicon detector has a 6 layer geometry arranged in a barrel design. The detector
will be built in two independent haf-modules joined at z=0. The sx layers, numbered O through
5, are divided in two radid groups. The inner group, condgting of layers 0 and 1, will have axid
reedout only. Driven by the dringent condraints on cooling, these layers will be grouped into
one mechanicd unit cdled the inner bard. These layers have a sSgnificantly reduced radius
relaive to the current tracker. Given the tight space congraints, emphasis has been placed on
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improving the impact parameter resolution.  The outer group is comprised of layers 2 through 5.

Each outer layer will have axid and stereo readout. The outer layers are also important for
providing dand-alone slicon tracking with acceptable momentum resolution in the region 1.7 <
|h| < 2.0 where D@ has good muon and eectron coverage but lacks coverage in the fiber tracker.

The outer layers are assembled in a mechanica unit called the outer barrd. The inner barrd is
insrted into the outer bard forming a hdf-module A hdf-module is the basc unit that is
ingdled in the collison hal. While dl 6 layers are designed to withstand 15 fb™* of integrated
luminogty with adequate margin, separding the inner layers into a separate radia group
provides a path for possble replacement of these layers. The outer layers should essly
withstand luminosities up to ~25 fb™l. The inner two layers with axid readout will provide an
adequate impact parameter resolution for tagging of bjets. Two layers as close to the interaction
point as possible are preferred to efficiently tag bjets. The remaining space can accommodate a
most four axid-stereo layers, which is adequate to do the pattern recognition. Hence our design
cdlsfor six layers.

Of paramount importance to the successful congtruction of the new detector in the less than 3
years avalable, is a Smple modular design with aminimum number of part types This is one of
the reasons that single-sided silicon sensors are used throughout the detector. Only three types of
sensors are foreseen: highly radiation tolerant sensors for layers O and 1, with two sizes to best fit
the geometrical condraints, and a sngle sensor size for the four outer layers. All of the sensors
are envisoned to have axia traces with intermediate dtrips. The stereo readout in the outer
layers will be accomplished by tilting the sensor dightly with respect to the beam axis.

Figure 6 shows an axid view of the Run 2B dlicon tracker. The emphasis is on obtaining
improved impact parameter resolution in the R-f plane while mantaining good pattern
recognition. The inner two layers have 12-fold crendlated geometry and will be mounted on a
carbon fiber lined, carbon foam support sructure.  Figure 7 shows an axid view of these two
inner layers. Layer O will have its innermost sensor located at a radius of about 18.6 mm. These
sensors will be two-chip wide, 784mm long with 50 micron readout pitch and intermediate
drips.  The pitch is chosen to obtan the best impact parameter resolution possble using
conventiond technology. Given the dze of the luminous region, 6 sensors in z make up one
haf-module.

Because of the lack of space avalable and the cooling requirements for the innermost layer, no
reedout dectronics will be mounted on the sensors, i.e the layer will have ‘off-board’
eectronics.  Andog cables will be wirebonded to the sensors, carrying the analog sgnds to a
hybrid where the sgnas will be digitized and sent to the data acquistion sysem. Keeping the
hybrid mass out of the detector active region dso helps in reducing photon conversons. Present
CDF experience with noise issues from these cables are a concern but given the requirement that
the inner layer has to survive 15 fb, there is no dternative to off-board readout electronics. A
mgor chalenge in building the mechanica dructure for this layer is ensuring thet it provides the
cooling capability needed to maintain the glicon a a temperature of —10 degrees C while fitting
in dl the components necessary and keegping mass to a minimum <o that the impact parameter
resolution is not degraded. The depletion voltages a the end of the run are expected to be
around 600V for the innermogst layer. The bias sysem for the inner layers will be desgned to
deliver voltages up to 1000V.
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Layer 1 will contain 3-chip wide sensors that are 78.4mm long with 58 micron readout pitch,
with intermediate strips.  The geometry matches the segmentation of Layer 0. Because Layer 1
will dso sustain subsantid radiation doses, the cooling and bias voltage supply requirements
will be the same as for Layer 0. Although the heat load from putting hybrids directly on the
sensors is greatly increased (0.5 Watts per readout chip), noise and production congderations
have |led to on-board dectronics for dl layers except Layer O.

Figure 6 - Axial view of the proposed tracker upgrade. The outer four layers provide both axial
and stereo track measurements, while the inner two layers only provide axial track measurements.

In Layers 2-5 only one type of sensor will be used. The sensors will be 5 chips wide, 200mm
long with 60 micron readout pitch and intermediate strips.  This pitch dlows for direct bonding
between SVX chips and the sensors and retaining the fine resolution in Layer 5 dgnificantly
improves pattern recognition. These layers employ giff dave support sructures. A gave will
have carbon fiber sheats mounted on an inner core that will carry the cooling lines.  Silicon will
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be mounted on the carbon fiber sheets; on one side there will be axid readout and on the other
sndl-angle steren.  The stereo angle will be obtained by rotaing the sensors. The design dlows
for a maximum depletion voltage of 300V for these outer layers. Recall that the detector is built
in two halves, anorth and a south; each stave will thus cover ahdf-lengthin z.
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Figure 7- Axial view of Layers 0 and 1 within the sensor activeregion. Thesilicon sensorsare
mounted on a carbon-fiber lined, carbon foam structure with inboard cooling tubes and then are
readout using analog low mass cables which connect to hybrids outside of the active region.

The longitudind ssgmentation is driven by the need to match h coverage throughout the detector
upto h=2. For Layer 1 sx sensors, each 78.4mm long, form one haf length n z, matching the
coverage for LO which is in the same mechanicd dtructure. For Layers 2 and 3 five sensors, each
100mm long, will form a save. Staves condst of dx 100mm long sensors for Layers 4 and 5.
Figure 8 shows a plan view of the tracker ingde the fiber tracker.
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Figure 8 - Plan view of the Run 2B silicon tracker inside of the fiber tracker.

The totad number of readout modules in the new system is congrained by the currently available
cable plant, which alows for about 940 read outs. The present Run 2A detector has 912 readout
modules. This implies that not every one of the 2184 sensors in the detector can be read out
separately. By studying deadtime it was determined that for Layers 2 and higher we are able to
read out a tota of 10 chips. This dlows us to use a double-ended hybrid design that reduces the
hybrid readout count by a factor of two. A double-ended hybrid services two readout segments
a once. Since the sensors are 5-chip wide for the outer layers, the double-ended hybrids will
reedout 10 chips a atime. The digitd sgnds are caried out of the tracking volume usng a
digitd cable that connects to the hybrid. Layer 1 dso employs the double-ended hybrid concept.
Since sensors are 3-chip wide in Layer 1, ahybrid will read out 6 chips at atime.

Usng double-ended hybrids we've reduced the hybrid count sgnificantly, but not enough to
satisfy our cable number condraint. Occupancy sudies and confused hit probabilities then
determine how best to longitudindly combine (gang) sensors to form a reedout segment in z
These are described in D@ Note 3911 . For the inner two layers every sensor is read out
separately.  For Layers 2 and 3, there are 5 sensors per haf-module in z. The two sensors closest
to z=0, where the occupancy is highest, are read out individuadly with one double-ended hybrid.
The remaining 3 sensors are connected to another double-ended hybrid. The two sensors at the
largest z are wirebonded together and are read out as one unit; the sensor closest to z=0 is read
out individudly. For Layers 4 and 5 we have a totd of 6 sensors per hdf module in z. Here the
two innermost sensors are read out individudly as in Layers 2 and 3. The outermost 4 sensors
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are ganged together such that each of 2 sensors is wirebonded together to make one readout unit.
This arangement is depicted in Fgure 9. Each dave thus has four hybrids, with each hybrid
servicing two readout segments, two for the axia readout and two for the stereo readout. The
modules are indicated by the length (in cm) of the two readout segments. A hybrid with 10 cm
sensors on each Sde of the hybrid is caled a 10/10 module.  Smilarly there are 10/20 modules
and 20/20 modules. Figure 10 shows the longitudind segmentation for dl layes An ‘'S
indicates single sensor readout, and ‘1/2D’ indicates a readout segment serviced by one sde of a
double-ended hybrid. The colors guide the eye to indicate ganged sensors,

—
3

Figure 9 - Readout configuration for outer layer staves. The upper configurationisfor layers4
and 5 and the lower isfor layers2 and 3. Axial readout configuration is shown.

80 120 160 200 240 280 320 360 400 440 480 520 560
Layer O S S S S S S
Layer 1 1/2DJ1/2D 1/20) 1/2D 1/2D|1/2D

Layer 2 1/2D| 1/2D

Layer 3 1/2D| 1/2D

1/2D| 1/2D
1/2D| 1/2D

Layer 4 1/2D| 1/2D 1/2D)1/2D

Layer5 1/2D| 1/2D 1/2D|1/2D

Figure 10 - - shows the longitudinal segmentation of the detector. Herethetoprowisaruler
showing the length in mmfor each of the layersin the detector.

For the stereo sde of the stave we have chosen to use the maximum stereo angle possible given
the mechanical condraints. This dlows us to obtain the best rz resolution possible.  Studies of
confused hits, ghost tracks, and occupancy indicate that it is best for the pattern recognition to
have the traces of ganged sensors line up, S0 as to make one long 20 cm trace. For the 10 cm
ddes of modules the maximum stereo angle is 25 degrees while for the 20 cm ddes the
maximum stereo angle is 1.25 degrees.  We then end up with 6 types of modules for the outer
layers: 10/10 Axid and Stereo, 10/20 Axid and Stereo, and 20/20 Axid and Stereo.

The decison was made in November 2000 to read out the new dlicon system using the SV X4
chip. Both CDF and D@ will use this chip. This chip is based on the SV X3 chip, but will be
produced in 0.25 micron technology. This chip is intringcaly radiation hard and is expected to
be able to withstand the radiation doses incurred in the innermost layers. In order not to have to
redesign the entire D@ data acquidtion and trigger system, the SV X4 chip will be read out in
SVX2 mode. The SV X2 chip is the readout chip for the Run 2A detector and incurs deadtime on
every readout cycle unlike the SV X3 chip that can run in a deadtimeless mode. As the readout
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chip is a joint project with both CDF and D@, there is a premium on employing the same hybrid
technology so that the design work can be shared. We plan to use ceramic hybrids using
beryllia.  No pitch adapters will be needed in the D@ design so that the SV X4 chips will be
wirebonded directly to the silicon sensorsfor layers 1-5.

The digitd sgnds will be launched onto a jumper cable from the hybrid through an AVX
connector. These flex cables will run on top of the stave to a junction card located a the end of

the active region on a bulkhead. There will be one junction card per ave. That is, each junction
cad will sarvice four hybrids, the two hybrids from the axid readout and the two hybrids from
the stereo readout. The junction card is a passve dement and smply carries the sgnas from the
digitd cable to a twisted-pair cable. The twisted-pair cables run to the adapter cards that are
mounted on the face of the cadorimeter. The adapter card will interface to the exiging data
acquisition sysem. The adapter card has two new functions in Run 2B. Firg, it will convert 5V
lines to 2.5V, necessary for operaing the SV X4 chip. The current data acquisition system uses
the SVX2 chip, in which the lines are single-ended. The SV X4 chip will be run differentidly at
25V. The adapter cards will convert the sngle-ended lines to double-ended lines. From the
adapter card downdiream, it is anticipated that we can retain the full data acquisition system as is.

Some modifications will be needed for the interface boards that pass the voltages to the detector
to dlow for higher voltages for the biases for the inner layers, but no mgor modifications are
foreseen.

The design parameters are summarized in Table 1. There are a totd of 2184 dlicon sensors in
this design, read out with 88 hybrids containing 7440 SV X4 chips. In layers 25 there will be a
tota of 168 daves, containing 336 readout modules. For comparison, the Run 2A dlicon
detector has 793K readout channels while the Run 2B one will have 952K readout channels. The
Run 2B dglicon detector is desgned to dlow for faster congruction due to fewer and smpler
pats than the Run 2A devicee Comparisons between the detectors show that the mgor
difference between the two detectors is found at the inner and outer radii. Fgure 11 shows axid
views of both detectors drawn to scde. By decreasing the radius of the innermost layer from
25.7 mm to 18.6 mm, the impact parameter resolution is cut by a factor of 1.5. Because we are
removing the Fdisks and te entire cable plant from the Run 2A barrd modules, we are able to
utilize this space at larger radii for dlicon sensors.  The increase from 94.3mm to 163.6mm for
the outer radius dlows us to put in two more layers of tracking necessary for the pattern
recognition in the Run 2B environment. With the new detector we will have better stand-done
dlicon tracking. A number of factors affect the tracker performance, and consequently the
physcs performance, of the detector. Among these factors are tracker acceptance, amount of
materid, resolution, and pattern recognition capabilitiess. We have optimized our desgn to the
extent possible to obtain a detector that is superior to the Run 2A detector and that will adlow us
to be well placed for the possibility of discovering new physics.
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Table 1 - Design Parameters. There are atotal of 2184 sensors and 888 hybridsin thisdesign.

# Sensors # Sensors Sensor Readout #Readout # Chips per # Hybrids
inz Total Width Pitch inz Readout  Total Chips Total
R(mm) R (mm)
Layer Nphi Axial Stereo (mm) (mm)
0A 12 18.55 -- 12 72 15.50 50 12 2 144 72
oB 12 24.80 -- 12 72 15.50 50 12 2 144 72
1A 12 34.80 - 12 72 24.97 58 12 3 216 36
1B 12 39.00 -- 12 72 24.97 58 12 3 216 36
2A 12 53.23 56.33 10 120 41.10 60 8 5 480 48
2B 12 68.93 72.03 10 120 41.10 60 8 5 480 48
3A 18 89.31 86.22 10 180 41.10 60 8 5 720 72
3B 18 103.38 100.28 10 180 41.10 60 8 5 720 72
4A 24 116.91 120.00 12 288 41.10 60 8 5 960 96
4B 24 130.58 133.67 12 288 41.10 60 8 5 960 96
5A 30 150.08 146.99 12 360 41.10 60 8 5 1200 120
5B 30 163.59 160.49 12 360 41.10 60 8 5 1200 120
Total 2184 7440 888

T 1524 24 ey
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Figure 11 - Comparison of the axial views of the Run 2A and Run 2B silicon detectors. The left
picture shows the Run 2A detector whose innermost layer resides at a radius of 25.7mm. The
innermost layer of the Run 2B detector resides at a radius of 18.5 mm.

! bz Note 3911, "MCFAST Studies of the Run2b Silicon Tracker", R. Lipton and L. Stutte, October 4, 2001.
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CHAPTER 4 - SILICON SENSORS

4.1 Introduction

The man requirements for the dlicon detector is efficient and reliable tracking, precise vertex
measurement, and radiation hardness. As described above, this is achieved with a 6 layer device.
The four outer layers are constructed of 60 mm pitch slicon sensors and provide hits essentid  for
pattern recognition in a high-occupancy environment.  In addition, two inner layers 0/1,
congtructed with 50/58 mm pitch slicon sensors with intermediate drips a 25/29 mm, provide
precise coordinate messurement essential for good secondary vertex separation. Rdiable
operdtion of dlicon sensors in a high-radiation environment is criticad to the experiment's
success.  Over the operating period, the inner layers of the Run 2B dlicon detector will be
subject to a fluence of about 2 x 10'* equivdlent 1 MeV neutrons per cnt. We were guided in
our design and technology choice by our experience in Run 2A detector congruction as well as
by recent research and development in the radiation hard technology.

41.1 L essons from Run 2A

Severd difficulties were encountered by D@ during the Run 2A slicon detector prototyping and
condruction. The ganed Run 2A experiences and important conclusons ae liged in the
following:

Sophigticated double-sided slicon sensors were difficult to produce and lead to lower
yidd and hence dggnificant ddays. Single-sded sensors however, which have been
produced both by Elma for the Hdisks and Micron for the & and 3¢ layers of barrels 1
and 6 for the Run 2A detector, had higher yieds and caused much less trouble due to
their smplicty.

The introduction of an dternative vendor a the later stages helped to speed up
production.

The large number of sensor types complicated the production process.
Double-sided sensors proved to be very difficult to handle,

Radiation studies have shown that double-sided (and especidly 90° double-metal) slicon
sensors have limited radiation hardness (more detalls in “Radiation testing”)

Detalled pattern recognition sudies have shown that in high occupancy environment,
“ghost” hits produced in 90° sensors lead to a sgnificant fraction of fake tracks and
increased recongtruction time.

For Run 2B silicon sensors, we adopted the following guiddines:

Use only sngle sided silicon sensors.
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Try to identify aternative vendors whenever possible.
Limit the number of sensor typesto 3.
Use only small stereo angles, achieved by sensor rotation.

Avoid double metdization.

In our choice of radiation hard technology we have benefited greatly from radiation hard dlicon
R& D gudies mativated primarily by the needs of LHC experiments.

4.1.2 Radiation damagein silicon

The mog important damage mechaniam in dlicon is the bulk damage due to the non-ionizing
pat of the energy loss, which leads to a displacement of the dlicon aoms in ther lattice. It
causes changes in doping concentration (and, eventudly, dlicon type inverson), increased
leskage current, and decreased charge collection efficiency. Surface damage due to ionizing
radiation results in charge trapping a the surface interfaces and leads to increased interstrip
capacitance and, therefore, eectronics noise.

The increase in bulk leakage currents after radiation exposure is caused by additiond generation
of dectron-hole pairs. For the operation of detectors the control of leakage current is important
in two aspects, one is the resulting higher shot noise, the other is the increased bulk hest
production in dlicon which may lead to a theemd runaway if the dlicon detector is not properly
cooled. The bias leskage current increase is directly proportiond to the active strip volume of
the slicon detector and to the particle fluence the detector is exposed to. It neither depends on
the chosen dglicon materid or technology, nor on the exact manufacturing of the detector.
However, the currents scale down condderably with the temperature. Cooling the detectors to

0° C typicaly reduces the leakage current to 1/6 of its value at room temperature.

The change in the effective doping concentration measured as a function of the particle fluence
for ntype sarting materiad shows a decrease until the donor concentration equals the acceptor
concentration or until the depletion voltage is Amos zero, indicating intrindc materid. Towards
higher fluences the effective concentration dtarts to increase again and shows a linear rise of
acceptor-like defects. Many experimentd groups have confirmed this phenomenon of changing
from ntype to p-type like materia and usualy the detector is said to have undergone a type-
inverson from ntype to p-type. The radiation-induced changes of the doping concentration are
initidly not dable and exhibit two man components with different time behaviors and
temperature dependences.  With time congants in the range of a few days a decrease in the
radiation induced changes occurs soon dfter irradiation.  This effect is caled short-term
anneding or beneficid anneding, because it mitigates the acceptor creation and hence the type
inverson process. However, a room temperature an increase in the acceptor states appears after
about two weeks of annedling leading to even higher depletion voltages. This long term or
reverse anneding is a mgor concern because of its limiting factor for long-term operation of
dlicon deectors in high fluence regionrs. Reverse aneding can be admost completey
suppressed by cooling the detector to —5°C or less and by minimizing the maintenance periods of
the silicon detectors at room temperature.
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The third effect is the reduced charge collection efficiency. The primary mechanism leading to a
decrease in the collection of dectrons or holes is charge trapping at defect gStes, i.e. a decrease of
the carier lifetime with increesng fluence. In addition surface damage in the slicon oxide due
to ionizing radiaion results in the creation of fixed postive charge a the surface boundary
between dlicon and dlicon oxide. This leads to increased interstrip capacitances and, therefore,
higher dectronic noise.

Serioudy damaged detectors will require high bias voltages to operate efficiently.  The
deteriorated charge collection can be efficiently recovered by applying a bias exceeding the
depletion voltage.  This overbiasng aso reduces to normd vaues the increased interstrip
capacitance due to the surface charge accumulaion. So the high voltage operation is crucid for
radigtion hard dlicon and a the end the breskdown voltage of the device will determine the
limits of survivahility.

4.1.3 Radiation hard designs

The CMS collaboration designed single-sided 300 mm thick n-type sensors, which were reliably
working after heavy irradiation a bias voltages up to 500 V!. The main fedures of the design
are p+ srips in nbulk slicon, which are biased with polyslicon resstors and are AC coupled to
the readout eectronics The front Sde of the detector (with p+ srips) has a periphera n+
implantation (n-well) a the edge and is followed by a p+ single guard ring dructure to prevent
junction breskdowns.  This guard ring design has been optimized in cooperation with
Hamamasu and is dso successfully implemented with other producers. It is proven to be
radigion hard and CDF is using this type of sensors for the LOO of SVX in Run 2A. Other
radiation hard designs reduce the risk of an early breskdown at the edges of the dlicon by
induding a multi- guard ring structure?.

We note here that in the case of AC-coupled double-sided sensors (as presently used by CDF and
D@ in Run 2A) the high bias voltage is applied across the coupling capacitor on one of the sdes
(unless the eectronics is floating a the same potentid). Together with consderably higher codts
related to the double-sded wafer processng, the requirement that AC capacitors hold off the
bias voltage is a srong limitation for the double-sided detectors and we are not consdering using
them for the upgrade.

One of the main methods for improving the radiation hardness is the use of low-resdivity Slicon
& an initid detector materia®. Low bulk resigtivity of slicon corresponds to high depletion
voltage of the devicee For example, a 300-micron thick detector with bulk resigtivity of
r »1.0kW:cm depletes a V,,, »300V. High initid depletion voltage vaues shift the type-
inverson point to higher fluences which limits the depletion voltage growth after the type
inversion, thus improving the radiation hardness of the sensor.

A new technologica development driven by the R&D work of the ROSE collaboratior uses
oxygenated dlicon materids to improve the radiation hardness of dlicon detectors.  Oxygen

concentrations ([O.] » 107 cm™®) in dlicon improve considerably the radiation hardness of the

detector for charged particle fluence and effectively lower the needed bias voltage for radiaion
damaged detectors. No improvement was observed for damage caused by neutrons. The
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charged particle component is expected to dominate (for example a CMS only 1/10™" of the
damage is accounted for by neutrons). There are indications dso that the reverse anneding
saturates a high fluences for oxygen enriched slicon.

High oxygen concentrations reduce the donor (n-impurity) removad rate dgnificantly and can
mitigate the acceptor (p-impurity) creation. The smples way to enrich glicon materid with
oxygen is a diffuson process in the ~1200°C oxygen amosphere of a quartz oven. This
technology is easy and economic and has been successfully transferred to a number of slicon
detector vendors.

Findly there is an dternaive to use n+ drips on n type slicon. It has been shown that they offer
a better collection efficiency a under-depleted voltages and, therefore, would improve the
performance after irradiation. However, the detectors technologicaly are more complicated and
require further R&D efforts.  Since for rin sensors certain techniques like pstop or pspray are
necessary to maintain the srip isolation, the detectors are becoming more and more complex
which would consderably drive up the costs. Furthermore, it is not clear that such a fine pitch
gructure of 25mm we are requiring for layer O is technologically feasible on Ain devices. Exocept
LHCb, which is pursuing a Ain option for its vertex microstrip detector, neither of the other LHC
slicon grip detectors will use n'n and we are considering this technology as too risky for the
tight Run 2B schedule.

In summary, two gpproaches have been successfully explored so far:

Low-resdivity dlicon sensors. Increesing initid donor concentration leads to type
inversion after higher radiation doses, thus dowing the radiation damage.

Oxygenated dlicon. Controlled increase in oxygen concentration dows down the growth
of depletion voltage with irradiation dose.

It is possble to combine both approaches. Both techniques have been trandferred to multiple
slicon vendors.

4.2 Silicon SensorsFor Run 2B
421  Technology choicefor Run 2B D@ SMT

For the congtruction of the Silicon Microstrip Tracker for Run 2B D@ we propose the use of AC-
coupled, single-sided single-metd p* on n-bulk slicon devices with integrated polysilicon
resstors as basdine sensors.  Only bias resstors based on polysilicon are cgpable of sustaining
the high radiation level the Run 2B detector will experience. Either a multiguard dructure (see
Figure 12 a) or a single guard ring structure with a peripheral n-well at the scribing edge (see
Figure 12 b), developed in cooperation with Hamamatsu's design engineers, is necessary to
alow operation at high bias voltages.
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Figure 12. - a) Multiguard ring structure of ELMA prototype sensors. b) Hamamatsu’s sensor
with a single guard ring structure and a peripheral n-well.

We prefer a dlicon microgtrip vendor cgpable of doing multilayered didectric substrates for the
coupling capacitors for mainly two reasons.  First of dl, it will dgnificantly reduce the number
of developing pinholes and therefore shorted capacitors in the detector. Secondly, by using
dlicon nitride (SsN4) in addition to slicon oxide, the coupling capacitor value can be increased
while leaving the thickness of the didlectric substrate congtant.

Oxygenation is consdered as a serious option for the inner layers O and 1 in order to improve the
radiation hardness further.

4.2.2 Sensor geometry

D@ envisons usng 3 sensor types for Run 2B. Ther geometric parameters are summarized in
Table 2.

Table 2. - Geometric parameters of silicon sensors.

Length Width Strip pitch /readout pitch # readout
Layers () () (m) channels # of sensors + spares
0 784 148 25/50 256 144+50%=216
784 24.3 29/58 334 144+50%=216
25 1000 411 30/60 640 1896+20%=2280

All outer layers are congructed from sensors of the same type.  In the specified geometry, two
such sensors can fit on one 6 dlicon wafer.  Unfortunately, 6” technology is not widdy used
among dlicon sensor manufacturers, with only Hamamatsu and Micron Semiconductors having
implemented it successfully so far.  Other vendors continue producing sensors using 47
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technology. It is possible to modify the design to use two 50-mm long sensors, which can fit on
a 4" wafer, ingead of one 100-mm long sensor.  This choice has drawbacks. increased number of
parts, additiond wire-bonding load; increased dead ares; and, most importantly, sSgnificant
increase in cost.

We chose to use sensors 784 mm long for layers 1 and O to minimize occupancy and noise, and
more importantly, to teke advantage of a wider choice of vendors. These sensors can be
fabricated with two LO type sensors or one L1 type sensor on a single 4’ wafer. Since these
sensors will be subject to a very harsh radiation environment, it is criticd to choose a vendor that
can provide radiation-reslient devices.

We plan to use intermediate srips in dl sensors to improve the Sngle hit resolution. A multiple
guard-ring, or Hamamatsu-style guard-ring, dructure is necessary to ensure high breskdown
voltage. This structure occupies 1-mm wide area on each edge of a glicon sensor.

4.3 Radiation Environment And Sensor Performance

Performance of dlicon sensors depends on factors such as irradiation dose, operating
temperature, and duration of shutdowns.

We use the following estimates for the charged particle and neutron fluences °:

_1.17520"
=
F,=18x0°cm?/pb*

Fa cm ?/pb™t

where r is the perpendicular distance to the beam line in cm. The charged paticle fluence was
assumed to be composed of 64% pions and 36% protons.

An independent sudy of particle fluences in D@ was adso caried out in ref. 6 based on a
amulaion employing the DTUJET event generator and a GEANT/CALOR smulation of the D@
detector, hadronic interactions, and secondary particle production. In comparison with the
fluences used here, ref. 6 found a smilar neutron fluence, but found a charged particle fluence
about a factor of two lower. However, to be conservative, we do not reduce our charged-fluence
estimate. We assume 2.8 fb™* of integrated luminosity in the first year of operation and 4 fb™ in
each of the following years'.

Operding temperature is another important factor affecting the detector performance in the high
radiation environment. The choice of operating temperature depends on detector characteritics,
electronics design, and mechanicd and cooling condraints.  Operating the detector near its room
temperature assembly environment minimizes mechanica dresses. Very low  temperature
operation implies exotic coolants and/or large cooling passages as well as good therma contact
everywhere.  The find choice of —10 degree C operating temperature is a compromise between
detector operating voltage, sgnd to noise ratio, and mechanica and cooling congraints.
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We adso assume a 4-week maintenance period a room temperature a the end of each year.
Detector annealing and radiation damage parameters are taken from Rose collaboration data’.

The resulting depletion voltage as a function of operating temperaiure for the layer 0 sensors is
shownin Figure 13.

Run2b Depletion Voltage
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Figure 13. - Depletion voltage for layer 0 sensors as a function of weeks in Run 2B. Two hundred
weeks corresponds to an integrated luminosity of 14.6 fb-1 and a dose of 15 Mrad.

Temperature effects of reverse anneding tend to saturate below -5 degrees C and increase
rgpidly above +10 degrees C. It is quite important to keep the maintenance periods to a
minimum. There is a wide varidion in reverse anneding parameters among manufacturers who
do not use oxygenated slicon. We fed that it is important to irradiate samples of detectors used
in Run 2B to verify that the damage response is consstent with operation to 15 Mrad. The inner
layer detectors will be specified to operate at 700 V. Operating the inner layer below —5 degrees
will give us adequate operating voltage performance for detectors with reverse anneding
characteristics of oxygenated dlicon. Our —10 degree C design should accommodate production
variations among sensors and provide a reasonable operating margin.

For the outer layers we hope to minimize the mass and simplify the design of the bias circuitry
by limiting the operating voltage of these layers to ~300 V. Figure 14 indicates that depletion
voltage performance a or bedow -5 degrees C is saidfactory for al layers with oxygenated
silicon and for layers 2-5 (R>5cm) for any silicon variety.
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Depletion Voltage at -5 deg c
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Figure 14. - Depletion voltage as a function of radial position.

According to these estimates layer 1 and the outer-layer sensors will be adle to easly withgand a
radiation dose equivaent to 20 fbl. The depletion voltage in layer 0 sensors is expected to reach
600V after 15 fb'. As we pointed out earlier, oxygenaion is esentid to dow down the
depletion voltage growth after type inverson occurs. In addition, reduced temperature during
maintenance periods will provide Sgnificantly grester longevity.

Signd to noise ratio (SN) is an important parameter that ultimately limits the detector lifetime.
Based on previous sudies and CDF experience in Run 1, SIN dats affecting b-tagging
efficiency when it goes below 58. Our design godl is to keep the S/N above 10.

In our dgnd-to-noise (S/N) estimates we assume that sensors can be fully depleted and that one

MIP produces 23,000 € in 300 mm silicon. We have considered severd contributions to the total
noise:

Noise due to load capacitance of the analog cable (0.35 pF/cm) and detector (1.2 pF/cm),
parameterized as 450+43C(pF/cm) based on SV X4 chip specifications.

Noise due to the series resistance of the analog cable
Shot noise from detector leakage current
Therma noise due to the finite value of the bias resstor (~200€).
Shot noise and series noise are temperature dependent and can be minimized by running a low

temperature. Figure 15 shows the tota noise for layer O sensors as a function of temperature for
vaious lengths of andog flex cable  Operation below -5 degrees C provides satisfactory
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performance. Desgn for —10 degree C operation will provide operationd margin if thermd
contacts or coolant flows are not as expected.

Inner Layer S/N vs Temperature at 15 Mrad
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Figure 15. - Inner layer signal/noise ratio as a function of operating temperature for various
analog cablelengths.

36



D@ Run 2B Silicon Detector Technica Design Report —v3.0

S/N for different lodder lengths, 450+ 43«C,(pF /cm)+shot noise
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Figure 16. - Sgnal to noiseratio as a function of radius for different running temperatures and
sensor length. In each plot, the solid curve corresponds to exposures of 5 fb ™, dashed —to 10 fb™*
and dotted - to 20 fb™.

Figure 16 shows SN behavior as a function of radid podtion of the sensors. For 8 cm long
sensors used in layers 0 and 1, the SN is greater than 10 after 20 fb™t, if the running temperature
isbdow -5°C. In layers 2 through 5 modules are constructed of one or two 10 cm long sensors.
Modules with one sensor provide very robust S/N above 15. For two-sensor long modules (20
cm) the S/N can be kept above 10.

In summary, based on our esimations of depletion voltage and SN we have aufficient safety
margin in Run 2B. To veify our predictions we have tested slicon sensors from severd
potentia Run 2B vendors at the RDF facility in the Fermilab Booder.
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4.4 Radiation Testing Of Silicon Sensors
441 RDF

Radiation tests described here were carried out a the RDF facility in the Fermilab Booster. The
facility provides 8 GeV protons for various irradiation sudies. The beam is ~0.5 mm in radius
and is typicdly >3x10" protons per pulse, with a typicd repetition rate of one pulse/3 sec.
Beam flux is measured by a toroid and confirmed by irradiation of duminum foils. Detectors are
mounted in a cold box, which mantains detector temperature & 5 degree C and dlows for
detector bias and monitoring. The box is in turn mounted on a xy table which scans the detector
assembly through the beam; insuring uniform irradiation.

Irradiation typicaly takes one shift. This intense irradiation can leave a subgtantid charge in the
oxide and on detector surfaces. Detectors are then left at 5 degrees C to “cool down” and annedl
for ~1 week before testing.

4472 Run 2A detector irradiation studies

To understand the expected lifetime of the Run 2A detector we peformed a series of
measurements with spare or grade B modules. We used 3 different ladder/wedge types of
double-sided detectors and one type of single sided detector. All detectors are processed on n
type bulk slicon materid with a typica thickness of 300mm with integrated AC coupling and
polyslicon bias ressors. The double-sided ladders had either 6, 9 or 14 readout chips on the
ther front end hybrid, which was directly glued on the dlicon. The 6-chip detector is
manufactured on a 6’-wafer technology and has 90° stereo grips on the n-side.  The 9-chip
detector is a stereo detector with a smdl angle view of 2. The 14-chip module is a double-sided
wedge-shaped detector with varying strip length and angle of £15° on both sides.

The lifetime of the Run 2A detectors is likely to be determined by the limited voltage that can be
applied across the AC coupling capacitors. These capacitors break down near 150 V and can
only be safely operated to ~100 V. Thus, with split bias we expect to be limited to a total bias of
200 V. In addition during ladder testing we found that the Micron detectors are subject to
microdischarge breakdown on the junction sde. The breakdown voltage varies on a detector-to-
detector bass but can limit the junction sde bias to as low as 10 V. This effect switches Sdes
upon type inverson and is partidly mitigated on the n Sde by compensating effects of oxide
charge.

In order to characterize the performance of the irradiated detectors and to understand ther
behavior after irradiation the following measurements have been carried out:

leakage current measurements
depletion voltage determination
average noise determination
number of noisy channds
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Depletion voltage was measured by measuring the response to a 1064 nm laser, noise and current
measurements were performed using our standard set of detector burn-in tests.
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Figure 17. - Depletion voltage as a function of accumulated dose. Detector types 9xxx-layers 2,4,
FWhoo-F wedge; 3xxx layers 1,3 barrels 1 and 6 (single sided); 6xxx —layers 1 and 3 barrels 2-5
(double sided double metal)

Figure 17 shows our results for depletion voltage. With the exception of the double sided double
metal (DSDM) devices dl detectors perform as expected. The DSDM detectors seem to have a
depletion voltage a 1.5 Mrad dmogt a factor of two higher than other devices. Since these
detectors are & the inner radius of the dlicon detector they will limit the lifetime of the tracker.
The cause of this effect is not understood. All detectors were exposed a the same time and
tested with identica setups. It is possble that the DSDM detectors are more susceptible to
asurface charge than ampler devices We are planning to perform an additiond irradiation with
test dtructures to try to understand if this effect is due to bulk silicon properties or an effect of the
fabrication.

Figure 18 and Figure 19 show the noise in the ladders as a function of dose as measured in the
burn-in test a 3 deg C. The most probable pulse height for a MIP is ~26 ADC counts. The
contribution from shot noise is ~0.8 ADC counts a 2.1 Mrad. In generd the noise rises from
1.5-2.0 counts to ~3 counts, giving a worst-case sgnd/noise ratio of 9:1. The DSDM detector
(6418) has additionad noise which rises to 5 counts on the nsde a 2.1 Mrad. This is due to the
onset of microdischarge on the n Side of this ladder.
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Figure 18 Noise in n-side of Run 2A ladders as a function of radiation dose.
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Figure 19. - Noisein p-side of Run 2A |adders as a function of radiation dose.




D@ Run 2B Silicon Detector Technica Design Report —v3.0

443 Run 2B detector irradiation studies

We have performed a set of irradiation studies on single sided detectors of the type to be used for
Run 2B. The detectors used were either CDF layer 00 devices (Hamamatsu, Micron, ST) or
prototypes specificaly for D@ (ELMA). Two Micron detectors were oxygenated, the ELMA
devices were aso oxygenated, but & a level too low to affect the depletion voltage. These
detectors were exposed to 5, 10 and 15 Mrad doses. We measured depletion voltage and leakage
current after each exposure.

Depletion voltage vs dose
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Figure 20. - Depletion voltage as a function of irradation for Run 2B detectors.

Fgure 20 shows the measured depletion voltage as a function of dose. The depletion voltage is
estimated from the plateau of the detector response to a 1064 nm laser and has ~20% errors. The
devices behave roughly as expected, dthough there is a consderable spread in the depletion
voltage a 15 Mrad. The ELMA detectors, which are fabricated using non-oxygenated slicon
with a crystd orientation of <111>, have the worst behavior. The spread in depletion voltage is
condgent with the variations among dlicon types and manufacturers observed by LHC
experiments.
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Comparison (10 Mrad, -12 C and 11 C)
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Figure 21. - Leakage currents at + 11 and—12 degrees C after 10 Mrad.

Leskage currents for al devices, presented in Figure 21, were found to be consgtent with the
usud 3 x10'7 A/en? damage constant. The breskdown voltage depends on operaing
temperature as well as anneding time after the intense irradiation. None of the devices showed
breakdown before full depletion under laser test conditions (near +10 deg C). Additiond
operating margin is available a our expected operating temperature of —10 deg C.

The results of these studies give us confidence that we can build a detector which can operate to
15 fb! and beyond. We plan to irradiate samples of prototype and production detectors to
confirm their perfformance.  We dso expect to irradiate ladders bonded to SVX4 chips to
measure ladder noise performance after irradiation.

45 Conclusion

The high integrated luminogity of Run 2B will necessarily result in a particulaly harsh radiation
environment.  Rdiable operaion of glicon sensors in such conditions is crucid to the
experiments success. We were guided in our design and technology choice by our experience in
Run 2A detector condruction as wedl as by recent advancements in radiation hard sSlicon
technology motivated primarily by the needs of LHC experiments. In Run 2B D@ plans to use
only dngle-sded sngle-metd dlicon sensors, limiting them to only 3 types. Our estimates,
supported by the results of the irradiation tests, show that these sensors will be able to withstand
the radiation dose equivdent to 15 fb! with sgnificant sfety margn in layers 1-5.  Depletion
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voltage in Layer 0 sensors might exceed 700V after 15 fbl. Oxygenation of these sensors is
expected to dow down the depletion voltage growth &fter the type inverson. Further R&D
studies are needed to confirm this gpproach.

1 'S Brabat e d., Invesigation of design parameters and choice of substrate resistivity and
cysa orientation for the CMS dlicon microstrip detector, The CMS Experiment, CMS Note
2000/011.

2 A. Bischoff et d., Breskdown protection and long term stabilization for S-detectors, Nudl.
Instr. & Meths. A326 (1993)27-37.

3 RD20 collaboration, “"Radiation damage studies of fidd plae and p-stop n-side slicon
microgtrip detectors’, Nucl. Instr. & Meths. A362 (1995) 297-314, 1995.

* Rose Collaboration, Nudl. Ingtr. & Meth. in Phys. Res. A466 (2001) 308-326

® J. Ellison and A. Heinson, “Effects of Radiation Damage on the D@ Silicon Tracker”, D@ Note
2679 (July 1995).

® E. Shabdlina and V. Sirotenko, “Radiation Damage Effects on the Forward Hdisks of the D@
Silicon Tracker”, D@ Note 2800 (November 1995).

! http://cosmo.fna .gov/run2b/Documents/riibshort.pdf “ Plans for Runllb”.

8 J. Albert e d. " The rdationship between signa-to-noise ratio and btag efficiency. CDF Note
#3338.
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CHAPTER 5- MECHANICAL DESIGN, STRUCTURES,
AND INFRASTRUCTURE

51 Overview

The mechanicd design of the Run 2B dlicon deector is chdlenging. It must saisfy drict
requirements on materid mass, on precison of condruction and pogtioning, it must alow for
ggnal readout and cooling of the detectors, and must satify overdl sze condraints imposed by
the need to inddl the detector from the limited space between the caorimeter cryodtats. In order
to meet the latter requirement, the slicon for Run 2B will be divided about z = O into identica
north and south barrd assemblies  That divison addresses the limited indalation space
avalable after the end caorimeters have been opened 39" and dlows a net length of glicon
associated dtructures to exceed the 52 that would otherwise be available.  Fina connections
between north and south assemblies will be made via reproducible bal mounts during
inddlation at D@. Teding and experience with the Run 2A slicon (which is dso split & z = 0)
demonstrated thet a reproducibility of 2 nm is achieved with such bal mounts.

Each assembly comprises six dlicon layers and is subdivided into an inner barrd with layers G1
and an outer barrel with layers 25. Inner and outer barrels will be fabricated individudly, mated
a SDet to form ether a north or a south barrd assembly, and brought to D@ as a completed,
tested assembly. The inner diameter of those assemblies adlows inddlation of a 1" outsde
diameter beryllium beam pipe through the glicon region after the barrd assemblies are in place
at DJ. Fgure 22 shows aplan view of the detector while Figure 23 shows an axid view.

In each of the north and south barrd assemblies, a double-wadled cylinder, which is integrd with
the outer barre, positions and supports a thin (~0.5 mm) carbon fiber reinforced epoxy (CFRE)
dliconpostioning membrane near z = 0 and a thicker (~1 mm) CFRE outer slicon-paostioning
bulkhead at either z = £500 mm or z = +600 mm. Studies of coordinate measuring machine
(CMM) capabilities and dructura  deflections will ad in determining which location for the
outer bulkhead is better. In ether case, a reproducible bal mount connection will be made
between the support cylinder of the outer bare and an additiond cylinder extending from the
outer postioning bulkhead to the end of fiber tracker bare 1. The additiond cylinder dlows
better access for precison CMM measurements of silicon positions and better access for work on
the ends of dglicon sub-assemblies  After dl assemblies ae in place and dl mechanica
connections are completed, the equivdent of a sngle 356 mm outsde diameter support cylinder
will extend ~1650 mm from one end of fiber tracker barrel 1 to the other.

Slicon sensors of the inner barrd, layers 0 and 1, are mounted on facets of quas-polygond
cylindrical gructures amilar to the one used in Run 2A for CDF layer 00. All inner bard
sensors will be placed so that their traces are axid. The inner barrd is supported by the slicort
positioning membrane and by the sliconpostioning bulkhead of the outer barrd.  Silicon of the
outer barel, layers 2-5, is contaned in 84 daves, which are supported from the slicon
postioning membrane and the outer slicon-pogtioning bulkhead of the bard. In order to
provide azimuthd overlgp between sensors, each dlicon layer will be divided into inner and
outer sub-layers "d' and "b". Each of the saves of the outer barrd will contain a st of sensors
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oriented so that their traces are axia and a set of sensors oriented to provide smal angle stereo
information. Table 3 givestheradii, lengths, and number of phi segments for the detector.
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Figure 22 - Plan view of the silicon tracker within the fiber tracker. The silicon tracker is divided
into north and south assemblies about z= 0. For each of the assemblies, layers 0-1 and layers 25
are fabricated as separate mechanical structures and mated at SDet. To facilitate CMM
measurements, only the portion of the support cylinder fromz = 0 to z= 600 mm will be present
during layer 2-5 stave installation and mating with layers 0-1. Coolant distribution bulkheads,
coolant connecting tubing, and extension cylinderswill be added when that work iscomplete. The
lengths of the north and south assemblies match those of the Run 2A central silicon and utilize the
Run 2A mounts on the ends of the fiber tracker. North and south assemblies will be joined during
installation at D to form a full-length structure designed for support only at its ends Lengths of
layers have been chosen to provide good acceptance for high p physicstaking into account the
expected length of the luminous region. The silicon of layers 2-5 is shown at the central radii of
sensors. CFRE, hybrid, and cooling structures of staves are not shown. In all staves, those
structures extend to the z = 600 mm positioning bulkhead. In layers 2-3, only a portion of the
stave length is populated with silicon.
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Table 3 - Silicon geometric parameters of a barrel assembly (units = mm)

Layer Oa Ob la 1b 2a 2b 3a 3b 4a 4b 5a 5b
R axial 18.6 24.8 348 39.0 532 68.9 89.3 1034 116.9 130.6 150.1 163.6
R stereo - - - - 56.3 720 86.2 100.3 120.0 133.7 147.0 160.5
Length(2) 475 475 475 475 501 501 501 501 601 601 601 601
#Phi 6 6 6 6 6 6 9 9 12 12 15 15

Support Cylinder

Leayer =5 Inn=r Cylinder

Beam Tuba Flange

Beom Tuba Wall

Stawa Poaticning Bulkhaad

=

Figure 23 - End view of the layer 0-1 module, layer 2-5 staves and the outer silicon-positioning
bulkhead. Silicon radii and sensor widths have been chosen to provide >99% r-phi geometric
acceptance for tracks of pr > 1.5 GeV/c originating within 2 mm of the nominal beamline. The
design of the layer 01 and layer 25 assemblies allows removal of layers 0-1 at D@ and
replacement with good precision. Theinner diameter of layer 0 has been chosen to permit beam
pipeinstallation after all siliconisin place at D@.
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5.2 Overall Support Structure

The main dructurd components must provide accurate, stable pogtioning of both the inner and
outer detector dements. The main components are a double-waled carbon fiber cylinder that
resdes outsde the outermost dlicon layer and a st of bulkheads that provide the precison
mounting points for the outer layer daves and the inner layer sub-assemblies.  The detals of
these components and the aignment congraints are provided in the following sub-sections.

521 Outer support cylinders, stave positioning bulkheads, and z = 0
membranes

The desgn of the 356 mm outside diameter support cylinders is based upon that of the 306 mm
outdde diameter cylinders of Run 2A. Each cylinder will have inner and outer CFRE wadls
~0.56 mm thick separated by CFRE "ribs' ~0.40 mm thick. Seven or more layers of flame
retardant free, high modulus (>90 MSl), unidirectiond fiber prepreg will be used for the shels
and sx or more layers for the ribs. The number of layers will depend upon the thickness of the
high modulus materiad which is avalable.  Individud CFRE pieces ae cured a eevated
temperature and then bonded to one another a room temperature with epoxy. Based upon the
peformance of the Run 2A cylinders, beam deflection should be less than 40 mm over a length
of 1650 mm. Compensation for that deflection can be made by offsgting either the z = 0
positioning membranes or the outer postioning bulkheads when they are glued to the cylinder.
The ribs, end rings, membranes, and bulkheads diffen the completed Structure againgt out-of-
round distortions. Based upon performance of Run 2A cylinders before openings were cut for
glicon inddldion, out-of-round distortions should be minima. However, prototypes will need
to be fabricated and measured to verify beam and out-of-round deflections. Mandrels of
appropriate diameter and cylindricity, gppropriate fixturing for gluing operaions, an oven, and a
aufficiently lage CMM will be needed. We anticipate that the mgority of the cylinder
fabrication would be done in Lab 3, but CMM measurements might be done at SiDet.

The CFRE dgave-pogtioning bulkhead will be made of multiple layers of flame-retardant-free,
high modulus (>90 MSI), unidirectiond fiber prepreg with an eevated temperature cure.  To
match the ~0.75 mm thickness of stave locating bearings, the bulkheads are expected to be 1 mm
thick. Openings in the bulkheads are intended to match stave profiles, including cables, and to
provide 0.5 mm clearance about the full save periphery. Staves will be ingtdled through the
openings and located by pins which engage locating bearings glued into the bulkhead. We plan
to cut overszed openings for the bearings and to locate the bearings using high-precison
fixturing as they are glued into place. The intent is to place the stave locating bearings and the
dave pins which egage them wdl enough to dlow interchangegbility among daves.
Arrangements have been made with Lab 8 to begin cutting save and bearing openings in a
prototype postioning bulkhead to provide a generd test of this stave postioning concept Fgure
24). The CFRE materid that was provided to Lab 8 has a high modulus but contains flame
retardant, so the resultant piece will be used for test purposes only.
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Figure 24 - Cut profile supplied to Lab 8 for a prototype positioning bulkhead. The profile of a
stave opening is shown on the right; the locations of openings are shown on the left.

The CFRE z = 0 membrane will be made of multiple layers of flame retardant free, high modulus
(>90 MSl), unidirectiond fiber prepreg with an elevated temperature cure. In principle, the
membrane could be a full disk with an opening for the beam pipe, since staves do not pass
through it. In practice, openings will be cut in the membrane to reduce materiad. A design for
the openings remains to be deveoped. Bearings will be glued into overszed openings in the
membrane to engage dave-postioning pins.  Locd renforcement will be provided a each
bearing location. A precison fixture will be used to podtion bearings as they are glued into
place.

CFRE end rings for each cylinder include sockets of the bal mounts and festures to dlow one
cylinder to be securely coupled to the next. Based upon Run 2A experience, twelve bal mounts,
evenly space in azimuth, should be sufficient per end ring. Screws or studs through the bdls will
be used to couple cylinders. Openings through the outer wadls of cylinders, with suitable
reinforcement, will provide access to ingdl and tighten fageners. The end rings will be made of
mutiple layers of flame retardant free, high modulus (>90 MSI), unidirectiond fiber prepreg
with an elevated temperature cure. Precison jig plaies will be used to postion the bal mount

openings.

A CMM will be needed as pieces of cylinder assemblies are glued to one another in order to
edablish cdockings and offsets.  Whenever practicd, end rings will be mated during the gluing
process. A full procedure for establishing end ring clockings and offsets remans to be
developed. In generd, we plan to employ ruby or sgpphire bals as reference features for CMM

48



D@ Run 2B Silicon Detector Technica Design Report —v3.0

touch probe measurements. Postions of stave locating features can be measured in a coordinate
system established by these reference features.

52.2  Alignment precision and survey accuracy

All dignment congtants, both at the trigger level and offline, assume tha the slicon sensors are
perfect planes. Six congants are used, three offsets used to define the postion of the center of
the sensor and three Euler angles used to define the rotations of the sensor about that center.
Survey data taken during assembly, or obtained from offline aignment with tracks, can be used
to determine the dignment congants for the tracker. No red-time dignment condants are
avalable 0 it is criticd for the trigger that the detector be stable over time scales of weeks to
months.

It is important to make a clear distinction between the precison required for the placement of the
sensors and the required survey accuracy.  The physcd dignment precison for the sensors is
determined primarily by the requirements of the impact parameter trigger, which is used to
identify events with tracks originaing from the decay of heavy quarks outsde the beam spot.
Having satisfied these condraints, other congderations, such as having tractable offline
dignment condants, are ds0 sdtisfied. The survey accuracy, whether done using optica or
mechanica survey on the bench, or usng tracks in situ, should have accuracy on the scde of the

intringc device resolution (»8mtransverse to the sensor strips).

No dereo information is available at the trigger level so the trigger is most sengtive to rotations
about the two axes transverse to the beam line (pitch and yaw) tha result in Z-dependent kf
erors. Deviations from planarity are dso important, both a the trigger leve and for the offline
andyses snce these are not corrected for. The figure of merit for location of sensors is that,
relative to the beam spot Sze, the errors introduced have a smdl effect on the impact parameter
resolution. For a rotation about an axis perpendicular to the plane of the sensors (yaw), the
desred dignment tolerance is <10m over the length of a readout segment. The pitch angle
affects girips at the edges of the sensors, but not at the center. For a radid deviation dR a an
agle f from the center of the sensor, the transverse measurement error dX is given by
dX=dRtanf . Locd radiad displacements due to a lack of sensor flatness contribute in the same
way as an overdl pitch of the sensor. Again, the desired tolerance is dX<10mwithin a readout
segment.

5.3 Layer 0-1 Silicon Mechanical Support Structure

531 I ntroduction

The Layer 0 and 1 slicon support structures described in this TDR are carbon fiber structures
with esch layer conadting of an inner and outer carbon fiber shel, with graphite foam and/or
pyrolytic graphic that transfers heet to the cooling tubes inserted between the inner and outer
layers. Our conceptuad design borrows heavily from the CDF inner sllicon support structure that
is dso made from carbon fiber composte. We are currently exploring two fabrication processes,
the RTM (Resn Transfer Molding) process or the use of unidirectional pre-preg materias. We
have chosen “PEEK” (Poly-Ether-Ether-Ketone) as the materia for the cooling tube and we aso
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have developed a full solid modd of the desgn and coupled that to the FEA andyss usng
ANSYS in order to edtablish sructurd properties of the support Structures. A preiminary
andyss of a fully loaded (slicon, cables, cooling tubes etc.) has been peformed and the
maximum sag expected for the inner layer, supported as described herein, is 5.8 microns. The
remaning work requires the deveopment of a full desgn, sufficient prototype work to certify
the fabrication techniques, a find detaled FEA andyds that includes thermd conductivity
andyss, and the production of a find solid modd, from which assembly and production
drawings can be produced.

Cogt edimates are based on this design concept and the contingency andysis is performed by
fird asdgning risk factors from which weighting factors are cdculated, then multiplying the
weighting factors and summing to determine a composite contingency percentage. This is done
for each dement at itslowest level.

53.2 Design

The glicon sensors and associated dectronics in layer 0 and layer 1 require a very lightweight
and rigid support dructure, constructed to very demanding mechanica tolerances. Provison
must dso be made for cooling of the sensors and the hybrid eectronics.  Carbon fiber/epoxy
compodite provides the most effective combination of low densty and rigidity dong with
meanufacturing flexibility.

LO Structure:

The LO support (Figure 25) condsts of a backbone tube and an outer, castellated ring on which
the sensors are mounted.

The space between these is filled with carbon foam to provide a shear connection and to act as a
thermally conductive layer to trandfer heat from the sensors to cooling tubes embedded in the
foam (Figure 26). This structure extends from Z=0 to Z=485 mm.

The hybrids are mounted separately from the sensors on structures that extend out to Z=710 mm
(Figure 27). This gtructure has six support rings (one per hybrid) to both hold the hybrids and to
provide a heat flow path for cooling. Sx carbon/epoxy diffening ribs connect these rings. To
provide further bending iffness, the inner carbon/epoxy tube has its wall thickness doubled in
the region of the hybrids.
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Figure 25 - LO mechanical structure

Outer cagtdlated ring

Carbon foam

Cooling tube turng

Inner tube

Figure 26 - Detail of silicon support and cooling tubes.
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Figure 27 - LO hybrid support structure

The glicon sensors are mounted on the castellated tube usng adhesve.  An insulating layer of
Kapton separates the silicon from the conductive carborn/epoxy.

Note that there are two layers of these sensors at different radii (layers Oa and Ob). Anaog
cables connect each sensor chip to its specific hybrid chip. A PEEK cooling tube is embedded in
the carbon foam beow each of the outer slicon chips. All of these festures are shown in Figure
28. A wae/glycol mixture circulates through these tubes to maintan the desred chip
temperature. The flow isturned around at Z=0 as shown in Figure 26.

The hybrid drcuits are individudly attached to their support rings and digitd cables lead from
each chip to connections externd to the support structure. (Figure 29).
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Figure 28 - Silicon sensors and analog cables.

Figure 29 - Hybrid chips and digital cables
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L1 Structure

This is very smilar to LO. The mgor difference is that the hybrid circuits are mounted directly
on the silicon sensor chips and only digital cables connect these to the outside world (Figure 30).

Hvbrid circuit

Silicon sensor

Digitd cables

Figure 30 - L1 assembly complete with silicon sensors, hybrids and digital cables.

The sensors are mounted on a structure consisting of two carborn/epoxy rings separated by carbon

foam. Cooling tubes are embedded in the foam asin LO. Thisisdl shownin Figure 31.

Outer castellated
Inner ring ring

Figure 31 - L1 carbon fiber/epoxy structure
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LO/L1 Assembly

The LO and L1 mechanica dructures have to be assembled into a sngle dructure after the
silicon, hybrids and cables have been atached (Figure 32).

Figure 32 - LO/1 assembly

At Z=0 this is accomplished by a smple membrane made from carbon/epoxy. This membrane
has precison pin fittings that locate LO and L1 to the membrane. Another set of such pins
locates the membrane to the L2/L5 support dructure. At Z=630 mm, the LO dructure is
connected to the inner surface of the L1 structure via the hybrid support ring at that location.
This connection will aso use precison pins so that LO is located in a precise podtion within L1.
The outer surface of the L1 dructure is connected to the L2/L5 dructure in a smilar way. To
avoid any backlash problems, dl of these connections will be spring loaded againgt precision
dops. (At the time of writing, detailed design concepts for dl of these connections are not
available).

Rediation Lengths

The total radiaion length in the tracking volume is cdculated to be 1.63% and 2.42% for LO and
L1, respectively. In the end regions where the combined LO hybrids are located the radiation
length is about 4.43%. In these caculaions discrete objects such as cables and hybrid circuits
are uniformly distributed over the sensors that they overlap.

The totd materid/radiation length presented by Layers 0 and 1 is summarized in the Radiation
Length Cdculation tables found in Appendix 5.3.A.
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533 FEA analysis of the LO/L 1 mechanical structures

The high precison required in the dlicon support sructures implies that these very light
dructures must aso be very iff. The dedgn process must be accompanied by detaled
dructurd analysis usng FEA methods. At present, this has been done for the proposed design of
the LO dructure. Given that the results gppear very promising, these studies will be extended to
the L1 structure.

The exiging Unigraphics CAD solid modd was used as the bass of the FEA modd. Solid
models of the structurd parts of the LO CAD mode were transferred to Ansys v5.7 for FEA
andyss. The modds of each pat were fird broken up into sets of volumes convenient for
generating the FEA mesh in Ansys. The FEA modd included the carborn/epoxy inner tube, outer
caddlaed ring and carbon foam at the slicon sensor end. The hybrid carborn/epoxy inner tube
and diffeners were added aong with the six beryllium support rings

The modd was transferred over as a 60° dice of the support. This was then meshed and then
copied to form a 180° symmetric haf modd. Thisisshownin Fgure 33.

it 8EF 2% &0
TIFE NUH T AR

L0 sapport =bruckure

Figure 33 - FEA model of the LO support structure
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The dlicon end is shown in deal in Figure 34. The two carbon rings and the carbon foam
gructure are modded dong with the dots in the foam for the cooling tubes. The hybrid end of
the modd is shown in detail in Figure 35.

Cagdlated ring

Carbon foar

Inner carbon fiber tube

10 support structurs, silicon end

Figure 34 - details of FEA model at silicon support

ELEMENTS
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Carbon fiber giffeners

Hybrid support rings

LD mupport stou¥turs, hybcid =nd

Figure 35 - details of FEA model at hybrid support end
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The carbon/epoxy was assgned linear, orthotropic eagtic properties and these are detailed in
Table 4. The carbon foam was assgned a linear isotropic eastic modulus of 2.0 GPa and the
beryllium rings had the standard modulus (303 GPa) for that metd. The carbon /epoxy had a
density of 1540 kg/nT, the foam was 200 kg/nt and beryllium was 1850 kg/n.

Table 4 - Orthotropic properties of carbon fiber/epoxy
composite material. Note: the Z-axisisalong thelength of the

structure.
= 26 GPa
E 26 GPa
E, 127 GPa
Gy 22 GPa
Gy 22 GPa
Gxz 22 GPa
Nxy 0.69
Nyz 0.69
Nxz 0.69

The modd was amply supported a location a Z=0 and Z=630 mm. Symmetry boundary
conditions were imposed aong the open edges of the modd. It was loaded by gravity and the
weights of the cables, dlicon sensors, hybrid circuits, cooling tubes and coolant were included as
point and/or distributed loads as appropriate. The tota weight of one end of LO was predicted by
Ansysto be 180 g.

The deflection solution is shown in Figure 36 and a plot of deflection versus disance from Z=0

is shown in Fgure 37. The maximum sagitta was 58 microns. The limitations of this FEA
model need to be considered:

1. FEA andyssof thiscomplexity is usudly accurate to within 10 to 15%.

2. The properties of the carbon/epoxy need to be verified by experiment. The vaues used
were obtaned by prediction usng dandard classcd lamination theory. They ae
reasonably conservative.

3. The hybrid support rings will mogt likely not be made from beryllium. However, they do
provide an essentid heat flow path for cooling the hybrids. Carbon foam is a possble
dternative materid. Note that one of these rings will be used to support LO within L1
and its mechanicd properties are, thus, more criticd.

4. No account has yet been taken of externa |oads from cables and cooling lines.
5. Thermdly induced deflections have not yet been studied.
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Figure 36 - Deflection solution
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Figure 37 - Deflection vs. distance along structure from Z=0

The above issues can be dudied readily using this FEA modd. Materid properties can be
changed easly and heat conduction dtudies carried out aong with determination of the resulting

thermd deflections.
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534 Fabrication techniques

A cross-section of the preiminary design for the LO support structure is shown in Figure 38. The
cross-section is an assembly involving an inner and outer carbor/epoxy composite shdll,
embedded cooling tubes, graphite foam core materid, anneded pyrolytic graphite films and
kapton films. The outer shell has a castdlated profile, which alows mounting slicon detectors
at two radia locations.

Outer Corban Epomxy —

Composikbe Shal |

,— lrmer CoroansEpoxy
i

LCompo=ike Shel |

Figure 38 - Cross-section of the LO support structure (preliminary design)

A ddal of a typica cedelated region is shown in Figure 39. Graphite foam will be used as a
core materid in this region. PEEK cooling tubes will be embedded within the graphite foam,
and anneded pyrolytic grgphite films will be bonded to the surface of the carbon/epoxy wal
laminaes. The use of a gragphite foam core and pyrolytic graphite films will provide high
therma conduction between the slicon detectors and the embedded cooling tubes. A flat kapton
film will be bonded to dl surfaces that support the slicon detectors. The kapton film will serve
as an dectrica insulator between the silicon detectors and the underlying subgtrate.

Two different methods of producing the carbor/epoxy shdls are under invedtigation: use of
unidirectiond pre-preg tape, or the use of resn-trander molding (RTM) in conjunction with a
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braided tubular preform. Both techniques have advantages and disadvantages, as explained in
the following paragraphs.

—OuCar Carban ELey
i Compoz itae Shal |

\
— lrer CorbonEpewy
Compos i te Shal

Figure 39 - Detail view of a castellated region of the cross-section shown in Figure 38

The tooling and fabrication procedures used to produce the carbon/epoxy shdls using
unidirectiond pre-preg tape are illudrated in Figure 40. Hard tooling will be used to form both
aufaces of the shdls snce high-qudity surfaces are required.  Since pyrolytic graphite film
bonds readily to epoxy, it should be possible to place the graphite film within the mold and bond
it to the outer surface of the shell during cure of carbon/epoxy pre-preg.

One difficulty associated with the use of unidirectiond pre-preg tape has to do with the
achievable shdl wadl thickness The composte system used will be based primarily on the ultra
high modulus pitch fiber K13D2U. A 0.003 in thick unidirectiond pre-preg system based on the
K13D2U fiber is avalable. The laminate stacking sequence for both the inner and outer shells
mug be symmetric to minimize themd didortions A 3-ply [0°/90°/0°] laminate is symmetric
and would have a thickness of 0.009 in, but would posses very low shear diffness The FEA
analyses conducted to date have been based on properties corresponding to symmetric 6 ply
laminates with stacking sequences of the type [0°/q°/-q°/-g°/ q°/0°], where g = the bias fiber
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Figure 40 - Tooling used to produce inner carbon/epoxy shell
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Figure 41 - Tooling used to produce outer carbon/epoxy shell
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orientation measured with respect to the long axis of the support structure. Depending on angle
g, this stacking sequence results in acceptably high axid, circumferentia, and shear diffnesses.
However, a 6-ply laminate produced usng 0.003 inchrthick pre-preg will result in a shel wal
thickness of about 0.018 in. If both the inner and outer shells are produced using a 6-ply
gacking sequence, then the total wall thickness of the completed structure will be about 0.036 in,
which is agpproximately 50% thicker than the target wal thickness.  Appropriate stacking
sequences for use with the inner and outer shells are gill under investigation. It may be possble
to use a 3-ply [0°/90°/0°] laminate for the inner shel and a 6-ply type [0°/q°/-g°/-q°/ q°/0°]
laminate for the outer shell, resulting in atota wall thickness of about 0.0027 in.

A second difficulty has to do with the dlowable bias angle . Idedly, maximum desgn
flexibility would be achieved if q could be sdected to be any angle within the range 0 to 90°.
However the K13D2U fiber exhibits a low drain to falure the minimum radius of curvature that
this fiber can withsand without fracture is estimated to be about 1.5 mm. This minimum radius
of curvature ultimately limits the bias orientation that can be used in the outer cedidlated shell,
gnce the hias fibers must conform to the smal radii of curvatures shown adong the periphery of
the outer shdl in Figure 38. Prdiminary estimates indicate that for a 0.5 mm radius of curvature
(measured in a plane transverse to the long axis of the dructure), the maximum bias angle that
can be used with the K13D2U fiber is about 20°. Prototype outer shells will be produced using
this bias angle and ingpected usng a SEM to evauate fiber condition. If excessve falure of the
K13D2U fibers is found during this ingpection, then ether the bias angle will be reduced, or an
dternate 0.003 in thick pre-preg sysem based on a fiber that exhibits a higher drain to failure
(T300, for example) will be used in the bias plies.

The kapton film will be bonded to the slicon support surfaces after the outer shell has been
cured. A kapton film that can be adhesvely bonded is commercidly available from Dupont (this
product is known as "Type HN" kgpton film). The bonding process will be performed usng
smple flat molds.

An dternate fabrication technique is to produce the carbon/epoxy shdls usng RTM in
conjunction with a triaxial braided tubular preform. An gpparent disadvantage of this gpproach
is that, due to fiber waviness and (typicdly) lower fiber volume content, braided compostes
usudly possess a lower specific diffness than comparable composite laminates produced using
unidirectional plies. However, snce a triaxid braided ply is symmetric and yet possesses three
fiber orientations, it may be possible to achieve sufficient gtiffness through the use of only one or
two braided plies, rather than 6 plies as in the unidirectiona pre-preg option. Hence, it may be
possble to produce a braided sructure with sufficient diffness, and yet with a thinner wal than
is possble if unidirectiond pre-preg is used. The minimum wall thickness that can be achieved
using atubular braided preform based on the K13D2U fiber is currently under investigation.

The limitations on bias angle (discussed in a preceding paragraph in connection with the use of
pre-preg tape) will aso be encountered in a braided composte sructure. It may be that the
K13D2U fiber is too brittle to be used as the bias tows in the castellated outer shell, due to the
gmdl radii of curvatures. If this proves to be the case then a braided preform with bias tows
based on a fiber that exhibits a high gtrain to failure (T300, for example) and axid K13D2U tows
will beinvestigated.
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The tooling necessary to produce a structure usng RTM and a braided preform would be very
gmilar to that shown in Figure 40. The mgor differences would be that resin injection ports and
vacuum evacuation ports are required in the tooling end pieces for the RTM gpproach.  Also, it
will not be possble to incorporate the pyrolytic graphite film with the RTM approach. If the
graphite-shells are produced using a braded composte then both the pyrolytic graphite and
kapton films (where gppropriate) will be adhesvely bonded after the curing of the shell.

Final assembly of the support sructure will be completed once the inner and outer shells are
produced. The assembly process currently envisoned is summarized in Fgure 42 - Figure 46.
The inner grgphite shel will be adhesvely bonded within a cylindricd cavity in a rectangular
block of grgphite foam (Figure 42, Figure 43). A high-speed grinding whed will be used to
shape the graphite foam to the desired shape (Figure 44). A cavity for the PEEK cooling tube
will dso be provided. The cooling tube will then be dropped into this cavity and adhesvey
bonded to the graphite foam core (Figure 45). Next, a liquid adhesive will be spread over the
outer surface of the assembled inner shell/foam core/cooling pipe.  The outer carbon/epoxy shell
will then be did over this assembly, while the adhesve is 4ill liquid. The entire structure will
then be heated to cure the adhesive, forming an adhesive bond between the inner and outer shells
and between the outer shell and grephite foam core.  Findly, the kapton film will be bonded to
the dlicon detector support surfaces of the outer shdl, completing assembly of the support
structure (Figure 46).

Figure 42 - Finished carbon/epoxy inner shell
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Figure 43 - Bored out graphite foam adhesively bonded to inner carbon/epoxy shell

Figure 44 - Machined graphite foam on inner carbon/epoxy shell
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Figure 45 - Coolant tube and outer carbon/epoxy shell slide on to Figure 44 assembly

Figure 46 - Finished assembly
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Although the manufacturing and assembly processes described above may appear to be
draghtforward, in redity there ae many chdlenging maenufecturing difficulties.  Among the
most prominent are as follows:

1. If the outer shel is produced using unidirectiond pre-preg, then assuring high qudity
during lay-up of the q bias plies will be difficult. Presumably, the bias plies will be
crested usdng drips of unidirectiond pre-preg gpplied in a hdicd pattern around the
periphery of the cagtellated tool shown in Figure 40. Maintaining a condant fiber angle
as the pre-preg is lad dong the cagelated surface of the tool will be difficult, and will
likely require specid fixtures to insure condant fiber orientation dong the length of the
outer shell. In this regard it is probable that a congtant bias fiber angle will be eader to
maintain if the use of a braided tubular fiber preform and the RTM process proves to be a
viable option.

2. Incorporating bonding of the annedled pyrolytic grephite film to the outer surface of the
carbon/epoxy shell with cure of the pre-preg sysem may prove to be difficult. If so, then
the graphite film will be bonded to the outer surface following cure of the carbon/epoxy
ghdll, prior to bonding of the kapton film. This would likey require a second st of
molds.

3. The graphite foam being conddered for use was developed in recent years. Vey little
manufacturing experience with this product is avalable. Samples recaved to dae have
been porous and somewhat brittle. It is not clear that this materid can be ground to the
shapes implied in Figure 44, especidly given the tolerances required. Also, due to the
porous nature of this materid an excessve amount of liquidous adhesve may wick into
the foam due to cgpillay action during any step involving adhesve bonding, such as
those implied in Figure 42, 43, 45, and 46, for example. If this proves to be a problem it
may be posshble to sed the surface of the grgphite foam prior to find bonding, but this
possibility has not yet been demonstrated.

4. The outer carbor/epoxy shdl will be did over the inner shel/graphite core/cooling tube
during assembly (Figure 45,46). It may be difficult to hold the tolerances involved such
that this can be accomplished without damage to the graphite foam core.

535 Layer 0-1 mechanical supports and connections

The connections between LO and L1 and between L1 and the L2-L5 support structure must alow
for ample assembly and removad while dso providing the required high precison locations of
these sub-assemblies with respect to the L2-L5 assembly. The L2-L5 staves use precison pins
and sockets to achieve smilar gods. It is proposed to use the same or Smilar components for
LO-L1. The actua precise location of the pins and sockets may be obtained either by
condruction or by precise placement and fixing in postion usng a CMM. Connections will be
made at Z=0 and Z=600 cm.
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a Z=0

The design concept conssts of two circular carbon fiber/epoxy membranes, one attached to each
of LO and L1. The LO membrane is glued to the end of the carbon fiber inner tube of the LO
assembly. It has three pockets, each of which contains a precison pin as seen in Figure 47

beow.

Precison pin

L O support membrane

Figure 47 - LO support membrane

L1 has a gmila membrane (Figure 48), this having precison sockets at its inner edge that
engage with the pins on the LO membrane. It dso has a st of pockets at its outer edge. These
have precison pins that engage with sockets on the inner surface of the L2-L5 gdtructure.  This
membrane is glued to the end of the L1 inner carbon fiber tube.
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~4— Precison pins
engage sockets on
L2-L5 support.
Precision sockets

engage pinson the
LO membrane.

Figure 48 - L1 support membrane at Z=0.

The sockets on L2-L5 are shown schematicaly in Figure 49 and the whole assembly is seen in
Figure 50.

The above design uses two membranes. This was chosen over connecting both LO and L1 to a
sngle membrane, as the latter requires usng more space in the Z direction. However, it may be
possble to achieve to the required mounting precison with a sngle membrane.  This issue will
be resolved after further study.

69



D@ Run 2B Silicon Detector Technical Design Report — v3.0

Inner tube of L2-L5 support

Sockets engage pins
on L1 membrane.

Figure 49 - Sockets on the L2-L5 support.

Figure 50 - LO/L1 support membranes at Z=0.
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b) Z=600 mm:

At the outer end of the LO/L1 structure, the connection between LO and L1 is complicated by the
limited space available between the surfaces of the hybrid support Siffeners and the inner surface
of L1. There is only 3.5 mm radid dearance and the digita cables coming from the LOb hybrids
occupy much of this space. With that cavest, the desgn concept presented here is Smilar to that
used at Z=0. Small blocks are attached to the outer surface of three of the hybrid support strips
asseenin Figure 51.

Figure 51 - Location pins and blocks on LO structure at Z = 600 mm.

These pins mate with precise sockets on the inner surface of the L1 carbon fiber/epoxy tube as
seenin Figure 52 and 53.
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Figure 52 - Location blocks on inner surface of L1 carbon tube.

Mating pin and socket

Figure 53 - LO pins mate with L1 blocks and sockets.

72




D@ Run 2B Silicon Detector Technica Design Report —v3.0

The above pins and sockets must be postioned very precisdy. This will need to be
accomplished usng a combination of precise jigging and CMM machines. In addition, an
assembly jig will be needed to control the postion of the ddicate LO assembly within L1 as the
two are coupled together. Findly, the LO/L1 assembly will be held together by a spring/clamp at
the outer end to keep the precision locating surfaces together.

The connection of the outer surface of L1 to the L2/L5 support structure is smpler to
accomplish  An externa support ring with three connection tabs is attached to the outer surface
of L1 asseenin Figure 54.

Locator pin/

Support ring

Figure 54 - External ring with tabs and locator pins attached to outside of L1.

Each tab has a precison pin which, in turn, locates into a precise socket in the end membrane of
the L2/L5 support cylinder at Z = 600 mm as seen on Fgure 55. The L2/L5 support is just
shown in outline. Note that the support tabs have to be located on azimuth such that they come
in between the ends of the inner ring of L2 saves. Again, a soring clip will be needed to keep
the LO/L 1 assembly againgt its Z position stop.
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L2/L5 membrane at Z = 600
mm.

Figure 55 - L1 support tabs and pins connect to end of L2/L5 membrane.

To insart the LO/LL assembly into the L2/L5 support, the inner end will be guided by the outer
rim of the L1 support membrane at the Z = 0 end. Unless the outer ring of slicon and hybrids on
L1 is protected, an insertion tool will be needed to guide LO into L1. This should be designed so
as to dlow extraction/insartion of LO/L1 from the detector without having to remove L2/L5.
Thiswill be done viathe access available from the central opening in the coolant bulkheads.
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536  Appendix 5.3.A

Radiation Length Calculation for LO in the Tracking Volume

LO Items in Xo L (mm) Effective Effective Phioverlap Average Subtotal Xo Density Weight (g) Weight
central region (-480 < Z <480 mm) Material (mm) per sensor W (mm) t (mm) correction % of X, % of X % (g/cc) per sensor  Fraction
Silicon 0.46  28.4% 16.9%
LOA silicon sensor atr = 18.5 mm Si 94.0 80.0 15.5 0.300 0.80 0.255 233 0.867 16.9%
LOB silicon sensor at r = 24.5 mm Si 94.0 80.0 155 0.300 0.60 0.193
Expoy layer under silicon sensor Epoxy  350.0 80.0 12.0 0.050 1.00 0.014
Analog cable 0.24 145% 17.2%
LOA analog cable Kapton Kapton  284.0 80.0 15.0 0.250 0.72 0.063 242 0.726 14.1%
LOA analog cable copper Cu 14.0 80.0 3.0 0.025 0.14 0.026 8.94 0.054 1.0%
LOA analog cable gold Gold 3.0 80.0 3.0 0.005 0.14 0.024 21.00 0.025 0.5%
Cable strain releave+wire bond protection BeO 133.0 6.0 15.5 0.300 0.74 0.013 290 0.081 1.6%
LOB analog cable Kapton Kapton  284.0 80.0 15.0 0.250 0.55 0.049
LOB analog cable copper Cu 14.3 80.0 3.0 0.025 0.11 0.019
LOB analog cable gold Gold 3.0 80.0 3.0 0.005 0.11 0.018
Cable strain releave+wire bond protection BeO 133.0 6.0 15.5 0.750 0.57 0.024
HV insulation 0.06 3.4% 5.3%
Castellated Kapton shell (2 x 25 micron) Kapton  284.0 80.0 19.0 0.050 173 0.030 242 0.184 3.6%
Epoxy (structural, 2x25 micron) Epoxy  350.0 80.0 19.0 0.050 173 0.025 115 0.087 1.7%
Cooling 0.08  48% 10.1%
Peek tube (2.5mm OD, 0.10mm wall) PEEK 350.0 80.0 7.9 0.100 0.33 0.009 1.30 0.082 1.6%
Coolant (converts to rectangular tube) 40%EG 358.0 80.0 2.3 1.806 0.10 0.048 1.00 0.332 6.5%
Thermal grease or graphite loaded epoxy Epoxy 250.0 80.0 8.5 0.100 0.35 0.014 1.50 0.102 2.0%
Platinum resistor (4 on each side) Varias  100.0 0.7 1.0 1.000 0.03 0.000 242 0.002 0.0%
Temperature sensor cable (AWG32) Cu 14.3 80.0 0.18 0.180 0.005 0.006
Mechanical support 0.80 48.9% 79.1%
Inner skin, 0.25 mm thick atr = 17mm CF/epoxy 250.0 80.0 8.9 0.250 1.00 0.100 154 0.274 5.3%
Pyrolistic graphite sheet Carbon  438.0 80.0 9.1 0.100 1.00 0.023 1.00 0.072 27.6%
Epoxy (0.05 mm for gluing graphite sheet) Epoxy 250.0 60.0 9.1 0.050 1.00 0.015 115 0.031 3.0%
Castellated shell, 0.45 mm thick CF/epoxy 250.0 80.0 19.0 0.450 173 0.312 154 1.053 20.5%
Epoxy (2x0.10 mm) Epoxy 250.0 60.0 19.0 0.200 173 0.104 115 0.262 5.1%
Graphite foam core 0.2g/cc @ r = 21 mm Carbon  2190.2 80.0 11.0 3.886 1.00 0.177 0.20 0.684 13.3%
Pyrolistic graphite sheet Carbon  438.0 80.0 19.0 0.100 173 0.040 1.00 0.152 3.0%
Epoxy (0.05 mm for gluing graphite sheet) Epoxy  250.0 60.0 19.0 0.050 1.73 0.026 115 0.066 1.3%
Summary Total Xo (%) 1.63 Weight= 5.136 g/sensor
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Appendix 5.3.A (cont'd)

76

Radiation Length Calculation for L1 in the Tracking Volume

L1 items in Xo L (mm) Effective Effective Phioverlap Average Subtotal Xo Density Weight (g) Weight
central region (-480 < Z <480 mm) Material (mm) per sensor W (mm) t (mm) correction % of X % of X % (g/cc) per sensor  Fraction
Silicon 0.43  17.7% 12.7%
L1A silicon sensor at r = 35.0 mm Si 94.0 80.0 25.0 0.300 0.68 0.218 233 1.398 12.7%
L1B silicon sensor atr = 39.2 mm Si 94.0 80.0 25.0 0.300 0.61 0.194
Expoy layer under silicon sensor Epoxy  350.0 80.0 20.0 0.050 1.03 0.015
Hybrid+digital+HV Cable+T-sensor 0.94 391% 35.0%
L1A hybrid (average = 1.2%r.l.) Varies 83.3 225 25.5 1.000 0.68 0.230 5.00 1.867 17.0%
L1A digital cable, 0.25 mm kapton Kapton  284.0 80.0 14.0 0.333 0.36 0.042 242 0.903 8.2%
L1A digital cable, 0.05 mm aluminum Aluminum  89.0 80.0 14.0 0.067 0.36 0.027 242 0.181 1.6%
L1A digital copper, 0.0079g/cm2 Cu 14.3 80.0 10.5 0.090 0.27 0.171 8.90 0.673 6.1%
L1A HV cable Kapton Kapton  284.0 80.0 3.0 0.267 0.08 0.008 242 0.155 1.4%
L1B HV cable copper, 0.0079g/cm2 Cu 14.3 80.0 1.0 0.090 0.03 0.017 8.90 0.064 0.6%
L1B hybrid (average = 1.2%r.l.) Varies 83.3 225 255 1.000 0.61 0.206
L1B digital cable, 0.25 mm kapton Kapton 284.0 80.0 14.0 0.333 0.34 0.040
L1B digital cable, 0.05 mm aluminum Aluminum  89.0 80.0 14.0 0.067 0.36 0.027
L1B digital copper, 0.0079g/cm2 Cu 14.0 80.0 10.5 0.090 0.24 0.154
L1B HV cable Kapton Kapton ~ 284.0 80.0 3.0 0.267 0.07 0.007
L1B HV cable copper, 0.0079g/cm2 Cu 14.3 80.0 1.0 0.090 0.02 0.015
HV insulation 0.04 1.6% 2.5%
Castellated Kapton shell (2 x 25 micron) Kapton  284.0 80.0 19.0 0.050 119 0.021 242 0.184 17%
Epoxy (structural, 2x25 micron) Epoxy  350.0 80.0 19.0 0.050 119 0.017 115 0.087 0.8%
Cooling 0.11 4.7% 6.2%
PEEK tube (3.2mm OD, 0.10mm wall) PEEK 350.0 80.0 10.0 0.100 0.51 0.014 1.30 0.104 1.0%
Coolant (converts to rectangular tube) 40%EG 358.0 80.0 3.0 1.806 0.15 0.076 1.00 0.433 4.0%
Thermal grease or graphite loaded epoxy Epoxy 250.0 80.0 10.0 0.100 0.42 0.017 150 0.121 1.1%
Platinum resistor (4 on each side) Varies  100.0 0.7 1.0 1.000 0.02 0.000 242 0.002 0.0%
Temperature sensor cable (AWG32) Cu 14.3 80.0 0.18 0.180 0.005 0.006 890 0.023 0.2%
Mechanical support 0.69 28.7% 93.6%
Inner skin, 0.30 mm thick at r = 32 mm CF/epoxy 250.0 80.0 16.7 0.400 1.00 0.160 154 0.825 7.5%
Pyrolistic graphite sheet at r = 32.5 mm Carbon  438.0 80.0 17.0 0.100 1.00 0.023 1.00 0.136 52.6%
Epoxy (0.05 mm for gluing graphite sheet) Epoxy  250.0 60.0 17.0 0.050 1.00 0.015 115 0.059 4.2%
Castellated shell, 0.45 mm thick CF/epoxy 250.0 80.0 25.0 0.450 119 0.214 154 1.386 12.6%
Epoxy (2x75 microns) Epoxy 250.0 60.0 25.0 0.150 1.19 0.053 115 0.259 2.4%
Graphite foam core 0.2g/cc @ r = 37mm Carbon  2190.2 80.0 20.0 4.000 1.00 0.183 0.20 1.280 11.7%
Pyrolistic graphite sheet Carbon  438.0 80.0 25.0 0.100 119 0.027 1.00 0.200 18%
Epoxy (0.05 mm for gluing graphite sheet) Epoxy 250.0 60.0 25.0 0.050 119 0.018 115 0.086 0.8%
L1 outer shell 0.20 83%
L1 outer shell (optinal) at r = ~45 mm CF 250.0 35.0 20.0 0.500 1.00 0.200 154 0.539 4.9%
Summary Total Xo (%) 2.42 Weight=10.965 g/sensor
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Appendix 5.3.A (cont'd)

Radiation Length Calculation for LO/L1 Assembly in the LO Hybrid Region

LO/L1 ltems in Xo L (mm) Effective Effective Phioverlap Average Subtotal Xo Density ~ Weight (g) Weight
end region (~490 < |Z| < ~700 mm) Material (mm) per sensor W (mm) t (mm) correction % of X, % of X % (g/cc) per sensor  Fraction
LO analog cable 0.24 53%

LO Hybrid (35 mm z-pitch) and cable 2.51 56.7% 37.6%
LOA hybrid (average = 1.2% .l.) Varies 83.3 30.0 18.0 1.000 0.72 0.737 5.00 2.700 29.3%
LOA digital cable, 0.25 mm kapton Kapton  284.0 35.0 14.0 0.333 0.54 0.063 242 0.395 4.3%
LOA digital cable, 0.05 mm aluminum Aluminum 89.0 35.0 14.0 0.067 0.54 0.040 242 0.079 0.9%
LOA digital copper, 0.0079g/cm2 Cu Cu 14.0 35.0 10.5 0.090 0.54 0.344 8.90 0.294 3.2%
LOB hybrid (average = 1.2%r.l.) Varies 83.3 30.0 18.0 1.000 0.55 0.562
LOB digital cable, 0.25 mm kapton Kapton  284.0 35.0 14.0 0.333 0.42 0.050
LOB digital cable, 0.05 mm aluminum Aluminum 89.0 35.0 14.0 0.067 0.42 0.032
LOB digital cable, 0.0079g/cm2 Cu Cu 14.0 35.0 10.5 0.090 0.42 0.273 9.9%
L1 digital cable, 0.25 mm kapton Kapton  284.0 35.0 14.0 0.250 0.62 0.055 242 0.296 3.2%
L1 digital cable, 0.05 mm aluminum Aluminum  89.0 35.0 14.0 0.050 0.62 0.035 8.90 0.218 2.4%
L1 digital cable, 0.0079g/cm2 Cu Cu 14.0 35.0 10.5 0.089 0.47 0.296 8.90 0.290 3.1%
L1 HV cable Kapton Kapton  284.0 35.0 3.0 0.267 0.07 0.006 242 0.068 0.7%
L1 HV cable copper, 0.0079g/cm2 Cu 14.3 35.0 1.0 0.090 0.02 0.014 8.90 0.028 0.3%
Temperature sensor cable (AWG32) Cu 14.3 35.0 0.18 0.180 0.003 0.003 8.90 0.010 0.1%

Hybrid support rings 0.75 16.9% 22.8%

Rings (1 mm Al struccture 10 mm thick) Aluminum  89.0 10.0 78.0 1.000 233 0.748 270 2.106 22.8%

Cooling 0.18 4.0% 6.1%

LO Peek tube (2.5mm OD, 0.10mm wall) PEEK 350.0 35.0 7.9 0.100 0.33 0.009 1.30 0.036 0.4%

LO coolant (converts to rectangular tube) 40%EG 358.0 35.0 2.3 1.806 0.10 0.048 1.00 0.145 1.6%

LO cooling tube protection PEEK 350.0 35.0 7.9 0.200 0.33 0.019 1.30 0.071 0.8%

L1 PEEK tube (3.2mm OD, 0.10mm wall) PEEK 350.0 35.0 10.0 0.100 0.51 0.014 130 0.046 0.5%

L1 coolant (converts to rectangular tube) 40%EG 358.0 35.0 3.0 1.806 0.15 0.076 1.00 0.190 2.1%

L1 cooling tube protection PEEK 350.0 35.0 7.9 0.200 0.20 0.011 1.30 0.071 0.8%

Mechanical support 0.56  12.6% 16.8%

Inner LO skin, 0.50 mm thick at r=17mm CF/epoxy 250.0 35.0 20.0 0.500 1.00 0.200 154 0.539 5.8%

Inner L1 skin, 0.75 mm thick at =35 mm  CF/epoxy 250.0 35.0 25.0 0.750 1.19 0.356 154 1.011 11.0%

L1 outer shell 0.20 45% 6.9%

L1 outer shell (optinal) at r = ~45 mm CF/epoxy 250.0 35.0 23.6 0.500 1.00 0.200 154 0.635 6.9%
Summary Total Xo (%) 4.43 Weight= 9.229  g/sensor
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54 Layer 2-5Mechanical Design

The outer four layers of the tracker condst of 168 Saves, 84 in each sub-barrd. Each gsave
contains four dlicon modules, two axia and two smal angle stereo. The dtave provides active
cooling to remove the heat generated by the readout eectronics and the sensors, maintains the
planarity of the dlicon sensors, and provides for the accurate dignment of the sensor planes in
space.

54.1 Readout configuration

The azimuthd multiplicity of each sensor layer must be divisble by 6 in order to fit in the
exiging slicon track trigger. Although not a hard constraint, we fdt it very desrable to limit the
number of sensor and hybrid types, our god being only one sensor type for dl four outer layers.

Thisleads to f segmentation of 12, 18, 24 and 30 in layers 2, 3, 4 and 5, respectively. Given the
radii of these layers (»50-160mm) the necessary sensor active width is determined to be 32-
38mm. We wish to produce two sensors per 6” dlicon wafer, so the length of the sensors is
limited to ~110mm. To obtain the desired h coverage, layers 23 should have 500mm of sensor
coverage while layers 4-5 should have 600mm of coverage (each sde of z=0). This leads to a
natura choice of 1200mm for the sensor length.

The readout cable plant is limited to about 912 by the existing dectronics. Of these, roughly 200
need to be reserved for the inner two layers of the tracker. Dead time consderaions limit the
totd number of SVX channels that can be accommodated on one readout cable this limit is 10
chips for layers 2-5. The available cable plant cannot accommodate fine pitch (50-60 mm)
reedout with fine (100 mm) z-segmentation. Simulations of resolutions, pattern recognition and
occupancy found a substantid preference for finer pitch over finer z segmentation.  In addition,
finer pitch dso dlows for direct wire bonding from the SVX chips to the sensors. We have
chosen a sensor design with 640-channds a 60 mm pitch, for an active width of 38.4 mm.

Figure 56: Readout configuration for outer layer staves. The upper configuration isfor layers 4
and 5 and the lower isfor layers 2 and 3. The axial sensors are shown.

The outer layers contain staves five sensors long in layers 23 and sx sensors long in layers 45
(Figure 56). Clos=st to z=0, dl dtaves have a 200 mm long module with two 100 mm readout
segments.  In layers 23, the second module is 300 mm long, with 100 mm readout towards z=0
and 200 mm readout at the end of the stave. In layers 45 the second module is 400 mm long
with two 200 mm readout ssgments. To form the 200 mm readout segments, two 100 mm
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sensors are glued end-to-end and dectrically coupled with wirebonds on the top and a bias
connection between the back planes.

542 Silicon modules

The outer layer dlicon modules condst of two, three or four glicon sensors, each 100 mm in
length by 41.1 mm in width, joined together with a single readout hybrid. The readout hybrid is
double-ended, meaning that the hybrid straddies two sensors with separate SVX chips reading
out the sgnds from each end (Figure 57).

There are a totd of six types of modules labeled by the length in centimeters of the sensor read
out. The same sensor and hybrid are used in dl sx of the module types. The three axid
modules differ only in the number of sensors used, while the three stereo module types use
different stereo angles depending on the lengths of the readout segments, 1.25 degrees for
200mm readout, 2.5 degrees for 100mm readout. While the larger stereo angle would be
preferred throughout the device, tight geometrical condraints limit the width of the dtaves, and
hence the maximum dlowable stereo angle as a function of readout length. In the case of the 3
sensor long stereo modules (10/20 modules) used at the outer ends of layers 23 (Figure 57), the
sngle sensor is at the end closer to z=0 with a 2.5 degree angle, while the two ganged sensors are
oriented at a 1.25 degree stereo angle. For the 4sensor modules used at the ends of the Saves
(20/20 modules) in layers 4-5, both ends have ganged sensors with 1.25 degree stereo angle.
This arrangement provides 2.5 degree stereo coverage and 100mm readout segmentation for
[z2<300 mm in layers 2-3 and [zl<200 mm in layers 4-5. The full coverage is |z<500 mm in
layers 2-3 and |Z|<600 mm in layers 4-5.

Figure 57: Module assemblies. Top: A three-sensor long small angle stereo module.
Bottom: A four-sensor long axial module.

Each hybrid has 10 SVX chips, 5 a each end of their gproximately 45mm length. Each SVX
chip generates 0.3-0.5W of heat, with 50% of that heat load concentrated in narrow regions near
the two ends of the chip. For design purposes we have assumed a 0.5W load per chip. A
connector located at the center of te hybrid provides the power, control signds for the chips and
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the high voltage for the sensor bias. A bias line wraps around the edge of the sensor to provide a
connection directly to the back plane of the sensor.

The techniques for assembly of sensor modules are Smilar to those used in the past by many
groups, including DG. Sensors are manudly digned with optical feedback from a camera
mounted on a coordinate measurement machine (CMM). Once digned, the sensors are glued to
one another, directly or via a connecting substrate. Reasonable expectations for this aignment
ae a few microns. The hybrid, previoudy assembled, burned-in and tested, is glued directly to
the dlicon sensors. Wire bonding is then done between the hybrid and the sensors, and from
sensor to sensor for the modules with 200mm readout segments.  The sensor pitch has been
chosen so that the hybrid to sensor bonding can be done directly from the SV X chips to slicon
sensors without a pitch adapter.  The totd numbers of wire bonds required for layers 2-5 are
353K sensor-to-sensor plus 860K hybrid-to-sensor, for a total of 1213K bonds. For the longer
modules, the sensor-to-sensor wire bonding can be done ether before or after the hybrid is
mounted.  Sensor dignment and sensor-to-sensor wire bonding can proceed prior to hybrid
ddivery, should that become a production constraint.

The completed module will undergo edectrical testing, additiona burn-in, and laser scanning,
described e sewhere in this document, prior to assembly into staves.

543 Stave assemblies

The outer four layers of the dlicon tracker are congructed as 168 staves, approximatey 45mm
wide by 89mm tdl by 610mm in length Egure 58). Each stave is independently mounted to a
st of bulkheads, described previoudy. The dstave dructures consst of a core with slicon
mounted to both surfaces and two externd shells enclosing the slicon in a box-beam structure.
The core dructure has an integrated cooling circuit to remove the heat generated by both the
hybrid eectronics and the slicon sensors.  The core dso provides the precise reference features
for digning and mounting sensor modules to the core and the completed stave to the bulkheads.

Findly, the core maintains the flainess of the dlicon sensors. The externa shells provide the
necessary bending and torsond stiffnessto the save.
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Figure 58: Stave assembly drawings. The upper drawing shows isometric views of the stave
before and after installation of the outer shells. The lower plot isan end view of a complete stave
assembly.

The core dructure is about 3mm tdl, congsting of two 150m thick skins of high therma
conductivity carbon fiber (Mitsubishi K13C2U, K=620W/mK) coupled by a core materia that
caries the shear load between the skins. Two core materids are being evaduated — Rohacell
foam and a carbon fiber honeycomb sructure.  Also embedded between the skins is a cooling
passage made from 100m wal PEEK tubing formed to a dadium shape profile with interior
dimengons of roughly 6mm x 2mm. The cooling passage runs down the stave length about ¥ of
the width from one edge, turns around near the Z=0 end of the stave and runs back out ¥ of the
width from the oppodte edge of the save. The fluid dynamics, thermd performance and
mechanica peformance of this dructure are described beow.  Precison mounting and
dignment features - ruby and sgpphire rods and spheres - are an integrd pat of the core
gructure. Once assembled, the core structure can be leak checked and inspected for dimensiona
tolerances prior to population with silicon modules.

The dlicon modules are bonded directly to the stave core. The outer surfaces of the carbon fiber
skins are dectricdly insulated from the back planes of the dlicon sensors with 50mof Kapton.
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One dde of the core is populated with axid sensor modules while the other is populated with
gndl angle sereo modules. The mounting and reference features on the Stave core ae
accessible from both sides of the stave so that they can be used to establish the reference system
on a CMM for dignment of the slicon modules to the dave core. Past experience is that
module-to- module aignment can be done at the sub-5mleve.

Carbon fiber shell structures mount over the slicon on each sde, directly to the core structure.
These dructures provide most of the giffness of the completed stave, provide a surface for the
readout cables to attach to as they run to the end of the stave, and help to protect the sensors and
hybrids from damage during further processing steps. These dtructures are 0.3-0.5mm thick with
their outer surfaces spaced 8.9mm apart. Large cutouts in the shell structures reduce the mass of
the structure and alow access for connecting the readout cables to the hybrids.

544  Stave massand radiation length

The save mass and radiation length have been edimated, with the hybrid mass scded from
previous experience. The dave weght per unit length is 2.3g/cm.  The radiation length (Table
5), averaged over the dlicon ares, is just under 1.9%X, per layer. The breskdown of the materia
is 0.64%Xo sensors, 0.35%X, hybrids, 0.34%X, readout cables, 0.14%X, coolant and tube, and
0.41%X, for the stave structure and adhesives. The equivaent of 1.5 readout cables are included
in this esimate; the firs cable begins a Z=100mm and the second a Z=300mm (400mm) in
layers 2-3 (layers 4-5). A track passng a norma incidence through the hybrids sees roughly
3.9%Xo per layer. Near Z=0, where there are no cables or hybrids, the radiation length is only
1.2%X per layer.

Table 5 - Breakdown of stave radiation length by material. Thetable below isfor the layer 4-5

staves.

ltem Material X0(cm) L(mm) W((mm) t(mm) %XO0 (local) %XO0 (avg.) Fraction
Silicon sensors Si 9.4 600.0 41.4 0.600 0.638 0.638 34.0%
SVX4 chips Si 9.4 36.0 32.0 0.720 0.766 0.036

BeO substrate BeO 133 90.0 38.4 0.760 0.571 0.080

Hybrid Kapton Kapton 284 90.0 38.4 0.200 0.070 0.010

Hybrid metalization Cu 1.4 90.0 38.4 0.044 0.314 0.044

Epoxy, conductive Loaded epoxy 10.0 36.0 38.4 0.200 0.200 0.011

Surface mnt. comp. High Z 1.0 37.6 11.0 0.500 5.000 0.083

Solder Pb/Sn 0.9 26.2 38.4 0.200 2.222 0.090 18.8%
Readout cable Kapton Kapton 28.4 600.0 20.0 0.600 0.211 0.102

Readout cable copper Cu 1.4 600.0 14.0 0.096 0.686 0.232 17.8%
Peek tube PEEK 35.0 600.0 12.7 0.236 0.067 0.021

Coolant 40% EG 35.8 600.0 12.3 1.436 0.401 0.119 7.4%
Carbon fiber skins CF 25.0 600.0 45.8 0.150 0.060 0.066

Kapton insulator Kapton 28.4 600.0 45.8 0.100 0.035 0.039

Rohacell 51 foam Rohacell 51 735.0 600.0 33.1 1.778 0.024 0.019

Epoxy, conductive Loaded epoxy 10.0 60.0 12.7 0.150 0.150 0.005

Carbon fiber shells CF 25.0 600.0 32.0 0.610 0.244 0.188

Epoxy, structural Epoxy 35.0 600.0 45.8 0.300 0.086 0.095 22.0%
Total 1.878
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545 Stave mechanical connection

The staves are mounted to a pair of bulkheads, located a Z=0 and Z=600mm, that are coupled to
each other by carbon fiber tubes. The carbon fiber tubes have a coefficient of therma expansion
(CTE) very near zero, while the staves are expected to have a CTE of 1.5ppm/C. We anticipate
the staves shrinking by roughly 30m between assembly at room temperature and operation with —
15C coolant (see Figure 60 in the section on dave therma performance). In addition there may
be some rdaive motion of the bulkheads particularly longitudinaly, during transportation and
ingalation of the device. In the transverse direction the spacing between the mount points is
~50mm so the differentid contraction of the stave and carbon fiber bulkheads is only expected to
be 23m This is negligible and need not be consdered in the mount design. Were the bulkheads
fabricated in beryllium rather than carbon fiber this differentia contraction would be 15mand the
mounts would need to be redesigned to dlow for this.

In order to dlow for longitudind motion we intend to use mounts conssting of sgpphire rods
inserted into ruby orifices. These parts are commercidly avallable with a tolerance range of +5m
on the fit. The stave will have two pins located at the outer end that engage the outer bulkhead at
gther Sde of the dave dong the save mid-plane, and smilarly a the Z=0 end two pins emerge
from between the sensors to engage the Z=0 membrane. Two options are being studied for
providing a longitudind condraint. The first option is to provide a sop a the Z=0 end with a
soring load applied from the Z=600mm end of the stave. The second option is to fix the
Z=600mm end of the stave to the outer bulkhead, dlowing the dtave to retract from the Z=0
membrane during cool-down. A four-point mount is necessary since the staves do not have large
torsond giffness (g/t =1mrad/120g-mm) compared to their mass (140g) and width (40mm).

54.6  Alignment precision and stave mounts

The dignment requirements for the sensors are determined by the requirements of the impact
parameter trigger. The trigger does not have the stereo sensor information so any misdignment
of the axid sensors to the beam axis results in a degradation of the rf resolution a the trigger
level. Theintringc device resolution is»8m

The roll angle, i.e. rotation around an axis padle to the beam line, does not affect trigger
resolution, provided that it is known from survey. For a rotaion in the plane of the sensors
(yaw), the desred dignment tolerance is <lOm over a readout segment, or an angle of <50nrad.
This results in an dignment tolerance of £30m over the full gave length. The pitch angle affects
grips at the edges of the sensors, but not a the center. For a radia deviation dR a an angle f
from the center of the sensor, the transverse measurement error dX is given by dX=dRtanf . The
worst case is a the edges of the sensors where tanf =0.27(0.11) in layer 2(5). This implies a
radia pogtioning tolerance of +110(285)m over the length of a save in layer 2(5). If the sensors
are not held flat within the gave the effect is identicd to that of the pitch angle. Here the length
scae is 100mm, so the tolerance on the sensor flatness is of order 20m It is difficult to anticipate
the degree of warping which the production sensors will have due sresses induced in
menufecturing.  Very flat vacuum fixtures will be used to hold the sensors flat during bonding to
the core. The 3mm tal core dructure with sensors on both sdes provides a significant moment
of inertiato congrain the sensorsflat.
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The tolerances on the pins and orifices intended for mounting the staves are sufficiently tight to
permit a mounting sysem without adjusment, provided the orifices can be located in the
bulkheads with high precison. This is condgdered to be feasble. We are investigating adjustable
mounts as a second option.

547  Layer 2-5 stavethermal performance

The mechanicad and therma characteridics of the staves have been evauated both andyticaly
ad udng finte dement andyss (FEA). The themd desgn god is a maximum dglicon
temperaiure of O degree C for the outer layers usng a solution of 40% ethylene glycol (by
volume) in water, delivered to the dave a a temperature of —15C. This will ensure that the
sensor depletion voltage remains below 300V in layer 2 for 30fbt. Mechanicdly, the stave
deflection limit is 75m under its own weight. This limit is somewhat dricter than one might
naively impose based on sensor dignment to the beam axis, but it ensures that the naturd
frequency of the stave remans wel above 60Hz. In addition, dl stress levels should reman
below falure levels for loads up to 10 times gravity to provide a safety factor of 2 during
trangportation from the Silicon Detector Center to the experimenta hdl. We have dso studied
various loading cases tha might occur during stave assembly and inddlation to confirm that the
dave design is sufficiently robusgt.

The dave cooling channd has been szed to operaie below amospheric pressure, hence the
pressure drop in limited to »3ps. The total dtave heat load is dominated by the hybrids that
generate up to 20W, while the sensors are not expected to contribute more than 3W in layer 2
after 30fb™* of exposure. The expected operating point for the stave is a flow rate of 0.175/pm
resulting in a pressure drop of 2.1ps from inlet to outlet with a bulk temperature rise of 1.9C.

The tube wal will operate roughly 4.9C above the bulk temperature localy under the hybrids.
Figure 59 shows the result of a finite dement andyss (FEA) of the dave dructure.  This modd
assumes a hesat transfer coefficient of 600W/nTK, as expected for the design flow, and an inlet
fluid temperature of —15C. The maximum temperature on the sructure is 2.4C on the hybrid,
while the maximum temperature on the sensor is —3.9C. Experimental studies are underway to
confirm the FEA results Fgure 60 shows the thermd digtortions of the ladder. The out-of-
plane digortion is expected to be below 10m pesk to pesk. The longitudind displacement
corresponds to a net shrinkage of 15m for the 300mm of stave modeled, or about 30mfor a full
600mm long Save.
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Figure 59: FEA results for the stave temperature profile. Coolant isassumed at-15C with a heat
transfer coefficient of 600 W/nY*2K. The upper plot shows the full stave structure, with the hottest
region on the SVX chips, while the lower plot shows only the silicon sensor temperature profile.
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Figure 60: FEA resultsfor the stave thermal distortion. Coolant temperatureis—15C.
Dimensions shown arein mm. The upper plot shows the displacement perpendicular to the sensor
planes, the lower plot the displacement along the axis of the stave. Note that the model has only
300mm of the stave length and that the object shown is % width, where a symmetry boundary
condition is used along the centerline (far edge) of the stave.
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54.8 Layer 2-5 stave mechanical performance

Mechanica performance of the dtave has been evauated usng both andyticd and FEA
cdculations, with good agreement between these results. The expected deflection of the Saves is
less than 50-60m with ddic gravitaiond loading (Figure 61).  While somewhat larger
deflections may not adversdy affect the detector resolution, they lead to Save naturd
frequencies that are agpproaching the 60Hz range and the possible reduction in stave mass is
negligible compared to the mass of the sensors, dectronics and cables. In addition, reduced
deflection dlows for tighter ingdlaion and assembly clesrances and esser handling during
fabrication and ingdlation of the staves into the barrel assemblies.
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Figure 61: Stave deflection results for gravitational loading.

We have looked at extreme load conditions, for example gpplication of a 1 kg load at the center
of the stave, to study the robustness of the desgn. We find that, while the deflections are quite
large, the dress levels in the sensors and dructurd eements remain far from falure levds.
These dudies were primaily amed a underdanding the handling reguirements during
fabrication and assembly.
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A critical issue for the sensor dignment precision is deflection of the staves from externa loads,
in particular loads induced through the cables and cooling lines. To induce a 100m deflection &
the center of the beam requires a moment of 35kg-mm (3.0in-1bs). This is well above what could
be induced through the externa connections to the Saves.

5.5 Insallation Of The Run 2B Silicon Tracker

The Run 2B slicon tracker is to be delivered to the D@ experimentd hdl in two haves, north
and south.  We intend to deliver these haves in a manner smilar to the one used for the Run 2A
tracker. Unlike Run 2A, the two haves of the detector will be mated prior to ingdlation into the
centrd fiber tracker (CFT). This is necessary in order to achieve the required aignment. For
Run 2A the two slicon barrd support structures were surveyed in the CFT on a CMM prior to
inddlation of the CFT. The slicon was then digned to the barrd support structures based on
those surveys. Thisis not possible for the Run 2B device.

For Run 2A, each haf of the detector was packaged in a protective enclosure prior to
transportation.  This enclosure provided mechanical protection of the assembly, storage for the
cables attached to the assembly and a sedled gas volume that could be purged with nitrogen to
prevent condensation and or contaminaion. The shipping enclosure dso had an integrated rall
system tha was previoudy digned to exiging rals insde the CFT o0 that the detector haves
could be did directly into the CFT from the enclosure, one from each end. A st of roller
bearings mounted from the enclosure provided a coupling to a trolley sysem used to move the
dlicon tracker indde the D@ detector cathedral and calorimeter gap areas. To reduce loads
during trangportation an ar-ride cat was built which provided a sable ralling platform for each
detector hdf. Once mounted ingde the protective enclosure, each hdf of the detector was
moved onto the cart. The cart was rolled to a loading bay, onto a truck lift gate and into the back
of the truck. During severd test runs and the find detector ddiveries for Run 2A this cart
consstently kept acceerations below 5g in dl three directions. At D@ the cart was rolled back
onto the lift gate and the detector was lifted off of the cart and delivered by crane to the assembly
hall. At this point the detector was supported from above on roller bearings on a tube. This tube
formed the firg section of a trolley rail system used to bring the detector dong the cathedrd area
into the calorimeter ggp. When the detector arrived at the fina turn into the CFT it was lowered
onto a “table’ mounted to the centrd caorimeter. Find dignment to the CFT was done by
diding the slicon tracker and enclosure base on the table surface.

For Run 2B we expect to use a Smilar enclosure for mechanica protection and dry gas purge.

We will ether reuse the exiding ar-ride cat or fabricate a smilar one, for trangporting the
detector haves from the slicon detector fecility to the D@ experimenta hal. The detector is
expected to remain on the beam line so it will not be possble to ddiver the dlicon tracker by
crane directly from the truck to the detector cathedral area. Instead, the crane would be used to
deliver the detector and cart to the floor of the assembly hdl and the cart would then be rolled
into the collison hdl. A hoist would then be used to raise the slicon tracker up to the platform
level. It may be possble to extend the trolley sysem used for the Run 2A inddlation to receive
the Run 2B device directly from this hoist and ddiver it to the caorimeter ggp area.  Both haves
will be ddivered to the same end of the CFT, mated and then did into the CFT as one unit.
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5.6 Alignment Within The Fiber Tracker

The Trigger Level 1l dlicon track trigger (L2STT) [Ref D@ Note 3516, Sept 22, 1998] of the
D@ detector imposes limitations on the permissble magnitude of coherent misdignment of the
Silicon Detector. The L2STT dlows the sdection of events that contain decays of long-lived
particles by performing a precise recongruction of charged particle tracks in the Silicon Detector
and the CFT.

In addition to improving the resolution of the measurement of track pr over that of the CFT done
(by a factor of 23 depending on pr), the L2STT aso determines the impact parameter of charged
tracks with respect to the nomina beam pogtion. If the beam is tilted, or offset laterdly, with
respect to the Silicon Detector, tracks with large fake impact parameters becomes excessive,
giving rise to unwanted triggers.  Monte-Carlo study of ttbar and B events has shown that it is
necessary to limit angular misdlignment of the Slicon Detector with respect to the beam to less
than £200 urad to limit the fraction of fakesto less than 5% for impact parameters of 100

Latera offsets should be kept bdow 1 mm to limit inefficiencies due to tracks crossng Silicon
sectors.  Lateral offsets of less han 1 mm are expected to be achievable by find redignment of
the detector , and it is expected that orbit tuning can reduce resdud laterd offsets to nomindly
zero after they are measured by the Silicon Detector.

The same angular congraints gpply to the beam during stores, and the latera postion of the
beam must be held steady to 30u or so to avoid creation of an increased trigger rate due to
goparent impact parameter increese. During Run |, CDF showed tha laterd variations during
gores did not typically exceed 40u and angular variations were typicaly too smdl to measure.
Angular vaiations dore-to-store varied less than 100urad. D@ has not yet measured these
quantities to this precison in Run 2, but expects to completely characterize the behavior of the
beam as Run 2A continues and the D@ geometrical reconstruction matures.

The present Run 2A Silicon Detector has aready been shown to be digned to the CFT to = 70 p
a any individua dlicon sensor.  Since the overdl length of the sensor staves of the Run 2B
Silicon Detector is on the order of 1 m, such potentid misdignment leads to well below 100 prad
of angular misdignment of the dave. It is intended to “recycle’ the present mounting system
between the CFT and the Run 2A Slicon Detector in such a manner that the quaity of this
relative dignment is not log.

For this reason, and in view of the condraints on the required dignment, no type of dynamic
dignment mechaniam is contemplated for the Run 2B Slicon Detector. Precison fiducids will
be provided on the slicon detector to enable the instaled position of the device to be related to
that of the exising CFT, so that the precison of this reaionship can be verified after inddlation
is completed.
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5.7 Mechanical Infrastructure At DAB
57.1 Cooling system

D@ inddled the two-piece Slicon Detector for Run 2A into the D@ fiber tracker in late 2000
and early 2001. Those two pieces are referred to the South half and the North hdf. Each hdf is
read out by onboard eectronics that generates heat which must be removed. Removd of that
heat is performed by redundant chillers that circulate a glycol and waer mixture in pardld
cosed loop systems with a common coolant reservoir.  The coolant of the exiding system is
chilled to —10° C. For Run 2B, an additiond system will be added to chill a portion of the
coolant to -20° C.

Slicon in Layers 0-1 will be cooled to —10° C while Layers 2-5 will be cooled to a minimum
temperaiure of —5° C. A temperature gradient may be alowed in Layers 25, with -5° C at Layer
2 and a maximum temperature of +5° C at Layer 5. These temperatures will be achieved using a
water-glycol cooling loop.

Use of the exiging cooling sysem in place for Run 2A is possble, but with modifications to
provide the two-tiered cooling needs of Run 2B. Currently the cooling system circulates 30% by
volume ethylene glycol a —10° C to the detector. For Run 2B, one glycol stream will need to be
chilled to —20° C for Layers 0 and 1 while a second stream will need to be —15° C for outer
Layers 25. Much of the existing piping and process control system can be preserved if a second
chiller and supply line is provided for the colder slicon layers while dlowing both streams to use
the exiding return lines in common. The exiding chiller has a cooling specification of 4400 W
at —10° C and was tested to ddliver 5500 W during actual tests at Fermilab.

To prevent freeze-out of coolant in the chillers, the freezing point of the circulaiing mixture must
be 5.9° C lower (10 F) than the fluid's control point temperature. Since coolant will be chilled to
—20° C, the fluid's freezing point must be —25.6° C or lower. A glycol concentration of 41% by
volume is chosen for the system, which has a freezing point of —25.9° C. A 41% ethylene glycal,
5% water mixture by volume has the following properties which are used to define the Run 2B
detector's flow rae and pressure drop limits if the exiging sysem is to be used: a —20° C,
density = 1073.5 kg/n?, viscosity = .01638 N/(n-s), vapor pressure = 0.7 mmHg.

To avoid risk of pump cavitetion, the minimum alowable pump suction pressure is —10.4 PSIG.
The cdculation assumes a required pump NPSH = 8 FT and that the fluid vapor pressure is high
(pv = 181 mmHg) a dartup because the fluid is wam. The pump suction pressure is
determined by system flow losses (the pressure drops both in the piping and the detector) and the
elevation of the detector relative to the pump. The detector is about 3.96 meters above the pump
intake.  Aping flow losses are cdculated usng an Exce spreadsheet developed by Herman
Cease for Run 2A but using fluid properties of 41% glycol, 59% water mixture a —20° C. Table
6 (bdow) summarizes cdculaions by providing maximum pressure drops allowed across the
detector for two possible flow rates, 10 GPM and 12 GPM.
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Table 6 - Maximum Allowabl e Pressure Drop Across Detector

Coolant flow rate 10GPM 12GPM
Ps, mi nimum. pump suction 104 PS -104 PSl
pressure to avoid cavitation

-_(Head), due to detector elevation 61PS 61PS
=39 m

-dPyipes, piping flow losses 6.1PS 83PS

Max allowable flow losses

acr oss detector, -10.4 PSI -8.2 PSI

deet: PS —Head - deipes

The table shows the tradeoff to be consdered to cool the detector. If higher flow rates are
desred, the flow passages must be far less redrictive to limit pressure drops.  The calculations
above are concerned only with piping downstream of the system’'s expanson tank, since only
those components control the suction pressure at the pump. Fow losses in the piping are
cadculated for existing piping only. As discussed above, a new separate supply line is required to
ddiver —20° C fluid to the inner layers, while the exigting piping woud supply fluid to Layers 2
5. The cdculdions therefore assume that the new pardld sream supplying coolant to the inner
layers will have losses equivaent the existing piping supplying Layers 2-5.

572  Dry gassystem

Temperatures inside the detector will be as much as 30° C cooler than the maximum ambient
dew point temperature (typicaly 10° C) maintained by D-Zero's HVAC system. |t is criticd that
moist ambient air be displaced from the detector volume with a dry purge source to prevent the
formation of condensate and ice.

The exiging dry gas purge and process control systems will be used for Run 2B, but the
compressors, dryers, and cooling system will require appropriate maintenance after five years of
continued service. The dry gas source proved failsafe for Run 2A through a ‘What-1f" falure
andydgs. An additiond ‘What-1f" andydss is required if any changes are made for Run 2B. The
dry gas sysem remains operationa during al probable failure modes or has enough of a dry gas
reservoir to continue to purge the detector until it is wamed above building dew point
temperature.  The purge source is reiable through extreme summer (40° C, 100% relative
humidity) and winter ¢35 C) westher. The system is capable of delivering 60 SCFM of dry air
purge. The maximum dew point temperature of the ddlivered gasis—60° C.
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57.3 Monitoring, interlocks, and controls

Monitoring, control, and interlock functions for the dry purge sysem and the slicon cooling
system were added to the exigting sysem commonly known as the D@ Cryo Control System for
monitoring, interlocks, and darming.

Mechanica piping and vessdls of the dry gas and cooling systems were designed and fabricated
with proper safety and relief devices so that the monitoring and interlock systems are not relied
upon for personnd safety. All eectrical loads have proper overload protection.

The Slicon Detector power sysem has an extensve internal interlock protection scheme
provided by its power supply and processor control and data acquisition el ectronics

Thirty RTD temperaure sensors were indaled throughout the VLPC fiber bard dructure in
order to track the fiber barrel temperatures as the Silicon system is cooled and its purge air flows
are adjused. Those thirty temperature sensors are displayed on the slicon computer graphics
pictures.

574  Systemselectrical power

D@ has backup eectricd power provided by a diesd generator that starts automaticaly upon
commercid power loss. The Silicon purge ar compressors, the Silicon chiller cabinets, and the
U.P.S. that supplies power to the Silicon cooling system control system are al on backup power.
The dlicon cooling system monitoring and interlock sysems are powered by a U.P.S, which
prevents power interruption to those control systems.

575 Existing chiller overview

There are two chiller cabinets, they have been designated chiller #1 and chiller #2. They are
commercid units which contain a coolant pump, a chiller compressor, and the associated motor
controls to run and control the unit. The temperature control is a stand aone single loop
controller with arday output and it is mounted on the chiller cabinet.

The chiller cabinet motor controls have been modified for remote interlock control. The remote
interlocks have been implemented usng solid date relays. See attached eectricad drawing for
details.

Each chiller has two bypass key-switches built into the cabinet. One key switch overrides the
externa pump interlocks while the other key switch overrides the externa cooling interlocks.
These were inddled for emergency and diagnogtic reasons.  The keys to these key-switches will
be adminigtratively controlled.

5.7.6 Additional chiller overview

Two chiller cabinets will be added for the additiond cooling loop expected to operate at -20° C.
They have been designaied chiller #3 and chiller #4. Either can be the active chiller with the
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other as a backup but not running. These will be have interlocks and key switches smilar to the
origind chillers

57.7 Current process control system overview

The current process control system is based on a number of commercid Semens Programmable
Logic Controllers (PLC's) and is commonly referred to as the CRYO control syssem. These
PLC's are capable of handling thousands of physica 1/0 through remote 1/O bases. These
remote 1/0O bases can have many types of modules ingdled in any of the dots for handling
different types of fidd 1/O. These PLC's are commercid computers which have many
prewritten communication drivers available.  Programming the PLC's is aso done through
commercia software.

The operator interface is based on the commercid distributed control platform of Intellutions
FIX32. FX32 provides computer adarms, graphica pictures with real time vaues, operator
security, and historical collection of data The use of FIX32 originated a8 D@ and is now
commonly used throughout the L ab.

The Cryo Control Sysem monitors and controls the Helium Refrigerator, LAR Cdorimeters
Cryo, Super conducting Solenoid cryo, Instrument Air, Vacuum, Building HVAC, WAMUS and
Solenoid magnet power supplies, and the VLPC cryo.

578  Silicon cooling system integration into the current process control
system

The Cryo control system was expanded with the addition of 1/0 base eeven on the South
sdewak and I/0O bases seven, eght, and ten on the detector platform in order to pickup the
physical fidd devices for the Silicon cooling syslem and dry purge air system.

The Silicon cooling system and dry purge ar system logic programming were added to the PLC
which has plenty of program capacity.

The Silicon cooling sysem and dry purge ar sysem computer graphica pictures and database
blocks were developed and added to the FIX32 system.

5.7.9  Silicon cooling system computer security

The Silicon Cooling Sysem’'s computer security, adong with al of D@'s other process control
sysdem’'s computer security are provided by a combination  of Intdlution’'s FIX32 and
Microsoft'sNT Operating System Platform.

The computer system’s infrastructure is controlled and protected by Microsoft's Windows NT
Domain Controllers.  This infrastructure includes domain user accounts, server file protection,
Remote Access Sarvices (RAS), and digributed networking. This is the “DMACS’ domain at
Fermilab. There are currently three domain controllers, two at D@ and one a CDF. This
domain is shared by many groups a Fermilab. The doman adminigrators control the domains
user accounts and file privileges.
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The process control system’s security is provided by Intelutionss Fix32 and Fix Dynamics.
This security is setup by the system developers who draw the pictures and build the databases.

The system developers lay out their syssem based on a predefined set of rules. They then grant
privileges to the users and operators who would need some control over these sysems. These
“privileges’ are what dlows some and denies others access to opening and closng a vave for
instance.

Remote Process Control System access is provided by an NT RAS connection and Microsoft's
NetMeeting. Remote access dlows someone to view process data from home or elsawhere. The
NT RAS security is provided by the NT domain controller, this security is essentidly someone
logging into the domain through a modem connection. NetMeeting dlows someone to remotely
take control of a workstations desktop. NetMeeting only alows an adminigtrator to do this. The
Process Control System security through NetMeeting is handled by NetMeeting, FIX32 or
Dynamics, and the NT domain controllers. Other future remote access paths include the Internet
i.e. aWebSite, however thisis not well developed at thistime.

5.7.10 Monitoring viathe DAQ system

The D@ physcs daa acquistion and file sysem commonly referred to as the DZERO DAQ
sysem will have access to the Slicon data dong with dl the other process control data.  All the
process data will be stored on a SCADA node dedicated to accessing and conditioning data just
for the DAQ sysem. The DAQ programmers will be responsible for organizing a data polling
lig, then manipulating and doring the data in the physics file sysem. They may adso choose to
Setup some sort of darm system.

5.7.11 Interlocks

All interlock desgn and wiring practices use “falsafe’ methods That is a device must have
positive feedback to its eectronic circuits or it is consdered “tripped’. For example, a normally
closed contact would be used on temperature switch in the field. This dlows for a logt sgnd or
a disconnected field device to generate a tripped condition. Discriminator modules are used in
this sydem in order to convert an andog vaue into a discrete sgnd. These modules are dl
configured in their falssfe mode, which alows for loss of dgnd or trangmitter falure to result in
atripped condition.

There is one exception to the failsafe practice in the Slicon Cooling System design. Thét is the
control of the cooling circuit in the chiller cabinets. The chiller cooling control is cdled the Hot
Bypass vave, when this vave is energized the chiller is not cooling. If the control signd is log,
the diller would be forced into the cooling mode, since a solid state relay is used to control this
circuit. This scenario has been countered by using this same DC control voltage that controls the
Hot Bypass control, to control the main chiller power solid state relay. Therefore, if the DC
control voltage were lost for any reason the entire chiller would shutdown.

Interlock Layers

The Silicon detector has two functiond interlock layers. The primary power interlock system is
embedded in the detector power supply and its control sysem. This sysgem is cgpable of

94



D@ Run 2B Silicon Detector Technica Design Report —v3.0

monitoring temperature and other parameters and shutting down individua channds and groups
of channds.

The secondary interlock system is based around the cooling system parameters and referred © as
the externd interlock system. The externa interlock system is designed to protect the Silicon
detector from temperature and dew point limits.

5.7.12 Alarms

The Silicon cooling system may run atended or unattended by operators. The dams have been
picked, programmed, and configured to be consgtent with the other systems that the control
system runs and monitors.

Alam Layers

D@ incorporates a layered dam drategy. There are typicdly three layers of darms. The fird is
a computer darm that notes when a parameter is dightly out of norma tolerance. The second is
a computer darm when a parameters is more than dightly out of tolerance. The third is an Auto-
Dider darm when the parameter is a a point where immediate attention is necessary.

Computer Alams

Computer darms are generated by the FIX32 software mentioned earlier in this paper. An
operator with the correct security privileges may set the darm thresholds and adso acknowledge
these darms.

A computer darm can be routed and filtered by any of many FIX32 nodes throughout D@ and
Fermilab. When a computer darm occurs, dl the FIX32 nodes that are set up to filter in the
dam aea of a paticular darm will dat beeping. This besping will continue until the darm
condition is cleared and the alarm is acknowledged.

AutoDider Alams

An operator with the correct security privileges may set the dam thresholds and dso
acknowledge these darms.

The Auto-Dider dam is generated by the PLC and a computer dedicated to running a software
package cdled WIN911l. This software package is capable of paging people's pagers with a
numeric code as wdl as cdling indde and outsde the lab usng the tdephone system with a
voice syntheszed message.  The Auto-Dider is preprogrammed with alist of “experts’ who can
ded with the particular sysems problem that created the darm. The Auto-Dider will continue
paging and caling people seridly on this lig until someone acknowledges the darm or the darm
condition ceases.

The Auto-Dider iswhat really makes unattended operation practicd a D@.
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DAQ Alams

All the PLC data from al process sysems will be available to the programmers that program the
D@ DAQ sysem. Once this data is picked sorted the programmers will likey set up a set of
dams. This assumption is based on last run's experience. The infragtructure for this data
tranfer is well defined and in progress of being implemented. The daa sets reman to be
defined.
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CHAPTER 6 - READOUT ELECTRONICS

6.1 Overview

The readout system for the Run 2B slicon detector will be based on the new SV X4 chip and the
exiging Run 2A dlicon data acquidtion system. Sensors are connected to the outsde world
through hybrids with the SV X4 chips, and an externd path congding in turn of low mass jumper
cables, junction cards, twisted-pair cables, adapter cards, and high mass cables followed by
Interface Boards, Sequencers and VME Readout Buffers. A brief overview of the man
ingredients of the readout system is presented in this section. Conservative solutions dlowing for
the fastest implementation of necessary changes were favored among different design options.

The SVX4 chip, desgned as a joint DG & CDF project, will be able to function in SV X2 mode
and, therefore, will be compatible with the Run 2A readout eectronics as discussed in detal in
the next section. The chips will be mounted on hybrids. In the outer layers, the hybrids will be
glued directly onto the dlicon sensors. This dlows for wire bonding directly from the chips to
the sensors.  The readout concept for staves in Layers 1 through 5 is shown in Figure 62. A
“double-ended” hybrid design is chosen where chips are mounted on both ends of the hybrid and
bonded to two different sensors. The hybrids are fabricated usng thick-film technology on a
beryllia ceramic subdtrate.  All SVX4 chips on the hybrid are daisy chained for readout through
one low mass digital Jumper Cable to the Junction Card. In Layers 2, 3, 4 and 5, the hybrid has
10 SVX4 chips and there are four readout cables per stave: two for axid sensors and two for
stereo sensors.  In Layer 1, 6-chip hybrids are used and there are three readout cables per phi
segment.

Laver 4-5
Low Mass Jumper Cable ) .
Twisted Pair Cable
— = — =
— R — v
—R__ B Junction Card
Layer 2-3

Low Mass Jumper Cable

T e Twristed Pair Cahle
— — e

L S = Junction Card

Layer 1 Low Mags Jumper Cable

_  — — __—.\\% Twisted Pair Cable
—

Juniction Card

Figure 62 - Concept of readout for Layers 1 through 5

The innermogt layer requires a subdtantidly different desgn due to its very smdl radius and
dringent requirements on the amount of materid. For this layer, low mass andog readout cables
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will couple the slicon and hybrids as shown in Figure 63. This dlows the hybrids and slicon to
be mounted independently, moving the mass and heat load of the hybrids out of the active
detector volume. One 2-chip hybrid reads out one slicon sensor. To equdize the length of the
andog cable between different sensors, the sensor closest to z=0 is connected to the closest
hybrid. Digitd jumper cables connect the hybrids to Junction Cads While the added
capacitance from the flex cable degrades the sgna-to-noise (S/N) ratio, we expect to achieve a
SIN>10 for the SV X4 with andog cable readout even at the end of Run 2B as was explained in

Section 4.3. Section 6.3 discussesissues related to the anadog cables.

twristed

Y pair cable
b D
digital Junction Card
Layer 0 cable m m S—
analog cables
= e
= f — ; f _
SENSOrS hybrid

Figure 63 - Concept of readout for Layer O

The tota readout cable count is 888 with the cable count per layer given in Table 7. A detailed

discussion of the hybrid and stave eectrical propertiesis presented in Section 6.4.

Table 7 - Cable count per Layer

Layer Chipsper hybrid # readout cables

10
10

10
10

ga s~ W N -, O

144
72
9%

144

192
240

A mgor condderation in the design has been to preserve as much of the exiding Run 2A dlicon
data acquisition system as possble and to reuse the associated cable plant. Neverthdess, a few

modifications are necessary to address two important issues:.

1. The SVX4, produced in 0.25 micron technology will require lower operationa voltage,
25V as compared to 5 V necessary for SVX2. The dlowed operationa range of 2.25 —

2.75V for SV X4 poses sgnificant restrictions on the voltage drop in the power lines.
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2. Modification of control signas are needed to accommodate the difference between the
SV X2 chip and the SV X4 chip operating in SV X2 mode.

FHgure 64 shows a block diagram of the Run 2A dlicon data acquisition. SVX2 chips are read
out with approximately 2.5 meter long low mass cables to the passive Adapter Cards located on
the face of the caorimeter (Horseshoe). Interface Boards are connected to the Adaptor Cards
with 6 meter long 80 conductor cables and serve as didributors of low voltages, bias voltages,
data and control sequences for the detector. Sequencers on the Platform provide clock and
control sgnas for the SV X2 chips. The sequencers are dso used to read out data from the chips
and send them to the VME Readout Buffers via opticd fibers.  Only parts highlighted in gray
will be modified for the Run 2B readout system. Adapter Cards and Low Mass Cables will be
replaced with new components. Some firmware modifications in the sequencers will dso be
required as discussed in Section 6.11.

HY/!LY

~19°L30° High Mass Cahle
FALED conductox)

3/6/8/9 Chip HDI

88 0

Sersor

Optical Link
1Ghis

1553 Monitoring

Figure 64 - Block diagram of the Run 2A silicon data acquisition system

Figure 65 shows the block diagram of the new components for the Run 2B data acquisition
sysdem. The Run 2A philosophy, having each hybrid connected to a single Interface Board
channd, is preserved. The Interface Board provides al necessary voltages and communications
to and from the hybrid. It dso monitors the temperatures and low voltages. However, the
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segmentation of this connection and the functiondity of the intermediate pieces is different from
that in Run 2A. A short low mass jumper cable starts from the hybrid and goes to the back of the
detector where a passive junction card is located. The junction card is connected to a new
Adapter Card via a 24 meter long twisted pair cable. Data lines are driven differentidly from
SVX4 chips to the Adapter Card in contrast to the Run 2A approach which has single ended
readout. Downstream of the Adapter Card, the lines are single ended.

~19°-30° High Mass Cahle

Sensor 2" Jumper 8§’ Twisted (FALE0 conducior)
Cahle Pair Cahle
. Jum:;n I
Hyhrid Card

New Adapier
Card

Figure 65 - Block diagram of the new components of the Run 2B data acquisition system

The Adapter Card is the key new component of the data acquistion accommodating most of the
necessary changes. It will perform the voltage regulation and will contain smple logic for the
SVX4/SVX2 converson as explaned in Section 6.9. The Adapter Card is connected to the
Interface Board with the existing 80 conductor cable. Some changes required for the Interface
Boards are described in Section 6.10. Sections 6.6, 6.7, and 6.8 contain information about low
mass Jumper Cables, Junction Cards and Twisted Pair Cables. Sections 6.12 and 6.13 have a
discusson about low voltage and high voltage supplies and didribution.  Results of smulations
related to the readout performance are presented in Section 6.14.

6.2 SVX4 Readout Chip

The readout of the detector is accomplished by the use of the SVX4 readout chip, which is
presently under development. The SVX4 is the last of a series of chips developed for slicon
sensor readout by the FNAL-LBL collaboration. Earlier versions of such chips were the SVX-B
and SVX-H (usad in the readout of the first dlicon vertex detectors of CDF), the SV X-2 (used in
the present D@ detector), and the SVX-3 (used in the present CDF vertex detector). The SVX4
design thus draws heavily upon the experience gained from these earlier efforts and incorporates
many of the desired features gleaned from this experience.

The SVX4 is, like the SVX2 and SVX3, a chip with 128 inputs with a 48 micron pitch, which
recalve the charge generated by 128 drips of a slicon detector. The input charge, for a well-
defined period of time corresponding to a single beam crossing, is integraied and deposited in a
capacitor of a switch-capacitor array caled the pipeine. This pipeine has 42 cdls, thus dlowing
the successive storage of the charge generated during 42 successive beam crossngs. If an event
is accepted by the Level 1 trigger framework during any one of the 42 beam crossngs, the
charge of the appropriate capacitor is digitized by an on board ADC, and the resulting digitized
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data is presented to the data acquisition syssem. The data can be read in a read-dl mode (i.e. in
its totdity), in a zero-suppressed mode (i.e. only channels above a certain threshold vaue), or in
a zero-suppressed mode with neighbors (i.e. in addition to the channels above threshold the
channds flanking them ae aso read out). The chip dso has a dead-timeess feature, which
dlows for the concurrent acquistion of charge by the integrators and the pipeine while
digitization is dso taking place; this festure — which is the sdient difference between SVX2 and
SV X4 - will not be used by D&.

The SVX4 will be produced in a degp submicron process (0.25 micron) by TSMC (Tawan
Semiconductor Manufacturing Corporation).  Such submicron processing leads to a very small
oxide layer which in turn leads to a highly radiation tolerant device, without having to resort to
any specid manufacturing processing.  Chips developed in such process (such as the APV25
chip for the CMS experiment and the VAL chip for the Belle experiment) have been subjected to
radiation doses exceeding 20Mrad with no sign of radiation damage, and will survive the
expected doses for al layers of our detector. These submicron process chips require a power
supply of +2.5V, which isdifferent from the +5V and +3.5V of the exising SV X2.

The SVX4 chip, to the extent feasible, is a copy of the SVX3 chip used in the present CDF
detector. As such it incorporates features that were not used in the SV X2 and are not part of the
control and readout configuration of the Run 2A dglicon data acquistion system. These features
have to do mostly with the deadtimeless operation mode of the SVX3 and consst mostly of the
presence of additiona control lines and of a dud clock (front- and back-end clocks). The
question was raised late last year if the SV X4 could be used with the D@ readout system and
wha modifications would be required. As it turned out a Smple scheme that remapped our
control lines to the ones required for the SVX3, which channded our clock to ether the front-
end or the back-end clock depending on the mode of operation of the chip, turned out to be
adequate. A test board condsting of a single FPGA and smple transceivers was able to perform
the required task, and an SV X3 chip was read by the D@ sequencer board, as seen in Figure 66.

VRE Char. Reg Enable =1 + dala

Figure 66 - SVX3 chip performing in SYX2 mode with the D@ data acquisition system (November
2000)

As a result of this successful demondration, D@ adopted the SV X4 chip being designed by a
FNAL-LBL-Padova team of engineers and has played an active and significant role in the design
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effort. A dngle common chip that will satisfy the needs of both CDF and D@ will be used. The
remgpping shown in Table 8 can be accommodated by the existing D@ Sequencer readout
module. In addition, the use of internd circuitry of the SVX4 dlows the chip to operate in the
so-cdled D@ mode. The circuitry can be turned off via an externd wirebond to the digita
voltage line for operation in the CDF mode. In the D@ mode, using internd gating, the clock is
sent to the appropriate section (front/back end) depending on the chip’'s internd mode. The same
selector dso forces the chip to use the PRD1, PRD2, L1A, and CALSR as inputs from the bi-
directiond differentid data bus (for D@) rather than their sngle ended dedicated input pads (for
CDF). Thus, to be able to use the exising D@ readout sequencers the only mgor change
required is a new adapter card with transceivers that will adapt the single-ended, 5V signals used
by the sequencer to differentia, 2.5V sgnds used by the SV X4.

The design of the chip is proceeding a a good pace. Prototype chips have been fabricated; these
chips incuded only the preamplifier and the capacitor pipdine. A preamplifier design with
excdlent frequency response, good reset time, good power supply noise rgection, and good
noise performance has been identified. The overdl noise of the anaog section (i.e. preamp and
pipeine combined) has been measured as 450e+43e/pF, where the last term shows the noise
dependence on the input load cepacitance. The measurement has been performed with 100 nsec
sampling time and 70 nsec preamplifier rise time. These parameters are close to optimum for
132 nsec operation. Irradiation of the test chip to 16 Mrad with a ®°Co gamma ray source did not
show any sgnificant performance degradation.

The digital end of the chip (back end) remains to be completed. It is anticipated that the firgt
fabrication run of complete chips (for engineering and evauation purposes) will take place in
late 2001, and prototype chips will be avalable just before the end of 2001. We are in the
process of setting up test rigs to evauate these chips, and we are in the process of designing test
boards and developing test software and procedures.
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Table 8 - Mapping between SVX2 and SVX4 readout/control lines

SVX 11 SVvX4
Mode Mode
INIT ACQ DIG READ INIT ACQ DIG READ
BUSO BUSOPA | BUSOPA Data0 BUSA BUSA BUSA Dated
PA RESET RESET RESET PARST PARST PARST
BUSL BUS3 BUS3 BUS3
RREF-SEL NC HIGH Data l RREF-SEL | RREF-SEL | RREF-SEL Data3
BUS2 PIPE | BUS2 PIPE | BUS2 PIPE
ACO ACO nco Data2 BUS5 L1A | BUSSL1A | BUS5L1A Datas
BUS3 PIPE | BUS3PIPE | BUS3 PIPE
o o o Data3 | BUS6PRD1| BUS6PRD1| BUS6PRD1| Data6
BUSACNTR | BUSACNTR | BUSACNTR
e At A Datad BUS2 PRD2 | BUS2 PRD2 | BUS2 PRD2 Data2
BUS5 BUS5 BUS5 BUS1 BUS 1 BUS 1
RAMP RAMP RAMP Datas RAMP RAMP RAMP Datal
RESET RESET RESET RESET RESET RESET
BUSG BUSG BUS6 BUSD BUSD BUSD
CoMP COMP COMP Data6 ComP comP comP Data0
RESET RESET RESET RESET RESET RESET
BUS7 SR BUS7 CAL BUS7 BUS7 BUS7
LOAD INJECT N/C Datar CAL/SR CAL/SR BUSY Datar
MODEO MODEO MODEO MODEO FEMOD FEMOD FEMOD FEMOD
MODE1 MODEL1 MODEL1 MODEL1 BEMOD BEMOD BEMOD BEMOD
CHNG CHNG CHNG CHNG CHNG CHNG CHNG CHNG
MODE MODE MODE MODE MODE MODE MODE MODE
™ ™ ™ ™ ™ ™ ™ ™
BN BN BN BN BN BN BN BN
CLK CLK CLK CLK FECLK FECLK BECLK BECLK
CLKB CLKB CLKB CLKB FECLKBAR | FECLKBAR | BECLKBAR | BECLKBAR
DATA DATA DATA DATA
VALID VALID VALID VALID OBDV OBDV OBDV oBDV
PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY
IN IN IN IN IN IN IN IN
PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY | PRIORITY
ouT ouT ouT ouT ouT ouT ouT ouT
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6.3 Analog Cables

In the current design of Layer O, the andog sgnds from the glicon sensors are tranamitted to the
hybrid with the SV X4 chips by flexible circuits with fine pitch copper traces, up to 500 mm long.
While very atractive because of materid and heat removd from the sengtive volume, this
goproach represents a condderable technicad chdlenge.  The addition of the andog cable
deteriorates the noise performance of the slicon sensors.  Procurement of the flex cables and the
complicated ladder assembly are other non-trivid issues Neverthdess a smilar design is used
by CDF for the readout of the innermogt layer LOO in Run2A, which can be considered as a proof
of technica feagihility.

One of the most important aspects in the design and technicd redlizaion of a long andog cable
is the capacitance between the traces, which has to be as smdl as possble. Any load capacitance
will contribute to the noise seen by the preamplifier. Fanning out the cable traces from the
nominad pitch of 50 micron to a larger pitch, for example 100 micron, after the fird few
centimeters, can reduce the capecitance of the cable Andyticd cdculaions show that the
capacitance per unit length can then be smadler by 30-40% if the trace width is kept congtant, as
shown in Fgure 67.

The flexible didectric subdtrate of the cable dso affects the capacitance. The materiad of choice
in high energy applications is polyimide, like Kgpton HN with a didectric congant of 35 a a
frequency of 1IMHz.  This materid is radiaion hard with good mechanicd and eectrica
propeties.  Other syntheszed polyimide materias on the market achieve a lower didectric
congtant by adding haogens. They are not radiaion hard and are not in compliance with CERN
and Fermilab fire sdfety regulaions. Materids like polyethylene or polypropylenes, dthough
used in the flex indusiry and possessing a lower diglectric congtant are aso not radiation hard up
to the 10-15 Mrad levd, to which the innermogt layer of the glicon tracker will be exposed. The
materid choicesfor the flex cable are, therefore, limited to the standard polyimide.

strip capacitance to left & right neighbour
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Figure 67 - Analytical calculations of the capacitance per unit length as function of the trace
width. The capacitance is defined as the capacitance of one trace to the left and right neighbor
trace. The beneficial effect of going to lower trace widths and larger pitch is shown.
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A 500 mm long Kapton based flex circuit cable with a smdl pitch of only 50 micron represents a
mgor chalenge for flex crcuit manufecturers.  The printed circuit workshop & CERN that
produced such cables for CDF in 1999 has been reorganized focusing on circuits for the LHC
experiments and, mogt likely, will not be available for the Run 2B production.

Since the manufecturing challenge of such long fine pitch cables was recognized early, D@ has
darted working with potentil vendors. Based on good prior experience with high densty
interconnects (HDI) from Dyconex Inc. in Zurich, Switzerland, we contacted them in May 2001.
At that time Dyconex was in the process of commissoning a new thermd direct imaging (TDI)
system for very fine line and space patterning for PCBs and HDIs. The new technology exploits
an IR lasr sygdem and an infrared sengtive, thermdly activated, liquid photoresst for high
accuracy imaging and regigtration.

D@ placed an order for an engineering sample with Dyconex in June 2001 with a god to
reproduce the CDF andog cable and qudify Dyconex as a possble vendor. Dyconex will use
the TDI method to fabricate our circuit sample.  As of this date they have collected enough
experience in test runs and are convinced that the TDI is the appropriate technology choice for
this task. The fird TDI results are encouraging. They could achieve an image trandfer of the
CDF cable layout via TDI with good reproducibility. However, the optima materid for the
didectric polyimide subsrate was not yet found, dnce severd polyimide foils with adhesveless
copper cladding showed dgns of delamination after therma imaging. A 50 micron thick
polyimide foil with a cast copper layer performed best so far and better material with stronger
copper adhesion has been ordered.

Dyconex is planning to achieve ultra fine copper lines with 5 micron trace width which is a the
technologicd edge of the TDI method. They are aming for 67 micron trace thickness including
a 1 micron Au layer in the bond pad region for improved wire bonding. Figure 68 shows a close-
up of the bond region of a thermaly imaged cable from first test runs. The accuracy of the line
paiterning is remarkable and Dyconex is confident they will achieve the chdlenging gods.
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Figure 68 - Closeup of the bond pad regions of first test analog cable. The photograh (courtesy of
Dyconex AG) shows four different magnifications of a 50 micron pitch prototype.
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Fird¢ samples of two functiona prototype cables have been manufactured recently (end of
September).  They will be opticdly ingpected and eectricdly tested. The find ordered
engineering sample of 5 - 10 flex crcuits with the find gold plated bonding pads and the
protection coat are due to arrive at Fermilab for evauation late 2001.

As a fdlback solution, Dyconex proposed a cable fabricated by usng two single-laminaed
Kapton foils, each with 100 um pitch. They will then be adhered together with an offsat of 50um
50 that an effective bonding pitch of 50 um is crested. We will dso leave open a posshility to
use analog cable from KEY COM, a vendor targeted by CDF.

6.4 Hybrids

This section describes the hybrid design and related dectrica issues for the stave desgn. The
proposed beryllia hybrids minimize the amount of materid in the detector and are a wdl
edtablished technique used previoudy in a number of experiments.

Commonly, the circuits connecting the SVX chips to the low mass jumper cable are cdled
“hybrids” The hybrids will be based on the fine pitch thick film etched technology successfully
used by CDF in the innermost Layer 00 for dumina substrates and by the CLEO microvertex
detector * for beryllia substrates. In our case, the 380 micron beryllia substrate will be used to
reduce the amount of materid in Layers 1 through 5 where the hybrids will be mounted directly
in the sengtive volume. For Layer O which has off-board hybrids at higher Z the materid issue
is of less importance. However, beryllia ceramic is preferred here because of its sgnificantly
better thermd conductivity with respect to dumina.  Thick film depostion and etching is a
mature technology dlowing for a minimad fedure sze of 50 micron. Multi-layer designs are
routindly achievable. We have identified CPT Inc. of San Diego as our potentia vendor.
Despite the fact that they are the only vendor we presently know that will work with such
beryllia hybrids, they have successfully produced similar hybrids for CDF and CLEO and we
fed confident using them.

There are four types of hybrids in the proposed design. Two of them are 10-chip double-ended
versons for Layers 2 through 5: one for axia sensors and one for stereo sensors. Others are a 6
chip double-ended version for Layer 1 and a 2-chip version for Layer O.

Fgure 69 shows possible layouts for the axid 10-chip hybrid and the 6-chip hybrid.
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Figure 69 - Double-ended hybrid design with two sensors sharing a common readout cable. The
axial 10-chip hybrid (left picture) and the 6-chip hybrid(right picture) are shown.

In addition to providing a secure mount for the SV X chips and cable connector, the hybrids aso
have capacitors for bypassng the analog and digita voltages and the detector bias. The low
mass flat cable connects to the hybrid using an AVX type 5087 connector plug and receptacle.

These are 0.5mm pitch low profile connectors with a maximum height of 2.7 mm above the
aurface of the hybrid. A 50-pin connector will be used for the 10-chip hybrid and a 40-pin
connector for the 6chip hybrid. The CDF SVX detector uses smilar connectors with a very low
falure rate. Placement of the connector on the hybrid alows for easy testing of hybrids with and
without attached dlicon sensors during al phases of the hybrid and stave production. This is
essentid for the modularity of the desgn and quality checking during stave production. The
extra materid introduced by the connector is relatively smal and is crossed by particles only
after two precise measurements in Layers 0 and 1. The 2chip hybrid for Layer O does not have
room in the radid dimenson for a connector. In this case, the digitd jumper cable is soldered
directly to the hybrid.

The SVX control sgnds and readout bus lines are routed from the connector to the SV X4 chips
via 100 micron wide traces. The traces stop near the back edge of each chip where they
trangtion into gold-plated bond pads. Aluminum wire bonds connect these pads to the bond
pads on the chips. The power traces will be routed from the connector on a power plane, and
there will be a dedicated ground plane in the hybrid. The total number of layers is 6. We are
aso invedtigating a possbility to route the digital bus under the SV X4 chips as shown for the 6

107



D@ Run 2B Silicon Detector Technical Design Report — v3.0

chip hybrid in Figure 69. Traditiondly, the bus is routed near the chips, as for the 10-chip hybrid
layout in the same figure. This new gpproach adlows the reduction of the totd hybrid length
from 55 to 45 mm.

Since the SV X4 chips have their power bond pads on the sde of the chip a smal copper on
aumina circuit board cdled a “finger” is placed next to each chip, which routes the power and
ground to the region adjacent to the back edge of the chip. This finger facilitates easy wire
bonding since its height is nearly the same as the SV X4 height. A second wire bond connects
each finger power trace to the hybrid proper. This finger dso provides high frequency dose-up
bypassing capacitance for the chip voltages.

6.5 Cables, Adapter Card and Interface Board Overview

A primary god of the Run 2B readout chain design is to preserve as much of the Run 2A
electronics and cable plant as possble. In particular, we want to keep: 1) the Interface Boards
(IBg), located at the base of the centrd caorimeter, that relay digitd sgnas between the
sequencers and the SVX4 chip, supply both low-voltage power and high-voltage bias, and
monitor current and temperature; 2) the high-mass cables, consgting of 3M 80 conductor cables
and pardld coaxia clock cables that run from the IBs to Adapter Cards on the caorimeter face.
Because of the complexity of these IBs, any required changes beyond the scope of component
replacements or hand-wired jumpers will likdy mandate complete replacement. Also, the space
for connectors on the IB face is saturated. A required line count into the IB exceeding that
available on the 80-conductor cables could not be accommodated.

As described below, the present design ams to preserve the I1Bs by replacing the Run 2A passive
Adapter Cards on the cdorimeter face with active ones that trandate between single-ended (1B)
and differentid (SVX4) ggnds, and that dso regulate supply voltages. The long (up to 2.7 m)
Run 2A low-mass cables, which do not have differentia-sgnd capability, will be replaced with
new cables comprised of Twisted Pairs connected by smdl Junction Cards to new, reatively
ghort low-mass Digitd Jumper Cables. Feaghility studies showed tha D@ could not use the
Honeywell transceiver chip that CDF usesin its design 2.

Remaining unresolved issues mostly involve power, bias voltage, and monitoring:

1. The SVX4 chip demands variable supply currents averaging twice those of the SV X2, but
this chip can be damaged by over-voltages in excess of 0.25 V. Although the varying
voltage drop dong the high-mass cables will be handled by the regulators on the Adaptor
Cards, there is an additiond variable drop adong the nner part of the cable path. Whether
this will be addressed by brute force (lots of copper), voltage-sensng lines, or a
combination, is under study.

2. Layers 0 and 1 require up to 1000 volts of sensor bias. Neither the high mass cables nor
thin flex Jumper Cables can rdiably stand off 1000 V, s0 a separate HV wiring path,
probably without connectors, will be required for these layers.

3. A better temperature-monitoring scheme, requiring 4 rather than 2 lines per hybrid, is
desired.
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6.6 Digital Jumper Cables

888 Digitd Jumper Cables will cary digitd dgnds and power between the hybrids and the
Jdunction Cards, where they connect to the Twisted-Pair Cables. Jumper Cables will be flex-
creuit driplines gmilar to the low-mass cables used in Run 2A, which minimize the amount of
materid in the sendtive volume. Signd traces ~0.15 mm wide will be located on one sde of a
Kapton didectric, and broad voltage supply and ground traces on the other side.

The maximum required length of the Jumper Cables depends on the location of the Junction
Cards, if these are placed at the ends of the support barrels, it is approximately 57 cm.  However,
access to the Junction Cards may mandate their placement at larger [z], requiring Jumper Cables
up to ~100 cm long. At least two vendors (Honeywell and Basic Electronics Inc.) are known to
have capability for flex of this length. Hex width and thickness will be gpproximady 16 mm
and 0.25 mm, respectively. Subminiature connectors, AVX series 5087 (0.5 mm pitch), will be
oldered to pads a both ends for slicon Layers 1-5; for Layer O the jumper cable will be
soldered directly to the hybrid.

Jumper cables will cary, a minimum, 11 differentid dgnd pars (22 lines), 5 sngle-ended
ggnds, and two supply voltages and their ground returns. For Layers 2-5 they will dso cary
lines for sensor high voltage bias and ground and probably lines for voltage senang.  The
differentid sgnd lines will be configured as pars of dripline traces over a ground plane, and
can eadly be matched in impedance to the 100-ohm twigted pars.  Although it will be difficult to
achieve impedance as high as 100 Ohms in the 5 sngle-ended lines, these Sgnds are dow.
Reflections in these lines will probably be tolerable, but will be measured extensvey in
prototype setups.

Jumper cables for Layers 2-5 will have miniaure 50-pin AVX connectors on both ends. This
connector will accommodate the 22+5 sgna lines and 12 power connections (3 contacts each for
2 voltages and their 2 grounds), the 300 V bias line and its ground return (with 3 empty positions
between), and up to 6 monitoring lines. For the Layer 1, there will be room for only a 40-pin
AVX connector. Detector bias voltage and its return, and aso any required monitoring lines,
will have to be connected by soldered jumper wires from pads on the flex to the hybrid or
brought on separate wires.

6.7 Junction Cards

Jdunction Cards have the primary function of connecting jumper cables with Twisted-Pair Cables
that lead to the Adaptor Cards. The dlowed sze of these cards is gpproximately 25x50 mm.
Jdunction Cards must be mechanicdly robust and mounted securely, with dl attached cabling
stress-relieved whenever possble.

The Twigted-Pair Cables can be soldered to the Junction Cards to increase mechanica strength
and diminate an expendve connector; Junction Cards will thus effectively be extensons of the
Twigted-Pair Cables.
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Connections to the Digitd Jumper Cables will be primarily through AVX 05 mm pitch
connectors.  The Junction Card for Layers 25 has two 50-pin AVX connectors on one side and
two of the same connectors on the reverse sde.  The junction card for Layer 1 has three 40-pin
AVX connectors on one side, and the junction card for Layer O has six 40-pin AVX connectors
on one Sde. In addition to lines on the Jumper Cable from the hybrid, there will dso be four
separate input lines for “bridge” temperature sensing from each hybrid.  In the case of 40-pin
inputs, separate provison will adso be required for sensor bias and its ground return, and likely
aso for voltage monitoring (see Jumper Cable section).

Unresolved issues for the Junction Cards include:

1. Placement - Although it is desrable to mount them on the ends of the support bares,
hand access (eg. for plugging in connectors and/or for making soldered connections on
the SVX sde) may require a location at higher |z|, such as the near the present Run 2A H
disks.

2. Handling of temperature-senang (RTD) lines - Present plans cdl for these lines to be
separate from the digital Jumper Cables, but to arive a the Jdunction Cards. How they
will connect, and whether these sgnals can be accommodated farther upsream in the
high-mass cables and in the Interface Boards, has not been resolved.

3. Additiond bypassng capacitors - It is dedrable for the Junction Cad to include
additional bypass capecitors for smoothing out AVDD and DVDD voltages, since there is
limited space for large capacitors on the hybrids.

6.8 Twiged Pair Cable

The Twisted Pair Cable, gpproximatdy 2.4 meters long, connects the Junction Cards and
Adapter Cards. The cable is soldered to the Junction Card on one side and is terminated by a
connector on the Adapter Card sde. Mass is not a mgor physics issue because the cable is
outsde of the tracking volume. The totd outer diameter of a Twisted Pair bundle can be as
gmdl as5-6 mm.

The twisted pairs were chosen because 11 of the sgnals used by the SV X4 chip are differentid.
The 5 dower single ended lines will dso use twised pars. The cable assembly has 2 power
lines and ther returns, 1 HV line and its return, 15 sgnd twisted pairs, 4 or more temperature
sensor twisted pairs, and probably 2 voltage sensor pairs. The clock signas can be transmitted
ether via a shielded twisted pair or via two coaxid cables in the same assembly. Three versons
of the Twisted Pair Cable are envisoned (Layer 0, Layer 1, Layers 25) depending on the HV
and power requirements. The thickness of the power lines depends on whether the “brute force’
or “regulator” solution is chosen for the problem of voltage drops. If the former is chosen, the
cables get quite heavy, in totd about 27 kilograms of copper for each detector haf, posing
mechanicd problems.

A smilar dense twisted-pair cable bundle is under development ky AXON Cable for the ATLAS
experiment a CERN. We have discussed with AXON Cable the possibility of producing cables
for D@; our specifications can be met within reasonable cost. Other vendors will be contacted.
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6.9 Adapter Card

The exiging passve adapter cards are mounted on the north and south faces of the caorimeter.

To fit in the avalable space, their maximum dimensions are 58x83 mm. For Run 2B, these cards
will be replaced by active Adepter Cads to: 1) trandate single-ended TTL logic from the
Interface Cards to differentid signas to and from the SVX4; 2) regulate the voltage of the two
SV X4 power lines.

A preiminary schematic for the Adapter Card is shown in Appendix 6.C. A suitable candidate
for converting between sngle-ended and differentid signds is the SNE65LVDM1677 from Texas
Ingruments, a 16-channd, low-voltage differentid transmitter/recaiver with internd 100 Ohm
termination.  Initidly we dso consdered an option with a Honeywdl transcaiver chip on the
hybrid 2 but in the end prefered a smpler solution with commercid components described
above.

Each Adapter Card services two channds. Each channd requires an 80-pin mini D connector
and two miniature coax connectors to interface with the 80-conductor high mass cable and clock
coaxia cables, and two output connectors, yet undefined, with at least 40 pins, on the Twisted
Pair Sde. Because of space limitations, a daughter card is required for the clock connectors.

Two supply voltages (AVDD for andog, DVDD for digitd functions, each 2.5 volts regulated)
will be provided to the SVX4, and an additiond 3.3 volt supply is required for the active
components on the Adapter Card itsdf. All supply voltages will be endbled by circuitry onthe
Interface Board. Both AVDD and DVDD voltages must be regulated to within 250 mV at the
adapter card.  An understanding of the current swings in the SV X4 is required for fina choice of
a voltage regulator; the preliminary schematic shows a LT1087 for this pat. Use of sense lines
may be required if current consumption between modes changes quickly and significantly.

Decoupling and filter networks will be required on the 300 V sensor bias lines for Layers 25.
The 1000 V hiasfor Layers 0 and 1 will not be transmitted through the Interface Board.

Adapter Card testing will best be done with the firg SV X4 chips. A full test stand with the entire
upgraded data path should be implemented immediately upon availability of useful chips. Mock-
ups of sgnd conditions for pats of the SVX4 may be usgful in exploring sgnd levels, supply
conditioning, and cross-tak leves.

6.10 Interface Board

In order to avoid the condgderable expense of designing and building new Interface Boards, the
exiding IBs must be recycled and al new features for Run 2B must be incorporated into the
active Adapter Card (AC). As dated in the Overview section above, any required changes
beyond the scope of component replacements or hand-wired jumpers will likdy mandate
complete replacement.

The IB detector bias distribution was tested to + 200 V, -100 V (induding the switching relay)
and should be safe for 300 V for glicon Layers 25. Bias cables for Layers 0-1 (up to 1000 V)
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cahnot go through ether the IB’'s or the exiding high-mass cables. Suitable routing is under
sudy.

Required changes on the IB which have been identified to date include:
1. Replacing dataline terminations (24 resistor changes per channd)
2. Praobable changesin contral line termination, and in the clock equalizer circuit
3. New set pointsfor current and temperature trips
4. Reprogramming of 5 PLDs

5. Changes to priority-out Sgnd threshold and hyseress (this line was underdriven by the
SV X2 chip)

The total number of changesis about 200 per interface board.

6.11 Sequencer

The firmware in the sequencer needs to be adjusted for the difference between the SV X4 chip
operating in the SVX2 mode and red SVX2 chip. The changes are rather straightforward and
imply remapping of the SVX2 lines to SVX4 lines. The required remapping was shown in the
section describing the SV X4 chip.

6.12 Low Voltage Distribution

Currently VICOR switching power supplies 2 are used to provide power for the SVX2 chips and
Interface Boards. For Run 2B we intend to preserve those supplies and the distribution scheme
through the Interface Boards.

The massve power lines from the VICOR supplies are split between different channels in the
fuse pand. After the individua protection fuses, the power is didributed to the cusom Jl1
backplane of 9U x 280 mm custom craies. The J2 and J3 backplanes of the crates provide
connectors for the cable runs to the sequencers, while J1 contains connectors for low-voltage
power for each Interface Board and up to eight dependent silicon hybrids, the 1553 connector
and bus (used to monitor the SV X4 power and current, and hybrid temperature), and a connector
to bring in 16 bias voltages and returns for eight hybrids.

We are investigating the feashility of replacing the J1 backplane. This would have the benefit of
diminating the exising fuse pands these pands are time-consuming to wire, and contain ~150
fuses which experience has shown to be somewhat unrdiable due to oxidation of contacts. A
smal number of fuses would ill need to be placed for safety reasons on J1 and perhaps on the
IB (replacing existing ferrite beads there). Another advantage of JL replacement is that remote
sense from the externd power supplies would go to the J1 bus instead of stopping at the fuse
pane. We will have more space at the backplane because a 34-pin bias connector can be
replaced with a smdler one, since the new single sded detectors only need one bias voltage.
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The feadhility of this scheme must be established, and mechanica and eectrica layouts need to
be done. The Interface Board side of the backplane would be unchanged.

6.13 High Voltage Distribution

Reiable high voltage operation is crucid to ensure the increased radiaion tolerance of the new
Silicon Tracker. Operation at voltages up to +1000 V is necessary for the Layers 0 and 1 and up
to +300 V for the Layers 2 through 5. Despite the fact that Run 2A dSlicon detectors require
operdting bias voltages only within £100 V, the specifications of the exising Run 2A HV power
supplies are adequate for Run 2B detectors. More HV channels are needed to bias larger number
of sensors. The mogt draightforward upgrade path for the HV system is increesing of the
number of the existing channds.

The high voltage bias will be applied to the backplane of the single-sided slicon sensors.  For
10-chip hybrids the high voltage will arive a the hybrid on the Jumper Cable and will be routed
to a 9de pin of the AVX connector. Two neighboring pins will be removed to ensure a safe
distance to the nearest ground. The bias voltage will be brought b the sensor backplane with a
foil wrapped around the sensor edge and glued to the backplane with a conductive siver epoxy.

The fail will be insulated from the sensor edge and from the outsde with a 50 micron kapton
tape. For the Layers O and 1 a separate wire will be used to bring the bias voltage to the hybrid.
For Layer 1 the backplane connection will be provided smilarly to the 10-chip hybrids while for
Layer O the bias voltage will be fed to a line on the andog cable and then will be connected D
the backplane of the sensor near the end of the cable.

For dl layers one HV channd is used per hybrid. Therefore, each sensor in Layer O, two sensors
in Layer 1 and two, three or four sensors in Layers 2-5 will share the same HV channd.
Conducting pieces bridging together two backplanes will provide the connection between the
sensors when required.  The tota number of HV channds needed is 888. A posshbility of bias
splitting between two or more hybrids in the outer layers can be consdered to reduce the number
of HV channels.

In the Run 2A system, bias voltages are supplied from a BiRa VME 4877PS High Voltage
Power Supply System *. The system utilizes the three HV'S power supply types shown in Table
9. Overvoltage protection is provided through trim potentiometers located on the front pand of
the modules.

Table 9 - HVS power supply types used in the D& Run 2A silicon bias voltage system.

Hvsype | JCEOW | amemmA | chomes
HVS5.5P-1 +5.5 23 116
HVS5.5N-1 -55 23 152

HVS2P +2.0 32 116
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Each of the eight VME crates in the Run 2A HV system holds a Power PC controller and sx
motherboards containing eight Bi Ra power supplies each. Power to the VME crates is ddivered
from Lambda power supplies A Run 2B sysem with 888 HV channds will require 111
motherboards, as well as 19 VME crates with controllers and power supplies.

The Run 2A fanout and breakout boxes will need to be replaced. The fanout boxes ae used to
lit HV channds between different HDIs and to provide hardware protection againgt accidentd
goplication of HV higher than 150 V. The breskout boxes are used to didribute HV to the
Interface Boards and to trandfer temperature sgnds from the Interface Boards to interlock
control systems.

It was checked that the HV path through the Interface Board and 80-conductor cables can sustain
up to 300 V and, therefore, can be preserved in Run 2B for Layer 25 bias didribution. The
desgn god for HV didribution for the inner two Layers is operation a 1000 V. In this case, the
HV cabling needs to bypass the Interface Board and go directly to the Adapter Card via a
Separate cable.

6.14 Performance

Increesed luminosty in Run 2B will result in high occupancy in the detector especidly for the
inner layers.  This has severd implications for the readout performance. Two areas of concern,
the SV X4 dynamic range and the detector readout time, were addressed in our smulations with
results presented in this Section.

The charge-sendtive preamplifier of the SVX4 chip integraies incoming sgnds and, therefore,
needs to be reset regulaly to prevent sauration. The saturated preamplifier will result in
inefficiency of the detector. The reset time in SVX4 is equa to severd hundred nano-seconds.
Usudly the ressts are performed during the Tevatron abort gaps, which are periods of time
within one revolution without collisons  Along with other modificaions the high luminosty
regime of the Tevatron operation in Run 2B will include reduction of the available abort gaps to
possibly one per revolution. The current 36 bunches x 36 bunches operation dlows for 3 abort

gaps per revolution.

The full GEANT smulation with the Run 2B geometry discussed in CHAPTER 9 - and redigtic
clugering in the dlicon has been used to edimate charge accumulated per drip after 450
minimum bias events. A scenario of 150 beam crossings before a reset with 3 minimum bias
interactions per beam crossng was assumed. Fgure 70 shows the charge per drip in the
innermogt layer after 450 minimum bias events. The left plot corresponds to the sensors in the
central (closest to z=0) barrels. The right plot corresponds to the sensors in the end barrels. The
central sensors are crossed by a larger number of particles while the incidence angles are
shalower for the end sensors alowing for a larger deposited charge.  As shown by arows in
both cases about 1% of srips will receive charge in excess of agpproximately 100 fC, which
corresponds to 25 minimum ionizing particles.  The dynamic range of the SV X4 chip was chosen
to be 200 fC, leaving some margin for high luminogty operation. The expected inefficiency
caused by the preamplifier saturation is expected to be less than 0.1%.
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Figure 70 - Charge per strip in the innermost layer (labeled layer 1 in the figure) after 450
minimum bias events. The |eft plot corresponds to the sensorsin the central, closest to z=0,
barrels. Theright plot corresponds to the sensorsin the end barrels.

Another important performance issue for data acquistion is the readout time. A p-pbar
interaction triggered for readout will be accompanied by severa minimum bias interactions. To
invedtigate a wider range of Leve 1 triggers, severd sSmulated samples were used: minimum
bias, two jet and WH events.  The maximum number of strips per readout cable in a layer was
determined for each event. This number corresponds to the $owest chain of readout in this layer
and is relevant to estimate the readout time for the detector and the associated deed time. The
number of hit strips has been scaled by appropriate factors to account for the closest neighbors
that normaly are dso included in the sparse mode readout. The factors were determined from
the cluster size digtributions and were typicaly around 1.7 for the cases without noise and 2.8 for
the cases with noise.  Figure 71 shows the maximum number of drips per readout cable as a
function of radius for minimum bias events (left plot) and QCD two jet events (right plot). Each
layer corresponds to two points in those plots from different sublayers. Four different cases were
congdered: without noise for the two thresholds of 4 and 5 ADC counts, and with noise (rms 2.1
ADC counts) for the same thresholds. The average smulated sgna was equa to 20 ADC
counts corresponding to a SN ratio of 9.5. Figure 72 shows the maximum number d strips per
readout cable as a function of radius for WH + 0 minimum bias events (lft plot) and WH + six
minimum bias events (right plot).

Comparison of the inner three layers with the highest rates suggedts that Layer 1 with 6 chips in
the readout chain and Layer 2 with 10 chips will operate in amilar conditions for dl types of
events. Layer 0 with 2 chips in the readout chain has rates a factor of 2 lower. However, this
layer will experience the worst radiation damage and, as a result, a lower SIN. The effect of the
noise on occupancy depends on the threshold. For the threshold over noise ratio equd to 2.4 the
deterioration of SN from 9.5 to 8 increases the maximum number of readout strips by 40% in
Layer O, by 50% in Layer 1 and by 75% in Layer 2, dl for two jet events. The largest increase is
observed in the 10-chip readout chain of Layer 2 due to the smple fact that the number of noisy
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grips is proportiona to the number of chips. A lower SN ratio in the innermost layer O can
eedly increase the number of readout strips by a factor of two and make its rate comparable to
the Layers 1 and 2. As a result of these smulations, we fed it is prudent to daisy-chain only two
chips in Layer 0 and leave a safety margin to accommodate higher noise occupancy in this layer
after irradiation.
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Figure 71 - Maximum number of strips per readout cable as function of radius for minimum bias
events and QCD two jet events
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Figure 72 - Maximum number of strips per readout cable as function of radiusfor WH + 0
minimum bias events and WH + 6 minimum bias events.

The above information is useful for the evduation of the deadtime. The readout of SVX4 is
driven by a 53 MHz clock. Two bytes of data per channd (address and amplitude) require two
clock cycles This gives a totd readout time of an SVX4 chip of aout 4 microseconds for a
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typicad occupancy of 100 drips.  The deadtime will be determined by the SVX4 digitization
time, readout time and the pipdine reset time &fter the readout. Though the correct caculation
should combine information from dl dglicon layers and dl levels of the D@ trigger in a queue
andyss, essntidly one buffer dructure of the D@ data acquistion makes a smple rough
estimate possible. Thetotal deadtime can be estimated as

3 (digitization) + 4 (readout) + 4.2 (pipeline reset) = 11.2 microseconds

At 10 kHz Leve2 trigger input rate, corresponding to 100 microseconds between
Level 1 Accept Sgnals, the deadtime will be equa to gpproximatdy 11.2%. The deadtime and
the readout time are acceptable for the D@ data acquistion sysem and in paticular for the
Silicon Track Trigger at Leve 2.

117



D@ Run 2B Silicon Detector Technical Design Report — v3.0

6.15 Appendix 6.A

Preliminary adapter card input connector (80 conductor input cable from the Interface Board).

Pin # Function Pin # Function
Secondary Bias A 41 NC

2 GND 42 NC
3 GND 43 Primary Bias A
4 GND 44 3.3V
5 Temperature A 45 3.3V
6 VCAL A 46 3.3V
7 D7A 47 3.3V
8 D6 A 48 2.5V Unreg AVDD A
9 D5 A 49 2.5V Unregulated AVDD A
10 D4 A 50 2.5V Unregulated AVDD A
11 D3 A 51 2.5V Unregulated AVDD A
12 D2 A 52 2.5V Unregulated AVDD A
13 D1A 53 2.5V Unregulated AVDD A
14 DO A 54 2.5V Unregulated AVDD A
15 Priority In A 55 2.5V unreg DVDD A
16 Mode 0 A 56 2.5V unreg DVDD A
17 Mode 1 A 57 2.5V unreg DVDD A
18 Change Mode A 58 2.5V unreg DVDD A
19 Dvdid A 59 2.5V unreg DVDD A
20 Priority Out A 60 2.5V unreg DVDD A
21 GND 61 3.3V
22 Temperature B 62 33V
23 VCAL B 63 3.3V
24 D7B 64 3.3V
25 D6 B 65 2.5V Unregulated AVDD B
26 D5B 66 2.5V Unregulated AVDD B
27 D4B 67 2.5V Unregulated AVDD B
28 D3B 68 2.5V Unregulated AVDD B
29 D2B 69 2.5V UnregulatedAVDD B
30 D1B 70 2.5V Unregulated AVDD B
31 D0B 71 2.5V Unregulated AVDD B
32 Priority InB 72 2.5V unreg DVDD B
33 Mode 0 B 73 2.5V unreg DVDD B
34 Mode 1 B 74 25V unreg DVDD B
35 Change Mode B 75 2.5V unreg DVDD B
36 DValid B 76 2.5V unreg DVDD B
37 Priority Out B 77 2.5V unreg DVDD B
38 Primary Bias B 78 GND
39 NC 79 GND
40 NC 80 Secondary Bias B
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6.16 Appendix 6.B

Preliminary adapter card output connector pinout

Pin # Function Pin # Function
1 Primary Bias 21 D2+
2 Secondary Bias 22 D2-
3 AVDD 23 D1+
4 GND 24 D1-
5 Sense A + 25 DO+
6 Sense A - 26 DO-
7 Temperature 27 DV+
8 Temperature Return 28 DV-
9 VCAL 29 Priority Out +
10 NC 30 Priority Out -
11 D7+ 31 Clock +
12 D7- 32 Clock -
13 D6+ 33 Mode O
14 D6- 34 Mode 1
15 D5+ 35 Change Mode
16 D5- 36 Priority In
17 D4+ 37 SenseD +
18 D4- 38 Sense D -
19 D3+ 39 GND
20 D3- 40 DVDD
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6.17 Appendix 6.C

Preliminary schematic for the adapter card
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1 Nudl.Inst.Meth. A435, 9-15, 1999

2 D@ Note 3905, “Feasihility Testing of the Radiation Hardened Transceiver Chip for use in the
D@ Run 2B Upgrade Project at Fermilab”, John Ledford et al.

34kw MegaPAC AC-DC Switcher, Vicor Corporation, Andover, MA.

* Modd VME 4877PS High Voltage Power Supply System Manud, March 1988, Bi Ra
Systems, Albuquerque, NM.
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CHAPTER 7 - PRODUCTION AND TESTING

In this section we describe how we plan to build and test detector modules starting from
individua components and resulting in working detectors on staves. We will try to adapt steps
used in the very successful production and testing effort D@ organized during the congtruction of
the Run2A Slicon Microdtrip Tracker. The essential building blocks of a detector module are
the slicon sensors and the readout hybrids. Each component is tested as described below before
it is assembled into a module. After the assembly the modules are tested again before they are
mounted on dtaves. A detailed description of the stave assembly and inddlation is included in
the Section CHAPTER 5 - . Teding of staves and of the full readout sysem are dso included

beow.

7.1 Silicon Sensor Testing

To ensure high qudity of the dlicon sensors D@ plans a series of qudity assurance tests to be
performed by the supplier and by D@. The manufacturer will perform the following tests:

711 On each sensor

Measure leakage current as a function of reverse bias up to 800 V a room temperature
(T=21% 1°C) and RH < 50%.

Visud inspection a a specified magnification for defects, opens, shorts , and mask
dignment (better than 2.5 mm)

Depletion voltage measurement dther by the measurement of the capacitance between

back-plane and the bias ring a 1 kHz frequency as a function of reverse bias, or by
smilar measurement performed on atest diode produced on the corresponding wafer.

7.1.2  On each strip

Capacitance vaue measurement and pinhole determination

Leskage current a Full Depletion Voltage (FDV) and Room Temperature (RT)
Based on these tests, we define a“bad channd” asfollows:

Finholes— current through capacitor >10 nA at 80V and RT

Short — coupling capacitor >1.2 times the typica vadue

Open — coupling capacitor <0.8 timesthe typica vaue

Leskage current above 10 nA/strip at FDV and RT
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Strips with bias and interstrip resstance vaues outsde the limits specified above shal be
counted towards the bad channd list. The total number of bad channels must not exceed 1%. In
addition, we plan to peform the following messurements on the test dructure Poly resstor
vaue, sheet and implant R, and coupling capacitor breakdown voltage.

The corresponding quality control data of the agpplied tests from the supplier shdl be provided
together with each sensor.  Our god is to keep dl the information in a centrdized production
database, as explained in the next chapter. D@ plans © verify the provided data on every pre-
production sensor (total of 200 sensors) and on 5-10% of the production sensors, which
corresponds to ~220 sensors. Fermilab and three additional off-Ste sensor-probing Stes are
being st up for this purpose. Each setup consists of a fully automated probe station mounted on
a vibraion free table and enclosed in a dark box. Each setup is housed in a clean room
environment and the probe dation is operated using Labview software. The estimated average
throughput of each facility isfour silicon sensors per day.

7.2 Hybrid Production And Testing

The hybrids are beryllia substrates with SV X4 chips, fingers, and passve components mounted
on them. The SVX4 chips will be tested as described in Section xx before they are released for
use in the hybrid production line. The fingers, which are mounted between the chips on the
hybrid, will dso be measured to assure they have the correct dimensions and capacitance values.

We will invedigate the necessty for testing every bare hybrid substrate during production, but
believe that probe stand setups will be needed at least in the prototyping stages. Once dl of the
components have been released for production, they are sent to a vendor for stuffing, mounting,

and wirebonding onto the hybrid.

The hybrid is now ready to undergo an initid functiondity test that includes both eectrical and
mechanicd qudification. A thorough visud ingpection of the stuffed hybrid will certify thet the
components were mounted correctly and that the wire bonds were not damaged during shipping.
Pull tests of wire bonds will be done initidly on each hybrid. If no problems are encountered,
the number of pull tests done may be reaxed to a smdl fraction of hybrids. In addition,
procedures will be developed to ensure that the hybrids have the required flatness, required for
mechanica congderations. We may need to glue a backing to the hybrid at thistime.

A tedting cable will be connected to each hybrid to facilitete eectrical testing. A short dectrica
functiondity test will be done in which the hybrid is connected to a stand aone-based test stand
that will be used to download to the SV X4 chips and read out the hybrid. Hybrids that fall any
dep of the functiondity test will be sent to the repair team, for diagnosis and repair. Hybrid
testing and repair is expected to proceed off-Ste during production to dleviate the load on the
Fermilab production line.  Hybrids that pass the functiondity test will be shipped to Fermilab for
the “burn-in” phase.

Extensve dectricd tests (burn-in) will be carried out on the hybrids over a period of 72 hours
during which they will be kept powered a room temperaiure. Pedestad and noise will be
measured in data and cd-inject mode for each channd. Sparse readout will dso be tested.
Acceptable levels of noisy and dead channels and gain will be defined and each of the hybrids
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graded for further assembly. The burnin time will be evduated as production progresses to
determine whether it can be shortened.

7.3 Module Assembly And Testing

Information about the depletion voltage and the number of bad srips will be provided as input to
the testing and assembly group and taken into account when choosing sensors for a particular
detector module. Only those hybrids meeting the desred criteria will be matched to slicon
sensors and assembled into detector modules.  The techniques for assembly of detector modules
will be dmilar to those used in the past by many groups induding D@. Sensors will be
manudly aigned with optica feedback from a camera mounted on a coordinate measurement
machine (CMM). Once digned, the sensors will be glued to one another, directly or via a
connecting subgtrate.  Reasonable expectations for this aignment are accuracy b a few microns.
The hybrid will be glued directly to the slicon sensors in such a manner that the guard rings are
not bridged by adhesive, to avoid any performance problems. Methods for this procedure will be
prototyped soon.

Wire bonding will then be done between the hybrid and the sensors, and from sensor to sensor
for the modules with 20 cm readout segments. The sensor pitch is such that the hybrid to sensor
bonding can be done directly from the SV X chips to the slicon sensors without a pitch adapter.
The tota numbers of wire bonds required for layers 2-5 are 353K sensor-to-sensor plus 860K
hybrid-to-sensor, for a total of 1213K bonds. For the longer modules, the sensor-to-sensor wire
bonding will be done ether before or after the hybrid is mounted. Sensor dignment and sensor-
to-sensor wire bonding could therefore proceed prior to hybrid deivery, should that become a
production condraint. At severd seps of the assembly sequence, the module will be eectricaly
tested, repeating the short functiondity test. Madfunctioning modules a any dep of the assembly
sequence will be sent to the repars team for diagnoss and repar. We will consder the
posshility that the individud modules may require cooling during the diagnodic tests to avoid
over heating.

We are invedtigating the feaghility of usng a sngle fixture for gluing and wire bonding. Adding
a cover to the fixture would make it serve, in addition, as the testing and storage box. The
advantage of this goproach would be to minimize the handling of the detector modules, thus
avoiding possble damage.

Completed detector modules will be sent to the debugging team to investigate their performance
under HV bias. Pinholes could develop during wire bonding and can be removed by pulling the
wire bond between the AC sensor pad and the SV X4 chip preamplifier. Because dl our dlicon
modules use sngle-sided slicon sensors, we expect the debugging of detector modules to be
much less demanding than the one required by double-sided sensors. Once the detector module
is operationd under high voltage, it will be sent for module burn-in.

The module burn-in test will use a replica of the setup and software utilized during the hybrid
burn-in test, with a few additions first, the modules will ke cooled so that they effectivey run a
a temperature of about 5 to 15 degrees Celsius, depending on detector type. Second, the sensors
will be biased a 5V above their depletion voltage as determined from sensor testing. The
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information obtained from the module burrtin test on the number of dead and noisy channels,
and leskage current a depletion voltage, will be used to assign an eectricd grade to detector
modules before they are assembled into staves.

A smadl fraction of detector modules that pass the burn-in test will be sent to the laser test, where
they will be placed on an x-y movable table, biased and illuminated with a highly-collimated
pulssd IR laser, providing a detailed test of each drip of the detector module in a functiona
eiting.

Our god is a production rate of 10 detector modules per day. We need a total of 144 LO, 71 L1,
336 10/10, 120 10/20, and 216 20/20 detector modules, and assume 10% additional modules of
each type will be needed to complete the tracker. We expect the bottleneck for the production to
be the wire bonding, dthough avalability of appropricte sze CMM machines and glue setting
times are dso potentid problems. Based on our Run2A experience, we edtimate that we will
need a maximum of haf an hour per detector module to make the dlicon-to-dlicon and slicon
to-hybrid bonds using the fast 8090 bonders. We assume that one 8090 bonder will be available
to D@ for 14 hours per day, which would alow us to produce 28 modules per day. Assuming a
75% efficiency, we arive to our estimate of a maximum production rate of 20 modules per day.
We fed comfortable aming & a steady production rate of haf our absolute maximum capecity,
i.e. 10 modules per day. This number is condgtent with the number of CMMs avallable and the
number of fixtures assumed for each module type, as detailed in the Mechanica section.

7.4 Production Testing Readout Stands

All the tests performed on readout hybrids and detector modules will use essentidly the same
type of test stand, based on the Stand Alone Sequencer Board (SASeq), developed at Fermilab.
The SASeq based test stands were developed during Run 2A independently from the full DG
reedout sysem. These were redively inexpensve, which alowed us to replicate them in large
quartities and didribute them a various locations a Fermiladb and a Universties, long before
the find verson of the full readout sysem was avalable Usng an easly reproducible,
relatively inexpensve verson of the readout sysem proved crucid to the success of the
production and testing effort. Essentidly, two types of test dtations were built: burrtin stations,
that could operate 16 devices (hybrids or detector modules) a once, and one-SASeq test stand
that could read out only two devices a once. A detalled description of the systems can be found
in D@note 3841. We plan to refurbish the existing Run 2A testing dtations by reprogramming
the stand-aone sequencers (SaSeq) and replacing the adapter cards that interface the hybrids
gther directly to the SaSegs or through the Interface Board, which must adso be replaced or
modified. The exiding two burntin dations will be utilized for hybrid burn-in and will provide
for acapacity of 32 hybrids smultaneoudly.

To achieve the pesk production rate, we are planning on a detector burn-in capecity of 80
modules per day. A 1-to-4 reation between maximum production rate and detector burrtin
capacity exised during Run 2A, and was appropriate.  We will therefore build two new module
burrrin dations, each with a cgpacity of 40 modules. Each burn-in gation will provide
individua cooling and high voltage to each detector module.  An interlock system is needed to
shut down power in case of high humidity or high temperature, in order to avoid damage to the
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large number of detector modules being tested at once. At the early stages of the production, one
of the module burn-in stations can be used to burn-in hybrids.

Software for the fast functiondity, burntin and laser test was developed for the production
testing effort during Run2A and will be modified to accommodate the new readout hybrids and
module geometry. Detailled bookkeeping of the status and location of each detector module
during production is crucid to the task. Detaled information about characteristics of sensors and
SVX chipsis aso needed. We plan to set up a production testing database that would be used as
the centrdized location for storing information linked to the project.

7.5 Modulelngallation

Fully tested detector modules will be ingdled in staves, as described previoudy. The short
electrical functiondity test will be repested on biased detector modules after their indalation on
daves to assure no damage occurred during the handling. We are investigating the need for
cooling the detector modules during this operation to avoid overhesting.

Completdly tested L2 to L5 detector modules will be ingdled on staves while the detector
module production continues. We are therefore planning on a storage cepacity of 25% of the
total number of detector modules (plus 10% spares) for layers 2 to 5. We expect the LO and L1
detector module production will be very advanced before the modules are inddled on the
support gtructure; thus we are planning on having the ability to store the totdity of the detector
modules (plus 10% spares) for layers 0 and 1.

A find fast functiondity test of biased detector modules will be performed after the find readout
cables are connected to the staves.

7.6 Full System Electrical Test

We plan to test the full reedout chan with a smdl number of full saves through dl of the
components of the fina readout chain. The goa of this test is to understand the full readout
sysem and perform modifications well before the system needs to be operated in the collider.
The same idea was behind the so-called 10% test during the production of the Run2A detector.
At that time, a large number of components that were eventualy indaled in the detector were
used for the test. Because we are reusing a fair amount of components for Run 2B, we cannot
plan on a lage-scde full sysem test like the one we had during Run2A. The cogt of the
equipment is too high. Nevetheess, we bdieve that a smdler scde full sysem test is
imperative. We therefore plan to test between 2 and 4 daves with the full readout chan.
Appropriate cooling will be provided to the staves to test the components for structurd as well as
eectricd integrity when run a the actud operaing temperature.  This will ensure that the Save
performance is as expected a their nomina operating temperature.
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CHAPTER 8- SOFTWARE

This section describes the software needed for commissoning, cdibration, monitoring and
online readout of the detector. The offline software effort will follow on from the present Run
2A effort and is not described in this document.  For this online software effort, we will use the
system developed for Run 2A and upgrade it appropriately for Run 2B where needed. Here we
describe this system.

The requirements to the software are mainly determined by the hardware that is used. The SVX
amplifier chip requires a set of parameters like the amplifier bandwidth, a threshold for zero
suppression and various ADC settings. The delay for the readout is set a the Sequencer
Controller module. Each module requires an individual set of parameters. These parameters are
downloaded after power up. Specid data taking modes, eg. cdibration runs, require a different
st of parameters.  In addition some parameters might change with time.  The most important
example is the threshold for zero suppresson, which changes with fluctuations of pedesta and
noise. Congtant monitoring ensures that the download parameters are gill correct. It is adso
necessary for ensuring a condtant high data quaity and the safety of the detector.

The main components of the SMT online software are the ORACLE database, Graphica User
Interfaces for control and monitoring, the Secondary Data Acquistion for cdibration and
monitoring, and Examine programs, which are part of the offline framework but are used in the
online context.

The Online Database for SMT congsts of three parts, the Hardware Database, the Electronics
Database and the Online Cdibration Database. The Hardware Database contains the definition
of EPICS process varigbles (see below). These are required for communication with hardware
modules.  In addition darm information is sored which is used for monitoring and the
Significant Event System (SES). The Electronics Datdbase contains the complete mapping of
the hadware. Every type of readout module has its own table. An individud module is
represented by a row in this table A representation of single channds of modules alows the
necessary multiple references between readout modules. The database contains the hardware
identification for the modules as wdl as dl the parameters necessary to operae the module. A
history mechanism dlows one to keep track of changes to the downloaded parameters. One then
has knowledge of the parameters that have been used at any time during the data taking period.
The Online Cdlibration Database contains the basc cdibration data for each readout channe per
cdibration run as wel as summary information per SVX chip per cdibration run. In addition a
status word is assgned to each of the readout channels. These databases are implemented using
ORACLE, which is software maintained by the computing divison at Fermilab.

The Grgphical User Interfaces (GUIs) include EPICS as wdl as other control and monitoring
interfaces. EPICS (Experimenta Physics and Industrid Control System) is used to communicate
with the hardware. A VME single board computer (Power PC MV23xx series) maintains a
database of symbolic names which are mapped to one or more hardware addresses. A host
computer can access these symbolic names via an EPICS client. The EPICS dlients and servers
then communicate via the Ethernet network. This sysem dlows an easy implementation of a
centraized control and monitoring system with distributed hardware.
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The MIL1553 standard is used to communicate with non VME modules. A custom built VME
module, the 1553 Controller, is used to access the 1553 bus. The 1553 bus is a robust
communication link widdy used in commecid and military arcaft. EPICS is used to
communicate with the 1553 devices.

EPICS dlows periodic sampling of the hardware. Threshold vaues are used to issue warning or
eror messages to the Significant Event System (SES). This dlows a didributed monitoring of
vaiables localy withou the need for a centrd hogt. In principle it is possble to implement an
immediate response to a monitor vaue that exceeds a set limit directly on the locd machine.

Messages of the SES are regularly monitored by the shift crew. These messages are archived as
well.

The programming language used to interface the database and the hardware is Python. Python
has severa advantages.

Python is an Object-Oriented Language. It therefore dlows the use of modern
programming techniques.

Python is a script language. It is compiled to a compact, byte-oriented stream for
efficient execution. Program development has fast turn around cycles.

Python has a convenient to use Td/Tk library. The programming of GUIs is smple and
fast.

Python dso has afredy available interface to ORACLE databases.
A Python wrapper around the C-interface to EPICS has been developed by D@.

Because of these advantages Python has been the choice to develop GUIs for interaction with the
database and with the hardware. One of he disadvantages is that the execution speed suffers
from the fact that Python is a script language.

A GUI has been developed to interface both the ORACLE database and the hardware. The
datebase is used to determine the mapping of the readout eectronics. Each module is
represented by one GUI entity. Each entity has two functiondities:

The parameters for a specific module that are stored in the database can be modified.
The hardware registers of this module can be accessed.

In addition to providing an interface to dngle readout modules, globd functions acting on a
complete readout crate are implemented. These include:

Complete initidization of areadout chain.
Recording of a pedestal event.

Recording of a pulser event.
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Event display.

Reset of the VME readout crate.

Switching to the reedout of atest pattern.

Status scan of the bias voltage.

Switching the power of the readout chips off.
Processing of cdibration runs.

Staus display of dl modules belonging to one crate.

Single modules and complete segments of the readout crate can be disabled. In this way every
readout component can be tested individually during commissioning.

Additiond GUIsare dso available:
Monitoring of voltages, currents and temperatures of dl the slicon detectors.

Monitoring and Control of the bias voltage of the dlicon. Each slicon detector has one
or two bias voltages that have to be set individudly. A database with the HV parameters
exigs.

Monitoring of temperatures of the Interface Boards.
Monitoring and Control of the low voltage power supplies.
Monitoring and Control of the VME single board computers.
Security monitoring (water legks, fire, cooling).

Any EPICS variable can be queried with a frequency of up to 10Hz. Those vaues are stored on
disk. Voltages, currents and temperatures for al the dlicon detectors are stored that way. In
addition, voltages and currents from the power supplies are monitored. A tool to retrieve and to
display thisinformation exigs.

The cdibration of the slicon detectors is done usng the Secondary Data Acquigtion (SDAQ)
system.  SDAQ is integrated in the D@ DAQ framework. It uses the DAQ components
Coordinator (COOR), Data State Manager (DSM) and Data Merger (DM) but is distinguished
from the Primary Data Acquigtion by the fact that the Level 3 Trigger is not used. The daa
collection and data analyss is done localy for every readout crate on the single board computer,
the Input/Output Controller (I0C). The summary of the cdibration result, i.e. pedestad and gains
and the corresponding uncertainties for each SMT channd, is sent a the end of the cdibration
run to the Data Merger. From there on the data can be handled like normal data The SDAQ
Supervisor is a program that handles the communication between COOR, the Data Merger and
the various IOCs. EPICS is used for communication with the 10Cs. The cdibration result is
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ultimately received from the Data Merger by the Cdibration Manager which writes the data into
the ORACLE database.

The operating system used on the IOC is VxWorks. VxWorks is a red time operating system
that is supported by Fermilab. The SDAQ program running on the 10OC can be solit into two
pats the SDAQ Cdibration and the SDAQ Monitororing sysem. During a cdibration run the
SMT readout receives triggers from the Trigger Framework. This ensures tha triggers cannot
occur while the SVX is reset and takes care of the synchronization between severd readout
crates and the synchronization of the SVX clock to the accelerator clock. A 64-bit DMA trandfer
is used to transfer the data from the VRBs to the IOC.

It is possible to examine the data while the data collection is ongoing. For this purpose a server
process is running on the IOC which upon request sends out data to any client. Histoscope, a
Fermilab histogramming package, is currently used to display the data Daa can dso be
transferred via EPICS.

The SDAQ program caculates pedestds, gains and their uncertainties for each of the channes at
the end of a cdibration run. The result & stored in the database. A separate process uses this
information to cdculate dgnificant parameters for each readout chip: the threshold for zero
suppression, the number of noisy drips, and the number of dead srips. Those results are stored
in the chtabase as well. The calculated threshold can be used as download parameter for the next
data taking period.

The same SDAQ program is used for monitoring while a norma Primary Data Acquidtion run is
ongoing. In this mode the VRB tranders the data of one of its readout channels into a VRB
internal Monitor FIFO. A prescade can be set to adjust the rate of monitor events. The 8KByte
large FIFO can be read out ether through the VME back plane or through an auxiliary port. The
data is collected and analyzed by the IOC. Monitoring the occupancy alows a determination of
when a new threshold needs to be found. Additionad dead channds are determined as well. A
message is sent to the Significant Event System if a parameter reaches a limit.  Additiondly
summary information is written on a regular bass to the database. Upon request, complete
histograms for specific channds are transferred to aclient.

The offline monitoring is implemented with "Examing" processes, which dlow one to fully
reconstruct a smdl number of events. Apat from occupancy hisograms this dlows a SMT
specific event display, Landau digributions of cluster charges and the recongruction of tracks
and vertices.
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CHAPTER 9- DETECTOR PERFORMANCE

9.1 Overview

The D@ Run 2B group performed a detaled smulaion of the Run 2B slicon microdrip tracker.
The dmulaion incduded a full Geant smulation of the underlying physicad process, data-tuned
models of detector response, and complete recondruction of smulated events, including pattern
recognition, within the D@ Run 2B <oftware framework.  Quantitative caculations of
occupancy, impact parameter resolution, momentum resolution, and b-quark tagging efficency
veify subgantid improvements in performance over the presently operating Run 2A dlicon
detector. These full Geant results are presented below.

In addition, quditative “redity checks’ were dso peformed usng the Fermilab MCFAST
package!. These studies were essentid for iterating on geometries to optimize the design and
comparing it to the Run 2A detector. MCFAST assumes perfect pattern recognition, and is most
useful for sudying resolutions and acceptances under vaying conditions We sudied:
occupancy, digance of closest neighboring hits, efficiency of recongtructing B-hadron decays,
impact parameter resolution, vertex resolution, and decay length dgnificance. In addition, with
another toy MC modd we optimized the ganging of sensors for daves. A summary of the results
for the distance of closest neighboring hits is presented here and the detailed discusson of these
resultsis found in D@note-3911.

For logistica reasons, the layout used for the Geant smulaion was frozen in August 2001. The
minor differences between smulated layout and TDR basdine design are summarized in the next
section.

9.2 Silicon Geometry In The Smulation

The Run 2B dlicon detector is modded as a bard tracker condsing of sSx concentric
cylindrical layers, numbered from O to 5 in going from the innermog radius of 19 mm to the
outermost radius of 164 mm, respectively. Pseudorapidity coverage extends from -2.5 to +2.5.
Each layer condgs of two sub-layers that preserve a six-fold symmetry for the dlicon track
trigger. Layers O and 1 were smulated with axia slicon detectors only, while layers 2 through 5
contained axid-gereo pars of sngle-sded detectors in each sub-layer. Figure 73 shows an x-y
view of the Run 2B dglicon detector geometry as implemented in the smulations, and Table 10
gives positions, dimensions, and stereo angles of the detector modules used for this work.
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Figure 73 - Geometric layout used in Geant simulation of Run 2B silicon detector.
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Figure 74 - Layout of an axial-stereo module.

Barrd modules are assembled end-to-end on long staves placed on carbon fiber support cylinders
that lie parale to the zaxis of the detector. Staves hold five modules each in layers 0-3 and Six
modules in layers 45. The design of the Run 2B slicon detector requires axia modules and two

kinds of axid-stereo “sandwiches’.

The axid type is Smulated as a dlicon plate of 148 cm

width, 7.84 cm length and 300 mm thickness. A sandwich glicon module consgts of two
equivalent dlicon sensors, one axidly oriented and the other rotated with respect to the beam
axis. The radid disance between the two dlicon planes in the sandwich is 23 mm, and the

angle of the rotation is =2 degrees. The Sze of the slicon ladders in the sandwichesis5 cm ~

cn” 300 mm. An x-z view of a+2 degree verson is shown in Figure 74.

10

Low mass readout cables are modeled as copper plates of 1 cm width that go out of the edge of
firg and third slicon modulesin every layer.

Table 10 - Parameters of the Run 2B silicon tracker used in the GEANT simulation.

Layer Radius (cm) # of sensorsin|Sensor Length|Sensor Pitch|  Stereo angle
z (cm) (mm) (degrees)
0a, Ob 190 /234 10 7.84 50 0/0
1a, 1b 317 / 354 10 7.84 50 0/0
2a,2b 542 | 6.77 10 10.0 60 -2/ +2
33, 3b 893 / 1011 10 10.0 60 2/ +2
43, 4b 1215/ 13.26 12 10.0 60 2/ +2
5a, 5b 1524 / 16.32 12 10.0 60 2/ +2
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The man difference between the smulated layout and TDR basdine Run 2B dlicon detector
desgn is in the number of sensors dong the beam in layers O and 1. This leads to an
underestimate of the h| coverage compared to what should be achievable in Run 2B. The TDR
mechanicad design dso implements multiple sereo angles for the dlicon detectors assembled
into the modules: 2.5° for [z<30 cm and 1.25° a [z>30 cm. Other differences dso indude a
different readout pitch for layer 1 which is smulated with 50 mm pitch as opposed to the 58 mm
pitch for the basdine desgn. No mgor differences are expected between results from the
gmulaion and those to be achieved in the find desgn; this is now being checked with a more
refined detector modd.

9.3 Smulation Of Signal, Digitization And Cluster Reconstruction

Geant smulates hits in the silicon sensors, and a modified D@ Run 2A package D@Sim? package
digitizes Sgnds.  Input for DA@Sm congsts of a bank of GEANT hits, each of which is described
by entry/exit podtions and energy depostion in the dlicon.  Silicon dE/dx is smulaed via
explicit generation of d-rays that resulted in a Landau digtribution of depodted energy. No
additiond fluctuationsin energy loss were consdered.

The total deposited energy is converted into the number of eectron-hole pairs usng a coefficient
C=2.778 10® GeV'l. Charge collection on strips is computed from a diffuson modd with the
dandard drift and Hal mohility of the charge cariers in dlicon evduated a the nomind sSlicon
operating temperature.  Charge sharing between drips through intermediate strip wiring is
determined by inter-strip capacitance, readout-ground capacitance, and the input capacitance of
preamplifier, values of which are taken from Run 2A measurements.

Electronic noise is added to the readout dtrips after hits have been digitized. Parameters for roise
amulaion were extracted from the resdout eectronics noise parameterization and dlicon
detector prototype studies for Run 2A%. This set of parameters leads to a SN ratio of 16:1, and
this value is used for dl tracking performance studies. For acupancy sudies the average noise
was smulated for each channd according to Gaussan digtribution with s=2.1 ADC counts that
decreases the dsignd-to-noise ratio to 10:1, again condstent with the Run 2A daa A smilar
sggnd-to-noise ratio is expected for the end of Run 2B (see the section on sensors). Only those
strips above athreshold of 4 ADC counts are saved for cluster reconstruction.

The choice of the threshold for the readout and cluster reconstruction represents a trade-off
between efficiency of the cluster reconstruction and noise suppression. Fgure 75 shows the
probability to reed out a drip as a function of drip energy depodtion in minimum ionizing
paticle (MIP) equivdents, and to have a fake hit due to éectronic noise as function of the
readout threshold. One can see that a readout threshold of 6 ADC counts leads to 20%
probability of losng a drip that collects 1/3 MIP while sgnificantly suppressng the noise
contribution.

Recongtruction of one-dimensond clusters was performed using a modified package for Run 2A
cluser finding. The clusters are defined as a collection of neighbor drips with tota charge more
than 12 ADC counts. Only those drips registering above 6 ADC counts are dlowed in the
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cluger. The pogtion of the cluster is caculated with a center of mass dgorithm independent of
the cluster sze.
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Figure 75 - Probability to have a hit on strip with different fraction of MIP's charge.

9.4 AnalyssTools

Occupancy and position resolution sudies utilize a modified Run 2A D@ SmtAndyze package
that alows access to raw and digitized Geant hits and reconstructed clusters.  Pattern recognition
was performed using the D@ Run 2A Histogramming Track Finder* (HTF) modified for Run 2B-
gpecific geometric festuress. The HTF agorithm is based on pre-sdection of hit patterns
(“templates’) in both the gdlicon detector and the D@ fiber tracker with particular r-f and zh
properties.  Hit patterns are further cleaned and fitted usng a standard Kaman filtering
technique. The separation of r-f and stereo measuring detectors in the Run 2B dlicon detector
by a finite gap required modification to HTF as the precise z pogtion of hits could be determined
only after the actud track direction was found. After suitable adjustment, HTF demondrated the
good peformance seen for Run 2A. All results assume no degradation in fiber tracker
performance between Run 2A and Run 2B.

9.5 Performance Benchmarks
Basic tracker performance was sudied with 2000 event single muon samples generated with

transverse momenta of 1, 5, and 50 GeV/c. The primary vertex was fixed in the transverse plane
a x=y=0; and z was digtributed about zero with a 15 cm Gaussan width.
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For egimation of the physics performance, representative sgnd channds have been chosen and
gmulated with zero or x minimum bias (MB) events overlayed. Pattern recognition, track
recondruction in jets, and b-tagging efficiency were sudied by examining associated production
of Higgs with a W-boson.  The Higgs boson mass was chosen to be 120 GeV/c?, and the Higgs
was forced to decay to a bb pair. Zbaoson production followed by decay to light quarks was used
to edimate the fake rate of the b-tagging dgorithm. Minimum bias events were generated with
PYTHIA using a set of parameters tuned to CDF run 1 minimum bias data®. Samples of at least
2000 events were processed through the full smulation chain for dl studies, with larger samples
of 5000 events used for luminosity and occupancy studies.

9.6 Results
9.6.1 Occupancy

Occupancy in the innermogt layers is one of the most important issues for the Run 2B dlicon
detector operation and performance. Four concerns related to occupancy impact the design. The
fird, radiation damege limits the lifdime of the sensors and its dependence on radius, is
discussed in detal in the section devoted to sensors.  Second is the number of hits per module to
be read out per event, which can cause excessve dead time if too large. The rdationship
between number of hits and charge collection per srip is addressed in the eectronics section.
The other concern is that a high occupancy in the innermogt layer might lead to a dgnificant
fraction of wide clusters formed by overlapping tracks that may worsen spatid resolution. The
occupancy is aso an important factor in the pattern recognition.

Occupancy has been sudied in detall usng the samples of WH events both with and without sSx
additiond minimum bias events, and with pure minimum bias events.  In dl cases, dectronic
noise was added to physics events. Minimum bias events were used to edtimate the average
occupancy as a function of radius. Peak occupancies occur in the WH with sx superimposed
minimum bias events and were edimated by looking a the dlicon module with the highest
number of fired grips. The highest local occupancy occurs within a jet.  If this vadue is too high,
both pattern recognition and impact parameter performance will be degraded, resulting in a loss
of b-tagging efficiency and consequent physics reach.

Average occupancy in minimum bias events with and without noise as a function of radius is
shown in Fgure 76. The plot clearly demondrates that the average occupancy due to physics
processes in minimum bias events is of about an order of magnitude less than that due to noise in
the sysem. The occupancy caused by hits from red particles drops with radius as expected, and
the noise occupancy practicaly does not change with radius. This behavior is in part due to the
relatively low threshold used for the studly.
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Figure 76 - Mean occupancy as function of radius in minimum bias events without noise and with
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Figure 77 represents the zdependence of the average occupancy for WH events without noise in
the system. It decreases by 50% for layer O away from z=0. At large z, two dlicon modules in
layers 2 through 5 are bonded to each other (“ganged”) to minimize cable count. Occupancy for
these layers clearly increases in the outer barrels where ganging is applied, but not to a leve that
harms detector performance.
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Figure 78 - Mean occupancy in layer 0 without noise and with average noise as a function of the
readout threshold.
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Figure 79 Peak occupancy without noise and with average noise at different readout thresholds as
function of the radius.

138



D@ Run 2B Silicon Detector Technica Design Report —v3.0

Dependence of the average occupancy on the readout threshold is shown in Figure 78 for WH
events without pile-up. A reduction factor of 1.8 in the average occupancy can be obtained by
usng a threshold of 5 ADC counts. An additiona reduction factor of two can be achieved by
usng the readout threshold of 6 ADC counts. This does not sgnificantly affect the sgnd
reedout efficiency while the SN ratio is higher than 10:1; but losses of efficency would be
expected for smaller SN ratios.
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Figure 80 - Peak occupancy in WH events without pile-up and with 6 minimum bias events as
function of the radius.

Peak occupancy as a function of radius for bjets in WH+0 MB events is shown in Fgure 79. At
gmal radii (less than 5 cm), pesk occupancy drops from 8% in layer O to 6% in layer 1b. For
larger radii occupancy is nearly independent of radius since the size of the b-jet is smdler than
the area of a module. Dependence of the peak occupancy on luminosty is shown in Figure 80.
At the higher luminogties corresponding to an additiona 6 MB events pesk @cupancy increases
by afactor 1.5in dl layers compared to low luminosity case.

9.6.2  Cluster size and spatial resolution

Spatid resolution plays an important role in the impact parameter resolution and in pattern
recognition. Fectors determining gpatid  resolution include detector pitch, presence of
intermediate drips, dgnd-to-noise raio, the clustering agorithm, Lorentz angle, and direction of
the track.

The importance of two-track resolution in recondructing b-quarks jets can be immediady
appreciated from Fgure 81. The results shown in this figure have been obtaned usng the
MCFAST smulation referred to above.  This figure shows the fraction of tracks from Bdecays
in WH events which have a nearet neighboring hit within a given digance as a function of
radius near z = 0.0 cm. The neighboring hit can be from any other track. The plot is taken from
a sample of events with no extra minimum bias events  Adding in five minimum bias events did
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not change the plot, showing that cose neghboring hits arise from within the B-jet itsdf.
Fractions for three different distance windows are shown. At the smdlest radius (2.0 cm), more
than 50% of the tracks have nearest neighbors within 300 microns.
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Figure81 - Fraction of tracks that have a nearest neighboring hit within a given distance asa
function of radius near z= 0.0 cm, for three different distance windows.

The two inner layers are equipped with 50 mm pitch sensors, and the outer four layers contain
sensors with 60 mm pitch.  Figure 82 shows the fraction of clugters as a function of number of
drips for angle muons in the inner and outer layers. Intermediate srips cause two-strip clusters
to dominae, leading to an intringc single cluster resolution of about 6 mMm. Fractions of one-,
two- and three-drip clusters are shown in Table 11 together with expected spatid resolutions.
Resolutions derived from one- and three-drip clusters are given in Figure 83 and FHgure 84, and
are gpproximately the same for inner and outer layers. No mis-dignment of the slicon detectors
was assumed.
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Figure 82 - Cluster size distribution in layer 0 with 50um readout pitch and layer 3 with 60pum
readout pitch.
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Figure 83 - Spatial resolution derived from the clustersin the two innermost layers with readout
pitch of 50 um.
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Figure 84 - Spatial resolution derived from the clusters from four outer layerswith readout pitch
of 60 um.

142



D@ Run 2B Silicon Detector Technica Design Report —v3.0

Table 11 - Position resolutions for various cluster sizes.

Layers0,1 Layer 2-5
Number of 1 2 3 1 2 3
strips
Fraction of 0.1 0.6 0.23 0.2 0.64 0.13
clusters
Resolution 6.8 53 6.7 82 55 81
(mm)

Figure 85 and Figure 86 show didributions of the number of srips in clusters for WH and WH
events with pile-up. The average number of srips per cluster for physics events is higher than
for angle muons.
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Figure 85 - Cluster size (number of strips) in WH events without pile-up.
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Figure 86 - Cluster size (number of strips) in WH events with an additional 6 minimum bias
events.
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Figure 87 - Hit position resolution in WH events obtained with non-shared clusters.
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Figure 88 - Hit position resolution in WH events obtained with shared clusters.

Clugters formed by more than one track are denoted as “shared clusters’. Clugter sharing leads
to worse spatid resolution, reduced ability to find tracks close together, and a drop of impact
parameter resolution and b-tagging efficiency in the end. The spatid resolution for duders
produced by one track is about 7 mm (Figure 87) while the hit pogtion resolution in the inner
layers for WH events for shared clusters is about 27 mm (Figure 88). Figure 89 shows the
probability for N tracks to share a recongtructed cluster as a function of N. One can see that this
digribution is wide, and the fraction of multi-track clusters formed by more than two tracks is
about 90%. The average number of tracks in shared clusters is 6.5, leading to the observed
serious degradation of spatid resolution for these cases. Another way of saying this is that the
peek a smal track separation evident in Figure 89 is due to having many tracks close together in
a reaivey sndl number of events. This high multi-track correlation effect does not easly
reved itsdf in smple parametric Monte Carlo studies performed with tools such as MCFast.
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Figure 89 - Average multiplicity of the tracks which form a shared cluster.

The fraction of shared clugers is shown in Table 12 for WH and WH events with pile-up for
different layers. The largest cluster sharing of about 6% is observed in layer 0. The fraction of
shared clusters decreases with radius for the inner layers and is dmost congtant for the outer ones
since the separation of tracksin b-jets increases modestly over the silicon detector volume.

Table 12 - Percentage of shared clustersvs. layer for WH events with and without six minimum
bias events overlaid.

LOa| LOb| Lla| Lib|L2a|L2b|L3a|L3b|L4a| L4b | L5a [ L5b

WH events 53| 45| 35|30 23| 22] 13| 14|11 09%]| 09 | 10
'WH with 6
mirimum biss 50| 47| 35|32 25| 21] 15| 14|11 10| 09 | 10

9.7 PhysicsPerformance Of The Run 2B Tracker

As discused earlier in this document, the main Run 2B physics god is the search for the Higgs
boson. Other important investigations will center on top-quark properties, precison
measurements of W-boson mass and width, bphyscs and searches for supersymmetry and other
new phenomena All physcs would benefit from improved track recongtruction efficiency and
momentum resolution in a Run 2B tracker with an upgraded dlicon detector. However, higher
b-tagging efficiency keys new physics discovery potentid in D@.
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The following sections summarize the track recondruction efficiency, accuracy of the track
parameter measurements, and b-tagging efficiency obtained from studies of WH events.

9.7.1 Single track performance

B run 2B geometry

Ap/pr.%

4 run 2A geometry without disks

1 10 1(II2

pr.GeV

Figure90 - pT-resolution as a function of pT for single muonsin Run 2A (without disks) and Run
2B.

The pr resolution s(pr) for angle muons is shown in Figure 90, together with s (pr) caculated
for the Run 2A tracker. In order to make the two geometries more smilar and thus provide more
consstent comparison in the forward h|-region, the F and H-disks were taken out of the Run 2A
gmulaion. The resolution in Run 2B is expected to be 1.5 times better than the exidting tracker.
The main reason for that improvement is the larger number of precison measurements per track,

particularly & larger |h.

Recongruction efficiency as function of |h| is shown in Figure 91. It is farly flat up to h|=1.5
for dl transverse momenta Because tracks at larger h miss the fiber tracker dtogether and
cahnot produce the minimum four hits required for dgliconronly tracking, the recongruction
efficiency begins dropping above |h[=1.5, faling to 90% by |nh|=2.
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Figure 91 - Reconstruction efficiency as function of ? of muonswith pT=1,5,and 50 GeV/c.

Impact parameter resolutions in the transverse plane and zdirection are important for heavy-
flavor tagging, primary vertex recondruction (especidly a high luminogty), and detection of
secondary vertices. At high momenta (pr>10 GeV), resolution is determined to a large extent by
the measurements in layer 0. At smdler momenta, it depends on multiple scatering and
therefore the materid didribution in the tracker. Transverse impact parameter resolution as
function of pr of sngle muons is compared to that in Run 2A in Fgure 92. Improvement by a
factor of 1.5 is expected for s(dp) over the whole pr region. This can be understood as being due
to the closer (to the interaction point) firs measurement in the Run 2B slicon detector and to the
larger number of precison measurements.  Indeed, for a smple two layer detector with
measurements of hit resolution Smeas @ radii Ripner @and Ryuer, the impact parameter resolution is
amply s (do)~S meas(1tRinner/ Router). The ratio Rpner/ Router 1S 0.27 in Run 2A and 0.11 in Run 2B.
This geometric change accounts for amogt dl of the impact parameter resolution improvement.

The transverse impact parameter resolution s(dp) as function of h|is shown in Fgure 93 for the
Run 2B tracker and for the Run 2A tracker without disks. For Run 2B, a dight degradation in
S(do) is observed for low-pr tracks with increesing |h|; for high-pr tracks the distribution of
transverse parameter resolution vs. |h| is flat. These behaviors are expected from the enhanced
contribution of multiple scaitering at large |n| and small pr

Dependence of the longitudind impact parameter resolution on pr is shown in Fgure 94.
Because of the absence of three-dimensond messurements in layer O and the rdativey
worsened z-resolution obtained with 2 stereo detectors compared to the 90° detectors in Run 2A,

the resolution in longitudind impact parameter resolution in Run 2A degrades to 280 mm for
high-p; muons.
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Figure 94 - Longitudinal impact parameter resolution as a function of pT for single muons.

9.7.2 b-tagging performance

B-tagging is the main tool for searches for the Higgs boson and many supersymmetric objects, as
wel as for top physcs. The man god of btagging methods is to rgect jets produced by light
quarks and gluon jets while presarving a high efficiency for tagging of the b-jets. Pre-sdection
of b-jets is based on the rdatively long lifetime of B hadrons. Reection of cham jets is limited
by the finite lifetime of charmed hadrons, and rgection of gluon jets is bounded by contributions
from gluon splitting to heavy quarks & branching fractions of a few percent. Experimenta
limitetions for ided b-tagging arise from inefficiencies of the track recondruction in jets, impact
parameter resolution and secondary vertex resolution.

The overdl track recondruction efficiency in jets together with the corresponding fake track rate
is presented in Table 13 for WH events a low and high luminodties. There is dight degradation
in the track finding efficiency a high luminogty, but the fake track rate is negligible in both

cases. Theaverage track recondtruction efficiency in jets ey,.j is condstent with that for Run 2A.

Table 13 - Track reconstruction efficiency and fake track ratein jetsin WH events without pile-up
and with 6 minimum bias events.

€ Fakerate
\WH + 0 min bias events 84% 0.0%
\WH + 6 min bias events 81% 0.1%
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Figure 95 - Track reconstruction efficiency in b-jets as function of the | ?| of the jet.

Figure 95 shows ey.j as function of the jet h| for WH+OMB and WH+6MB events. The behavior
of e in jets is amilar to the single-track performance. It is high ( ~88%) in the central region
and quickly degrades beyond the fiber tracker boundary to ~60% at h|=2. The reative drop in
effidency for higher |h| is more pronounced in jets than observed for isolated muons. That can
be explaned by the fact that the more energetic jets a higher |h| produce higher track
multiplicity, making pattern recognition more complicated. Taking into account that b-quarks
from Higgs boson decays and top decays produce mostly centrd jets, one can expect the overal
performance to be dominated by atrack recongtruction efficiency in jets of 85-88%.

A sgned impact parameter (SIPtag) method® was used to evauate b-tagging peformance. A
SIPtag requires thet:

Tracks lie within acone DR < 0.5 around the jet axis;

Selected tracks have pr > 0.5 GeV/c, good reconstruction quality, and at least two hits in
the slicon;

At least two tracks have an impact parameter sgnificance S= a/s (dp)>3 or at least three
tracks have S>2.

To edimate the "true" btagging efficiency the numbers of b, ¢, and s and light quarks with E>20
GeV and h| <2 were counted; and their parameters were compared to those of tagged b-jets. If a
tagged jet was within a cone distance DR<0.5 about one of the light quarks, the flavor of that
guark was assigned to the jet.
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The b-tagging efficency ey, is defined as the ratio of the number of jets with assgned bflavor to
the total number of Bquarks in the consdered acceptance. The mistagging réte is defined as the
ratio of the number of b-tagged jets originating from light quarks to the totd number of jeis
produced by light quarksin the considered (E, h);e acceptance.
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Figure 96 - b-tagging efficiency as function of |?| of the tagged jet.
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Figure 97 - Mis-tagging rate as function of |?| of the tagged jet.

Figure 96 shows the b-tagging effidency e, vs. h| of the reconstructed bjets in WH +0 MB
events. The average ey per jet of 69% is 19% higher thanin Run 2A. This is a consequence of
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the improved impact parameter resolution due to the presence of layer 0. The b-tagging
efficiency is above 70% for |h|<l, reflecting the high track recondruction efficiency in jets in
that region. It decreases with increasing h| to 45% at h|=2. Dependence of the mis-tagging rate
on the jet |h| was sudied using Z-boson decays to light quarks, it is shown in Fgure 97. The
mis-tagging rate varies between 1% and 2% over the whole h| region. This is roughly two times
better than the expected Run 2A performance.
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Figure 98 - b-tagging efficiency as function of the energy of the tagged jet.
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Figure 99 - Mistagging rate as function of the energy of the tagged jet.
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Dependencies of the b-tagging effidency and the mis-tagging rate on reconstructed jet energy k&
are shown in Fgure 98 and Figure 99, respectively. The best performance in terms of btagging
is expected for jets with § ~ 70-100 GeV. The rise of efficiency above 150 GeV is not
ddidicdly dgnificant. Due to insuffident ddidics, the misagging rate is edimated only up to
140 GeV and is demonstrated to be about 1.5 % in the whole considered energy scae.

Probabilities to tag an event with one or two b-jets are shown for Run 2A (estimated from Z
boson decaysto bb) and Run 2B (from WH events) in Table 14.

Table 14 - Probabilities to tag an event with one or two b-jets.

Run 2A Run 2B
P(np3 1) 68% 80%
P(np3 2) 21% 35%

One can see from the table that an essentid improvement in the sdection of events with b-tagged
jets can be achieved with the Run 2B tracker as compared to the existing tracker. Taking into
account the lower mis-tagging rate obtained in the Run 2B geometry, one can conclude that the
sgna-to-background ratio in dl andyses involving b-jets will be dgnificantly better in the next
run.

Because of the dight degradation of the track recondruction efficiency in jets with increasng
luminogty, the b-tagging efficiency per jet (e, Oeteriorates from 69% without pileup to 66%
with an additional Sx minimum bias events. This leads to the dightly decreased vaues P(n, 3
1)=76% and P(n, 3 2)=33%. Mis-tagging rates were not seen to increase sgnificantly at higher
luminogty.

9.8 Conclusons

The Run 2B slicon detector demonstrates good physics performance in a redigic Smulaion that
includes detailled physics and detector response modding and full pattern recognition.  The
physics performance studies prove that the proposed slicon design meets the requirements of the
physics program of D& Run 2B.

The choice of amdl-degree stereo detectors leads to a significant decrease in ghost tracks and a
conseguent improvement in pattern recognition.  The additiond layer 5 at radius R=16 cm helps
to improve pr resolution for non-central tracks. The new &yer O & a smdl radius results in a
factor of 1.5 improvement in impact parameter resolution. As a consequence the single b-
tagging efficiency per jet improves by 19% compared to that obtained with Run 2A; and the
percentage of events with two b-tagged jets will be 14% higher than in Run 2A a a fixed mis-

tagging rete.

Predictions made for discovery limits of the Higgs boson in Run 2B were based on the
assumption  that D@ would have the same performance as in Run 2A. The proposed slicon
detector is shown to deliver even better performance for high-pr processes.
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CHAPTER 10- BUDGET

The scope and timescale for building the D@ Run 2B dlicon detector will require a tremendous
amount of effort from the members of the collaboration as wel as the engineers and technicians
associated with them.  The collaboration set up a Run 2B slicon study group in 2000 to dtart the
gpecification and design stage for a new dglicon tracker. Participation by many groups aided in
forming a conceptua design and deveoping it to the point were we can now submit it as this
TDR. During this time, a condderable effort has gone into smulations of the physics processes,
thermd and mechanica sudies, as wdl as dectricd desgn dudies. We have dso benefited by
andyzing the successes and falures in the Run 2A dlicon detector design, the production of
ladders, and their performance. The D@ Run 2B slicon group has aso been aded by joint
discussons with CDF. For ingance, in the Fal of 2000, the readout chip was chosen to be the
SVX4 chip s0 as to make a joint CDF-D@ chip. Joint discussions between the collaborations are
formaized through a Silicon Run 2B Task Force which was setup by the Laboratory. We will
continue to utilize this resource to help expedite the congtruction of our detector.

The Run 2B dglicon detector project has been andyzed and put in a Work Breskdown Schedule
(WBS). A cost estimate has been carried out based on this WBS dructure.  The Materids and
Supplies (M&S) budget is summarized in Table 15. The total project cost is edtimated to be
dightly over $8M, with a contingency of about $34M. The readout sysem accounts for the
largest fraction of the budget with $3.6M. This cogt includes $0.5M for SV X4 chips, $0.7M for
hybrids, $1.1M for cables, and $0.75M for various data acquisition cards. In addition $0.55M is
budgeted for power supplies. There are three types of cables each accounting for about one-third
of the cable cost: analog cables for layer O, digita jumper cables which run from the hybrid to
the junction card, and twisted pair cables which run from the junction card to the adapter card.
The totd dlicon sensor budget is $2.2M. More than 2700 production sensors will be purchased
as well as the necessary prototypes. The mechanical budget includes the costs for producing the
layer 0 and 1 support structure at $0.4M, the layer 25 support infrastructure at $0.5M, and the
beampipe for $0.225M.

WBS 11 SILICON TRACKER
WBS ITEM MATERIALS& SERVICES(M&S) CONTINGENCY
11 SILICON TRACKER Unit # Unit M&S TOTAL
Cost TOTAL % Cost Cost

1.1.1 Silicon Sensors 2,244,400 31 703,320 2,947,720
1.1.2 Readout System 3,637,520 47 1,692,004 5,329,524
1.1.3 Mechanical Design and Fabrication 1,608,700 50 805,845 2,414,545
114 Detector Assembly and Testing 429.000 2 138,051 567.050)
115 Installation 90,000 47 42,500 132,500
116 Software 51,000 22 11.400 62,400

1.1

SILICON TRACKER

8,060,620

3,393,119

11,453,739
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A successful proposd for an NSF Mgor Research Instrumentation grant was submitted in
February of 2001 for this project. This grant will be managed by a consortium of 8 University
groups. The Universty of Kansas (KU), Brown, Cdifornia State Universty a Fresno (CSUF),
Kansas State Universty (KSU), Michigan State Universty (MSU), State Universty of New
York a Stony Brook (SUNY-SB), Universty of lllinois a Chicago (UIC), and Universty of
Washington (UW). Foreign collaborators a& CINVESTAV in Mexico and Moscow State
Universty provided a substantid portion of the necessary matching funds. These groups, dong
with Fermilab, will form the core for the necessary manpower needed for the project. The
Principd Investigator is Alice Bean (Universty of Kansas) who is dso the Deputy Project
Manager for the Run 2B slicon project. The grant provides for $1.68 million dollars from the
NSF and dmogt $800K of matching money from the indtitutions involved to be funded over a
three year period starting August 15, 2001. The funds from this grant will be managed under the
Run 2B slicon project.

The timeline for completion of this project is very tight. In order to take advantage of the
luminogty that the Tevaron will deiver, and be competitive with the LHC, we need to inddl
the slicon detector into D@ in cdendar year 2004. The group has proceeded to produce a
resource loaded schedule in order to see how these deadlines can be met. To meet this schedule,
dlicon sensors will need to be ordered in late 2001 and delivered by mid-2003. Prototyping for
al components needs to be completed by summer of 2002. The SVX4 chip development
schedule cdls for find ddivery of chips in mid 2002 with prototype chips available by the end of
2001. These prototype chips will alow testing procedures to be findized and hybrid design and
prototyping to proceed. Module assembly and congruction will sart in the fal of 2002 to be in
full swing during 2003.
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CHAPTER 11 - SUMMARY

A desgn effort within D@ has been proceeding for the past two years to provide a new slicon
detector capable of exploiting the physics potentia avalable with the Tevatron Run 2B. The
design gudies for this new slicon detector were caried out within a set of boundary conditions
st by the Laboratory. Even though these are sgnificant, the new detector presented in this
document is desgned to have better performance than the Run 2A detector. The proposed
dlicon detector has a 6 layer geometry arranged in a barrel desgn.  The detector will be built in
two independent hdf-modules split a z=0. The six layers, numbered O through 5, are divided in
two radid groups. There are a totd of 2184 dlicon sensors in this design, read-out with 888
hybrids containing 7440 SVX4 chips. For comparison, the Run 2A dlicon detector has 793K
readout channdls while the Run 2B one will have 952K readout channds. The Run 2B slicon
detector is desgned to dlow for faster congtruction due to fewer and smpler parts than the Run
2A device. With the new detector we will have better stand-done slicon tracking. We have
optimized our design to the extent possible to obtain a detector that is superior to the Run 2A
detector and that will alow usto be well placed for the possibility of discovering new physics.

The physics performance studies prove that the proposed detector design meets the requirements
of the physics program of D@ Run 2B. The choice of smdl-degree stereo detectors leads to a
ggnificant decrease in ghost tracks and thus improved pattern recognition. Layer 5 a a radius of
16 cm helps to improve the pr resolution for non-central tracks. The new layer O & smdl radius
results in a factor of 1.5 improvement in impact parameter resolution. As a consequence, the
single btagging efficiency per jet improves by 19% compared to that obtained with Run 2A; and
the percentage of events with two b-tagged jets at fixed midag rate will be 14% higher than in
Run 2A. Predictions made for discovery limits of the Higgs boson in Run 2B were based on the
assumption that D@ would have the same performance as in Run 2A. The proposed detector is
shown to deliver even better performance for high-pr processes.
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APPENDIX A - RUN 2B PROJECT MANAGEMENT

Mogt of the dructure of the project management for Run 2B has been put in postion during the
past few months, with personnd assgnments for the uppermog tier having been in place since
June of this year. The current organization chart is shown in Figure 100. Jonathan Kotcher from
Brookhaven National Laboratory is the Project Manager, with his sdection having been
goproved by the Fermilab Directorate. Richard Partridge from Brown University is the Deputy
Project Manager, with a term of one year. He will assg in al aspects of project development
and management, with a specid emphasis on guiding and overseeing the physics studies and
gmulations as the designs reach fruition. Much of the focus of the Run 2B upgrade is rdaed to
eectronics and triggering dements.  Marvin Johnson of Fermilab has agreed to serve as the
Technicd Coordinator, bringing an important set of skills and experience to many of the sub-
projects we are pursuing. Bill Freeman of Fermilab will oversee the Run 2B Project Office,
through which dal upgrade schedule and cost development, accounting, and tracking will be
managed.

The dlicon sub-project organization is wel edablished. Marcd Demarteau from Fermilab has
agreed to serve as Silicon Sub-Project Manager, and has served in this capacity since June, 2001.
Alice Bean from the Univerdty of Kansas is the Deputy Silicon Sub-Project Manager, and will
sarve for a teem of one year. This latter assgnment was made in early July. Further sub-
divisons of the dlicon sub-project, with their personnd assgnments (where known), are shown
in  Fgure 100. These sub-headings condst of mechanicd; sensors,  dectronics,
assembly/production;  quality assurance, testing, and burn-in; Smulation; and redidion
monitoring. The few outdanding assgnments will be made as preparations for detector
fabrication become more intensve. The slicon management dructure was developed over the
summer, and the sub-project is maturing into an efficient, well-coordinated effort.

The remaining portions of the project & WBS level 2 are divided into the three trigger leves —
Leves 1, 2 and 3 — the online sysem, and inddlation and infrastructure. Each of these
subsystem managers, induding the dlicon sub-project managers, reports directly to the project
management.  All personnd assgnments have been made at this levd of the project, with the
exception of that overseeing inddlation (this is commented on beow). Ha Evans (Columbia
Universty) and Darien Wood (Northeastern University) are managing the Leve 1 trigger sub-
projects. The Levd 2 trigger is being managed by Robert Hirosky (Universty of Virginia) and
Jm Linnemann (Michigan State Universty). Gerdd Blazey (Northern lllinois University) and
Paul Padley (Rice Univerdty) oversee the Leve 3 sysem, and Stu Fuess (Fermilab) and Paul
Sattery (Universty of Rochester) the upgrades to the online sysem. This mix of personnd
represents a sought after balance between adopting new, fresh approaches on the one hand, and
maintaining the higorica base and some measure of technica continuity on the other. Evans,
Wood, Hirosky, and Padley, while new to their roles as D@ WBS Level 2 sub-project managers,
have each made very dgnificant contributions to the experiment in past years in leadership roles
in the hardware, and in various aspects of the software and physics. Linnemann, Blazey, Fuess,
and Satery were sub-project managers a different levels in the previous upgrade, ther
paticipaion is of paticula utlity in mantaning continuity in the sub-projects they are
overseeing.

159



D@ Run 2B Silicon Detector Technical Design Report — v3.0

We note that most of the issues rdaed to indalation and infrastructure for this upgrade are
associated on the mechanical dde with the daging, insertion, and dignment of the dlicon
detector into the bore of the solenoid, and on the eectrical s$de with a rdaivey minor but finite
amount of new infragtructure that will be needed to accompany the upgraded trigger hardware.
With Run 2 now scheduled to last Sx or more years, long-term maintenance has dso become
more of a concern. At the moment, these issues are being developed and overseen within the
associated sub-projects.  Should it be decided as the project becomes more clearly defined during
the coming months that a separate WBS Leve 2 sub-system is needed to address these problems
more directly, we will make the gppropriate manpower assgnments to the ingdlation and
infrastructure sub-project. In anticipation of this posshility, we have begun discussons with the
principas who might be asked to oversee this effort.

Management podtions associated with the various sub-projects a8 WBS leve 3 are as shown in
the organization chart. While most of the assgnments have been made, three under the Leved 1
trigger heading remain to be filled. These include the Level 1 caorimeter trigger upgrade, the
Fiber Tracker Trigger (SIFT) chip replacement for 132 nsec running, and a possble upgrade to
the Levd 1 tracking trigger to accommodate high luminogty data taking. We are following the
recently submitted recommendations of the Run 2B Trigger Upgrade Task Force as we define
and findize these projects. Intid design work and, in the case of the SIFT replacement, an initid
chip submisson, are underway in dl of these cases, as are discussons with potentia contributing
inditutions (from both the United States and France) and possible sub-project managers. We
direct the reader to the Trigger Conceptua Design Report for more details about the datus of
these and other WBS Leve 3 trigger sub-projects.

An underganding of the role, charge, and scope of responsbility of each of the principas chosen
to lead the various portions of the upgrade project has been reached between the relevant parties.
More detaled descriptions of these and other roles will be contained in writing in the Project
Execution Plan, which is being prepared for submisson on November 15 to the Laboratory. We
adso note that the Run 2B upgrade described here includes Run 2A trigger sub-projects that have
not yet been completed. The project management structure shown was created in order to help
ensure coherent, centraly managed oversght of dl projects required for the accumulation of 17
pb* or more during the whole of Run 2 — Run 2A + 2B. Successful completion of adl of the sub-
projects is essentid for ataining our physics gods, we therefore believe it is essentid to treat
them dl on an equd footing from the outset as the new project is defined. Further detalls on this
issue can be found in the introduction to the Trigger Conceptua Design Report.
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Figure 100- Run 2B Project Organization
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